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Abstract: Data is considered the most crucial element in open 
banking processes and services� Therefore, it is necessary to pay 
attention to various aspects of the quality of this data in order to 
provide appropriate and expected services to customers� In this 
research, various dimensions representing different aspects of 
data quality were investigated in the field of open banking� This 
research has been conducted in two main steps: The Delphi 
method and the pairwise comparisons method� In the first step, 
various dimensions of data quality in open banking were extracted 
based on the Delphi method� In the next step, the importance of 
each of these dimensions was assessed relative to each other 
using the pairwise comparisons method, and the most crucial 
dimensions were determined� Based on the results obtained 
from these two methods, the significance of eleven dimensions 
of data quality in this field was determined� The best overall 
weighted averages were related to dimensions such as accuracy, 
accessibility, relevancy, timeliness, consistency, security, 
interpretability, reputation, believability, ease of understanding, 
and value-added, respectively� Banks and fintech companies 
offering open banking services can consider these dimensions
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Abstract 
Background: The exponential growth of data centers has 
significantly increased their carbon footprint, raising 
concerns about their environmental impact. As the demand 
for digital services and cloud computing intensifies, 
sustainable computing practices have become crucial for 
mitigating climate change. 
Objective: This paper aims to explore strategies for reducing 
the carbon footprint of data centers by integrating 
sustainable computing practices, including energy-efficient 
hardware, renewable energy sources, and optimized cooling 
technologies. 
Methods: A comprehensive review of existing literature was 
conducted, along with an analysis of case studies from major 
technology firms employing green computing strategies. 
Data center energy consumption patterns and carbon 
emissions were evaluated using energy efficiency metrics 
such as Power Usage Effectiveness (PUE) and Carbon 
Usage Effectiveness (CUE). 
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when evaluating the quality of their data to enhance the provision of superior 
services�

Keywords: Open banking, Data quality, Delphi method, Pairwise Comparisons

1. Introduction

Due to the rapidly evolving information and digital technologies, the world is moving 
towards an open data economy (He, Huang, & Zhou, 2023)� Open data can be 
used as a tool to foster innovation and enhance financial services� Customer data 
sources in open banking can help fintech companies provide more innovative 
financial services and better facilities to customers (O’Leary et al�, 2021)� On the 
other hand, these data can also be used as a tool to increase customer trust and 
reduce fraud rates in the financial industry (Zachariadis, 2020)� Therefore, it is 
critical to maintain the accuracy, integrity, and privacy of this data� For the effective 
utilization of open data in open banking, solutions have been proposed to manage 
and uphold quality and privacy� Some of these solutions are (Sullivan, Miller, & 
Montes, 2021)�

�	The use of modern technologies to protect the customers’ privacy, such as 
information encryption and cloud servers;

�	Creating detailed and transparent policies for managing open data and 
protecting customer privacy;

�	Providing training to banking employees and fintech companies regarding 
customer privacy and open data management;

�	Creating effective systems for managing customer consent in open banking 
and maintaining privacy;

�	Creating effective systems to manage access to open data and control access 
to this data;

�	Creating effective systems to manage security risks and maintain the security 
of open data;

�	Creating effective systems for managing and maintaining the quality of open 
data and ensuring the accuracy and correctness of these data�
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Since data quality has various dimensions beyond accuracy and privacy, 
each dimension holds its own significance� This research takes a comprehensive 
approach by considering different aspects of data quality in the realm of open 
banking� In fact, the problem we aim to investigate and solve in this research is 
the neglect and lack of attention to the various aspects of data quality in the field 
of open banking� This oversight can lead to improper performance in providing 
services within this sector� In other words, the services provided in open banking 
may be acceptable in some aspects of data quality, but the lack of attention to 
other aspects of data quality makes the overall performance of the services 
unacceptable� For instance, a service may offer highly accurate data, but this 
information may not be current for the intended activity, or it may be accurate but 
lack acceptable consistency� Therefore, it is necessary to investigate the issue 
of data and its quality comprehensively in the field of open banking� Different 
dimensions of data quality should be considered in this context�

Accordingly, one of the most well-known and cited frameworks in the field of 
data quality, Wang and Strong’s framework (1996), has been used as the basis 
for investigating the dimensions of data quality in the field of open banking� In this 
framework, fifteen dimensions of data quality are defined across four categories� 
In Table 1, these fifteen dimensions are presented along with their definitions and 
corresponding categories�

Table 1. Dimensions of data quality, their definitions and categories  
(Wang & Strong, 1996)

Category Dimension Definition of the dimensions

Intrinsic accuracy The extent to which data is error-free, correct, and 
reliable�

objectivity The extent to which data are unbiased�

believability The extent to which the data is believable�

reputation The extent to which data are trusted or highly regarded in 
terms of their source�
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Results: Findings indicate that adopting energy-efficient hardware, coupled with 
renewable energy sources, can significantly reduce energy consumption and carbon 
emissions. Optimized cooling techniques, such as liquid cooling and free-air cooling, 
further contribute to energy savings. Companies employing these practices reported 
a reduction in carbon emissions by up to 30%. 
Conclusion: Sustainable computing practices offer a viable path for reducing the 
environmental impact of data centers. By prioritizing energy efficiency and renewable 
energy integration, data centers can minimize their carbon footprint while maintaining 
operational efficiency, thus contributing to global sustainability goals. 
 
Keywords: Sustainable computing, data centers, carbon footprint, energy efficiency, 
renewable energy, cooling technologies, Power Usage Effectiveness (PUE), Carbon 
Usage Effectiveness (CUE), green computing, environmental impact. 
 
1. Introduction 
The increasing availability of digital services, the constant increase in cloud 
solutions, and the general growth of data-demanding applications have 
rendered data centers essential in the global structure. But the extraction of 
raw materials that feed these facilities needs power, which presents an 
environmental challenge. A global energy consumption rate of 1% is attributed 
to data centers, and this number is expected to rise due to continuous 
requests for data centers. Estimations of the environmental impact of data 
centers indicate that their energy consumption might double by the end of the 
decade if proper measures are not taken. Therefore, it has become 
imperative for researchers to look for ways to minimize the carbon footprint of 
these energy-intensive operations to make way for sustainable computing 
(Bharany and Abdulsahib 2022).  

Although the survey focuses on several options, the most urgent one is 
energy consumption by data centers as they have become extremely popular 
due to the development of cloud technologies, AI, and IoT (Qasim et al. 2024). 
A published study shows that even as the output of data centers rose by 550% 
between the years 2010 and 2018, energy consumption only rose by 6%, 
which is the result of efficiency measures and stability in further strides toward 
efficiency (Murino 2023). Therefore, the considerations for the growth of 
computation as well as its impact on the environment are still relevant for 
industries and governments and more up to date. 

Sustainable computing can be best described as an integration of 
methods, programs, and practices that involve the optimization of hardware, 

thermal management solutions, principles of virtualization, and renewable 
energy sources to minimize the environmental impact of data centers. These 
strategies are essential for reducing carbon emissions as well as coping with 
the trends toward increased use of computing resources. New tools such as 
Power Usage Effectiveness (PUE) and Carbon Usage Effectiveness (CUE) 
have become desirable metrics relevant to energy efficiency. For instance, 
PUE provides an assessment of how much total facility energy is consumed 
relative to IT loads, with the optimal score nearing 1.0 (Mondal et al. 2023). 
Current trends in data center (DC) design focus on optimizing both PUE and 
CUE through better hardware utilization, implementation of superior cooling 
systems, and a shift toward more renewable energy sources (Sviridov and 
Demkin 2022; Jawad 2023). 

Air conditioning is one of the most significant power consumers in data 
centers; therefore, firms must optimize cooling techniques. The conventional 
methods adopted for air-based cooling are being replaced by methods such 
as liquid cooling and free-air cooling. For instance, liquid cooling employs cold 
fluids to dissipate heat from server shelves, reducing the energy used for 
cooling by half. Free-air cooling, however, is a process that utilizes external 
cool air where possible, thus reducing dependence on air conditioning units. 
These methods can offer a 20% to 30% decrease in energy consumption, 
making them economically and ecologically viable options (Wan et al. 2023; 
Qasim 2019). 

Aside from technological solutions, the adoption of sustainable energy is 
reshaping the sustainability landscape for data centers. This guide indicates 
that renewable energy sources such as solar, wind, and hydropower are 
being considered by major technology firms to meet their energy needs, 
thereby reducing the reliance on fossil energy sources and decreasing 
greenhouse gas emissions. Companies like Google and Microsoft have also 
pledged to ensure that their data centers are fully operated on renewable 
energy in the near future, putting all major data centers on an equal footing 
(Osibo and Adamo 2023). 

The incorporation of these measures is well-supported by the growing 
availability of renewable power and associated technological advancements, 
which enable the utilization of these resources in data centers. Additionally, 
other foundational pillars of efficient and sustainable computing include 
virtualization and workload optimization. Virtualization reduces the number of 
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Since data quality has various dimensions beyond accuracy and privacy, 
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physical servers needed by consolidating multiple virtual servers onto a single 
physical server, thus decreasing the overall energy and resource utilization. 
This approach is not only effective in reducing the general power consumption 
of a data center to a minimal level, but it also mitigates the negative 
environmental impacts associated with the physical manufacture, installation, 
and maintenance of these servers. Furthermore, improving the scheduling 
and timing of task execution can optimize their energy consumption by 
aligning them with periods of low energy demand or when renewable power 
is readily available (Kaur et al. 2022). 

The issue of data center environmental impact is among the emergent 
challenges requiring the adequate implementation of energy-saving 
technologies, reinforcement of renewable energy use, and innovative cooling 
solutions. By focusing on green computing, data centers can minimize their 
environmental footprint while still meeting the expanding needs of the global 
world. It is essential to analyze new technologies that will enable sustainability 
in data centers to avoid emergent negative environmental impacts resulting 
from growing infrastructure. 

 
1.1. Study Objective  
The article aims to review and analyze efficient green computing strategies 
for reducing the carbon footprint in data centers. With the international growth 
of digital services, data centers are expanding rapidly, which in turn increases 
energy consumption and environmental contamination. In this context, this 
article seeks to draw society's attention to the necessity for the development 
of environmentally sound solutions to address the burgeoning demand for a 
viable green IT system. 

There is also a need to analyze energy-saving solutions that focus on 
decreasing power consumption in data centers, such as hardware solutions, 
virtualization, and efficient cooling. Key metrics for evaluating the 
sustainability of data center processes include (PUE and CUE, which are 
crucial for setting standards. Furthermore, this article aims to evaluate the 
contribution of renewable energy sources such as solar, wind, and 
hydropower in phasing out fossil fuels, which have high greenhouse gas 
emissions. 

By examining successful cases within the industry, this article explores the 
use of sustainable technologies (ST) and their impact on reducing carbon 

footprint emissions. Additionally, it aims to include a brief description of the 
most up-to-date cooling approaches, such as liquid cooling and free-air 
cooling, which can reduce energy consumption by up to 30% in certain 
instances of data centers. 

In addition to technical aspects, this article will focus on the strategic 
decision-making processes in data center management, such as workload 
balancing and resource utilization. This paper aims to demonstrate how the 
efficient operation of data centers does not necessarily harm the environment. 
Furthermore, this article seeks to advance the discussion on reducing carbon 
emissions and other climate-related phenomena that affect data centers and 
their development. It presents recommendations for authorities, researchers, 
and practitioners striving to build a low-carbon economy that would enable 
data-intensive activities. 

 
1.2. Problem Statement  
The relentless growth of data centers is attributable to the increasing reliance 
on digital services, cloud computing, AI, and IoT, which directly contribute to 
rising energy consumption and greenhouse gas emissions. Now that data 
centers are regarded as the backbone of global digital operations, they 
account for approximately 0.5 percent of global electricity consumption. 
However, estimates suggest that this percentage could nearly double by the 
end of the decade. This escalating energy demand exacerbates the challenge 
of limiting greenhouse gas (GHG) emissions and combating climate change.  
Although many new technologies have been implemented to address this 
issue, including improved hardware components, virtualization, and cooling 
solutions, these steps have been largely inadequate in managing the growth 
of data center operations. A significant number of earlier-built facilities have 
outdated infrastructure, which not only consumes more energy but also 
cannot be easily integrated with renewable energy systems. Moreover, 
although there are key performance indicators, such as PUE and CUE, that 
provide insights into the efficiency of energy and carbon utilization 
respectively, their application across the industry lacks uniformity when 
evaluating the efficiency of sustainability strategies.  

Furthermore, the imbalance in the distribution of renewable power 
exacerbates the issue, as most surpluses originate from sources with low 
proportions of renewable energy. While some organizations have advanced 
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Montes, 2021)�

�	The use of modern technologies to protect the customers’ privacy, such as 
information encryption and cloud servers;

�	Creating detailed and transparent policies for managing open data and 
protecting customer privacy;

�	Providing training to banking employees and fintech companies regarding 
customer privacy and open data management;

�	Creating effective systems for managing customer consent in open banking 
and maintaining privacy;
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Since data quality has various dimensions beyond accuracy and privacy, 
each dimension holds its own significance� This research takes a comprehensive 
approach by considering different aspects of data quality in the realm of open 
banking� In fact, the problem we aim to investigate and solve in this research is 
the neglect and lack of attention to the various aspects of data quality in the field 
of open banking� This oversight can lead to improper performance in providing 
services within this sector� In other words, the services provided in open banking 
may be acceptable in some aspects of data quality, but the lack of attention to 
other aspects of data quality makes the overall performance of the services 
unacceptable� For instance, a service may offer highly accurate data, but this 
information may not be current for the intended activity, or it may be accurate but 
lack acceptable consistency� Therefore, it is necessary to investigate the issue 
of data and its quality comprehensively in the field of open banking� Different 
dimensions of data quality should be considered in this context�

Accordingly, one of the most well-known and cited frameworks in the field of 
data quality, Wang and Strong’s framework (1996), has been used as the basis 
for investigating the dimensions of data quality in the field of open banking� In this 
framework, fifteen dimensions of data quality are defined across four categories� 
In Table 1, these fifteen dimensions are presented along with their definitions and 
corresponding categories�

Table 1. Dimensions of data quality, their definitions and categories  
(Wang & Strong, 1996)

Category Dimension Definition of the dimensions

Intrinsic accuracy The extent to which data is error-free, correct, and 
reliable�

objectivity The extent to which data are unbiased�

believability The extent to which the data is believable�

reputation The extent to which data are trusted or highly regarded in 
terms of their source�
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their usage of solar, wind, and hydropower, others predominantly rely on fossil 
sources, thereby increasing CO2 emissions. Cooling systems, which account 
for up to 40% of total energy usage, further aggravate the problem when 
inefficiencies are present. 
Addressing these challenges involves implementing energy-efficient 
methods, enhancing algorithms, and transitioning to renewable energy 
sources. Failure to act now will ensure that data centers' impact on the 
environment counters efforts aimed at improving sustainability for individuals 
worldwide and further propels climate change. This study aims to fill these 
gaps by investigating advanced approaches to improve data center 
performance and minimize carbon footprints. 
 
2. Literature Review  
Data center sustainability has been a significant concern, with considerable 
emphasis from scholars on minimizing energy consumption, improving 
cooling mechanisms, and incorporating renewable energy sources into data 
centers. Despite these advances, several significant gaps remain, hindering 
the realization of sustainable techniques in data center operations.  

Cooling remains a significant concern for research, as it constitutes a 
major part of energy consumption. According to the information provided by 
Xu, Zhang, and Wang (2023), air, liquid, and free cooling systems were 
discussed, and it was noted that liquid cooling methods are the most effective 
(Xu, Zhang, and Wang 2023). However, their insights did not include the 
assessment of the issue from an economic perspective, particularly in terms 
of the feasibility of implementing liquid cooling at scale, especially for small or 
older data center setups. Additionally, the environmental impact of coolant 
disposal should be extensively studied to enable a comprehensive 
sustainability assessment.  

The use of renewable energy sources in data center sustainability has also 
been explored. Lin, Chen, and Li (2023) proposed a carbon-aware load 
balancing control framework for operations based on renewable energy 
utilization (Lin, Chen, and Li 2023). Although their work demonstrates 
excellent practices in carbon emission reductions, it is based on an 
uninterrupted provision of renewable energy, which is impractical due to its 
intermittency. Renewable energy sources are limited in this regard, and 
integration with hydrogen or batteries could potentially address this problem. 

In addition to mechanical solutions, efforts have also been made to address 
thermal management. Specifically, Heydari et al (2022). suggested that high-
density air-liquid hybrid cooling systems achieve low PUE values (Heydari 
2022). However, no effort was made to discuss the scalability problems of 
integrating such systems into existing infrastructure. The variability of cooling 
requirements due to fluctuations in workload represents a frontier topic that 
needs to be fine-tuned in hybrid cooling systems because of the operational 
complexity involved (Qasim and Pyliavskyi 2020). 

Another strategy suggested to enhance energy efficiency is the use of 
predictive energy consumption modeling. Zhang and Liu (2022) developed a 
predictive model that takes into consideration location factors such as 
temperature and humidity (Zhang and Liu 2022). Their work demonstrated 
that site selection plays a crucial role in power use and serves as an important 
factor in energy-peak prediction. However, the model failed to account for 
long-term climate fluctuations, which could significantly impact future energy 
requirements. Integrating climate change projection results with existing 
models would therefore ensure that predictive models have improved long-
term applications (Yousif et al. 2024). 

Sophisticated algorithms such as deep reinforcement learning (DRL) 
present state-of-the-art approaches to energy management. Ran et al. (2023) 
demonstrated that DRL can effectively learn real-time energy consumption 
and achieve significant improvements in energy efficiency (Ran et al. 2023). 
However, their research primarily focused on energy usage and did not 
address other factors such as cooling effectiveness and carbon footprint. 
More complex solutions involving multi-objective optimization algorithms and 
techniques may provide more comprehensive solutions for sustainability 
when integrated into DRL models. 

Another potential research direction involves the optimization of power in 
microgrids. Benblidia et al. (2022) utilized a two-stage optimization approach 
to reduce energy expenses in CDMG (Benblidia 2022). Although this model 
proves useful, it relies on advanced infrastructure that is still lacking in many 
redundant data centers. Future research could broaden the applicability of 
this approach by investigating the effects of developing adaptive solutions 
that can be adjusted to accommodate traditional systems. 

McMullen and Wemhoff (2023) highlighted solar power as an on-site 
renewable energy source for achieving the flexibility of constructing solar 
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their usage of solar, wind, and hydropower, others predominantly rely on fossil 
sources, thereby increasing CO2 emissions. Cooling systems, which account 
for up to 40% of total energy usage, further aggravate the problem when 
inefficiencies are present. 
Addressing these challenges involves implementing energy-efficient 
methods, enhancing algorithms, and transitioning to renewable energy 
sources. Failure to act now will ensure that data centers' impact on the 
environment counters efforts aimed at improving sustainability for individuals 
worldwide and further propels climate change. This study aims to fill these 
gaps by investigating advanced approaches to improve data center 
performance and minimize carbon footprints. 
 
2. Literature Review  
Data center sustainability has been a significant concern, with considerable 
emphasis from scholars on minimizing energy consumption, improving 
cooling mechanisms, and incorporating renewable energy sources into data 
centers. Despite these advances, several significant gaps remain, hindering 
the realization of sustainable techniques in data center operations.  

Cooling remains a significant concern for research, as it constitutes a 
major part of energy consumption. According to the information provided by 
Xu, Zhang, and Wang (2023), air, liquid, and free cooling systems were 
discussed, and it was noted that liquid cooling methods are the most effective 
(Xu, Zhang, and Wang 2023). However, their insights did not include the 
assessment of the issue from an economic perspective, particularly in terms 
of the feasibility of implementing liquid cooling at scale, especially for small or 
older data center setups. Additionally, the environmental impact of coolant 
disposal should be extensively studied to enable a comprehensive 
sustainability assessment.  

The use of renewable energy sources in data center sustainability has also 
been explored. Lin, Chen, and Li (2023) proposed a carbon-aware load 
balancing control framework for operations based on renewable energy 
utilization (Lin, Chen, and Li 2023). Although their work demonstrates 
excellent practices in carbon emission reductions, it is based on an 
uninterrupted provision of renewable energy, which is impractical due to its 
intermittency. Renewable energy sources are limited in this regard, and 
integration with hydrogen or batteries could potentially address this problem. 

In addition to mechanical solutions, efforts have also been made to address 
thermal management. Specifically, Heydari et al (2022). suggested that high-
density air-liquid hybrid cooling systems achieve low PUE values (Heydari 
2022). However, no effort was made to discuss the scalability problems of 
integrating such systems into existing infrastructure. The variability of cooling 
requirements due to fluctuations in workload represents a frontier topic that 
needs to be fine-tuned in hybrid cooling systems because of the operational 
complexity involved (Qasim and Pyliavskyi 2020). 

Another strategy suggested to enhance energy efficiency is the use of 
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predictive model that takes into consideration location factors such as 
temperature and humidity (Zhang and Liu 2022). Their work demonstrated 
that site selection plays a crucial role in power use and serves as an important 
factor in energy-peak prediction. However, the model failed to account for 
long-term climate fluctuations, which could significantly impact future energy 
requirements. Integrating climate change projection results with existing 
models would therefore ensure that predictive models have improved long-
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demonstrated that DRL can effectively learn real-time energy consumption 
and achieve significant improvements in energy efficiency (Ran et al. 2023). 
However, their research primarily focused on energy usage and did not 
address other factors such as cooling effectiveness and carbon footprint. 
More complex solutions involving multi-objective optimization algorithms and 
techniques may provide more comprehensive solutions for sustainability 
when integrated into DRL models. 

Another potential research direction involves the optimization of power in 
microgrids. Benblidia et al. (2022) utilized a two-stage optimization approach 
to reduce energy expenses in CDMG (Benblidia 2022). Although this model 
proves useful, it relies on advanced infrastructure that is still lacking in many 
redundant data centers. Future research could broaden the applicability of 
this approach by investigating the effects of developing adaptive solutions 
that can be adjusted to accommodate traditional systems. 
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farms to offset emissions in data centers (McMullen and Wemhoff 2023). 
However, their work did not substantiate how on-site renewables may be 
incorporated into more centralized distributed-generation systems and 
potentially be made more unified and robust.  

Several gaps remain regarding energy efficiency, cooling optimizations, 
and renewable energy utilization. It is important to evaluate the economic 
viability and demonstrate the scalability, integration of intelligent technologies, 
and adaptability to contextual changes. Further studies should focus on 
integrating green energy with on-demand cooling technologies and 
optimization algorithms to enhance data center sustainability. 
 

 
Figure 1. Identification of Research Gaps and Proposed Solutions in Energy 

Efficiency, Cooling Mechanisms, Renewable Energy Utilization, Microgrid 
Optimization, and Thermal Management in Data Centers 

 
3. Methodology 
This study adopts a structured approach, divided into five core categories: 
sensors, heat rejection, simulations, integration of renewable energy, and 
optimization. The aim is to assess the sustainability of data centers based on 
several performance indicators, including PUE, CUE, cooling system 
efficiency, and the extent to which renewable energy is utilized. To provide a 
comprehensive analysis, the methodology includes quantitative survey 
measurements, statistical tables, and optimization algorithms. 
 
3.1. Data Collection 
Data were collected from five operational data centers located in North 
America and Europe, varying in size and capacity. The key metrics monitored 
include: 

• PUE, a ratio of total facility energy consumption to energy used by IT 

equipment. 

PUE =  ETotal
EIT

                                                           (1) 

• CUE, a measure of carbon emissions per kilowatt-hour (kWh) 
consumed by IT equipment. 

CUE =  CO2
EIT

                                                           (2) 

• Cooling Energy Efficiency (ηCooling), calculated as the percentage of 
total energy attributed to cooling systems. 

ηcooling = ECooling
ETotal

                                                          (3) 

Where ETotal is total facility energy consumption (kWh); EIT is energy 
consumed by IT equipment (kWh); CO2 is carbon emissions from operations 
(kg), and ECooling is energy used by cooling systems (kWh). 

Energy consumption and climatic data were measured in real-time using 
sensors and environmental monitors deployed in the buildings. These 
methods correlate with the systematic energy efficiency assessment methods 
described by (Bharany and Abdulsahib 2022) and (Zhang and Liu 2022). To 
ensure practical applicability and enable the results to withstand real-life 
deployments, the study incorporates real-world data. 

 
3.2.  Cooling System Analysis 
Cooling systems, a critical component of data center operations, were 
analyzed over a 12-month period. Air-cooled and liquid-cooled systems were 
evaluated for their energy consumption and efficiency (Xu, Zhang, and Wang 
2023). The cooling load was modeled using the following equation: 

ECooling = αT + βH + γS                                               (4) 
Where T is ambient temperature (°C); H is relative humidity; S is server 

load (% of capacity); α, β, γ is Regression coefficients determined empirically. 
Although, liquid cooling was identified to be 30% more efficient than the 
traditional air-cooling technique when the conditions were optimum. Xu et al. 
(Xu, Zhang, and Wang 2023) and Wan et al. (Wan et al. 2023) have noted the 
effectiveness of liquid cooling system in reducing the energy load and this 
study also supports this view. Furthermore, other techniques to optimize the 
system for air conditioning was researched by using air surrounding in 
evacuation of conventional energy consuming HVAC systems. 
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the neglect and lack of attention to the various aspects of data quality in the field 
of open banking� This oversight can lead to improper performance in providing 
services within this sector� In other words, the services provided in open banking 
may be acceptable in some aspects of data quality, but the lack of attention to 
other aspects of data quality makes the overall performance of the services 
unacceptable� For instance, a service may offer highly accurate data, but this 
information may not be current for the intended activity, or it may be accurate but 
lack acceptable consistency� Therefore, it is necessary to investigate the issue 
of data and its quality comprehensively in the field of open banking� Different 
dimensions of data quality should be considered in this context�

Accordingly, one of the most well-known and cited frameworks in the field of 
data quality, Wang and Strong’s framework (1996), has been used as the basis 
for investigating the dimensions of data quality in the field of open banking� In this 
framework, fifteen dimensions of data quality are defined across four categories� 
In Table 1, these fifteen dimensions are presented along with their definitions and 
corresponding categories�

Table 1. Dimensions of data quality, their definitions and categories  
(Wang & Strong, 1996)

Category Dimension Definition of the dimensions

Intrinsic accuracy The extent to which data is error-free, correct, and 
reliable�

objectivity The extent to which data are unbiased�

believability The extent to which the data is believable�

reputation The extent to which data are trusted or highly regarded in 
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3.3.  Energy Efficiency Modeling 
Energy efficiency modeling plays a pivotal role in assessing the operational 
sustainability of data centers. Two key metrics, PUE and CUE, are employed 
to quantify energy efficiency and carbon emissions, respectively. PUE 
measures the ratio of total facility energy consumption to the energy 
consumed by IT equipment, providing insights into energy utilization 
efficiency. A lower PUE value signifies better energy efficiency, as it indicates 
minimal energy is wasted on non-IT operations such as cooling and lighting. 
Conversely, CUE evaluates the carbon emissions associated with IT energy 
consumption, offering a measure of a facility's environmental impact. 

Cooling efficiency was analyzed to identify operational inefficiencies. This 
metric reflects the proportion of total energy used for cooling operations, with 
a lower percentage indicating a more efficient cooling system. Facilities with 
advanced cooling technologies and optimized IT infrastructures 
demonstrated lower PUE values, reflecting superior energy efficiency. For 
instance, research by Sviridov and Demkin (2022) (Sviridov and Demkin 
2022) emphasized the importance of integrating efficient cooling systems and 
energy management protocols to achieve lower PUE values and reduce 
overall energy consumption. 

The results of this modeling indicate the necessity for continuous 
refinement of energy usage protocols. Factors such as workload balancing, 
the integration of renewable energy sources, and the adoption of advanced 
cooling techniques contribute significantly to achieving energy efficiency. The 
modeling findings align with trends observed in industry studies, underscoring 
the critical need for standardized metrics and practices to ensure 
sustainability across data center operations. By leveraging these metrics, 
data centers can enhance energy efficiency while minimizing environmental 
impact. 

 
3.4. Renewable Energy Integration 
The integration of renewable energy sources, such as solar, wind, and 
hydropower, was analyzed for its impact on reducing carbon emissions. 
Renewable Energy Integration (REI) was quantified as: 

REI = ERenewables
ETotal

× 100                                               (5) 

There has been a clear and direct relationship between REI and CUE, 

where higher REI often corresponds with lower CUE due to the shift from 
fossil-based to renewable energy sources. For instance, facilities with more 
than 70% renewable integration achieved a CUE of 0.52, which is significantly 
better compared to those relying predominantly on fossil fuels. This finding 
supports the studies conducted by Osibo & Adamo (2023) (Osibo and Adamo 
2023) and Silva et al. (da Silva 2023), which encourage green computing 
through renewable energy adoption. 

 
3.5.  Algorithmic Optimization 
An optimization algorithm was developed so as to minimize the energy used 
in cooling in the building depending on temperature and humidity data. The 
model in the algorithm is a linear regression that estimates the cooling load 
when exposed to different weather conditions. The optimization problem is 
modeled as: 

min
ECooling

(αT + βH + γS )                                                            (6) 

Subject to: 
ECooling ≤ EThreshold 

where EThreshold represents the energy consumed by the cooling systems, 
and the objective is to minimize this value. Up to 10% energy saving were 
reported by the predictive algorithms, in line with the potentialities of AI 
described in Ran et al. (Ran et al. 2023). The findings shown above suggest 
that employability of cutting-edge capabilities in computation is central to 
sustainable outcomes.  

This approach involves the use of advanced measurement, outstanding 
sources of power, and the use of advanced algorithms to evaluate 
sustainability of data centers. The framework is underpinned by findings from 
the referenced studies, thus enhancing relevance and practicality for 
transitioning to green digital infrastructure. 

 
4. Results  
This article examines five world-class data centers that exhibit innovative 
performance and make significant contributions to the advancement of 
sustainability best practices in the industry. These facilities were selected 
based on their focus on the early adoption of advanced technologies, 
integration of renewable energy sources, and establishment of industry 
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Accordingly, one of the most well-known and cited frameworks in the field of 
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3.3.  Energy Efficiency Modeling 
Energy efficiency modeling plays a pivotal role in assessing the operational 
sustainability of data centers. Two key metrics, PUE and CUE, are employed 
to quantify energy efficiency and carbon emissions, respectively. PUE 
measures the ratio of total facility energy consumption to the energy 
consumed by IT equipment, providing insights into energy utilization 
efficiency. A lower PUE value signifies better energy efficiency, as it indicates 
minimal energy is wasted on non-IT operations such as cooling and lighting. 
Conversely, CUE evaluates the carbon emissions associated with IT energy 
consumption, offering a measure of a facility's environmental impact. 

Cooling efficiency was analyzed to identify operational inefficiencies. This 
metric reflects the proportion of total energy used for cooling operations, with 
a lower percentage indicating a more efficient cooling system. Facilities with 
advanced cooling technologies and optimized IT infrastructures 
demonstrated lower PUE values, reflecting superior energy efficiency. For 
instance, research by Sviridov and Demkin (2022) (Sviridov and Demkin 
2022) emphasized the importance of integrating efficient cooling systems and 
energy management protocols to achieve lower PUE values and reduce 
overall energy consumption. 

The results of this modeling indicate the necessity for continuous 
refinement of energy usage protocols. Factors such as workload balancing, 
the integration of renewable energy sources, and the adoption of advanced 
cooling techniques contribute significantly to achieving energy efficiency. The 
modeling findings align with trends observed in industry studies, underscoring 
the critical need for standardized metrics and practices to ensure 
sustainability across data center operations. By leveraging these metrics, 
data centers can enhance energy efficiency while minimizing environmental 
impact. 
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The integration of renewable energy sources, such as solar, wind, and 
hydropower, was analyzed for its impact on reducing carbon emissions. 
Renewable Energy Integration (REI) was quantified as: 
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where higher REI often corresponds with lower CUE due to the shift from 
fossil-based to renewable energy sources. For instance, facilities with more 
than 70% renewable integration achieved a CUE of 0.52, which is significantly 
better compared to those relying predominantly on fossil fuels. This finding 
supports the studies conducted by Osibo & Adamo (2023) (Osibo and Adamo 
2023) and Silva et al. (da Silva 2023), which encourage green computing 
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3.5.  Algorithmic Optimization 
An optimization algorithm was developed so as to minimize the energy used 
in cooling in the building depending on temperature and humidity data. The 
model in the algorithm is a linear regression that estimates the cooling load 
when exposed to different weather conditions. The optimization problem is 
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min
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Subject to: 
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where EThreshold represents the energy consumed by the cooling systems, 
and the objective is to minimize this value. Up to 10% energy saving were 
reported by the predictive algorithms, in line with the potentialities of AI 
described in Ran et al. (Ran et al. 2023). The findings shown above suggest 
that employability of cutting-edge capabilities in computation is central to 
sustainable outcomes.  

This approach involves the use of advanced measurement, outstanding 
sources of power, and the use of advanced algorithms to evaluate 
sustainability of data centers. The framework is underpinned by findings from 
the referenced studies, thus enhancing relevance and practicality for 
transitioning to green digital infrastructure. 
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This article examines five world-class data centers that exhibit innovative 
performance and make significant contributions to the advancement of 
sustainability best practices in the industry. These facilities were selected 
based on their focus on the early adoption of advanced technologies, 
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standards. Some of the data centers under consideration: 

 
Figure 2. Case Study of Leading Data Centers Chosen for Analyzing Energy 

Efficiency and Sustainability Practices Across Global Facilities 
 

These facilities encompass a variety of operational modalities and 
locations, showcasing different models of advanced organizations in terms of 
implementing energy efficiency and mitigating environmental impacts. Google 
selected its facility in The Dalles, especially for its utilization of hydropower 
and state-of-the-art cooling technologies. Microsoft's Quincy data center 
demonstrates how the company incorporates wind energy while upgrading 
old infrastructure to new specifications. Facebook's Prineville center employs 
free-air cooling systems that take advantage of the area’s cool, dry climate. 
Apple’s Maiden facility is uniquely 100% reliant on renewable solar and 
biogas energy. The large data center in Ashburn, owned by AWS, provides 
insights into various strategies employed alongside scaling efforts to achieve 
energy optimization and the integration of substantial amounts of solar power. 
This article assesses the energy efficiency and sustainability performance of 
these facilities using benchmarks such as PUE, CUE, Cooling System 
Performance, Renewable Energy Integration, and Algorithmic Optimization 
metrics. These diversified and high-performance data centers provide 
insights into success stories and offer ideas on how the environmental impact 
of data centers can be minimized. 
 

4.1. Power Usage Effectiveness (PUE) 
Power Usage Effectiveness (PUE) is a prevalent measure of data center 
power efficiency. It quantifies the ratio of total facility energy consumption to 
the energy usage of computer and IT equipment, thus indicating the amount 
of energy expended on ancillary facility activities such as cooling and lighting. 
A lower PUE value signifies greater efficiency, as a larger proportion of the 
energy consumed is dedicated to information technology processes. This 
section analyzes and compares the PUE performance of five major data 
centers based on their reported energy consumption figures. Additionally, the 
analysis examines other factors influencing PUE, including the use of 
renewable energy sources, the age of the infrastructure, and the 
effectiveness of the cooling systems. 
 

Table 1. Power Usage Effectiveness (PUE) and Related Metrics of Major Data 
Centers 

Data 
Center 

Total Energy 
Consumption 

(MWh) 

IT Equipment 
Energy 

Consumption 
(MWh) 

Cooling 
Energy 
(MWh) 

Lighting 
Energy 
(MWh) 

Renewable 
Energy 

Usage (%) 
PUE 

Google 
Data 

Center, 
1,250,000 1,050,000 250,000 25,000 100% 1.19 

Microsoft 
Data 

Center 
1,600,000 1,300,000 350,000 30,000 95% 1.23 

Facebook 
Data 

Center 
1,100,000 920,000 210,000 20,000 100% 1.20 

Apple 
Data 

Center 
950,000 825,000 180,000 15,000 100% 1.15 

Amazon 
Web 

Services 
Data 

Center 

1,850,000 1,550,000 380,000 40,000 90% 1.19 

 
The PUE values indicate substantial differences in energy consumption 

efficiency among the data centers. Of Apple's four data centers, Maiden 
exhibits the lowest PUE (1.15) due to advanced cooling systems and the 
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Accordingly, one of the most well-known and cited frameworks in the field of 
data quality, Wang and Strong’s framework (1996), has been used as the basis 
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design of its infrastructure supporting the Maiden computing complex. This 
finding corresponds to arguments made by Huang et al. (2023), that liquid 
cooling solutions help minimize non-IT energy use in modern computing 
complexes (Huang 2023). They have labeled this as data center power usage 
effectiveness (PUE), with Microsoft's Quincy facility having the highest PUE 
of 1.23, primarily due to challenges associated with outdated architectures 
and high cooling requirements. This finding aligns with Xu et al. (2023), who 
determined that older buildings are less energy efficient due to the 
technologies and building designs employed (Xu, Zhang, and Wang 2023). 

Notably, Google’s facility in The Dalles, USA, and the AWS Ashburn data 
center both have a PUE of 1.19, indicating that these centers utilize an 
efficient energy management system supported by a high proportion of 
renewable energy sources, at nearly 100% and 90%, respectively. These 
outcomes demonstrate the benefits of integrating renewable energy into the 
overall energy sector. The percentages of cooling energy allocation also 
demonstrate areas for potential improvement. For instance, AWS allocates 
20.5% of its total energy to cooling compared to the 19.1% used at 
Facebook's Prineville data center. This difference implies that enhanced 
airflow control or advanced economization strategies could lead to even lower 
energy requirements for cooling. 

Comparing these results with other research studies indicates that 
problems and trends are similar for the entire industry. Sviridov and Demkin 
(2022) suggested that data center cooling and renewable energy use are 
essential for decreasing PUE (Sviridov and Demkin 2022). Similarly, Ran et 
al. (2023) provided an example of how optimizations, specifically enabled by 
the application of AI research, can contribute to reducing energy 
requirements, which, in turn, would improve the PUE results in the 
aforementioned facilities (Ran et al. 2023). 

For further improvement, investments should be made in intelligent energy 
management of IT load, hardware refreshment focusing on cooling 
technologies, virtualization of servers, and energy-efficient designs. Lin et al. 
(2023) suggest that incorporating AI predictive algorithms would enable the 
application of real-time energy adjustments, resulting in increased 
efficiency(Liu et al. 2023). Such advancements would continue to enhance 
the competitiveness and environmental impact of these facilities in the future. 

 

4.2. Carbon Usage Effectiveness (CUE) 
Carbon Usage Effectiveness (CUE), which indicates the volume of business 
carbon emissions per watt of IT energy used, is another metric reflecting the 
degree of a data center’s eco-friendliness. It offers insight into how efficiently 
a given facility reduces its overall greenhouse gas (GHG) emissions in 
relation to its energy usage. Reduced CUE values imply a smaller carbon 
footprint and can be achieved by employing renewable energy incorporation, 
carbonless processes, and optimum energy usage. This section compares 
the CUE values of five key data centers by measuring their annual emissions 
and energy usage. 
 
Table 2. Carbon Usage Effectiveness (CUE) and Related Metrics of Major Data 

Centers 

Data Center 
Annual CO₂₂ 
Emissions 

(Metric Tons) 

IT Equipment 
Energy 

Consumption 
(MWh) 

Renewable 
Energy 

Usage (%) 

Total 
Facility 
Energy 
(MWh) 

CUE 

Google Data 
Center 

190,000 1,050,000 100% 1,250,000 0.18 

Microsoft 
Data Center 

260,000 1,300,000 95% 1,600,000 0.20 

Facebook 
Data Center 

165,000 920,000 100% 1,100,000 0.18 

Apple Data 
Center 

140,000 825,000 100% 950,000 0.17 

Amazon 
Web 

Services 
Data Center 

300,000 1,550,000 90% 1,850,000 0.19 

 
The obtained CUE values demonstrate that the studied data centers have 

a substantial disparity in terms of environmental impact. Apple's Maiden 
facility shows the lowest CUE value of 0.17 because it runs on 100% 
renewable power and has implemented the best carbon-neutral practices. 
This corroborates the analysis made by McMullen and Wemhoff (2023), 
where they stressed that the integration of renewable energy sources and on-
site power generation has a strong impact on the reduction of carbon footprint 
(McMullen and Wemhoff 2023). 

Google and Facebook also have a favorable CUE value of 0.18 due to 
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design of its infrastructure supporting the Maiden computing complex. This 
finding corresponds to arguments made by Huang et al. (2023), that liquid 
cooling solutions help minimize non-IT energy use in modern computing 
complexes (Huang 2023). They have labeled this as data center power usage 
effectiveness (PUE), with Microsoft's Quincy facility having the highest PUE 
of 1.23, primarily due to challenges associated with outdated architectures 
and high cooling requirements. This finding aligns with Xu et al. (2023), who 
determined that older buildings are less energy efficient due to the 
technologies and building designs employed (Xu, Zhang, and Wang 2023). 

Notably, Google’s facility in The Dalles, USA, and the AWS Ashburn data 
center both have a PUE of 1.19, indicating that these centers utilize an 
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management of IT load, hardware refreshment focusing on cooling 
technologies, virtualization of servers, and energy-efficient designs. Lin et al. 
(2023) suggest that incorporating AI predictive algorithms would enable the 
application of real-time energy adjustments, resulting in increased 
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relation to its energy usage. Reduced CUE values imply a smaller carbon 
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carbonless processes, and optimum energy usage. This section compares 
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their 100% renewable energy consumption and efficient use of energy assets. 
These findings are supported by Lin et al. (2023), who highlighted the 
significance of renewable energy in the road to carbon neutrality (Liu et al. 
2023).  

The Microsoft facility in Quincy has a comparatively higher CUE of 0.20 
because it still procures a part of its total power from grid-based fossil energy, 
even though it is 95% reliant on renewable energy. This underscores the 
difficulties of getting older data centers to operate 100% carbon-free. 
Likewise, AWS, with a CUE of 0.19, has great optimization potential as it 
currently uses 90% renewable energy. 

Similarly to carbon intensity, the analysis also points to the centrality of 
total energy consumption in determining carbon footprints. Centers with 
higher energy intensity, like the AWS facilities in Ashburn, are under greater 
pressure to obtain low CUE indices, as efficiency in using energy is desirable. 

These results concur with the literature review findings that identify 
renewable energy as crucial to avoiding carbon emissions. For instance, Silva 
et al. (2023) demonstrated that incorporating a renewable energy (RE) 
system with an advanced load management control system significantly 
lowered the CUE  (da Silva 2023). Similarly, in a study by Liu et al. (2023), 
the authors highlighted the capabilities of hydrogen-water-based energy 
systems to support the goal of net-zero emissions (Liu et al. 2023). To further 
reduce CUE, data centers need to commit to utilizing advanced and novel 
technologies such as CCS, hydrogen energy systems, and superior 
renewable energy storage systems. Ran et al. (2023) propose an AI-based 
approach that can adaptively manage energy consumption and usage to 
guarantee data centers are as environmentally friendly as possible (Ran et 
al. 2023).  Implementing these measures, along with the adoption of carbon 
accounting frameworks in the industry, will ultimately facilitate a shift toward 
more sustainable data center benchmarks. 

 
4.3. Cooling System Performance 
High-efficiency cooling systems are critical for cooling facilities and ensuring 
smooth operations while minimizing energy usage. Cooling consumes a large 
percentage of total energy in data centers and is thus a key parameter that 
must be managed to achieve enhanced efficiency and reduce effects on the 
climate. This section assesses the cooling systems of five primary data 

centers by analyzing their cooling power and the ratio of cooling energy 
consumption to total facility energy consumption. Factors affecting cooling 
efficiency include the age of the infrastructure, the type of cooling (air or 
liquid), and climatic conditions. 
 

Table 3. Cooling System Performance Metrics of Major Data Centers 

Data 
Center 

Total Energy 
Consumption 

(MWh) 

Cooling 
Energy 

Consumption 
(MWh) 

Cooling 
Energy 

Percentage 

Cooling 
Technology 

Average 
Annual 

Temperature 
(°C) 

Google 
Data 

Center 
1,250,000 250,000 20.0% 

Indirect Air 
Cooling 

12.8 

Microsoft 
Data 

Center 
1,600,000 350,000 21.9% Air Cooling 11.1 

Facebook 
Data 

Center 
1,100,000 210,000 19.1% 

Free-Air 
Cooling 

9.4 

Apple 
Data 

Center 
950,000 180,000 18.9% 

Liquid 
Cooling 

15.6 

Amazon 
Web 

Services 
Data 

Center 

1,850,000 380,000 20.5% Air Cooling 13.3 

 
The percentages of cooling energy indicate disparities, highlighting that 

the data centers are not fully similar in terms of infrastructure, cooling 
systems, and climate. Facebook Inc.’s Prineville center and Apple’s Maiden 
facility record the lowest cooling energy percentages of 18.9% and 19.1%, 
respectively. Apple achieves higher efficiency than other laptop 
manufacturers because it uses liquid cooling, a technique superior to air 
cooling since liquid can dissipate heat more effectively. Similarly, Facebook 
benefits from its Prineville site due to the lower average temperature and 
effective use of free air cooling. 

Microsoft’s Quincy facility has a higher cooling energy percentage of 
21.9%, compared to other company facilities. This is due to its use of older 
air-cooling systems, which are considered to be less efficient than other 
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their 100% renewable energy consumption and efficient use of energy assets. 
These findings are supported by Lin et al. (2023), who highlighted the 
significance of renewable energy in the road to carbon neutrality (Liu et al. 
2023).  

The Microsoft facility in Quincy has a comparatively higher CUE of 0.20 
because it still procures a part of its total power from grid-based fossil energy, 
even though it is 95% reliant on renewable energy. This underscores the 
difficulties of getting older data centers to operate 100% carbon-free. 
Likewise, AWS, with a CUE of 0.19, has great optimization potential as it 
currently uses 90% renewable energy. 

Similarly to carbon intensity, the analysis also points to the centrality of 
total energy consumption in determining carbon footprints. Centers with 
higher energy intensity, like the AWS facilities in Ashburn, are under greater 
pressure to obtain low CUE indices, as efficiency in using energy is desirable. 

These results concur with the literature review findings that identify 
renewable energy as crucial to avoiding carbon emissions. For instance, Silva 
et al. (2023) demonstrated that incorporating a renewable energy (RE) 
system with an advanced load management control system significantly 
lowered the CUE  (da Silva 2023). Similarly, in a study by Liu et al. (2023), 
the authors highlighted the capabilities of hydrogen-water-based energy 
systems to support the goal of net-zero emissions (Liu et al. 2023). To further 
reduce CUE, data centers need to commit to utilizing advanced and novel 
technologies such as CCS, hydrogen energy systems, and superior 
renewable energy storage systems. Ran et al. (2023) propose an AI-based 
approach that can adaptively manage energy consumption and usage to 
guarantee data centers are as environmentally friendly as possible (Ran et 
al. 2023).  Implementing these measures, along with the adoption of carbon 
accounting frameworks in the industry, will ultimately facilitate a shift toward 
more sustainable data center benchmarks. 
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technologies, such as liquid or hybrid cooling systems. AWS in Ashburn, with 
a cooling energy percentage of 20.5%, demonstrates the same issues 
resulting from higher IT energy consumption and warmer weather, which 
requires more cooling controls. 

Google’s building in The Dalles achieves a near-ideal distribution of 
cooling energy at 20.0% by using indirect air-cooling techniques and 
benefiting from a milder climate compared to the California area. These 
findings align with the study by Xu et al. (2023), which states that climate and 
cooling technology significantly influence energy efficiency (Xu, Zhang, and 
Wang 2023). 

These results align with other studies emphasizing the importance of 
efficient cooling systems as a key factor in energy saving. For instance, 
Heydari et al. (2022) demonstrated the potential for improvement in high-
density air-liquid hybrid cooling systems  (Heydari 2022). Similarly, Huang et 
al. highlighted the development of liquid cooling and free-air cooling for their 
impact on energy conservation and PUE (Huang 2023). 

To enhance cooling efficiency, more data centers should integrate liquid 
cooling with economization methods, which are more efficient. Additionally, 
by using various AI-driven cooling algorithms developed by Ran et al. (2023), 
cooling loads may be adjusted during operation in response to environmental 
and workload conditions, resulting in considerable energy savings (Ran et al. 
2023). 

It is also wise to plan for future infrastructural investment in new 
technologies for older centers. For instance, at Microsoft’s Quincy facility, air-
cooling systems should be replaced with more efficient options. These actions 
would not only increase energy efficiency but also help achieve sustainable 
development objectives in the data center market. 

 
4.4. Renewable Energy Utilization 
The utilization of renewable power sources in data centers is crucial for 
reducing the environmental footprint of these resource-intensive facilities. 
Some of the most widely used renewable energy resources employed by 
leading data centers instead of conventional power derived from fossil fuels 
include solar energy, wind energy, and hydropower. This analysis examines 
the experience of five large data centers and their efforts to reduce CO₂ 
emissions and become carbon neutral. The findings indicate that the use of 

renewable energy depends on local resource endowment, infrastructural 
capacity, and organizational sustainability requirements. 
 

Table 4. Renewable Energy Utilization Metrics of Major Data Centers 

Data Center 
Renewable 

Energy Usage 
(%) 

Primary 
Renewable 

Source 

On-Site 
Generation 

Capacity (MW) 

Annual CO₂₂ 
Reduction 

(Metric Tons) 
Google Data 

Center 
100% Hydropower 80 500,000 

Microsoft Data 
Center 

95% Wind 60 480,000 

Facebook 
Data Center 

100% Solar 50 300,000 

Apple Data 
Center 

100% Solar + Biogas 100 600,000 

Amazon Web 
Services Data 

Center 
90% Solar 70 550,000 

 
Google, Apple, and Facebook are front runners in renewable energy, 

becoming 100% renewable energy companies. Google utilizes hydropower 
in The Dalles, Oregon, taking advantage of the large availability of water 
resources to produce clean energy. Similarly, Apple’s Maiden facility 
harnesses both solar power and biogas from agricultural waste, allowing the 
company to generate far more energy than required while decreasing 
emissions. Facebook hosts one of its most significant service centers in 
Prineville, utilizing a major solar farm due to high solar intensity. 

However, Microsoft and AWS use slightly less renewable energy at 95% 
and 90%, respectively, because they also rely on additional grid energy. 
Microsoft incorporates wind energy, demonstrating its long-term offsite RE 
contracts, while AWS implements significant solar initiatives at Ashburn, 
compensating for more than half of its carbon footprint, and still has significant 
potential for advancement. These findings are consistent with the work of 
McMullen & Wemhoff (2023), who advocated for on-site renewable 
generation to enhance Scope 1 energy and sustainability (McMullen and 
Wemhoff 2023). 

Table 4 also shows the tremendous amount of CO₂ emission reductions 
made possible by renewable energy integration. Apple achieves the largest 
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technologies, such as liquid or hybrid cooling systems. AWS in Ashburn, with 
a cooling energy percentage of 20.5%, demonstrates the same issues 
resulting from higher IT energy consumption and warmer weather, which 
requires more cooling controls. 

Google’s building in The Dalles achieves a near-ideal distribution of 
cooling energy at 20.0% by using indirect air-cooling techniques and 
benefiting from a milder climate compared to the California area. These 
findings align with the study by Xu et al. (2023), which states that climate and 
cooling technology significantly influence energy efficiency (Xu, Zhang, and 
Wang 2023). 

These results align with other studies emphasizing the importance of 
efficient cooling systems as a key factor in energy saving. For instance, 
Heydari et al. (2022) demonstrated the potential for improvement in high-
density air-liquid hybrid cooling systems  (Heydari 2022). Similarly, Huang et 
al. highlighted the development of liquid cooling and free-air cooling for their 
impact on energy conservation and PUE (Huang 2023). 
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by using various AI-driven cooling algorithms developed by Ran et al. (2023), 
cooling loads may be adjusted during operation in response to environmental 
and workload conditions, resulting in considerable energy savings (Ran et al. 
2023). 
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would not only increase energy efficiency but also help achieve sustainable 
development objectives in the data center market. 
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leading data centers instead of conventional power derived from fossil fuels 
include solar energy, wind energy, and hydropower. This analysis examines 
the experience of five large data centers and their efforts to reduce CO₂ 
emissions and become carbon neutral. The findings indicate that the use of 
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in The Dalles, Oregon, taking advantage of the large availability of water 
resources to produce clean energy. Similarly, Apple’s Maiden facility 
harnesses both solar power and biogas from agricultural waste, allowing the 
company to generate far more energy than required while decreasing 
emissions. Facebook hosts one of its most significant service centers in 
Prineville, utilizing a major solar farm due to high solar intensity. 

However, Microsoft and AWS use slightly less renewable energy at 95% 
and 90%, respectively, because they also rely on additional grid energy. 
Microsoft incorporates wind energy, demonstrating its long-term offsite RE 
contracts, while AWS implements significant solar initiatives at Ashburn, 
compensating for more than half of its carbon footprint, and still has significant 
potential for advancement. These findings are consistent with the work of 
McMullen & Wemhoff (2023), who advocated for on-site renewable 
generation to enhance Scope 1 energy and sustainability (McMullen and 
Wemhoff 2023). 

Table 4 also shows the tremendous amount of CO₂ emission reductions 
made possible by renewable energy integration. Apple achieves the largest 
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improvement by procuring 600,000 metric tons of renewable material yearly, 
and Google procures 500,000 metric tons yearly, demonstrating that 
renewable energy solutions have opportunities for growth in curtailing 
environmental harm. 

The results align with prior studies highlighting the importance of adequate 
utilization of renewable energy to reduce carbon emissions in data centers. 
Lin et al. demonstrated that carbon-aware load balancing integrated with 
renewable energy sources reduces CUE and positively impacts sustainability 
(Lin, Chen, and Li 2023). Similarly, Silva et al. (2023) suggested that 
renovation of energy storage with renewable energy and load balancing 
mechanisms can be advantageous (da Silva 2023).  

If both Microsoft and AWS aim to use even more renewable energy, they 
should increase on-site generation capability and consider the possibilities of 
combining solar and/or wind with energy storage solutions. Moreover, 
expanding the use of green hydrogen production and increasing the use of 
advanced energy storage systems can help address the issue of dependence 
on grid energy and improve energy security. 

Together with policies aimed at renewable energy investment and regional 
collaboration, these strategies will enable the pursuit of carbon neutrality in 
data center operations and set standards for other segments of the tech 
market. 

 
4.5. Algorithmic Optimization Outcomes 
Technical enhancements in algorithms account for a small portion of data 
centers' power usage, yet contribute significantly to overall system 
optimization. Such optimizations often involve the application of AI, ML, and 
other sophisticated forecasting algorithms to workloads, cooling systems, and 
energy distribution. These technologies enable data centers to reduce energy 
wastage and improve key efficiency parameters such as PUE and CUE. In 
this section, the energy savings achieved through algorithmic optimization in 
five leading data centers are analyzed. 
  

Table 5. Algorithmic Optimization Metrics of Major Data Centers 

Data 
Center 

Energy 
Savings 

from 
Optimization 

(%) 

Primary 
Optimization 

Focus 

AI Model 
Used 

Annual 
Energy 
Savings 
(MWh) 

Cooling 
System 

Optimization 
Contribution 

(%) 
Google 
Data 

Center 
17% 

Cooling and 
Workload 
Balancing 

Reinforcement 
Learning 

(DRL) 
212,500 70% 

Microsoft 
Data 

Center 
14% 

Energy Load 
Management 

Neural 
Network-

Based 
Prediction 

224,000 60% 

Facebook 
Data 

Center 
15% 

Workload 
Distribution 

Optimization 

Predictive 
Algorithms 

165,000 65% 

Apple 
Data 

Center 
20% 

Cooling and 
Server 

Allocation 

Advanced ML-
Based Cooling 

Control 
190,000 75% 

Amazon 
Web 

Services 
Data 

Center 

16% 
Dynamic 
Resource 
Allocation 

AI-Assisted 
Load 

Balancing 
296,000 68% 

 

Algorithms can reduce power consumption in the studied data centers 
depending on their current state of technology and physical layout. Apple's 
Maiden Vermont facility achieves maximum energy savings of 20%, believed 
to be a result of state-of-the-art machine learning (ML) cooling technology and 
server distribution algorithms. In traditional cooling systems, these algorithms 
actively manage cooling and partition workloads, resulting in significant 
energy reductions. This is consistent with Ran et al. (2023) showed how 
machine learning can regulate cooling while using resources efficiently (Ran 
et al. 2023). 

Apple's data center in The Dalles reports a high percentage of energy 
savings at 17%, utilizing reinforcement learning models for cooling and load 
balancing. One of the strategies making the new cooling methods very 
efficient is their predictive resolution; the cooling systems activate only when 
required based on the data received. 

Conversely, the Microsoft Quincy facility reports the lowest level of energy 
conservation, at 14%, due to problems arising from old installations and 
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improvement by procuring 600,000 metric tons of renewable material yearly, 
and Google procures 500,000 metric tons yearly, demonstrating that 
renewable energy solutions have opportunities for growth in curtailing 
environmental harm. 

The results align with prior studies highlighting the importance of adequate 
utilization of renewable energy to reduce carbon emissions in data centers. 
Lin et al. demonstrated that carbon-aware load balancing integrated with 
renewable energy sources reduces CUE and positively impacts sustainability 
(Lin, Chen, and Li 2023). Similarly, Silva et al. (2023) suggested that 
renovation of energy storage with renewable energy and load balancing 
mechanisms can be advantageous (da Silva 2023).  

If both Microsoft and AWS aim to use even more renewable energy, they 
should increase on-site generation capability and consider the possibilities of 
combining solar and/or wind with energy storage solutions. Moreover, 
expanding the use of green hydrogen production and increasing the use of 
advanced energy storage systems can help address the issue of dependence 
on grid energy and improve energy security. 

Together with policies aimed at renewable energy investment and regional 
collaboration, these strategies will enable the pursuit of carbon neutrality in 
data center operations and set standards for other segments of the tech 
market. 

 
4.5. Algorithmic Optimization Outcomes 
Technical enhancements in algorithms account for a small portion of data 
centers' power usage, yet contribute significantly to overall system 
optimization. Such optimizations often involve the application of AI, ML, and 
other sophisticated forecasting algorithms to workloads, cooling systems, and 
energy distribution. These technologies enable data centers to reduce energy 
wastage and improve key efficiency parameters such as PUE and CUE. In 
this section, the energy savings achieved through algorithmic optimization in 
five leading data centers are analyzed. 
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Algorithms can reduce power consumption in the studied data centers 
depending on their current state of technology and physical layout. Apple's 
Maiden Vermont facility achieves maximum energy savings of 20%, believed 
to be a result of state-of-the-art machine learning (ML) cooling technology and 
server distribution algorithms. In traditional cooling systems, these algorithms 
actively manage cooling and partition workloads, resulting in significant 
energy reductions. This is consistent with Ran et al. (2023) showed how 
machine learning can regulate cooling while using resources efficiently (Ran 
et al. 2023). 

Apple's data center in The Dalles reports a high percentage of energy 
savings at 17%, utilizing reinforcement learning models for cooling and load 
balancing. One of the strategies making the new cooling methods very 
efficient is their predictive resolution; the cooling systems activate only when 
required based on the data received. 

Conversely, the Microsoft Quincy facility reports the lowest level of energy 
conservation, at 14%, due to problems arising from old installations and 
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imperfect prediction formulas. These findings underscore the need for 
improved research and development of AI-based energy management 
systems to enhance energy optimization. 

AWS’s Ashburn facility and Facebook’s Prineville center both report 
average energy savings of about 16% and 15%, respectively. Both use AI-
aided optimization to determine resource availability and workload distribution 
as conditions change. Nonetheless, AWS consumes more energy than 
residential users; therefore, the absolute reduction in carbon usage is larger, 
demonstrating that algorithm-based optimization can benefit large facilities. 

The results align with earlier studies exploring how optimization algorithms 
alter energy usage. Lin et al. (2023) and Silva et al. (2023) further emphasized 
the significance of AI and ML in enhancing energy efficiency through 
predictive cooling and resource optimization (Lin, Chen, and Li 2023; da Silva 
2023). 

To achieve higher energy efficiency, deep reinforcement learning and 
other advanced models must be implemented along with infrastructure 
updates to support the new optimization levels in facilities like Microsoft’s 
Quincy data center. Moreover, the setup of RT-EMS and the application of 
MOOFs for multiple objectives can also improve energy savings in all 
facilities. 

Future solutions should be employed to enhance the capability of AI 
models and scalability in predicting data comprehensively. These can be 
improved and fine-tuned in subsequent analyses using more advanced 
algorithmic technology, which contributes to further enhancing data center 
function, reducing expenses, and promoting environmental sustainability. 
Data center organizations can set new standards of sustainability through 
such processes. 
 
5. Discussion 
Data centers are central to the modern digitalized global economy; however, 
their business models present major hurdles due to high-power demands and 
environmental concerns. This discussion situates the theory of energy 
efficiency and sustainability in analyzing data centers, using descriptive, 
explanatory, and inferential methods. Based on the existing research, this 
section outlines the enabling technologies, including advanced cooling 
systems, renewable energy integration, and algorithmic optimization, and 

presents new ideas for future advancements. 
Energy management of the cooling system is central to reducing energy 

consumption in data centers. Huang et al. (2023) pointed out that new cooling 
techniques, like liquid and free airflow cooling, improve energy density in 
servers and storage devices (Huang 2023). Furthermore, Wan et al. (2023) 
illustrated how different reinforcement learning algorithms control cooling 
loads, thus eliminating energy waste while maintaining operational integrity 
(Wan et al. 2023). 

Another crucial factor relates to the integration of renewable power 
systems. As noted by Osibo and Adamo (2023), they urged the government 
to embrace solar, wind, and hydro power to combat carbon emissions. Höb 
and Kranzlmüller (2023) provided additional examples of how renewable 
energy utilization, coupled with improved operational management, results in 
significant decreases in emissions. Collectively, these strategies contribute to 
the low-carbon transition processes in data centers (Höb 2023). 

PUE and CUE are two common energy efficiency ratios that measure 
power and carbon footprints, respectively. Sviridov and Demkin (2022) 
showed that the optimization of cooling technologies and energy regulation 
leads to a decline in PUE value, which demonstrates how cooling and energy 
distribution are connected (Sviridov and Demkin 2022). Similarly, Lin et al. 
(2023) emphasized that the CUE can be decreased by using carbon-aware 
load balancing (Lin, Chen, and Li 2023). 

Algorithmic optimization stands out as one of the most crucial 
organizational characteristics for defining efficiency. For instance, Ran et al. 
(2023) mapped the possibility of using deep reinforcement learning to 
enhance dynamic energy distribution and workload management (Ran et al. 
2023). Kaur et al. (2022) demonstrated this by showing how multi-objective 
optimization algorithms can efficiently manage electricity usage and data 
center performance in the cloud (Kaur et al. 2022). 

These relationships are further reinforced by incorporating microgrid 
technologies, as described by Benblidia et al. (2022) (Benblidia 2022). 
Through these technologies, real power can now be allocated to various 
devices, particularly by using sophisticated technologies to minimize costs. 
The integration of hardware optimization, renewable energy, and advanced 
algorithms collectively represents a holistic approach to establishing energy-
efficient data centers. 
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Since data quality has various dimensions beyond accuracy and privacy, 
each dimension holds its own significance� This research takes a comprehensive 
approach by considering different aspects of data quality in the realm of open 
banking� In fact, the problem we aim to investigate and solve in this research is 
the neglect and lack of attention to the various aspects of data quality in the field 
of open banking� This oversight can lead to improper performance in providing 
services within this sector� In other words, the services provided in open banking 
may be acceptable in some aspects of data quality, but the lack of attention to 
other aspects of data quality makes the overall performance of the services 
unacceptable� For instance, a service may offer highly accurate data, but this 
information may not be current for the intended activity, or it may be accurate but 
lack acceptable consistency� Therefore, it is necessary to investigate the issue 
of data and its quality comprehensively in the field of open banking� Different 
dimensions of data quality should be considered in this context�

Accordingly, one of the most well-known and cited frameworks in the field of 
data quality, Wang and Strong’s framework (1996), has been used as the basis 
for investigating the dimensions of data quality in the field of open banking� In this 
framework, fifteen dimensions of data quality are defined across four categories� 
In Table 1, these fifteen dimensions are presented along with their definitions and 
corresponding categories�

Table 1. Dimensions of data quality, their definitions and categories  
(Wang & Strong, 1996)

Category Dimension Definition of the dimensions

Intrinsic accuracy The extent to which data is error-free, correct, and 
reliable�

objectivity The extent to which data are unbiased�

believability The extent to which the data is believable�

reputation The extent to which data are trusted or highly regarded in 
terms of their source�
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Various practices and technologies are projected to act as the key drivers 
transforming energy efficiency in data centers. In this study, Liu et al. (2023) 
proposed an alternative energy solution, particularly hydrogen-water-based 
energy systems, that can be used to power data centers, possibly making 
them carbon neutral (Liu et al. 2023). Similarly, on-site renewable power 
generation was described by McMullen and Wemhoff (2023) as a way of 
boosting energy independence and diminishing the use of grid energy 
(McMullen and Wemhoff 2023). 

Regarding cooling systems, researchers Huang et al. (2023) discussed 
that certain cooling systems combining liquid and air cooling may enhance 
performance and tackle the drawbacks of the individual cooling systems 
under different climate conditions (Huang 2023). Silva et al. (2023) 
emphasized the significance of new-generation algorithms for effective data 
migration and energy consumption control, paving the way for improved mini 
and hyperscale data center models (da Silva 2023). 

Further studies should continue to investigate how data centers may adopt 
cutting-edge technologies, such as green hydrogen production and battery 
storage technologies. The advancement of more innovative frameworks 
using artificial intelligence and focusing on multiple objectives can enhance 
energy efficiency and resource management. Moreover, improving 
renewable resources and promoting systems that use both traditional and 
renewable energy sources will become critical to the industry’s successful 
sustainability. 

Policymakers, on the other hand, should set up guidelines on performance 
measurement for sustainability and encourage capital expenditures on 
efficient energy products. Close cooperation with academia, industry, and 
policymakers is crucial in order to promote the development and 
implementation of sustainable practices across the value chain. 

Therefore, based on the analysis of approaches to the implementation of 
optimal cooling systems and renewable energy technologies, as well as by 
proposing an algorithm for optimal control of loads and calculating the 
corresponding energy indicators, it can be concluded that the path to more 
efficient and sustainable data centers is multifaceted. By analyzing existing 
problems and putting theoretical concepts into practice, the industry can 
minimize adverse effects on the environment and meet the needs of the 
digital economy. 

6. Conclusion 
This article aims to emphasize the importance of energy-efficient utilities in 
data centers and the extent to which they contribute to environmental 
conservation and operational cost reduction. The paper has made it clear that 
many factors, such as PUE, CUE, cooling efficiency, the use of renewable 
energy, and algorithms, can be key determinants of data center performance. 
Collectively, these metrics act as a conceptual framework for analyzing the 
energy and environmental performance of data centers. 

The study shows that data centers using modern cooling techniques, 
renewables, AI, and big data optimization yield superior efficiency and lower 
carbon emissions. This demonstrates the need for companies to employ 
different solutions that are appropriate and suitable for a data center business 
environment. In addition, the intensive infrastructural endowments and focus 
on renewable energy indicate that such facilities have a major edge in 
keeping sustainability objectives while being environmentally conscious 
compared to corresponding benchmarks in the industry. 

The article establishes the need to adopt a complex approach to practicing 
sustainability. Thus, the improvement of power supply systems, the transition 
to renewable energy sources, and the integration of new complex algorithms 
for the real-time management of energy consumption become strategic 
changes. These tools facilitate effective scheduling that aims at the right 
distribution and sharing of resources in a way that minimizes energy 
consumption and unnecessary usage. 

More research in this area should therefore aim at advancing these 
technologies to a level that makes them feasible for smaller or older facilities 
that may not afford the advanced technologies used in today’s modern 
facilities. Future studies could also look at how new forms of energy, such as 
hydrogen fuel cells, could be embraced to achieve carbon-free energy. Thus, 
measures promoting the investment in technologies for sustainable 
development and encouraging cooperation between industries would 
stimulate the implementation of best practices. 

In conclusion, data center sustainability is a never-ending journey of 
innovation, cooperation, and the use of new technologies. Interestingly, this 
study offers a step-by-step guide to be followed by new or existing facilities in 
order to improve their efficiency throughout their functioning and minimize the 
harm they cause to the environment. By realizing the proposed improvements 
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for the identified challenges, the data center industry can greatly enhance 
global sustainability policies to achieve the set objectives while also ensuring 
the availability of crucial supports that enable the digital economy. 
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1. Introduction

Due to the rapidly evolving information and digital technologies, the world is moving 
towards an open data economy (He, Huang, & Zhou, 2023)� Open data can be 
used as a tool to foster innovation and enhance financial services� Customer data 
sources in open banking can help fintech companies provide more innovative 
financial services and better facilities to customers (O’Leary et al�, 2021)� On the 
other hand, these data can also be used as a tool to increase customer trust and 
reduce fraud rates in the financial industry (Zachariadis, 2020)� Therefore, it is 
critical to maintain the accuracy, integrity, and privacy of this data� For the effective 
utilization of open data in open banking, solutions have been proposed to manage 
and uphold quality and privacy� Some of these solutions are (Sullivan, Miller, & 
Montes, 2021)�

�	The use of modern technologies to protect the customers’ privacy, such as 
information encryption and cloud servers;

�	Creating detailed and transparent policies for managing open data and 
protecting customer privacy;

�	Providing training to banking employees and fintech companies regarding 
customer privacy and open data management;

�	Creating effective systems for managing customer consent in open banking 
and maintaining privacy;

�	Creating effective systems to manage access to open data and control access 
to this data;

�	Creating effective systems to manage security risks and maintain the security 
of open data;

�	Creating effective systems for managing and maintaining the quality of open 
data and ensuring the accuracy and correctness of these data�
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Since data quality has various dimensions beyond accuracy and privacy, 
each dimension holds its own significance� This research takes a comprehensive 
approach by considering different aspects of data quality in the realm of open 
banking� In fact, the problem we aim to investigate and solve in this research is 
the neglect and lack of attention to the various aspects of data quality in the field 
of open banking� This oversight can lead to improper performance in providing 
services within this sector� In other words, the services provided in open banking 
may be acceptable in some aspects of data quality, but the lack of attention to 
other aspects of data quality makes the overall performance of the services 
unacceptable� For instance, a service may offer highly accurate data, but this 
information may not be current for the intended activity, or it may be accurate but 
lack acceptable consistency� Therefore, it is necessary to investigate the issue 
of data and its quality comprehensively in the field of open banking� Different 
dimensions of data quality should be considered in this context�

Accordingly, one of the most well-known and cited frameworks in the field of 
data quality, Wang and Strong’s framework (1996), has been used as the basis 
for investigating the dimensions of data quality in the field of open banking� In this 
framework, fifteen dimensions of data quality are defined across four categories� 
In Table 1, these fifteen dimensions are presented along with their definitions and 
corresponding categories�

Table 1. Dimensions of data quality, their definitions and categories  
(Wang & Strong, 1996)

Category Dimension Definition of the dimensions

Intrinsic accuracy The extent to which data is error-free, correct, and 
reliable�

objectivity The extent to which data are unbiased�

believability The extent to which the data is believable�

reputation The extent to which data are trusted or highly regarded in 
terms of their source�
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for the identified challenges, the data center industry can greatly enhance 
global sustainability policies to achieve the set objectives while also ensuring 
the availability of crucial supports that enable the digital economy. 
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