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Abstract

:

Data Centres serve as the foundation for digital technologies in the energy sector, enabling advanced analytics, optimization, and automation. However, their rapid growth can exert a substantial influence on the environment due to their energy consumption, water utilization, and production of electronic waste. This research begins with an energy overview of the setup and operations of data centres, highlighting their key components and infrastructure, and emphasizing their crucial role in managing energy resources and driving the energy sector’s digital technologies. Building upon this understanding, a holistic framework is proposed to tackle energy sustainability concerns in data centres, with a focus on energy-related aspects. The framework places emphasis on three primary sustainability metrics, namely energy efficiency, water consumption, and waste management. It underscores the significance of green building design principles and energy-efficient equipment as crucial constituents of sustainable data centre infrastructure. The framework delineates optimal energy operational best practices encompassing virtualization and consolidation, effective cooling tactics, and energy management and monitoring, all aimed at reducing energy consumption and enhancing energy performance. Furthermore, the framework emphasizes the significance of incorporating energy-related sustainability metrics into decision-making procedures and adhering to regulatory standards for energy efficiency. Through adherence to this framework, data centres’ environmental impact can be mitigated and a positive contribution towards a sustainable future can be made, particularly in the realm of energy conservation and optimization.






Keywords:


data centres; sustainable IT infrastructure; sustainability; digitalization; energy efficient design; advanced sustainability metrics












1. Introduction


In recent years, the energy industry has faced significant challenges related to climate change, increasing energy demand, and the growing need to ensure security and reliability in energy supply. These challenges have led to a radical transformation in the structure of the energy sector, with an increasing emphasis on sustainability and the integration of innovative and renewable technologies [1]. As the energy system evolved, it encompassed power generation, transmission, and distribution, with Transmission System Operators (TSOs) delivering energy to customers and Distribution System Operators (DSOs) serving end-users [2]. Traditional electricity grids had limited capabilities, allowing only one-way communication and energy exchange, minimal storage, and passive loads. However, modern technology has given rise to smart grids, which integrate information and communication technology (ICT) for enhanced efficiency, resilience, and intelligence. These smart grids utilize real-time data for intelligent analysis, increasing reliability and facilitating the incorporation of renewable sources into the grid [3]. In response to the urgency of climate change, the European Commission introduced the European Green Deal (EGD), an ambitious strategy aimed at cutting carbon emissions by 55% by 2030 and achieving carbon neutrality by 2050 [4]. The energy transition focuses on substituting fossil fuels with renewable energy sources (RES) and is guided by the “3 D’s” concept: decarbonization, decentralization, and digitalization. Digitalization plays a crucial role in supporting electrification and decentralization within the energy sector [5]. Consumer expectations from energy suppliers are evolving, with an emphasis on sustainability, reliability, simplicity, customization, and control. Therefore, the increasing demand for energy and shifting customer preferences make the energy sector more complex, competitive, and uncertain. By embracing digital transformation and integrating digital technologies, energy companies can overcome these challenges and enhance sustainability. These technologies optimize the operation of renewable and other energy sources, improving efficiency and dependability.



In [6], critical digital technologies have been identified that contribute to increased renewable energy use, including the Internet of Things (IoT), artificial intelligence and big data, and blockchain. Additionally, Lyu et al. [7] have highlighted emerging digital technologies that impact the energy sector, such as robotics and cloud computing. By leveraging these digital solutions, the energy sector can transition to a more sustainable and efficient future.



The growth of digitalization in the energy sector, as well as other sectors such as telecommunications, e-commerce, cloud computing, and IoT (Internet of Things), has resulted in a significant increase in data generation and storage requirements. This, in turn, has driven the demand for data centres to accommodate the expanding digital infrastructure. However, data centres are power-intensive facilities as they require a continuous supply of electricity to operate their equipment and maintain optimal conditions for data storage. The energy consumption of data centres has become a focus of attention due to environmental concerns and the need for energy-efficient solutions. Thus, the expansion of data centres has raised concerns regarding their impact on environmental sustainability, as they can lead to high greenhouse gas emissions and a negative impact on water resources and air quality. Therefore, it is essential to ensure that data centres are designed and managed sustainably to minimize environmental impact and maximize energy efficiency [8].



This study aimed to deepen our understanding of the environmental impacts of data centres and identify existing best practices by conducting a comprehensive literature review. The analysis enabled us to identify key challenges and opportunities associated with data centre sustainability and determine the most promising solutions to address them. Strategies and measures such as incorporating renewable energy sources, improving energy efficiency, reducing ecological footprints, and adopting sustainable design and management approaches have been implemented to promote data centre sustainability. However, to effectively tackle this challenge, it is crucial to adopt a holistic and systemic approach that considers all aspects of data centre sustainability and their interconnectedness.



The primary contribution of this research is centred around the creation of a comprehensive conceptual framework that incorporates best practices and operational guidelines to facilitate the implementation of sustainable data centres. Throughout the development of this framework, an extensive review and analysis of the existing literature was conducted to identify and select relevant metrics specifically pertaining to sustainable data centres. Importantly, our framework distinguishes itself by providing an integrated approach that effectively incorporates and synthesizes these metrics, setting it apart from other existing frameworks in the field. To better clarify the differences between the framework proposed in this research compared to the previous models, Table 1 offers a comprehensive comparison of the different metrics considered. The proposed framework embraces a variety of sustainability aspects within data centres, making it more extensive and integrative than the ones before. Each of the metrics, while individually valuable, contributes to a nuanced understanding of data centre sustainability when considered as part of a cohesive framework. These include critical areas such as energy efficiency, water consumption, waste management, and renewable energy utilization. By encapsulating a wider range of sustainability metrics, our framework promotes the exploration and application of innovative strategies and best practices. The aim is to reduce the environmental footprint of data centres significantly while upholding, if not enhancing, their operational efficiency. This framework, by integrating these diverse and vital sustainability metrics, provides a more holistic approach to appraise and augment the sustainability of data centres.



This comprehensive approach to sustainability not only delivers valuable insights for data centre operators and policymakers but also establishes a foundation for further research and development in the field of sustainable data centre design and management. By considering a wider array of metrics within a single framework, stakeholders can more effectively evaluate and prioritize their efforts to create greener and more sustainable data centres, ultimately contributing to a more environmentally responsible energy sector.



The remainder of the paper is structured as follows: Section 2 introduces the relationship between the use of digital technologies and environmental sustainability. In Section 3, the main issues concerning the energy expenditure of data centres are highlighted. Section 4 presents the developed framework and its characteristics. Finally, discussion and concluding remarks are provided in Section 5.




2. Impacts of Digital Technologies on Environmental Sustainability


Considering the holistic concept of sustainability encompassing social, economic, and environmental aspects, our research specifically emphasizes the environmental dimension within the context of data centres. By narrowing our scope to environmental sustainability, we aim to tackle the challenges and seize the opportunities associated with reducing ecological footprints, enhancing energy efficiency, and fostering sustainable practices within the data centre industry. Environmental sustainability involves maintaining a high level of environmental quality over the long term by ensuring that resource exploitation and pollution emissions occur at a pace that does not exceed the environment’s capacity to regenerate and process them. In a sustainable human system, the rate of renewable resource exploitation must be lower than their regeneration rate, and the intake of pollutants and waste should not surpass the environment’s carrying capacity—its ability to absorb and process these contaminants [15]. In the context of the energy sector, achieving environmental sustainability means offsetting the depletion of nonrenewable resources by replacing them with renewable resources, thus maintaining a balanced and sustainable relationship with the environment. By prioritizing sustainable development policies and practices, the energy sector can contribute to a greener and more sustainable future. The negative impacts of digital technologies on the environment, particularly within the energy sector, remain inadequately examined and understood. Extensive energy resource consumption has resulted in significant ecological consequences, such as acid rain, environmental pollution, and global warming. Furthermore, the utilization of sensors, supercomputers, data analysis, and cloud-based AI has facilitated the extraction and processing of fossil fuels [16]. It is crucial to consider potential adverse environmental effects, as the increased efficiency of fossil-fuel power plants may inadvertently hinder the transition to sustainable power sources. This challenge poses an additional obstacle in reducing CO2 emissions and achieving environmental sustainability [17]. Considering these concerns, this study will concentrate on the data centres that support these digital technologies. Through an in-depth analysis of their roles and impacts on the energy sector and the environment, the research aims to offer a comprehensive understanding of the relationship between data centres and sustainability. Ultimately, this investigation will lay the groundwork for developing a robust framework that addresses and mitigates the environmental challenges associated with data centre operations.




3. Data Centres and Energy Consumption


The International Energy Agency (IEA) reported that data centres accounted for approximately 1% of global electricity consumption in 2020, with projections to rise to 1.2% by 2025. Furthermore, data centres were responsible for 0.3% of global greenhouse gas (GHG) emissions in 2020, which is expected to increase to 0.4% by 2025. However, these estimates vary depending on the methodology and assumptions made, with some studies suggesting higher or lower energy consumption and GHG emissions. Data centres’ environmental impacts also differ based on factors such as location, energy sources, and efficiency measures [18,19]. Energy efficiency is a critical consideration in designing data centres, driven by the cost of electricity consumed by IT equipment and cooling and power supply systems. Data centres, built specifically to accommodate high-density computing equipment, can have considerable energy consumption and carbon emissions due to the sheer number of devices. The United States data centres, in 2007, consumed approximately 1.5% of total energy, costing around USD 4.5 billion and resulting in high carbon emissions. It is crucial to note that computing and storage devices are not the sole energy consumers in data centres. Essential subsystems include IT infrastructure, cooling infrastructure, electricity infrastructure, security and compliance, edge computing, and micro data centres [20]. Modern data centres have witnessed significant advancements in IT, cooling, and electricity infrastructures, with virtualization, cloud computing, software-defined networking (SDN), network function virtualization (NFV), and hyper-converged infrastructure (HCI) being adopted. Modelling IT equipment is essential for thermal and flow simulations in air-cooled data centres. This study explores a porous zone model for accurate pressure loss calculations in server components, which is vital for data centre design safety [21]. Cooling technologies have evolved to be more energy-efficient, utilizing outside air and liquid cooling. In data centre cooling, studies highlight thermal management as a key area for reducing energy consumption. It is found that maintaining uniform hot and cold air distribution in air cooling systems and adjusting tile porosity can conserve energy. For liquid and free cooling systems, optimization of factors like climate conditions, system design, coolant type, and flow rate are vital. Such considerations can notably improve the Power Usage Effectiveness (PUE) of these systems [22]. Data centre infrastructure management (DCIM) tools help monitor and optimize cooling systems in real-time, while electricity infrastructure improvements include power distribution, backup systems, and renewable energy sources. Security, compliance, edge computing, and micro data centres also play crucial roles in data centre operations [23]. Examples of technological advancements that improve energy efficiency can be found in other industries. For instance, a study at the National Centre of Excellence for Food Engineering reported that a continuous flow ohmic heater (CFOH) significantly reduced energy consumption compared to traditional heating methods. The CFOH reached an energy efficiency conversion of up to 87.9%, with the potential for further improvement using advanced process controls [24]. Analogously, innovative technologies in data centres can significantly enhance energy efficiency and sustainability. Additional energy consumption is caused by lights, power distribution losses, and other electrical devices such as an uninterruptible power supply (UPS). In other words, the bulk of energy consumption within a data centre is not utilized to power genuine IT services. To achieve optimum efficiency in power consumption and CO2 emissions, each of these devices must be built and utilised in a manner that minimizes their carbon footprint. Minimizing energy consumption in data centres requires an examination of each device’s carbon footprint and the energy used for cooling and other overheads. By calculating energy consumption and evaluating its effective use against waste, data centres can optimize their efficiency, reducing their environmental impact and contributing to a more sustainable future [25].




4. The Proposed Framework


The structure of the framework for Environmental Sustainability Metrics for data centres (Figure 1) is organized as follows. Firstly, the framework outlines four key environmental sustainability metrics, which are energy efficiency, water usage, waste heat, and waste management. Secondly, it presents two components of data centre infrastructure, green building design principles and energy-efficient equipment, that are critical for achieving sustainability goals. Thirdly, the framework provides operational best practices, including virtualization and consolidation, efficient cooling strategies, and energy management and monitoring. Fourthly, the framework emphasizes the importance of integrating sustainability metrics in decision-making processes, such as performance tracking and reporting, and continuous improvement. Lastly, the framework includes regulatory compliance and certifications as a key component to ensure that data centres meet environmental sustainability standards.



Below are all the elements of the framework, including the concepts already mentioned regarding not only energy but also environmental impact. The elements of the framework are thus listed and displayed for better understanding.



4.1. Key Environmental Sustainability Metrics


Key Environmental Sustainability Metrics for a data centre are quantitative measures used to track and evaluate the environmental impact of data centre operations. These metrics can include energy consumption, water usage, greenhouse gas emissions, waste generation, and other environmental indicators. By monitoring these metrics, data centre operators can identify areas for improvement and make informed decisions that prioritize sustainability. The selection of key environmental sustainability metrics is critical for effective sustainability management in data centres.



According to the International Energy Agency (IEA), data centres consumed about 1% of the world’s total electricity consumption in 2020, which amounts to approximately 200–210 TeraWatt-hours (TWh) of electricity [18]. Water is often used in data centres for cooling purposes. A 2019 report by the National Renewable Energy Laboratory (NREL) estimated that U.S. data centres consumed about 628 billion litres (166 billion gallons) of water in 2014. Globally, water consumption by data centres is difficult to quantify due to the lack of comprehensive data, but it is likely to be significantly higher [26]. Electronic waste, or e-waste, is a significant concern for data centres, as they frequently replace and upgrade equipment. The Global E-Waste Monitor 2020 report estimated that the world generated 53.6 million metric tons of e-waste in 2019, with the data centre industry contributing to a portion of this figure. However, the exact amount of e-waste generated specifically by data centres is difficult to determine [27].



The metrics proposed in the Table 2 are specific, measurable, and relevant to the data centre’s operations, goals, and regulatory requirements. They should also be regularly monitored, analyzed, and reported to stakeholders, such as clients, regulators, and investors, to ensure transparency and accountability.



4.1.1. Energy Efficiency Metrics







	
Power Usage Effectiveness (PUE) measures the ratio of total data centre energy consumption to the energy used by IT equipment [28]. A lower PUE indicates better energy efficiency;



	
Data Centre Infrastructure Efficiency (DCiE) is the inverse of PUE, representing the percentage of energy used by IT equipment compared to the total energy consumption [29];



	
Carbon Usage Effectiveness (CUE) measures the greenhouse gas emissions generated per unit of IT equipment energy consumption [29], helping to quantify the data centre’s carbon footprint.









4.1.2. Water Usage Metrics







	
Water Usage Effectiveness (WUE) measures the ratio of total data centre water consumption to the energy used by IT equipment [30]. A lower WUE indicates better water efficiency;



	
Water Recycling Rate (WRecR) measures the percentage of water that is recycled or reused within the data centre, reducing freshwater consumption [31].









4.1.3. Waste Management Metrics







	
E-waste Recycling Rate (ERR) measures the percentage of electronic waste generated by the data centre that is recycled or properly disposed of, reducing environmental pollution [32];



	
Waste Reduction Rate (WRedR) measures the reduction in waste generation over time, indicating the effectiveness of waste management practices [33].









4.1.4. Waste Heat Metrics







	
Waste Heat Recovery Efficiency (WHRE) measures the percentage of waste heat generated by the data centre’s IT equipment that is captured and reused for other purposes, such as heating adjacent buildings or preheating water [34]. A higher WHRE indicates better utilization of waste heat, reducing energy consumption and improving overall efficiency;



	
Waste Heat to Power Ratio (WHP) measures the ratio of energy generated from the waste heat recovery process to the energy used by IT equipment [35]. A higher WHP indicates a more effective conversion of waste heat into usable energy, contributing to a more sustainable and efficient operation of the data centre.










4.2. Data Centre Infrastructure


A data centre infrastructure is the physical and virtual infrastructure that supports the operation of a data centre. It includes all the hardware, software, and network components necessary to support the processing, storage, and delivery of data and applications. Data pertaining to this infrastructure necessitates an intricate understanding of the data centre’s configuration, coupled with detailed operational information. These data can be procured through various avenues. Initial data can be drawn from specifications and performance metrics provided by hardware and software vendors. Organizations running data centres typically employ monitoring systems, capturing operational data such as power usage, cooling needs, and equipment performance metrics, in real-time. This information forms a bedrock of insight into the actual functioning of the data centre. Additionally, external audits or assessments can yield significant data, particularly pertaining to compliance with environmental and energy efficiency standards. Some instances also allow data procurement from published case studies or industry reports. It must be acknowledged, however, that data privacy and security considerations may influence the accessibility of certain data types. Hence, the acquisition of such data could potentially necessitate collaboration with data centre operators.



4.2.1. Green Building Design Principles


When choosing a location for a data centre, it is essential to consider the ecological impact of the site. Site selection and ecology involve choosing sites that minimize the data centre’s impact on the environment. This can include selecting previously developed land or brownfield sites rather than pristine greenfield sites. Brownfield sites, in particular, can be ideal for data centre development as they have already been developed and have existing infrastructure in place, reducing the need for additional construction and infrastructure development. By choosing a suitable site, data centre developers can minimise the environmental impact of their operations. Another key consideration when designing a data centre is the use of energy-efficient building materials. Energy-efficient building materials can include insulation, low-emissivity windows, and other materials that reduce energy consumption. By using these materials, data centres can reduce their energy consumption, thereby minimising their carbon footprint and reducing operating costs. In addition, energy-efficient materials can also contribute to a more comfortable and healthier working environment for staff. Finally, natural lighting and ventilation are important considerations when designing a data centre. By maximising the use of natural daylight and airflow, data centres can reduce their energy consumption for lighting and cooling. This can be achieved using skylights, windows, and other design features that maximise natural light and ventilation. By taking advantage of natural lighting and ventilation, data centres can create a more sustainable and energy-efficient operating environment [36,37,38,39].




4.2.2. Energy-Efficient Equipment


As the demand for technology and data storage continues to grow, data centres are becoming an increasingly important part of our digital infrastructure. However, data centres also consume a significant amount of energy and contribute to greenhouse gas emissions. In response to these challenges, data centre operators are adopting a range of strategies to improve their energy efficiency and reduce their environmental impact. Three key strategies are the use of high-efficiency servers and storage systems, efficient cooling systems, and renewable energy sources. High-efficiency servers and storage systems are designed to consume less energy while maintaining the same performance as traditional equipment. This is achieved through the use of more efficient components, such as low-power processors and solid-state drives. By using high-efficiency equipment, data centres can significantly reduce their energy consumption, which not only reduces their carbon footprint but also lowers operating costs. Another important consideration for data centres is cooling. Traditional air conditioning systems can be extremely energy-intensive, consuming a significant portion of a data centre’s total energy usage. However, there are several alternative cooling systems that are more energy-efficient. For example, evaporative cooling uses water to cool the air and can be much more efficient than traditional air conditioning. Free cooling is another option that takes advantage of cooler outdoor temperatures to cool the data centre without the need for air conditioning. By adopting these more efficient cooling systems, data centres can reduce their energy consumption and lower their carbon footprint. Renewable energy sources, such as solar or wind power, are another key strategy for reducing the environmental impact of data centres. By using renewable energy sources, data centres can reduce their reliance on fossil fuels and decrease their greenhouse gas emissions. In addition to reducing their carbon footprint, using renewable energy sources can also help data centres to achieve energy independence and reduce their exposure to fluctuating energy prices [40,41,42,43].





4.3. Operational Best Practices


Operational best practices for a data centre refer to the set of guidelines, procedures, and policies that are designed to optimize the performance, efficiency, and reliability of a data centre. These best practices are developed based on industry standards, practical experience, and proven methodologies, and are aimed at ensuring that data centres operate at their best, meeting the needs of users and customers. The implementation of operational best practices for a data centre involves a wide range of activities, including maintenance and monitoring of the physical infrastructure, management of the IT equipment, and implementation of security measures. It also involves developing and implementing procedures for managing power and cooling, handling equipment failures, and managing changes to the IT environment.



4.3.1. Virtualization and Consolidation


Data centres are adopting various strategies to improve their efficiency, including server and storage virtualization and efficient use of resources. Server and storage virtualization involves using software to simulate multiple virtual servers or storage devices on a single physical device. This technology can significantly improve resource utilization by allowing a single physical device to function as multiple virtual devices. By doing so, the data centre can make more efficient use of its resources, reducing the number of physical servers and storage devices required, and lowering energy consumption and space requirements. This can result in lower operating costs, reduced carbon footprint, and increased efficiency. Another key strategy for improving data centre efficiency is the efficient use of resources. This entails monitoring and optimizing IT equipment usage to minimize energy consumption and waste generation. By regularly monitoring equipment usage, data centre operators can identify areas where resources are being wasted or used inefficiently. This information can be used to develop strategies to optimize resource utilization, such as adjusting cooling systems to match actual equipment loads or consolidating equipment to reduce power usage. Efficient resource utilization not only reduces the environmental impact of data centres but can also improve the bottom line. By optimizing the use of resources, data centres can reduce operating costs, improve performance, and extend the life of their equipment. Furthermore, by adopting these best practices, data centres can position themselves as leaders in sustainability and attract environmentally conscious customers [44,45].




4.3.2. Efficient Cooling Strategies


One of the key considerations when designing a data centre is cooling, as this can consume a significant amount of energy. Two popular cooling technologies that are gaining traction in the industry are free cooling systems and liquid cooling systems. Free cooling systems are designed to use outside air or water to cool the data centre when ambient conditions allow, reducing energy consumption. These systems work by taking advantage of the cooler temperatures outside to cool the data centre, instead of relying solely on traditional air conditioning systems. By using outside air or water, free cooling systems can reduce the amount of energy required to cool the data centre and can significantly lower operating costs. In addition to being energy-efficient, free cooling systems are also environmentally friendly, as they reduce the carbon footprint of the data centre. Another cooling technology that is gaining popularity is liquid cooling systems. Liquid cooling systems use liquids like water or dielectric coolants to absorb and dissipate heat more efficiently than air-based systems. Liquid cooling can be used to cool both the IT equipment and the data centre infrastructure itself, such as the power distribution units and batteries. By using liquid cooling systems, data centres can significantly reduce their energy consumption, lower their operating costs, and improve their overall performance. Both free cooling systems and liquid cooling systems are viable options for data centres looking to improve their energy efficiency and reduce their carbon footprint. While each technology has its own unique benefits and challenges, they both represent important steps towards creating more sustainable and energy-efficient data centres [46,47,48,49,50,51].




4.3.3. Energy Management and Monitoring


Two key strategies for achieving energy efficiency in data centres are real-time energy monitoring and energy efficiency benchmarks. Real-time energy monitoring involves tracking energy consumption throughout the data centre in real-time, identifying inefficiencies and opportunities for improvement. This can be achieved through the use of energy management software and hardware, which can monitor and analyze data on energy usage across the entire data centre infrastructure. By monitoring energy usage in real-time, data centre operators can identify areas where energy is being wasted or used inefficiently and take corrective action. This can include measures such as adjusting cooling systems or optimizing the use of IT equipment. Another key strategy for achieving energy efficiency in data centres is the use of energy efficiency benchmarks. These benchmarks provide performance targets for data centres, encouraging continuous improvement in energy efficiency. Benchmarks can be developed based on industry standards, best practices, or the data centre’s own historical performance. By setting benchmarks and regularly monitoring performance against them, data centre operators can identify areas for improvement and measure progress towards their energy efficiency goals. By adopting these best practices, data centre operators can significantly reduce their energy consumption and carbon footprint, while also improving their profitability [46,52,53,54].





4.4. Integration of Sustainability Metrics in Decision-Making


The integration of sustainability metrics in decision-making for a data centre involves incorporating environmental and social factors into the decision-making process. This can include assessing the environmental impact of data centre operations, identifying opportunities for improvement, and making decisions that prioritize sustainability.



Performance Tracking and Reporting


Data centre operators are adopting various strategies, including regular monitoring of sustainability metrics and transparent reporting of these metrics to stakeholders.



Regular monitoring of sustainability metrics involves collecting and analyzing data on energy consumption, water usage, and waste management performance over time. By monitoring these metrics, data centre operators can identify trends, identify areas for improvement, and track progress towards sustainability goals. This can include measures such as tracking energy consumption in real-time, analyzing water usage patterns, and implementing waste reduction initiatives. By regularly monitoring sustainability metrics, data centre operators can identify opportunities for improvement and make informed decisions that prioritize sustainability. Transparent reporting of sustainability metrics to stakeholders is another important strategy for improving sustainability performance in data centres. This involves communicating sustainability performance to stakeholders such as clients, regulators, and investors. Transparent reporting helps demonstrate the data centre’s commitment to sustainability, facilitates informed decision-making, and enhances accountability. It can also help to establish trust with stakeholders, as they can see the data centre’s performance over time and assess its sustainability efforts [55].





4.5. Regulatory Compliance and Certifications


Complying with local and international environmental regulations ensures that data centres meet minimum environmental performance standards and avoid potential penalties. Obtaining sustainability certifications, such as LEED (Leadership in Energy and Environmental Design), ENERGY STAR, or ISO 14001, demonstrates a data centre’s commitment to sustainability and provides a competitive advantage in the market [55].





5. Discussion and Conclusions


Digital infrastructure has become a vital part of modern society, enabling us to communicate, work, and socialize on a scale never seen before. However, this growth has come with significant environmental costs, and data centres are increasingly being recognized as major contributors to greenhouse gas emissions and other forms of pollution due to their significant energy consumption, high water usage, and generation of electronic waste. In this context, the framework proposed in this study is of crucial importance. It offers a holistic and integrative approach that seeks not only to improve energy efficiency but also to promote a more sustainable and responsible operation of data centres. It transcends the conventional focus on technological solutions and incorporates broader environmental dimensions, encouraging a shift in how we perceive and manage these infrastructures. To address these issues, adopting environmental sustainability metrics in data centres has become essential for managing and reducing their environmental impact while meeting the growing demand for digital services. One innovative approach to further enhance sustainability is to consider establishing data centres in brownfields, repurposing underutilized or contaminated sites for new development, which can lead to additional environmental and economic benefits. Implementing the framework can lead to several benefits, such as reduced operating costs, enhanced corporate reputation, and compliance with environmental regulations.



By adopting sustainability metrics, data centres can gain insights into their environmental performance and identify opportunities for improvement. This can help them reduce their energy consumption, water usage, and waste generation, leading to lower operating costs and improved profitability. Moreover, adopting sustainability metrics can also enhance a data centre’s reputation, positioning it as a leader in sustainability and attracting environmentally conscious customers. This can improve market share, increase customer loyalty, and create new business opportunities. Compliance with environmental regulations is another benefit of adopting sustainability metrics, ensuring that data centres are operating in accordance with local, regional, and national environmental laws. Encouraging data centres to continuously strive for improvement in sustainability performance is crucial to contributing to a greener and more sustainable future for the industry.



Incorporating brownfield development into data centre planning can bring additional advantages, such as reducing the need for new land, minimizing urban sprawl, and revitalizing contaminated or underutilized areas. This can be achieved through regular monitoring of sustainability metrics, implementation of best practices and new technologies, and collaboration with industry partners and stakeholders. Moreover, the framework’s significance lies in its potential to drive systemic change within the industry. It encourages a proactive approach towards sustainability, fostering a culture of continuous improvement and innovation. It can guide data centres in their transition towards more sustainable operations, contributing to the mitigation of climate change and the promotion of a greener economy.



Therefore, the developed framework offers a comprehensive and all-encompassing approach to tackling sustainability issues in data centres. The framework presented places emphasis on four primary sustainability metrics, highlights the importance of incorporating green building design principles and utilizing energy-efficient equipment, and delineates operational best practices. This approach provides data centre operators with a lucid path towards achieving sustainable operations. Furthermore, the framework emphasizes the significance of incorporating sustainability metrics into decision-making procedures, adhering to regulatory norms, and considering brownfield development as a strategic option for sustainable growth. Through adherence to this framework, operators of data centres can mitigate their environmental impact and make a positive contribution towards a sustainable future.



In conclusion, it is important to acknowledge the limitations of this study, which will help guide future research and enhance the practical applicability of the proposed framework. Firstly, the study primarily focuses on the environmental aspects of sustainability within data centres, while recognizing the broader social and economic dimensions. This limitation stems from the intention to provide a focused analysis of the environmental impact of data centres and lay the groundwork for future exploration of other dimensions of sustainability. Secondly, the lack of specific use cases or empirical data is another limitation. The study is based on a conceptual analysis rooted in the existing literature, prioritizing the development of a comprehensive framework. While this approach provides valuable insights and a foundation for further research, future studies incorporating practical use cases can enhance the framework’s applicability and validate its effectiveness in real-world scenarios. Additionally, the generalizability of the framework may be constrained due to the diverse nature of data centres and regional variations in regulatory environments and industry practices. Future research should consider tailoring the framework to specific contexts and conducting empirical studies to address this limitation. Furthermore, the study recognizes the challenges associated with the practical implementation of sustainability metrics, green building principles, and brownfield development within data centres. Overcoming financial constraints, technological limitations, and regulatory barriers requires further investigation and collaboration with industry partners and stakeholders. Lastly, while the framework presents a comprehensive approach, its long-term impact and effectiveness in achieving sustainable operations remain to be extensively assessed. Future research should focus on evaluating the real-world outcomes resulting from the adoption of the framework, tracking the environmental improvements achieved, and studying the extent to which the framework drives systemic change within the data centre industry. Future research can build upon this study and address the gaps, ultimately contributing to the practical implementation of sustainable practices in data centres and fostering a greener and more sustainable future.







Author Contributions


Conceptualization, G.E., T.M. and C.S.; methodology, R.M., T.M. and C.S.; formal analysis, T.M., R.M. and C.S.; investigation, C.S.; resources, R.M. and C.S.; data curation, C.S.; writing—original draft preparation, T.M. and C.S.; writing—review and editing, R.M., X.L. and C.S.; visualization, P.S.N., X.L. and R.M.; supervision, T.M. and R.M.; project administration, P.S.N. and T.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


List of metrics abbreviations used in the paper and their full definitions:



	PUE
	Power Usage Effectiveness



	DCiE
	Data Centre Infrastructure Efficiency



	CUE
	Carbon Usage Effectiveness



	WUE
	Water Usage Effectiveness



	WRecR
	Water Recycling Rate



	ERR
	E-waste Recycling Rate



	WRedR
	Waste Reduction Rate



	WHRE
	Waste Heat Recovery Efficiency



	WHP
	Waste Heat to Power Ratio
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Figure 1. Framework for Environmental Sustainability Metrics for Data Centres. 
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Table 1. Comparison of existing frameworks with the proposed framework, based on sustainability metrics.
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	Reference
	PUE
	DCiE
	CUE
	WUE
	WRecR
	ERR
	WRedR
	WHRE
	WHP





	Green Grid 2007 [9]
	Yes
	Yes
	No
	No
	No
	No
	No
	No
	No



	Green Grid 2010 [10]
	Yes
	No
	Yes
	No
	No
	No
	No
	No
	No



	Green Grid 2011 [11]
	Yes
	No
	No
	Yes
	No
	No
	No
	No
	No



	Capozzoli et al. [12]
	Yes
	Yes
	Yes
	Yes
	No
	No
	No
	No
	No



	Da Costa et al. [13]
	Yes
	No
	Yes
	No
	No
	Yes
	No
	No
	No



	Sivathanu et al. [14]
	Yes
	No
	No
	No
	Yes
	No
	Yes
	No
	No



	This study
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
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Table 2. Holistic Framework Metrics for Sustainable data centres.
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Metrics

	
Formula

	
Function






	
Energy Efficiency

Metrics

	
PUE

	
   P U E =   T o t a l   f a c i l i t y   c o n s u m p t i o n   I T   e q u i p m e n t   e n e r g y     

	
Compare the energy consumption of computing applications and infrastructure equipment with the energy consumption of IT equipment.




	
DCiE

	
   D C i E =   I T   e q u i p m e n t   e n e r g y   T o t a l   f a c i l i t y   e n e r g y     

	
Determine the proportion of data centre power consumption.




	
CUE

	
   C U E =     T o t a l   G H G   e m i s s i o n s   I T   e q u i p m e n t   e n e r g y     

	
Assess the data centre’s overall GHG emissions and IT equipment energy usage.




	
Water Usage

Metrics

	
WUE

	
   W U E =   A n n u a l   s i t e   w a t e r   u s a g e     I T   e q u i p m e n t   e n e r g y     

	
Measure the data centre’s water efficiency.




	
WRecR

	
   W R e c R =     T o t a l   r e c y c l e d   f r e s h   w a t e r   T o t a l   r e c y c l e d   f r e s h w a t e r   w i t h d r a w a l     

	
Measure the percentage of water that is recycled or reused within the data centre, reducing freshwater consumption.




	
Waste Management

Metrics

	
ERR

	
   E R R   =   T o t a l   w e i g h t   o f   a l l   r e c y c l e d   m a t e r i a l s     T o t a l   w e i g h t   o f   e − w a s t e   t r e a t e d     

	
Measure the percentage of electronic waste generated by the data centre that is recycled or properly disposed of, reducing environmental pollution.




	
WRedR

	
   W R e d R =   W a s t e d   r a w   m a t e r i a l     p e r i o d   a     W a s t e d   r a w   m a t e r i a l   ( p e r i o d   b )       

	
Measure the reduction in waste generation over time, indicating the effectiveness of waste management practices.




	
Waste Management

Metrics

	
WHRE

	
   W H R E   =   R e c o v e r e d   W a s t e   H e a t   T o t a l   W a s t e   H e a t   G e n e r a t e d   × 100   

	
Measure the percentage of waste heat generated by the data centre’s IT equipment that is captured and reused for other purposes.




	
WHP

	
   W H P =   E n e r g y   G e n e r a t e d   f r o m   W a s t e   H e a t   E n e r g y   U s e d   b y   I T   E q u i p m e n t       

	
Measure the ratio of energy generated from the waste heat recovery process to the energy used by IT equipment
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