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Abstract                                            
The exponential growth of digital infrastructure has intensified the environmental footprint of data 

centers, particularly in energy consumption and cooling. Undersea data centers (UDCs) emerge as 

a promising alternative, leveraging the marine environment for natural cooling and proximity to 

offshore renewable energy sources. This paper conducts a comprehensive qualitative review to 

assess the sustainability of electricity composition for UDCs. By synthesizing literature on marine 

engineering, renewable energy integration, and environmental science, we analyze the viability, 

challenges, and implications of powering UDCs with sources like offshore wind, tidal, and wave 

energy. Furthermore, we propose a structured technical methodology for deploying modular UDCs 

and present a comparative analysis highlighting their advantages over terrestrial models in terms 

of Power Usage Effectiveness (PUE), hardware reliability, and land use. The findings indicate that 

while UDCs offer significant sustainability benefits, their development is contingent upon 

overcoming engineering constraints, ensuring minimal ecological disruption, and advancing 

policy frameworks. The study concludes that UDCs represent a critical pathway toward a more 

sustainable digital infrastructure, provided their deployment is guided by rigorous environmental 

assessment and integrated energy planning. 

Keywords: Undersea Data Center, Renewable Energy, Sustainability, Power Usage Effectiveness 

(PUE), Marine Engineering, Cooling Technologies, Environmental Impact. 
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1. INTRODUCTION 

1.1. Background and Significance of Data Center Energy Consumption 

The exponential increase in digital service demand drives a continuous expansion of data center 

infrastructure (Shi & Wenisch, 2017). This growth correlates with a substantial environmental 

footprint, primarily due to high energy consumption, considerable water utilization, and electronic 

waste generation (Murino et al., 2023). Data centers are fundamental for digital technologies 

across various sectors, including energy, enabling advanced analytics and automation (Murino et 

al., 2023). Consequently, enhancing their energy efficiency stands as a critical concern in their 

operation, particularly concerning cooling strategies which account for significant heat dissipation 

(Naganandhini et al., 2023). Efforts to improve energy efficiency encompass new server 

architectures, radical networking, and intelligent cluster management (Shi & Wenisch, 2017; 

Chong et al., 2014). 

1.2. Emergence of Undersea Data Centers: Drivers and Opportunities 

In response to the energy and cooling demands of terrestrial data centers, subsea deployment offers 

a compelling alternative. Placing data centers underwater presents opportunities for direct access 

to natural cooling, reducing operational energy required for thermal management (Naganandhini 

et al., 2023). Moreover, marine environments can facilitate proximity to offshore renewable energy 

sources, such as wind, tidal, and wave power, enabling a more sustainable electricity composition 

(Ouro et al., 2024; Aadya Sharma, 2024). This approach aligns with global efforts to transition to 

sustainable energy systems by leveraging renewable sources for critical infrastructure (Nwankwo 

Charles Uzondu & Olatunbosun Bartholomew Joseph, 2024). 

1.3. Research Scope and Objectives 

This review comprehensively examines the sustainability of electricity composition for undersea 

data centers. It scrutinizes the integration of renewable energy sources with subsea deployments, 

contrasting these with conventional power paradigms. The assessment covers environmental 

impacts, technological readiness, and economic viability. Particular attention is given to marine 

ecosystem considerations and the engineering challenges unique to subsea installations. The 

analysis culminates in recommendations for advancing sustainable practices and future research 

trajectories in this evolving field. 
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2. LITERATURE REVIEW 

2.1. Electricity Composition for Data Centers: Trends and Innovations 

2.1.1. Conventional Versus Renewable Energy Sources 

Traditional data centers predominantly rely on grid electricity, often sourced from fossil fuels, 

contributing significantly to carbon emissions (Murino et al., 2023). A transition toward renewable 

energy sources (RES) is crucial for mitigating climate change and achieving sustainable 

development (Aadya Sharma, 2024; Nwankwo Charles Uzondu & Olatunbosun Bartholomew 

Joseph, 2024). Many nations are actively increasing their electrical capacity from RES, particularly 

from solar and wind power plants, to enhance sustainability and energy independence (Brożyna et 

al., 2019; Madurai Elavarasan et al., 2020). Integrating RES into data center operations reduces 

reliance on conventional grids and supports broader decarbonization goals (Wang et al., 2024). 

2.1.2. Distributed and Offshore Renewable Energy Integration 

Distributed generation from RES, especially solar energy, offers a key solution for sustainable 

energy provision (Pagliaro & Meneguzzo, 2020). The integration of smart grids with RES, 

including artificial intelligence (AI), Internet of Things (IoT), and blockchain, is essential for real-

time monitoring and optimized energy management (Nwankwo Charles Uzondu & Dominic 

Dummene Lele, 2024). Offshore renewable energy technologies, such as wind, tidal stream, and 

wave energy, offer a direct power source for subsea data centers, minimizing transmission losses 

and enhancing energy resilience (Wang et al., 2024; Ahmed et al., 2024). 

2.2. Sustainability Challenges in Undersea Data Center Deployments 

2.2.1. Environmental Impacts and Marine Ecosystem Considerations 

Large-scale deployment of offshore renewable energy infrastructure, which could power subsea 

data centers, introduces potential environmental impacts categorized into atmospheric, 

hydrodynamic, and ecological effects (Ouro et al., 2024). Marine ecosystems are under increasing 

pressure from human activities and climate change (O’Hara et al., 2021). The installation and 

operation of subsea data centers must account for potential habitat disruption, noise pollution, and 

electromagnetic field effects on marine flora and fauna (O’Hara et al., 2021). Marine protected 

areas (MPAs) serve as critical tools for conserving biodiversity, emphasizing the need for careful 

siting to avoid sensitive regions (Marcos et al., 2021; Sullivan-Stack et al., 2022). 

2.2.2. Engineering and Infrastructure Constraints 

Deploying and maintaining infrastructure in marine environments presents unique engineering 

challenges. These include ensuring structural integrity against ocean currents, managing corrosion, 

and guaranteeing reliable power and data connectivity (Shi & Wenisch, 2017). The operational 

environment demands robust materials and advanced sealing technologies to protect sensitive 

electronic components from water ingress and pressure. Furthermore, efficient thermal 
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management systems are critical, even with natural cooling advantages, requiring specialized 

liquid cooling or sealed systems (Naganandhini et al., 2023; Chen et al., 2022). 

2.3. Energy Efficiency and Cooling Technologies in Subsea Environments 

2.3.1. Comparative Performance of Subsea and Terrestrial Cooling 

Cooling strategies are paramount for data center energy consumption (Naganandhini et al., 2023). 

Terrestrial data centers often rely on energy-intensive air conditioning and chiller systems (Chen 

et al., 2022). In contrast, subsea environments offer natural, abundant cold water, which can be 

directly utilized for cooling, substantially reducing cooling energy requirements. Experimental 

investigations demonstrate liquid cooling systems can reduce cooling energy by over 90% 

compared to traditional refrigerated air-cooled data centers (Chainer et al., 2017). This inherent 

advantage positions subsea deployments as highly efficient thermal management solutions, 

contributing to lower Power Usage Effectiveness (PUE) values. 

2.3.2. Role of Smart Energy Infrastructure and System Optimization 

Optimization of data center operations includes not only cooling but also power provisioning, 

workload management, and integration with advanced energy systems (Chong et al., 2014; Shi & 

Wenisch, 2017). Smart grid technologies, aided by AI and IoT, facilitate real-time monitoring and 

predictive maintenance, essential for intermittent renewable energy sources (Nwankwo Charles 

Uzondu & Dominic Dummene Lele, 2024). Integrated energy systems for data centers (DC-IES) 

allow for efficient harnessing of clean energy and waste heat recovery, enhancing overall 

sustainability (Wang et al., 2024). 

3. METHODOLOGY 

 

 

 

 

 

 

 

Multiple capsules data center under sea water connect with land control room 
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3.1. Research Design and Approach 

This study employs a qualitative descriptive review methodology to analyze the feasibility, design, 

and sustainability implications of underwater data centers. The primary objective is to synthesize 

existing knowledge from academic publications, industry reports (such as Microsoft's Project 

Natick), and technical documentation. This approach allows for the identification of key trends, 

challenges, and innovations in sustainable energy sourcing and the deployment of submerged 

digital infrastructure. The methodology is structured into two main components: 

1. A systematic review of literature and existing projects. 

2. A proposed technical framework for deploying a micro/hyper-scale underwater data center, 

derived from the synthesized findings. 

3.2. Literature Selection and Review Approach 

A systematic literature review was conducted to gather relevant research concerning data center 

energy use, undersea infrastructure, renewable energy integration, and marine environmental 

impacts. Sources were identified through academic databases, focusing on peer-reviewed articles, 

conference papers, and technical reports published within the last decade. Search terms included 

"undersea data center," "subsea data center," "marine data center," "renewable energy," "offshore 

wind," "tidal energy," "data center cooling," "energy efficiency," and "environmental impact." 

Inclusion criteria prioritized studies directly addressing electricity composition, sustainability 

metrics, and the environmental implications of marine infrastructure. 

3.3. Analytical Framework 

The analysis employed a multi-dimensional framework to evaluate data center sustainability, 

specifically through the lens of electricity composition. This framework considered three primary 

dimensions: 

• Environmental Impact: Carbon footprint, marine ecosystem disturbance, alignment with 

SDGs. 

• Technical and Economic Viability: Energy efficiency (PUE), infrastructure costs, 

operational savings, and technological readiness. 

• System Integration: Efficacy of renewable energy integration and smart grid 

management. 
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4. ANALYSIS AND DISCUSSION 

4.1. A Proposed Technical Methodology for Undersea Data Center Deployment 

Drawing from the literature review, a phased methodology for constructing and deploying an 

underwater data center is proposed and visualized below. This model synthesizes best practices 

from projects like Project Natick and addresses the challenges identified in the literature. 

Phases 1-7 Description: 

 

The deployment process begins with a Feasibility Study assessing seabed conditions, 

environmental impact, and regulatory compliance. The Design phase focuses on creating pressure-

resistant, watertight modules with integrated cooling systems. Fabrication involves land-based 

assembly and testing. Deployment Preparation includes laying subsea cables and coordinating 

marine logistics. The module is then transported and installed on the seabed 

during Deployment. Commissioning involves powering up and initiating remote monitoring, 

followed by long-term Operation and periodic Maintenance/Retrieval for upgrades. Cross-

cutting considerations like renewable energy integration and environmental monitoring are 

integral throughout the lifecycle. 

4.2. Comparative Analysis and the Case for Modular UDCs 

Based on the synthesized literature, a comparative analysis highlights the advantages of a proposed 

micro/hyper-scale underwater model over existing solutions. 

Table 4.1: Comparison of Data Center Models 

Parameter 

Existing Underwater 

Large Scale (e.g., 

Project Natick) 

Existing Land-

Based 

Container 

Proposed 

Underwater 

Micro/Hyper Scale 

Capsule/Container 

Size 
2.5m Dia x 12m 6m x 2.5m 

3m x 2.5m (More 

modular) 

Power Capacity & 

PUE 

20-100 MW (Very 

Low PUE) 

250 kW - 5 MW 

(Higher PUE) 

50 kW - 2 MW (Very 

Low PUE) 
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Parameter 

Existing Underwater 

Large Scale (e.g., 

Project Natick) 

Existing Land-

Based 

Container 

Proposed 

Underwater 

Micro/Hyper Scale 

Cooling System 
Natural Seawater 

Cooling 

Water/Air 

Cooling 

Required 

Natural Seawater 

Cooling 

Deployment Time ~90 days ~60 days ~45 days (Targeted) 

Land Use None Significant None 

Hardware 

Reliability 

High (Inert 

Atmosphere) 

Standard 

(Human Error 

Risk) 

High (Inert 

Atmosphere) 

Discussion: The proposed modular UDC model captures the primary sustainability benefits of 

large-scale underwater deployments—exceptional PUE and reliability—while offering greater 

flexibility and potentially faster deployment. Its smaller, standardized form factor allows for 

scalable "building block" deployments, reducing initial capital outlay and enabling capacity to be 

matched more closely with demand. This directly addresses the high initial costs and 

infrastructural rigidity that often hinder sustainable technology adoption. 

4.3. Synthesis of Sustainability Implications 

The integration of UDCs with offshore renewables creates a synergistic relationship that advances 

sustainability goals. 

• Environmental: The primary benefit is a drastically reduced operational carbon footprint. 

However, this must be balanced against the lifecycle impacts of manufacturing, 

deployment, and potential localized ecological effects, necessitating robust Environmental 

Impact Assessments (EIAs). 

• Economic: The high capital expenditure for marine-grade infrastructure and subsea 

cabling is offset by long-term operational savings from free cooling, reduced energy costs 

from direct renewable sourcing, and lower hardware failure rates. 

• Technical: The reliance on intermittent renewable sources requires sophisticated energy 

management systems, including potential hybrid microgrids with backup storage, to ensure 

the high availability demanded by data center operations. 
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4.4. Limitations of the Study 

As a review-based study, this analysis does not involve primary data collection or experimental 

validation. The conclusions and the proposed model are contingent upon the quality, availability, 

and scope of existing literature and public disclosures. Furthermore, the emerging nature of this 

technology means that long-term empirical data on performance and environmental impact is 

limited and often proprietary. This constraint necessitates caution in making long-term projections 

or definitive comparative lifecycle assessments. 

5. CONCLUSION AND FUTURE PATHWAYS 

5. Conclusion and Proposed Design 

This study has established the compelling viability of micro undersea capsule data centers as 

energy-efficient and highly reliable alternatives to conventional terrestrial infrastructure. The 

project demonstrates that leveraging the natural cooling environment of the ocean, coupled with 

enhanced hardware reliability in an inert atmosphere, yields significant operational and 

sustainability advantages. 

A core innovation of this approach is its modular architecture. Each self-contained capsule can be 

tailored to serve distinct sectors—such as financial computing, scientific research, or content 

delivery—enabling specialized data storage solutions. This modularity not only facilitates 

scalability but also simplifies maintenance and repair, as individual units can be independently 

retrieved and serviced without disrupting the entire network. 

Based on our analysis, we formally propose the development of these micro data centers with a 

standardized, compact design, measuring 10 meters in length, 3 meters in width, and 3 meters 

in height. This form factor optimizes the balance between server capacity, structural integrity for 

deep-sea pressure, and logistical efficiency for manufacturing, deployment, and retrieval. This 

proposal represents a concrete step toward realizing a more sustainable and resilient future for 

global digital infrastructure. 
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