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ABSTRACT RESEARCH ARTICLE

With global data center energy consumption reaching 415 TWh in 2024 and projected to double by
2030 due to the artificial intelligence boom, a critical question emerges: where will we house this
immense computational capacity? The compass of scientific and engineering research is pointing
toward the open sea, where ocean depths offer a unique natural solution to both energy and cooling
challenges. This article reviews the latest engineering frameworks for constructing underwater data
centers, drawing on results from Microsoft's Project Natick, the pioneering Chinese model in
Shanghai, and academic frameworks published in Nature Reviews Electrical Engineering. We
analyze how these systems are transforming from mere concepts into massive metallic entities
descending into the depths, becoming the essential infrastructure for the era of "green artificial
intelligence.”
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INTRODUCTION: Computing on the Brink of Overheating

It is no secret that training a single Al model consumes more energy than a small town uses in
an entire year. The problem lies not just in energy consumption, but in the massive heat
generated by thousands of chips operating around the clock. This is where the PUE (Power
Usage Effectiveness) dilemma emerges: a significant portion of energy consumed in traditional
data centers powers cooling systems rather than the computers themselves. The revolutionary
engineering concept involves isolating this heat within sealed capsules and immersing them in
an environment with near-infinite heat absorption capacity: the ocean.
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Figure (1): Global Data Center Energy Consumption Projection (2020-2030)

2. Theoretical Foundation: Where Do We Begin?

To build an underwater data center, work must begin with a clear engineering premise:
achieving energy and cooling self-sufficiency. As clarified by Professor Zhu Jigong's team
from South China University of Technology in their study published in Nature, any successful
design must be based on a hybrid multi-complementary energy system. This means:

. Energy Generation: Integrating offshore wind power with floating photovoltaics
and wave energy converters.

. Storage: Utilizing advanced battery systems to compensate for production
fluctuations.

. Management: Implementing a smart Energy Management System (EMS) that
distributes loads and decides when to store versus consume power.
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Figure (2): Traditional Data Center vs. Underwater Data Center PUE Comparison

3. Structural Design: The Capsule

The heart of this system is the "data capsule.” Here lies the fundamental difference between
generations:

Horizontal Design (Microsoft - Project Natick): Microsoft's experiment off the
Orkney Islands utilized a horizontal cylindrical design, resembling submarines,
measuring 12.2 meters in length, operating without human intervention for up to 5
years. Cooling was achieved naturally through a heat exchanger that transfers server
heat directly to the surrounding seawater.

Vertical Design (China - Shanghai): The Shanghai project, completed by CCCC
Third Harbor Engineering, adopted a "vertical cylindrical™ structure mounted on a
steel pile foundation. The capsule stands 39 meters tall and weighs 1,900 tons. This
vertical design improves stability against strong currents and facilitates precise
deployment (“threading the needle™), where platform legs must interface with seabed
piles with a tolerance margin of only 18 centimeters.
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Figure (3): Hybrid Renewable Energy System Architecture for Underwater Data Centers

4. Cooling Mechanism: Thermal Engineering Under Pressure

Cooling here is not achieved by pumping seawater inside the capsule (which would destroy
equipment), but through a closed-loop system:

1. Heat Exchanger: A pure cooling fluid circulates within pipes contacting the external
hull.

2. Conduction: Server heat transfers to this fluid.

3. Dissipation: The steel structure contacting seawater (temperatures ranging 14-18°C
at depths of 10-200 meters) dissipates heat to the ocean.

Studies indicate this method can reduce cooling energy consumption by up to 95% compared
to traditional data centers.
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Figure (4): Comparison of Horizontal vs. Vertical Capsule Designs
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Figure (5): "Threading the Needle™ — Precision Deployment Tolerance

5. The Greatest Challenge: Corrosion and Maintenance

How do we protect steel from saltwater corrosion for a decade? The solution lies in a triple-

protection approach:

. Advanced Coatings: Utilization of epoxy coatings reinforced with glass flakes, as
applied in the Chinese project, providing a physical and chemical barrier against salt

penetration.

. Cathodic Protection: Installation of "sacrificial anodes" (typically zinc or

aluminum) that corrode instead of the steel structure.

. Maintenance-Free Design: As tested by Naval Group with Microsoft, the system
must operate in "lights-out mode™ for years, relying on remote monitoring systems

requiring divers only in extreme cases.
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Figure (6): Closed-Loop Heat Exchange System Schematic
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6. Power: Direct Connection with Offshore Wind

One of the most significant recent innovations is the direct connection between offshore wind
farms and the underwater data center. In the Shanghai project, green energy penetration
exceeding 95% was achieved, with a main submarine cable at 35 kilovolts connecting turbines
to the capsule. This eliminates the need for costly long-distance transmission networks on land.

Figure (7): Triple-Layer Corrosion Protection System
7. Economic Viability: 90 Days from Order to Operation

From an economic perspective, underwater data centers offer a competitive advantage in
deployment speed. Microsoft claims these systems can be manufactured and deployed within
90 days of order placement, as they eliminate complex land acquisition processes and extensive
onshore construction permits.
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Figure (8): Offshore Wind Direct Connection Architecture
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8. Environmental Impact: A Double-Edged Sword

Despite the benefits, the environmental question remains open. What happens to marine life
around these capsules?

o The Positive Side: Capsules act as artificial reefs. In Microsoft's experiment,
cameras documented fish and marine organisms gathering around the structure,
potentially enhancing local biodiversity.

e The Negative Side: "Thermal pollution,” though minimal (a few thousandths
of a degree Celsius), remains a concern. Its cumulative long-term impact is not
fully understood, especially on species highly sensitive to temperature
variations. Additionally, the risk of coolant leakage or corrosion products
remains and requires strict monitoring.
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Figure (9): Deployment Timeline Comparison — Land vs. Underwater

9. Global Case Studies
9.1 Project Natick (Phase 2 — Scotland): 2018-2020

A tremendous technical success demonstrating that underwater reliability could be 8 times
better than on land due to the absence of oxygen and humidity fluctuations. The project was
concluded not due to failure, but to integrate its findings into Microsoft's future land-based
designs.

Year 1 Fost-Deplayment

Figure (10): Artificial Reef Effect — Biodiversity Monitoring Results

9.2 Hainan/Shanghai Project (China): 2023 — Present

The world's first commercial operation. Supports telecommunications giant China Telecom
and includes government backing of 40 million Yuan .
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Figure (11): Project Natick — Reliability Comparison

10. Conclusion and Future Horizons

Building an underwater data center is no longer science fiction; it is a promising engineering
branch integrating Ocean Engineering, Computer Engineering, and Power Engineering. As
the world's attention turns toward increasingly energy-consuming Al technologies, the ocean
depths will become the most natural, efficient, and sustainable host for this revolution.

Future research directions should focus on:

1. Deeper Deployments: Exploring depths beyond 200 meters for even more stable
temperatures.

2. Modular Scalability: Developing standardized capsule modules that can be clustered
for exascale computing.

3. Autonomous Maintenance: Deploying AUVs (Autonomous Underwater Vehicles) for
inspection and minor repairs.

4. Biomimetic Designs: Learning from marine organisms to optimize heat exchange and
structural efficiency.
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Figure (12): Shanghai Project Technical Specifications
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Figure (13): Global Underwater Data Center Projects Timeline
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