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ABSTRACT

The rapid growth of artificial intelligence and cloud services is increasing demand for data centers.
However, at the same time, suitable land, grid capacity and cooling water are becoming constrained.
Moving computing infrastructure offshore offers a different approach. First, marine environments
provide access to renewable energy. Moreover, they provide abundant space and seawater as a natural
heat sink. This idea is already moving beyond experimentation, with submerged data-center pods
demonstrated at scale, floating and vessel-based facilities under development, and autonomous wave-
powered computing platforms attracting commercial investment. Nonetheless, these developments
have largely been studied separately. In this paper, we introduce oceanic computing as a unifying
concept for computing infrastructure that uses marine resources and operates with less or without
human intervention. We organize this emerging design space along four infrastructure dimensions
and examine six operational domains: energy harvesting, workload management, thermal control,
communication, maintenance, and positioning. We further show several key design principles. They
include the use of computational demand as a control variable for energy conversion. These principles
appeared in patents well before they entered the academic literature. Bringing these developments
together reveals that the six operational domains cannot be managed independently. Instead, they
form a coupled resource-allocation and control problem. We identify positioning as a particularly
unexplored dimension and discuss the legal, environmental, and economic questions that must be

resolved before oceanic computing can develop into a viable computing infrastructure.

1. Introduction

The expansion of artificial intelligence, cloud comput-
ing and data-intensive digital services is driving a sus-
tained increase in computing, storage and networking de-
mand [1]. This growth is placing increasing pressure on
the electricity, water and land resources needed to support
data centers. Global estimates of data-center electricity use
continue to rise as workloads, hardware and deployment
models evolve [2]. Data centers consumed about 415 TWh
of electricity in 2024, equivalent to around 1.5% of global
electricity use, and their consumption has grown by roughly
12% per year since 2017—more than four times the growth
rate of overall electricity demand. By 2030, consumption is
projected to more than double to approximately 945 TWh,
or almost 3% of the global total [3, 4]. Although around
half of this additional demand is expected to be supplied
by renewable generation [3], data-center growth is highly
concentrated geographically. The United States accounted
for 45% of global data-center electricity consumption in
2024, China for 25% and Europe for 15%, with nearly half
of US capacity located in only five regional clusters [3].
Water availability is becoming an additional constraint in
many regions [5]. Therefore, these pressures are making the
location and design of future computing infrastructure an
increasingly important question.

Improving the sustainability of data centres therefore re-
quires more than making servers themselves more efficient.
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Computing resources, power supply, cooling infrastructure,
and workloads must be designed and managed as a coupled
system [6, 7]. Among these components, cooling is par-
ticularly important as it represents one of the largest non-
IT energy loads in modern facilities [8, 9]. Conventional
air cooling becomes increasingly inefficient as rack power
densities rise, prompting a shift towards approaches such as
direct liquid cooling and free cooling. Direct liquid cooling
removes heat close to the processors, whereas free cooling
uses ambient air or water when external conditions allow
mechanical chillers to be reduced or switched off [8, 9].
Depending on the climate and cooling configuration, such
approaches can produce substantial energy savings, with
reductions of up to 67.2% reported relative to conventional
cooling [8]. Their effectiveness, however, remains tied to
local environmental conditions. More fundamentally, even
highly efficient cooling does not remove the dependence
of a data center on land, grid connections, and local water
resources. These constraints become especially important
in densely populated coastal regions and city states, where
available land is scarce, but marine space and renewable-
energy resources remain comparatively underused [10].
Marine environments offer several resources that are
difficult to obtain simultaneously on land. Offshore wind,
wave, tidal, solar and hybrid systems can provide renewable
electricity [10, 11], while seawater offers a large natural heat
sink that can reduce the energy required for cooling [1, 11].
Moving infrastructure offshore can also ease pressure on
scarce land and enable modular expansion near densely
populated coastal regions [1]. These advantages become
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particularly important where conventional data-center devel-
opment is constrained by geography. A system-level study
comparing onshore, nearshore, and offshore data centers,
for example, considered location, renewable-energy supply,
mobility, cooling, cost, environmental impact and scalability
as interconnected design choices. It showed that offshore
configurations can become attractive in land-constrained
environments such as Singapore, particularly when data-
center expansion is coordinated with offshore renewable-
energy development [1, 12]. This perspective suggests that
the ocean should not be viewed simply as a new location
for data centers, but as an environment in which computing,
energy, and cooling infrastructure can be designed together.

The idea of placing computing infrastructure at sea
emerged much earlier. A patent filed in 2007 and granted
in 2009 already described a floating data center composed
of crane-removable computing modules, an array of wave-
energy generators, and seawater-to-freshwater heat exchang-
ers for cooling [13]. Modularity, marine renewable energy,
seawater cooling, and power aggregation were therefore inte-
grated in a single architecture nearly two decades ago. What
was largely absent, however, was autonomy. The computing
equipment consumes the electricity produced by the wave-
energy system, but computational demand does not influence
how that energy is generated or managed. Questions such
as how the platform should adapt its workload to changing
sea conditions, how it should communicate with shore,
and how it should operate with limited or without human
intervention remained open. In this sense, the early concept
was essentially only a conventional data center relocated
onto the ocean.

The submerged branch of this idea developed first. Mi-
crosoft’s Project Natick [14], for example, deployed a sealed
module containing 864 servers at a depth of about 36 m
off the Orkney Islands between 2018 and 2020. The project
reported a server failure rate approximately one-eighth of
that observed in comparable land-based facilities, attributed
primarily to the controlled nitrogen atmosphere and the
absence of human intervention [14]. This result demon-
strated that removing people from the operating environment
can improve reliability. Nonetheless, it also highlighted a
broader question: if computing infrastructure is placed in-
creasingly far from routine human access, how much of its
operation must eventually become autonomous?

In this survey, we define an autonomous offshore data
center as marine computing infrastructure that can sense its
physical and operational state, anticipate relevant changes [15,
16]. Such infrastructure can coordinate decisions across
computing, energy, cooling, communication, maintenance
and positioning [17, 18], with limited or without continuous
human intervention [14]. Autonomy therefore means more
than simply operating without personnel on site. It requires
sensing, prediction, decision-making and cyber-physical
control to work together so that the facility can respond to
changing workloads and environmental conditions. We use
the term oceanic computing for the broader paradigm that
emerges when such autonomous facilities can be deployed

according to marine energy availability, either individually
or as coordinated fleets. Autonomy makes an individual
offshore platform viable. Accordingly, oceanic computing
extends this idea to a distributed computing infrastructure
whose capacity can be placed, and in some configurations,
moved, according to changing marine resources. This mean-
ing is distinct from initiatives that apply computing and
data analytics to ocean science [19]. Here, the ocean is not
the object being computed; it is the environment in which
computation takes place.

A core feature of oceanic computing is that it brings
together two forms of intelligence. First, digital intelligence
manages workloads, servers, storage, networking and ser-
vice requirements. Second, physical intelligence manages
the marine platform, its energy resources, structural condi-
tion, interaction with the environment and physical position.
These two forms of intelligence must be designed jointly. A
workload scheduler that ignores renewable-energy availabil-
ity may request more computing power than that the platform
can sustainably provide. Likewise, an energy-management
system that ignores service deadlines may preserve stored
energy while delaying critical workloads. Repositioning a
platform may improve access to wave or wind energy but
simultaneously reduce communication quality or consume
additional propulsion energy. Similarly, a predicted hard-
ware failure may trigger workload migration, thermal re-
configuration, remote inspection, or even movement towards
a maintenance facility. Oceanic computing therefore turns
interactions that are secondary in terrestrial data centers into
fundamental operating decisions.

Mobility is an important factor of this broader autonomy.
However, it is not a requirement for every oceanic computing
system. Some facilities may remain fixed on the seabed or
moored at the surface while autonomously managing their
computing, energy, cooling and maintenance functions [14].
Others may support station keeping, orientation control or
limited movement within an operating region [17]. Relo-
catable platforms could move less frequently in response to
severe weather, maintenance needs, changes in connectivity
or long-term variations in renewable-energy availability. Re-
cent work has also shown that marine heat waves can reduce
the cooling margin available to submerged facilities and
has proposed relocation as a means of maintaining opera-
tion [20]. At the other extreme, fully mobile platforms would
make geographical position itself a controllable resource,
jointly optimized with computing demand and environmen-
tal conditions. However, such flexibility comes with costs
including propulsion energy, structural loading, operational
risk, communication disruption and additional capital and
maintenance requirements.

These interactions mean that the transition from offshore
data centers to autonomous oceanic computing creates a
tightly coupled control problem. The platform must decide
which workloads to admit, execute, postpone, reduce, check-
point or migrate. At the same time, it must divide limited
energy among computing, cooling, communication, storage,
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Table 1

Coverage of the reviewed literature with respect to the dimensions along which this survey contributes. v: covered; (v): partially

covered; X: not covered.

Facility classes

Analysis dimensions

Work Submerged  Floating Self- Off-grid  Energy—compute Positioning Patent  Cross-
pod / moored  propelled operation coupling record frontier
[6] X X X X (v) X X X
[7] X X X X () X X X
[8] X X X X X X X X
[9] X X X X X X X X
[23] v (V) X X (v) X X X
[25] v X X V) () X X X
[15] X (v) (V) X X 4 X X
[16] X (V) (V) X X (v) X X
[21] X X X X X X X X
[26] v v X X X (v) X X
[27] X X X v () X X v
[28] X X X X (v) X X X
[4] X X X X 4 X X X
This survey v/ v v v v/ v v v/

auxiliary systems and, where applicable, propulsion. Com-
munication must adapt to changing link availability, latency,
bandwidth, energy cost and application requirements [21].
The system must also detect degradation, anticipate failures
and plan maintenance despite limited physical access. These
tasks become particularly challenging in the marine envi-
ronment, where biofouling and contaminant accumulation
progressively change the thermal and structural properties
of submerged surfaces [22]. If mobility is available, the
platform faces an additional decision: whether the benefits of
moving for energy harvesting, cooling, connectivity, safety
or maintenance justify the energy and operational costs of
doing so.

Research relevant to these problems already exists, but
it remains fragmented across several communities. Data-
centre research provides mature methods for energy-efficient
computing, workload scheduling, thermal management and
renewable-energy integration [6, 7]. Underwater data-centre
studies examine submerged deployment, cooling, reliabil-
ity and remote operation [23]. Maritime engineering con-
tributes methods for structural monitoring, navigation, sta-
tion keeping, digital twins and predictive maintenance [15,
16]. Meanwhile, offshore-energy research develops tech-
nologies for marine power generation, storage and operation
under uncertain environmental conditions [11]. Evidently,
there is a lack of a framework that treats these capabilities as
parts of an autonomous computing system. Notably, some
of the clearest early attempts to connect them appear not
in the academic literature but in patents [13, 17, 24]. In
these patents, energy conversion, thermal management and
computational demand were considered together more than a
decade before comparable integrated developments emerged
in research. An important challenge is therefore no longer
whether computing can be placed offshore, but how comput-
ing and marine infrastructure can operate as one autonomous
system.

2. Related Surveys, Patents, and Our
Contribution

The literature relevant to autonomous oceanic comput-
ing comes from three main sources. They include surveys
covering parts of the design space, studies providing the
technical foundations on which this survey builds, and
patents describing integrated system concepts that have not
yet been examined systematically in the review literature.
We include surveys whose scope overlaps with at least one
key dimension of autonomous oceanic computing, including
marine deployment, marine energy supply, thermal manage-
ment, connectivity, autonomy or positioning. By contrast,
we exclude work focused primarily on ocean observation,
underwater sensor networks or marine data analytics. Such
studies use computing to observe and understand the ocean,
whereas our focus is on the ocean as a location, energy
source, and operating environment for computing infrastruc-
ture.

2.1. Surveys and Primary Studies

No existing survey addresses autonomous oceanic com-
puting platforms directly. The comparison is therefore drawn
against four adjacent bodies of work, each of which covers
one facet of the paradigm.

1) Surveys on submerged data centers.

Research on submerged data centres provides the closest
existing foundation for oceanic computing, but it covers
only part of the design space. One review provides a broad
overview of submerged-facility architectures, enabling tech-
nologies, operational challenges, automation and mainte-
nance requirements [23], while another examines underwa-
ter deployment powered by offshore wind, solar and wave
energy as a possible route towards zero-carbon artificial
intelligence [25]. In both cases, however, the data centre
is essentially a sealed facility anchored to the seabed and
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Figure 1: Structure of this survey

connected to shore for power and data. Floating platforms,
station-keeping systems and relocatable facilities therefore
remain outside their scope [14, 17]. More importantly, nei-
ther study considers the fully off-grid operation considered
in recent proposals [17], in which a platform must generate
its own energy, manage its own connectivity, and potentially
change its location. Physical position consequently remains a
fixed property of the infrastructure instead of an operational
decision variable.

2) Surveys on terrestrial data-center sustainability and
thermal management.

Terrestrial data-centre research provides an important
baseline for evaluating marine deployment [3, 29]. Existing
surveys cover a wide range of approaches for improving
sustainability, including computing virtualization, work-
load consolidation, renewable-energy integration, waste-
heat reuse, modular deployment and workload migration
across geographically distributed facilities [6]. Other work
has organized these techniques around the broader goal of
carbon neutrality, treating computing, energy supply, and
cooling as parts of the same system [7]. A related body
of literature focuses specifically on heat removal, from
the energy-saving potential of individual cooling technolo-
gies [8] to broader classifications of passive and active
cooling strategies [9].

Despite this systems perspective, these studies largely
assume a terrestrial operating environment. The data centre

remains connected to the grid, physically accessible and
fixed at a land-based site. Seawater can be a heat sink. When
location is considered, it is usually treated as a long-term
siting decision, e.g., where to build a facility, where to place
a modular unit, or which site should receive a migrated
workload. Thus, the location is not a variable that can change
during operation. Recent studies have begun to integrate IT
workloads, thermal management, renewable-energy supply
and energy storage within a common framework [4, 28].
However, they still cover only part of the oceanic-computing
problem because terrestrial facilities can rely on fixed con-
nectivity, routine physical access, and a stationary location.
In oceanic computing, these assumptions no longer neces-
sarily hold, and communication, maintenance and position
become operational decisions in their own right. Autonomy
therefore becomes not simply an additional capability, but a
requirement for coordinating computing infrastructure with
a changing physical environment.

3) Reviews on maritime autonomous systems and digital
twins. Maritime engineering provides many of the methods
needed to operate complex assets at sea. Ships and off-
shore structures are increasingly being developed as self-
aware cyber-physical systems, supported by continuous
sensing, artificial intelligence, high-speed communication
and digital-twin technologies [16]. These capabilities al-
low structural condition, machinery health, environmental
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conditions, and operational risks to be monitored through-
out the asset life cycle. This approach shifts maintenance
from periodic inspection and reactive intervention towards
continuous health monitoring and predictive management.
The maritime digital-twin literature captures this progres-
sion through a sequence of capabilities, from descriptive
monitoring and diagnosis to prediction, prescription, and
ultimately autonomous operation [15]. More broadly, future
marine platforms have been envisioned as mobile power
plants, data centres, logistics hubs, and components of
larger floating industrial ecosystems [16]. This literature,
however, is primarily concerned with the operation of the
marine platform itself. It asks how the structure should
sense, predict, and respond to its physical environment, but
generally treats the computing payload as an external or
passive function. Workload demand, service deadlines, data
movement, and computational priorities therefore remain
outside the platform control loop. For oceanic computing,
this separation is no longer sufficient: the physical platform
and the computing system must be optimized jointly.

4) Surveys on maritime connectivity and marine energy
conversion. Maritime connectivity has been widely studied
for vessels and coastal infrastructure, where communication
mainly supports navigation, safety, and logistics [21]. An
off-grid computing platform creates a different requirement
because the link carries computational results whose vol-
ume, urgency, and tolerance to delay depend on the work-
loads executed on board. Communication therefore becomes
part of workload management. A similar gap exists on the
energy side: reviews of offshore renewable-energy systems
characterize the available resource and its conversion into
electricity [11]. However, they typically treat the load as
an external demand. In oceanic computing, computational
demand can instead adapt to, and potentially influence, the
energy-conversion process.

2.2. The Patent Record

A substantial body of engineering knowledge on oceanic
computing lies outside the peer-reviewed literature. The
patent record spans several jurisdictions and, for the systems
considered here, extends from 2007 to 2025. We define the
corpus by claim scope. Specifically, we include system-level
disclosures that treat the energy supply, thermal path, and
computing workload as parts of one apparatus. We exclude
patents directed only to individual components, such as
mooring systems, pressure vessels or wave-energy convert-
ers, when they neither incorporate nor serve a computing
component or load. We also exclude terrestrial data-centre
technologies that were only later proposed for marine use.

Four patent families are particularly important as they
describe integrated offshore computing architectures. The
earliest, assigned to Google, describes a floating data cen-
tre powered by an array of wave-energy machines, cooled
through seawater-to-freshwater heat exchangers and built
from crane-removable computing modules [13]. IBM later
disclosed interconnected floating compute nodes that gener-
ate and share power, and that can form a rigid linkage when

wave energy exceeds a threshold [30, 31]. Patents associ-
ated with Microsoft’s Project Natick focus on submerged
facilities, including integrated heat exchangers, intrusion
detection, and the use of the pressure vessel as an artifi-
cial reef [32-34]. A further family assigned to Lone Gull
Holdings moves towards greater autonomy: wave-powered
computing modules can operate in farms, share power over
acommon bus [35], and regulate turbine operation by chang-
ing the rate of computational work [17, 24, 36]. Comparable
system-level disclosures also appear from Fujitsu [37], the
Korea Institute of Ocean Science and Technology [38],
Keppel Data Centres [39, 40], Ciel et Terre [41], Nautilus
True [42] and Shenzhen Hailanyun [43]. Most of these later
systems are externally powered and mounted on the seabed
or on floating platforms, whereas self-powered concepts
appeared as early as 2007.

The patent record is valuable because it captures in-
tegrated design requirements that the academic literature
has not yet fully characterized. A granted patent is tied
to a filing date and has been examined for novelty, non-
obviousness, and sufficiency of disclosure [44, 45]. Also, its
specification must describe the invention in sufficient detail
for a skilled practitioner to implement it. We therefore treat
granted patents as evidence of engineering concepts that
had reached a defined level of technical formulation. Note,
however, that pending applications are treated as statements
of intent, and abandoned applications as evidence of what
was possibly conceived. Patent analysis has already been
used to trace the evolution of data-centre cooling technolo-
gies [46], and we apply it here on the same methodological
basis. The resulting requirements are developed in Section 3
and summarized in Table 1. Importantly, no reviewed work
covers the patent record as a whole, and although positioning
and energy—compute coupling both appear in the literature,
they are not treated together. This separation is one of the
gaps that motivates the present survey.

2.3. Positioning of This Survey

Table 1 positions this survey at the intersection of several
research communities that have largely developed indepen-
dently. Existing studies independently examine submerged
data centers, terrestrial data-center sustainability, marine re-
newable energy, maritime connectivity, or autonomous off-
shore platforms. However, they do not treat these elements
as components of a single computing infrastructure. This
survey addresses that gap through a unified view of oceanic
computing. Specifically, energy harvesting, workload man-
agement, thermal control, communication, and maintenance
are coordinated as domains of one cyber-physical decision
problem. Where applicable, positioning is coordinated as
part of the same problem. These domains share limited
energy, storage, communication, and maintenance resources
and interact across timescales ranging from the wave period
to the hardware refresh cycle. Consequently, a decision in
one domain changes the feasible decisions in the others.
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Methodologically, the survey combines three comple-
mentary sources of evidence: peer-reviewed research, doc-
umented deployments, and system-level patents. The patent
record provides dated, technically specific disclosures of in-
tegrated design requirements that often appeared before they
were formalized in the academic literature. The progression
isrevealing. A wave-powered computing array was disclosed
in 2007 [13]; interconnected floating nodes capable of gener-
ating and sharing power followed in 2014 [30]; self-powered
computing buoys connected through a common power bus
were filed in 2017 [24]; and a later filing linked turbine re-
sistance directly to the rate of computational work [17]. The
last development is particularly significant because it turns
computational demand into a control variable of the energy-
conversion system. For each requirement identified in the
patent record, we then assess what has been demonstrated,
what remains conceptual, and what is still uncharacterized
at system level.

The scope of the survey also extends to constraints
that are usually treated outside the core data-center litera-
ture. Acoustic injection attacks against underwater hard-disk
storage [47, 48], together with hydrophone-based acoustic
localization for mobile robots [26], connect enclosure de-
sign, physical security, sensing, and maintenance. Platform
mobility creates another coupling. Movement can change
the applicable maritime regime [49]. At the same time,
data-protection obligations may follow the operator and pro-
cessed data regardless of location [50, 51]. Environmental
and economic evidence, however, remains limited. Our lit-
erature search found no published field measurements quan-
tifying the marine effects of an operating offshore computing
facility. Additionally, the public record lacks a complete
economic assessment of the autonomous configurations ex-
amined in this survey.

Accordingly, the objective of this survey is to establish
autonomous oceanic computing as a coherent object of study
and to identify the integrated decision problem that defines
it. To the best of our literature search, no prior review
jointly treats marine renewable energy, autonomous plat-
form control, and computing infrastructure, despite emerg-
ing systems that sit precisely at their intersection [52, 53].
We therefore consolidate the engineering requirements, their
coupled operational decisions, and the legal, environmental,
and economic conditions shaping the paradigm.

The main contributions of this survey are summarized as
follows.

e We provide a unified design space for offshore com-
puting facilities along four construction-time axes:
siting, structural regime, energy coupling, and data
link. This framework places submerged pods, moored
platforms, converted vessels, and self-propelled nodes
within a single taxonomy rather than treating them as
unrelated branches.

e We reconstruct the evolution of integrated oceanic-
computing architectures through the patent record and

extract the design requirements that it establishes. Par-
ticular attention is given to the progression from the
co-location of computing and marine energy genera-
tion to closed-loop energy—compute control, in which
computational demand influences energy conversion.
We then assess each requirement against the corre-
sponding peer-reviewed engineering literature.

e We characterize operational autonomy across six do-
mains: energy harvesting, workload management,
thermal control, communication, maintenance, and
positioning. For each domain, we review the available
methods and assess the degree of autonomy reported
for existing systems. We further show that autonomy
achieved independently within individual domains
does not necessarily compose into autonomy of the
complete platform.

e We examine the conditions external to the core tech-
nology, including platform classification under mar-
itime law, jurisdiction over processed data, envi-
ronmental effects, physical-layer security, and eco-
nomic feasibility. We then organize the resulting open
problems into a research roadmap according to their
methodological and measurement prerequisites.

In summary, these contributions distinguish oceanic com-
puting from a conventional data center relocated offshore.
Once a platform supplies its own energy and, in some
configurations, controls its own position, its physical and
computational subsystems cease to be separable. Design
choices in one domain become operating constraints in the
others, and the conventional boundary between infrastruc-
ture design and infrastructure operation begins to dissolve.
The survey is organized as illustrated in Figure 1.

3. Design Requirements for Oceanic
Computing Platforms

3.1. Design Space and Requirement Extraction
Terminology for marine computing infrastructure re-
mains inconsistent. The terms underwater, subsea, floating,
and offshore may refer to water-column placement, struc-
tural form, or geographic location, and similar facilities are
consequently classified differently across prior studies [,
23, 25, 26]. We use oceanic computing as the umbrella term
for this broader class of infrastructure. As shown in Fig-
ure 2, individual facilities are classified along four logically
independent construction-time axes: i) siting, from coastal
and nearshore waters to the high seas [54]; ii) structural
regime, from sealed seabed pods to self-propelled nodes;
iii) energy coupling, from a terrestrial-grid connection to
onboard energy harvesting [24]; and iv) data link, from sub-
sea fibre to satellite communication [21]. Every documented
or disclosed facility occupies one position on each axis.
Examples range from the sealed seabed deployments rep-
resented by Project Natick and the Lingang facility [14, 55]
to self-propelled, wave-powered nodes using satellite back-
haul [52, 53]. Reading the axes from left to right therefore
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indicates increasing detachment from terrestrial infrastruc-
ture. The engineering evidence associated with this design
space is fragmented across several research communities.
Peer-reviewed studies address individual subsystems, in-
cluding data-center cooling and thermal management [8, 9],
marine energy conversion and power smoothing [56, 57],
and maritime platform autonomy [15]. By contrast, several
architectures integrating the energy supply, thermal path,
computing payload and marine structure first appeared in
patent disclosures [13, 24, 30-36]. Patent-based analysis has
previously been used to trace the evolution of data-center
cooling technologies and to identify shifts in engineering
priorities before they become prominent in the publication
record [46]. We therefore use the patent record to identify
system-level requirements, regardless of their technical or
commercial viability. Peer-reviewed engineering studies are
then used to assess whether each requirement can be met, un-
der what conditions, and with which unresolved limitations.

Section 2.2 has already reconstructed the relevant patent
families and their chronology. The purpose here is therefore
to translate the disclosures into engineering requirements.
The onboard-energy-harvesting patents describe floating or
self-powered computing arrangements in which energy gen-
eration, thermal management, and the computing load form
parts of one apparatus (Figure 3) [13, 17, 24, 30, 31, 35, 36].
The submerged-data-center patents contribute requirements
associated with sealed pressure vessels, heat transfer through

or across the enclosure, and combined power and data con-
nections [32]-[34].

Sections 3.2-3.6 examine the first five requirements by
pairing each patent-derived requirement with the corre-
sponding engineering evidence and identifying what re-
mains unresolved for an autonomous off-grid platform.
The sixth requirement—the use of computational load as a
control variable of the energy-conversion system [17]—cuts
across the other five and is therefore developed in Section
4.1 as the foundation of the joint decision problem.

3.2. Power Aggregation and Supply Smoothing
Wave power is commonly represented as a narrow-band
stochastic process [58]. At a single converter, electrical
output oscillates with the wave period, while its envelope
changes with the sea state. The resulting peak-to-mean
power ratio can be large, requiring the conversion system
to be rated above its average output [58]. A wave-powered
computing platform must therefore manage both the average
energy balance and short-term supply-demand mismatch.
The patent record identifies two complementary supply-
side mechanisms. Google’s 2007 filing replaces a single
large converter with multiple smaller wave-motion machines
arranged in an electrically interconnected grid, i.e., an ar-
ray [13]. The self-powered buoy family uses a different form
of aggregation: mutually inter-tethered converters exchange
power over a common bus [24]. Because spatially separated
units experience different wave phases, their outputs can
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Figure 3: Example of a floating, wave-powered oceanic computing node. Wave energy is converted on board to power the
computing modules, while the computational load can in turn influence the operating point of the energy converter [17].
Seawater provides cooling [8], satellite links provide connectivity [21], and autonomous positioning supports station keeping

and relocation [20, 24].

partially compensate for one another, reducing aggregate
power fluctuations and onboard storage requirements.

The common-bus arrangement can also simplify the
electrical conversion chain. A wave-energy generator gener-
ally produces variable-frequency alternating current, whereas
computing hardware requires regulated direct current. In a
conventional architecture, the converter output is rectified,
converted back to alternating current for distribution, and
rectified again at the rack. A shared direct-current bus
removes the intermediate alternating-current stage, reducing
conversion losses [24]. Thus, spatial aggregation smooths
generation, whereas bus integration enables power sharing
and shortens the conversion chain.

Studies of wave-energy arrays quantify how smoothing
depends on converter count and spatial arrangement. Aggre-
gate variability decreases as converters are added, with the
largest gains for small arrays and diminishing returns as the
array grows [56]. For large arrays, power variance has been
reported to decrease by approximately a factor of five [57].
Geometry also matters: the normalized power variance of
rectangular arrays was reported to be approximately twice
that of circular arrays with the same number of convert-
ers [57]. Converter count and spatial layout therefore de-
termine the variability presented to the computing platform.
This is particularly relevant to the architecture in [35], which

comprises eight self-propelled, energy-harvesting comput-
ing nodes operating as a coordinated cluster. It therefore
falls within the small-array regime in which the marginal
smoothing benefit is most pronounced [56]. By distributing
the nodes spatially and combining their generated power,
the cluster can reduce the variability experienced by the
computing system.

Aggregation nevertheless has two important limitations.
First, spatial smoothing does not provide the regulated
direct-current voltage required by computing hardware. A
power-electronic interface remains necessary, and spatial
distribution is consequently regarded as one smoothing mea-
sure [59]. Second, both array smoothing and common-bus
power sharing require multiple converters. They therefore
do not apply to standalone systems such as the self-powered
computing buoy [24] and the initial Panthalassa node [52]. A
standalone platform must instead accommodate the full vari-
ability and peak-to-mean ratio of its own converter through
storage, curtailment, flexible demand, or a combination of
these mechanisms.

Energy storage provides one response. Hybrid architec-
tures commonly use supercapacitors to absorb rapid power
fluctuations and batteries to manage slower variations [60,
61]. In one dispatching study, an optimized hybrid configura-
tion achieved a cost of 2.6 cents per kWh, compared with 8.4
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cents per kWh for battery-only storage [62]. For an oceanic
computing platform, however, storage design also has im-
portant maintenance implications. Battery degradation may
require vessel deployment, personnel transfer, and hardware
replacement, causing direct costs and possible service in-
terruption. Larger storage capacity can reduce curtailment,
but increases platform mass, capital cost, and equipment
requirements.

Flexible computing demand provides a complementary
mechanism. The rate of computational load can be adjusted
so that electrical demand follows the available energy. In
the architecture disclosed in [17], load modulation changes
the electrical load seen by the generator. Unlike aggrega-
tion and power sharing, load modulation remains available
to a standalone node. For a fleet, it can operate together
with supply-side smoothing: power is aggregated and shared
across converters or computing nodes [35], while computa-
tional demand is adjusted over time [17]. Spatial aggregation
smooths supply, whereas load modulation reshapes demand.

To the best of our review, these mechanisms have not
been designed jointly. Wave-energy studies optimize con-
verter count and array geometry while treating the consumer
as a fixed load or a grid connection [56, 57]. Computing
studies adapt workload demand while treating renewable
generation as an exogenous process. A joint formulation
would instead select array size and geometry, storage ca-
pacity, and workload flexibility to meet a target on delivered
computational work while quantifying their trade-offs.

Power aggregation therefore becomes an autonomous
energy-management problem. Unlike a terrestrial data cen-
ter, an open-ocean platform cannot rely on electricity prices
or grid carbon intensity as external dispatch signals. It must
instead operate according to its system state, workload com-
mitments, stored energy, and forecast wave input. At each
decision interval, it must determine how much power to
allocate to computing and auxiliary systems, how much to
store, which workloads to execute or defer, and when to
curtail energy capture.

Existing online formulations provide partial foundations
for these decisions. Some coordinate renewable generation
and storage across grid-connected data centers [63], while
others address fully energy-harvesting edge systems using
server-frequency scaling [63]. In both cases, however, en-
ergy supply is treated as exogenous and computing adapts
to it. Oceanic computing introduces a bidirectional rela-
tionship: energy constrains computational load, while load
changes can alter generator torque and the operating point
of the conversion system [17]. This closed-loop energy—
compute coupling has not yet been characterized and is
developed further in Section 4.1.

3.3. Modularity and the Hardware Refresh Cycle
A marine computing facility combines assets with fun-
damentally different lifetimes. The offshore structure is typ-
ically designed for decades of service, whereas comput-
ing hardware, especially Graphics Processing Units (GPUs)
and Neural Processing Units (NPUs), may become obsolete

within a few years [14]. Whether computing equipment can
be replaced independently of the structure is therefore a
construction-time decision. The 2007 floating-data-center
disclosure enables this through crane-removable computing
modules [13]. Sealed submerged designs instead prioritize
enclosure integrity and component protection, tying hard-
ware refresh to recovery of the entire pod.

Project Natick illustrates the reliability benefit of the
sealed approach. The vessel was filled with a controlled
nitrogen atmosphere and operated without routine human
access, reducing oxygen, humidity, and human handling
as sources of failure. Over its two-year deployment, the
reported component failure rate was much less than that in
a comparable land-based facility [14]. The sealed configu-
ration, however, eliminates reconfigurability during deploy-
ment. The balance among computing, storage, and accelera-
tor resources remains fixed, and hardware upgrades require
pod recovery. Thus, the pod can operate unattended but can-
not perform autonomous physical maintenance or hardware
reconfiguration. The evidence also spans two years, whereas
the structure may remain serviceable for much longer.

Floating and surface-accessible configurations preserve
greater optionality. Individual modules can, in principle,
be removed, replaced, or upgraded while the supporting
structure remains in service [13, 24]. Computing and storage
capacity can be rebalanced, and newer accelerators intro-
duced without replacing the complete platform. These ben-
efits come with marine-exposed interfaces, including hull
penetrations, connectors, lifting points, and sealing surfaces
near the splash zone. Surface access therefore enables inter-
vention, but not continuously. The hardware-refresh interval
depends on module design, vessel capability, and suitable
weather windows.

The offshore-wind literature provides a useful basis for
quantifying this constraint because access depends mainly
on the vessel and transfer system [63]. Conventional crew-
transfer vessels are typically limited to significant wave
heights of approximately 1.5-1.8 m. At the North Sea site
studied in [63], this corresponded to an annual access prob-
ability of about 0.65, leaving such vessels unavailable for
roughly 30-35% of the year. Service-operation vessels, op-
erable up to about 3.2 m, raised the probability to approx-
imately 0.84, while helicopter access reached about 0.91
subject to wind and visibility constraints [63]. Annual av-
erages, however, mask seasonal concentration: runs of up to
five consecutive days without an operational window were
identified in January [63].

Module replacement is more restrictive than personnel
transfer because it requires offshore lifting. A suspended
module moves relative to both the vessel and the platform,
and these motions must remain within the limits of the
crane, rigging, and receiving structure. Offshore lifts are
therefore permitted only below specified wave-height thresh-
olds. Under DNV-ST-NO0O1, these limits are further reduced
by an alpha factor accounting for forecast uncertainty [64].
Serviceability therefore depends on vessel access and lifting
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capacity, platform constraints, and a forecast window that
permits safe completion.

Another trade-off is between reliability and optionality.
A sealed pod reduces routine intervention but fixes the con-
figuration for the deployment interval. An accessible modu-
lar platform allows repair, rebalancing, and payload refresh,
but exposes interfaces and makes maintenance sea-state
dependent. The patent record includes both approaches [13,
24, 34], but does not quantify which is preferable across
failure and obsolescence rates, vessel costs, and access prob-
abilities. Assessment should also consider whether predicted
failures are handled by workload migration, onboard cold
spares, or intervention during the next feasible weather
window.

Marine robotics provides partial foundations for reduc-
ing dependence on human access. Resident subsea robotic
systems have been developed for inspection and mainte-
nance [65]. Autonomous intervention has been demon-
strated for valve turning and plug connection [66]. These
results show that robots can perform structured marine tasks,
although autonomous replacement of computing modules
has not yet been demonstrated. The reported systems also
operate around seabed infrastructure supported by shore-
based power, communication, or docking, whereas an off-
grid platform may need to provide these functions itself.

Self-maintaining computing systems offer a complemen-
tary precedent. Software-controlled robotic mechanisms can
inspect, service, or repair hardware [67], while mobile ma-
nipulators can replace data-center components [68]. Off-
shore deployment would require onboard robotic support,
payload stabilization, and operation under changing sea con-
ditions. Current evidence supports inspection, diagnosis,
and selected manipulation, but not autonomous computing-
module replacement at sea. A practical architecture would
therefore combine reliability, redundancy, predictive failure
detection, resident inspection, and weather-aware interven-
tion planning.

3.4. The Thermal Path

Seawater is both the main reason marine data centers
are attractive and the main constraint on how they can be
cooled. For the same volume and temperature rise, water can
absorb roughly 1,000 times as much heat as air. This high
volumetric heat capacity allows an offshore facility to release
server heat without mechanical chillers. Yet seawater is
also an aggressive electrolyte. Its chloride content promotes
pitting and crevice corrosion, so every surface that comes
into contact with it must be made from a corrosion-resistant
alloy. Titanium is the benchmark material for heat-exchanger
tubing [69].

Accordingly, every design examined here isolates the
computing equipment within a closed cooling loop and
transfers heat to the environment through a defined external
interface. The designs differ mainly in where this interface
is placed: it may be a replaceable plate heat exchanger, or it
may be integrated into the hull itself. In the 2007 disclosure,
fresh water circulates through the internal loop and carries

heat away from the electronics. The heat then passes to sea-
water through seawater-to-freshwater heat exchangers [13].
Seawater never reaches the computing equipment, and the
internal coolant can be selected to match the requirements
of the electronics.

Microsoft’s submerged design takes a different approach,
using integrated and external heat exchangers on the vessel
hull [32]. In this configuration, the hull forms part of the
thermal path between the servers and the surrounding sea.
This shortens the distance over which heat must travel and
avoids the pumping power required by a separate seawater
circuit. The trade-off is that the heat-transfer surface is also
the surface on which marine organisms accumulate.

This process, known as biofouling, develops in stages.
Organic molecules first form a conditioning film on the im-
mersed surface. Bacteria then attach to this film and secrete
a polymeric matrix, creating a biofilm on which larger or-
ganisms—including algae, barnacles and tubeworms—can
settle [22]. As this layer grows, the initial benefit of a short
thermal path declines. The fouling layer acts as additional
insulation, adding thermal resistance to that of the hull or
exchanger wall. The effect can be substantial: a biofilm
only 1 mm thick has been reported to halve heat-transfer
efficiency, a greater loss than that caused by most forms of
mineral fouling [69].

Heat exchangers are therefore designed with additional
capacity from the outset. This "fouling allowance" preserves
the required cooling performance as deposits build up be-
tween cleanings [69]. The approach, however, assumes that
the surface can eventually be reached and cleaned. For a
sealed offshore structure, cleaning requires vessel interven-
tion as part of a maintenance cycle. Its fouling allowance
must therefore cover not merely the interval between routine
cleanings, but the entire deployment period [22].

A self-powered computing platform provides a third
configuration. Because it sits at the sea surface, it can exploit
both the surrounding water and ocean winds to reduce the
cost and complexity of cooling its computing circuits [24].
A submerged pod cannot use this air-side route. Air cooling
is also thermodynamically less effective per unit volume of
fluid moved. The volumetric heat capacity of air is about
three orders of magnitude lower than that of water. Conse-
quently, much larger airflow rates are needed to remove the
same amount of heat [70]. Its advantage is that it does not
depend on the seawater interface. It therefore degrades for
different reasons and under different environmental condi-
tions.

A surface platform equipped with both water-side and
air-side cooling can optimize them. This flexibility is im-
portant because water-side performance is not constant.
Seawater temperature changes with season and location, and
marine heat waves reduce the temperature difference that
drives heat from the facility into the sea. The resulting loss
of cooling margin has even been proposed as a reason to
relocate a facility [20]. Biofouling causes a second, slower
decline by progressively insulating the submerged exchange
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surface. Air-side cooling is affected by atmospheric condi-
tions instead, but its performance can recover when those
conditions improve.

All three configurations therefore use a closed internal
loop that terminates at an external heat-transfer interface.
The central design choice is where that interface should be
placed and which environment it should use. Each option
brings a distinct mode of degradation and a corresponding
maintenance requirement. A submerged exchange surface
accumulates biofouling and cannot be reached without ves-
sel intervention. A separate plate exchanger remains exposed
to corrosion, but it can be replaced. An air-side path depends
on ambient conditions, yet can recover as those conditions
change.

Autonomy becomes important when a platform has more
than one cooling path. By monitoring seawater temperature,
fouling, atmospheric conditions and the performance of
each route, the platform can shift the cooling load between
water-side and air-side systems as conditions change. If
neither path can remove enough heat, it can also reduce the
computational load and therefore the heat generated by the
servers. Thermal management thus becomes part of the same
autonomous control problem as energy management.

3.5. The Data Link

The reviewed designs differ fundamentally in how data
is returned to shore. Submerged systems assume a cable:
the pressure vessel is connected to land for both power and
data [14, 32]. The autonomous branch removes this phys-
ical connection and instead uses a low-Earth-orbit (LEO)
satellite link [52]. This change enables operation on the
high seas, but it does more than replace one transmission
medium with another. A cable-connected facility remains
physically tied to shore, receiving electricity and exchanging
data through a fixed link. An off-grid platform generates its
own electricity, so the shore connection carries information
rather than power, mainly the results of computation.

A LEO satellite link is not equivalent to fibre. Mea-
surements from users of the largest operational constellation
show that both throughput and latency vary substantially
over time [71]. Performance also degrades periodically, on
a roughly 15-second cycle, as terminals switch from one
satellite to another. Weather introduces further variation,
and service outages remain frequent [71]. These effects are
most severe where no ground gateway is nearby, especially
for a platform far offshore. A terminal in the middle of
the Indian Ocean, which depended on inter-satellite links,
showed much greater delay, jitter and packet loss than a
terminal close to a gateway. Round-trip times exceeded 500
ms, whereas a more direct route would have remained below
100 ms [72]. In another study, a maritime terminal off the
Brazilian coast was separated from shore by a distance
corresponding to only about 14 ms of propagation delay, yet
its average round-trip time was 96 ms. Sustained increases in
latency occurred during 16% of the observation period [73].

These measurements have two consequences that are
rarely made explicit in the offshore-computing literature.

The first is that the data link determines which workloads are
practical. It limits how much information can enter or leave
the platform in a given time. A task whose input must be
transferred from shore is therefore constrained by the back-
haul—the connection between the platform and the wider
network. A task that generates its own input on board, or
returns only a small result, is much less affected. Off-grid op-
eration consequently favours workloads that perform many
computations for each byte transferred, or equivalently, those
with a high ratio of computation to communication. The
link is not merely a transport detail added after workload
selection; it becomes one of the criteria for admitting a
workload in the first place.

The second consequence concerns scheduling. Link ca-
pacity varies over timescales ranging from seconds to hours,
in response to weather and satellite geometry [71]. At the
same time, a wave-powered platform may already be chang-
ing its computational demand to follow a variable energy
supply [17]. These two constraints are independent: strong
wave conditions do not necessarily coincide with good satel-
lite connectivity. The platform may therefore have abundant
energy for computing but no reliable route for returning the
results. Outputs must be stored on board until a suitable
transmission window appears, making storage a scheduling
resource rather than simply a repository. The scheduler must
decide not only what to compute, but also which results
to retain, for how long, and at what level of compression.
The choice of connection also changes the physical attack
surface, because a fixed cable and a wireless terminal expose
the platform in different ways.

Free-space optical communication provides a third op-
tion for high-capacity satellite links [74, 75]. Instead of using
radio waves, it carries data on a narrow laser beam through
the atmosphere. It requires no physical connection to shore
and is therefore compatible with a mobile platform. Optical
links can provide data rates orders of magnitude higher than
radio-frequency links, do not require the same spectrum
licensing, and are intrinsically harder to intercept because
the beam is tightly confined [76]. The same narrow beam,
however, creates the central engineering challenge. The ter-
minal must first acquire the satellite, track its motion and
keep the laser accurately pointed at it. On a moving marine
platform, acquisition, tracking and pointing can become the
limiting subsystem [76].

Experiments show that such tracking is feasible at sea.
A shipborne acquisition, tracking and pointing system has
acquired and followed LEO satellites from a vessel, re-
porting a pointing accuracy below 180 urad when refer-
enced to stars and a tracking accuracy of about 20 urad
against satellites [77]. Moving-platform optical links have
also reached gigabit-per-second rates between an aircraft
terminal and a satellite in geostationary orbit under cloud-
affected and changing atmospheric conditions [78]. These
demonstrations indicate that the essential requirements are
an accurate reference for the platform’s orientation and a
stabilized terminal. A platform that already performs station
keeping and attitude control can, in principle, provide both.
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One asymmetry nevertheless works against the offshore
case. In satellite optical communication, the uplink—from
the platform towards space—is generally harder than the
downlink. An uplink beam encounters the densest part of the
atmosphere immediately after transmission. Spatial and tem-
poral variations in the refractive index can then distort the
wavefront and introduce pointing instability. A downlink,
by contrast, is affected more strongly by geometric beam
spreading [79]. An offshore computing platform mainly
exports results, so most of its traffic is in the more difficult
uplink direction. The challenge is therefore not simply to
transfer optical technology from a satellite downlink to a
platform at sea, but to operate it in the direction in which
atmospheric propagation is least favourable.

Two results from space optical communication help to
define how this challenge might be managed. The first con-
cerns availability. An optical beam cannot pass through
cloud, and no improvement in pointing can remove that lim-
itation. The conventional response is site diversity: several
ground terminals are placed far enough apart that their cloud
conditions are approximately independent, and the system
selects whichever station has a clear path [75]. Studies of
high-capacity optical feeder links therefore treat the number
and geographical separation of ground terminals as the main
design variables determining overall availability [75].

An offshore platform can partly extend this idea as the
transmitting terminal is itself mobile. A fixed transmitter can
improve availability mainly by adding receiving sites. A re-
locatable ocean platform can also move towards a clearer at-
mospheric path or more favourable link geometry. Diversity
can therefore be created both by multiplying receivers and by
repositioning the source. In this limited sense, mobility gives
the platform a form of site diversity that a fixed installation
must obtain through additional ground infrastructure.

The second result concerns how to use a link that is avail-
able only intermittently. The TBIRD mission demonstrated
a 200-Gbps optical downlink from a 6U CubeSat in LEO. It
transferred as much as 4.8 TB without error during a single
five-minute pass, using a 2-TB onboard storage buffer [74].
Two features of the architecture are particularly relevant.
First, the transfer is organized from buffer to buffer: data
accumulate on the spacecraft and are sent in a high-rate
burst when the orbital geometry permits. Second, reliability
is provided at the transport layer through an automatic repeat
request (ARQ) protocol. Acknowledgements are returned on
a low-rate optical uplink. This arrangement supports error-
free delivery under atmospheric fading and allows a transfer
to complete even when many acknowledgement messages
are lost [74].

An offshore computing platform faces the same basic
pattern: a transmitter accumulates data away from shore and
a receiver waits on land. The main difference is that the
transmitter sits on the sea surface rather than in orbit. The
implications for platform design are direct. Onboard storage
must hold completed results until the next usable commu-
nication window, so the required capacity depends on the
longest likely waiting time before transmission, not only on

the working set of the computation. During that interval, the
scheduler must decide which tasks to execute and which data
to preserve, compress or discard. The demonstrated ability to
move terabytes in a single pass makes this regime plausible
even for workloads that generate large outputs. It therefore
broadens the potential workload set beyond tasks that return
only compact results.

Transferring this architecture from space to a marine
platform introduces additional challenges. TBIRD commu-
nicates between a spacecraft whose attitude is controlled
independently and a fixed ground station on land. An ocean
platform must keep its beam aligned despite wave-induced
translation and rotation, propagation through the marine
boundary layer—the turbulent region of air just above the
sea—and operation in the uplink direction, where atmo-
spheric distortion is strongest. Link availability therefore
depends on how accurately the platform can maintain its
angular orientation in a given sea state.

This dependence has been quantified for ship-to-shore
optical links [80]. One analysis represented the vessel’s six
oscillatory motions using its response amplitude operator,
a standard model of how a vessel moves in response to
waves. It then evaluated geometric spreading, atmospheric
attenuation, rapid intensity fluctuations known as scintilla-
tion, and pointing misalignment together [80]. Although that
study considered a beam directed towards shore rather than
towards a satellite on the high seas, its central dependence re-
mains: whatever the destination, platform motion determines
pointing stability.

This creates a direct coupling between communication
and platform control. With a stabilized optical terminal,
backhaul capacity depends on accurate pointing. Accurate
pointing, in turn, requires the platform to control its position
and orientation. Energy spent on station keeping or atti-
tude correction is then unavailable for computation, while a
change in heading or location may improve a communication
opportunity. Communication therefore becomes part of the
same control problem as positioning and energy manage-
ment, rather than a separate networking function.

Autonomy in this domain concerns three questions:
which link to use, when to transmit, and what to transmit [21,
81]. The platform cannot depend on continuous instructions
from shore because the opportunities for communication
may themselves be brief. Satellite passes can be predicted
from orbital information, but the platform’s orientation
during a pass depends on the sea state. The same wave
forecast used to manage energy conversion can also help
predict vessel motion and, therefore, pointing conditions
[82, 83].

When several satellites are visible, the platform must
decide which one to track. A self-propelled platform may
also adjust its heading or orientation to support the selected
pass. Because acquisition and tracking take time, the termi-
nal must begin aligning before the communication window
opens. The platform must also rank the data waiting in its
buffer. It has to decide which results should be transmitted
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first, which can be compressed, and which may be discarded
when storage or contact time is limited.

If both optical and radio-frequency links are available,
the platform must choose between them using forecasts of
weather, sea state and link quality. The optical link offers
much greater capacity, but requires a clear atmospheric path
and precise pointing. The radio-frequency link is slower,
but is more tolerant of cloud and platform motion. To our
knowledge, existing work has not yet used the same wave
forecast both to control energy harvesting and to antici-
pate communication pointing. Closing this gap would allow
energy production, platform motion and data return to be
planned through a common forecast rather than as three
separate functions.

3.6. Structural Regime and Station Keeping

The designs reviewed here treat position in three dif-
ferent ways. A submerged pod is anchored, so its location
is fixed when it is installed [34]. A farm of computing
buoys is moored, with the individual units also tethered to
one another. Their movement is therefore constrained both
relative to the seabed and relative to neighbouring units [24].
A self-propelled node has no permanent connection to the
seabed. Instead, it uses thrust to hold its position or move to a
new one [52]. These arrangements create different structural
loads and, more importantly for an off-grid computing plat-
form, very different demands on its limited energy supply.

A platform can maintain position passively through an-
chors and mooring lines, or actively through thrusters. The
energy difference is substantial. Under the same wind, wave
and current conditions, one comparative study found that
anchor-based positioning consumed approximately 24% less
energy than a thruster-based dynamic-positioning system.
The lower energy use produced a proportional reduction
in exhaust emissions, including sulfur oxides and carbon
dioxide [84].

Hybrid systems can recover part of this energy advantage
while retaining accurate position control. In thruster-assisted
mooring, the mooring lines absorb the relatively steady
forces imposed by currents and wind, while the thrusters
correct only the slow drifting motion that the mooring sys-
tem cannot fully suppress. This division of work reduces
the energy required to hold position [85]. Mooring-assisted
dynamic positioning has similarly been shown to improve
positioning accuracy while using less thruster power than
either mooring or dynamic positioning alone [86]. The same
combination has also been evaluated for floating offshore
wind platforms [87].

These comparisons are usually expressed in terms of fuel
use or operating cost because conventional vessels obtain
energy from fuel tanks or shore connections. For an off-
grid computing platform, the trade-off is more direct. Every
kilowatt used for propulsion is a kilowatt that cannot be
used for computation. Both demands draw from the same
harvested supply that the platform or array was designed to
smooth [24]. Station keeping therefore becomes part of the

same resource-allocation problem as cooling and communi-
cation. Its cost is also not constant: stronger waves, winds
and currents require greater thrust and leave less energy
available for computing.

On the high seas, the lower-energy option may not be
available. Mooring requires both a seabed within reach and
a jurisdiction in which anchoring is permitted. These condi-
tions may not hold for a platform operating in international
waters above the deep ocean. Yet waves, winds and currents
continue to displace the structure. A moored platform can
resist these forces without continuously consuming propul-
sion energy. A free-floating platform must run its thrusters
whenever it needs to remain in place.

This distinction reverses the usual assumption about
infrastructure. Holding position is the energy-intensive state,
whereas drifting is the low-energy state. A conventional
moored asset treats displacement as a fault that must be cor-
rected. A free-floating computing platform can instead treat
drift as its normal mode of operation. It expends propulsion
energy only when occupying a particular location provides
enough value to justify the cost. That value may come from
access to a better energy resource, more favourable geometry
for pointing a communication terminal, or proximity to a
maintenance base.

A platform may also change its structural state in re-
sponse to extreme conditions. Offshore aquaculture plat-
forms designed for typhoon-exposed waters use two operat-
ing drafts. In normal conditions, the structure remains afloat.
In a survival configuration, it is submerged and allowed
to rest on the seabed, taking advantage of the reduction in
wave effects with depth [88]. This strategy is possible only
where the seabed is within reach and therefore does not apply
directly to deep-ocean platforms. It nevertheless establishes
an important principle: the structural regime shown in Figure
3 need not always be fixed at the time of construction. In
some environments, it can become an operating decision.

Autonomy in positioning therefore concerns a basic
choice: whether to hold station or allow the platform to drift.
The platform must estimate the thrust required to maintain
position under the current sea state and compare its energy
cost with the value of remaining there [89, 90]. When the
expected benefit is lower than the cost, the rational decision
is to stop resisting the environment and drift.

3.7. Lessons Learned

This section identifies five design requirements from the
patent record. An oceanic computing platform must aggre-
gate a variable energy supply; allow short-lived computing
hardware to be refreshed independently of the longer-lived
marine structure; transfer heat safely to the sea; return results
over an intermittent link; and hold position when necessary.
Each requirement is supported by an established engineering
literature, but that literature was developed for different
systems and objectives. Wave farms feed electricity into a
grid. Offshore wind turbines are maintained by dedicated
vessel fleets. Ships use fuel to hold position. Satellite termi-
nals generally operate from fixed ground stations. In these
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Table 2

Documented offshore computing deployments and disclosed concepts, positioned on the four design axes of Figure 2. Values

marked * are declared by the operator or manufacturer.

System Siting Structural regime Energy coupling

Data link Scale and status

Project Natick, Phase 2 [14] Nearshore
Highlander, Hainan [54] Coastal, EEZ

Sealed seabed pod Shore grid via cable
Sealed seabed pod Shore grid via cable
Lingang, Shanghai [55] Coastal, EEZ  Sealed seabed pod Co-located offshore wind
Subsea Cloud [54] Coastal Sealed pod, dielectric immersion  Shore grid via cable
Nautilus Data Technologies [91] Coastal, inshore  Moored barge Shore grid

Converted vessels (MOL, Hitachi) [92] ~ Coastal Converted vessel

A060DC [03] Offshore, EEZ  Moored floating wind platform

Panthalassa [52, 53] High seas Self-propelled node Onboard wave harvesting

Shore grid or onboard generation
Co-located generation, onboard storage  Not disclosed

Subsea cable 864 servers, ~36 m depth; 2018-2020; programme closed 2024

Subsea cable #1400 t module at 35 m*; first commercial operation

Subsea cable 24 MW declared, from a 2.3 MW first phase*; ~2000 servers*; commercial operation 2026
Subsea cable  Commercial service; projects announced”

Terrestrial fibre  Waterborne facility in operation since 2021

Not disclosed Memorandum of understanding 2026; operation targeted 2027*

15-18 MW turbine with 10-12 MW of compute*

LEO satellite ~85 m node*; pilot deployment preceding commercial operation

systems, the supporting arrangements are largely set at the
design stage. An autonomous ocean platform must instead
meet the same needs continuously, under conditions that may
change from one wave period to the next. Existing methods
remain useful, but their original assumptions and objectives
do not transfer directly.

The five requirements are tightly coupled. A platform has
one hull, one energy budget and only a limited number of
suitable weather windows. Energy used for thrust is unavail-
able for computation. Increasing energy-storage capacity can
smooth the power supply, but it also adds mass that the
structure must carry. Maintenance can take place only when
sea conditions permit safe access. A decision in one area
therefore changes what is possible in the others; none of the
requirements can be managed in isolation.

These requirements correspond to five of the six oper-
ational domains examined in the next section. The sixth,
workload management, does not appear as a separate re-
quirement because it cuts across all five. The patent record
treats computational load as a control variable rather than as
an independent subsystem. Each domain may also support
a different degree of autonomy, so a higher-level decision
layer is needed to coordinate them and allocate their shared
resources.

This coordination layer must anticipate change rather
than react only after it occurs. Sea state, weather windows
and satellite passes can all be forecast before the relevant
decisions must be made. The platform can therefore plan
its actions around expected conditions. Autonomy does not
emerge by automating each subsystem separately; it depends
on coordinating them across the platform as a whole.

4. The Joint Decision Problem of Autonomous
Oceanic Computing

An autonomous offshore data center must continuously
make decisions, without an operator on site, across six
domains (Figure 4). The central argument of this survey is
that these domains cannot be managed independently; their
close coupling is what distinguishes oceanic computing from
earlier offshore facilities.

4.1. Computational Load as a Control Variable

In terrestrial data centers, the relationship between com-
puting and energy is mediated by the electricity grid. Work-
load schedulers may move or delay jobs in response to
the availability and carbon intensity of electricity across
geographically distributed sites [18, 94]. A data center may

also operate as a flexible load, increasing or reducing its
demand to help balance the wider power system [99]. In both
cases, however, the facility remains a consumer downstream
of the grid. It can change how much electricity it uses in
response to external signals, but it does not directly control
a generator. Generator output is determined by system-level
dispatch, which balances supply and demand across many
users.

An offshore platform that harvests its own energy has no
grid between the generator and the computing equipment. A
patent filed in 2019 describes a system that adjusts the rate of
computational work according to the energy available from a
variable source. More importantly, it regulates the resistance
that a turbine presents to the moving fluid by changing the
electrical power consumed by the computer network [17].
This second feature is crucial. Changing the computing
load changes the electrical load seen by the generator and
therefore shifts the operating point of the energy-conversion
system. Computation is no longer simply a consumer of
electricity; it becomes a means of controlling the power plant
itself.

Two features of the marine environment make this cou-
pling practically valuable. The first is the highly variable
nature of wave power. Wave energy arrives as a narrow-band
stochastic process, with output oscillating over each wave
cycle and changing more slowly with the sea state [58]. The
difference between peak and average power can therefore be
extreme. At a given sea state, instantaneous power has been
reported to reach about 20 times the average [100]. If the
power-take-off system generates electricity only during the
upward stroke, the peak can reach 60 times the average [101,
102]. The conversion chain must then be able to handle
60 units of power even though it delivers only one unit on
average. This low utilization is identified as a major obstacle
to the economic viability of wave-energy conversion [102].

The main benefit of load flexibility is not necessarily
greater energy capture. The largest peaks contribute rel-
atively little to the total energy available over time. One
curtailment study found that a converter rated 87% below
the maximum peak could still capture 91% of the available
energy. In other words, clipping the highest peaks sacrificed
less than 9% of the annual yield [100].

The larger opportunity lies in reducing the size of the
machinery. If the computing load can rise when instanta-
neous generation is high and fall when it is low, the generator
and power-electronic chain need not be designed around
rare peaks. The same wave-energy literature identifies the
avoidance of generator overdesign as an important source of
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Figure 4: Joint allocation problem of an autonomous oceanic computing platform. Six coupled decisions share the same energy and
time resources, namely energy harvesting [17], workload scheduling [18, 94], thermal control [8], communication [21], predictive
maintenance [15], and positioning [20, 24]. The platform is also constrained by the legal rules associated with its location [49]

and by environmental effects [22].

cost reduction [100]. On an offshore platform, this advantage
is especially valuable because mass, capital cost and mainte-
nance access are all tightly constrained. Capturing nearly the
same amount of energy with a smaller conversion chain may
be more useful than capturing a small additional fraction
with larger and heavier equipment.

The second feature is the lack of an alternative destina-
tion for surplus electricity. A grid-connected data center that
reduces its computational load can export unused power to
the grid. An off-grid platform cannot. It must either consume
the electricity immediately, store it or curtail its production.
Storage is not cost-free: batteries add mass and capital
cost, have a limited cycle life and may require vessel-based
replacement [24]. Flexible computation therefore gives the
platform another way to absorb short-term variations with-
out relying entirely on batteries.

This mechanism complements the smoothing obtained
by distributing wave-energy converters across an array [24,
56]. Spatially separated converters encounter waves at dif-
ferent phases, so their combined output is less variable than
that of a single unit. Array design therefore smooths the
supply through spatial averaging. Load modulation acts on
the other side of the balance by reshaping demand over
time. The two mechanisms are independent but potentially
complementary: one makes generation smoother, whereas
the other makes computing demand more responsive.

These approaches have not yet been designed together.
Studies of wave-energy arrays optimize the number and
arrangement of converters while treating the consumer
as a fixed load or a grid connection [56, 57]. By con-
trast, workload-scheduling studies adapt computing demand
while treating renewable generation as an external process

that the scheduler cannot influence [18, 94]. A joint design
would choose array geometry, load flexibility and storage
capacity together, subject to a target for completed compu-
tational work. Determining how much physical smoothing
can be replaced by flexible demand—and how much storage
is still required—remains an open problem.

This coupling raises three further questions. The first
concerns the control objective. Terrestrial workload sched-
ulers generally minimize electricity cost or carbon emissions
while meeting service-level requirements. An off-grid plat-
form has no electricity tariff to guide its decisions. Carbon
pricing applies to maritime transport through the European
Union Emissions Trading System, and a global mechanism
has also been proposed under the IMO Net-Zero Frame-
work [103, 104]. These mechanisms target greenhouse-gas
emissions from ships. For a platform powered entirely by
harvested renewable energy, they do not currently provide a
direct criterion for deciding which computations should run.

The objective must therefore come from within the plat-
form. One possibility is to maximize the amount of computa-
tional work completed per unit of harvested energy. This for-
mulation, however, requires a common measure of “work”
across heterogeneous jobs. A training task, an inference
request and a data-processing pipeline may consume similar
energy while producing very different forms of value. The
chosen measure will therefore determine which workloads
the scheduler favours. Defining this measure is not simply
an accounting issue; it shapes the operating priorities of the
platform.

The second question concerns stability. The computing
system influences the converter, while the converter’s output
limits how much computing can be performed. Together,
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Figure 5: The joint allocation problem of an autonomous oceanic computing platform. Forecasts at three horizons feed three
decision layers, which are coupled vertically, since a decision at one scale constrains the layers below and is bounded by those
above. The horizons are the wave-by-wave prediction [95, 96], the sea-state forecast [97, 98], and the weather-window statistics
that govern physical access [63]. The horizontal coupling between converter operating point and load modulation is the one the
patent record claims and the literature has not characterized [17, 58]. The feedback indicates that a change of position alters the
resource, the link geometry and the applicable legal regime [20, 49].

they form a closed control loop operating over at least two
timescales. Processor frequency and power consumption
can be adjusted within milliseconds, allowing rapid load
modulation that can follow individual wave dynamics [105].
Workload admission is slower. Once a task begins, it re-
serves memory, moves data and creates state that cannot be
released or reversed without overhead.

The wave-energy converter may also be governed by
its own predictive controller [95, 96]. It is not yet clear
whether the slower workload scheduler can treat rapid load
modulation as a small external disturbance, or whether the
computing and converter controllers must be designed as
one system. Poorly coordinated controllers could respond
to each other in ways that cause oscillation, reduce energy
capture or violate workload requirements. The effect of
rapid changes in computational demand on the converter’s
predictive control has not been characterized.

The third question concerns the output side of the plat-
form. Communication capacity varies independently of en-
ergy availability. A period of strong waves and abundant
electricity may occur when the satellite link is weak or
unavailable. Conversely, a good transmission window may
arrive when little energy is being harvested. The platform
must therefore coordinate energy storage, computation and
data buffering across two separate sources of uncertainty.

Storage capacity should consequently not be determined
only by the immediate working set of the computing tasks. It
must also reflect the joint statistics of energy supply and link

availability: how long low-generation periods last, how often
communication windows occur and how much computation
can be completed before results can be sent ashore. The
batteries and data buffers are therefore part of the same
scheduling problem as the generator and the workload.

4.2. Degrees of Autonomy and the Joint Allocation
Problem

Autonomy is not an all-or-nothing property. Maritime
research already provides a scale for describing how much
decision-making remains with a human operator and how
much is delegated to the system. The scale originated in
analytics maturity models [106], in which each level answers
a different question, and was later extended in the maritime
literature by adding an autonomous level at the top [15]. At
the descriptive level, a system reports its current state and
answers, "What is happening?" At the diagnostic level, it
identifies the cause and answers, "Why is it happening?" At
the predictive level, it estimates what will happen next. At
the prescriptive level, it recommends what should be done.
At the autonomous level, it acts on that recommendation
without waiting for a decision from shore. The first four
levels therefore support a human decision-maker; only the
fifth closes the loop between understanding and action.

A similar progression appears in structural engineer-
ing, where ships and offshore structures are evolving into
self-aware cyber—physical systems. Continuous monitoring
replaces periodic manual inspection, while prediction and
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planning replace intervention only after a fault has oc-
curred [16]. We adopt this scale because it separates know-
ing from acting, a distinction that is especially important for
an unattended facility at sea. Moving from prescription to
autonomy means that the platform must change a setting, op-
erate equipment or move through the physical environment
without first receiving approval from shore.

Applying a single autonomy label to an entire facility
would hide important differences among its subsystems.
We therefore assign a level separately to each of the six
decision domains. A submerged pod, for example, may be
autonomous in thermal control. Sensors monitor the temper-
ature of the internal cooling loop, and pumps adjust the flow
to keep it within the required range. Because the surrounding
seawater provides the heat sink, this control can be per-
formed locally. Maintenance may nevertheless remain only
descriptive: sensors can detect and report degradation, but
any repair still requires external support. A grid-connected
facility may reach the prescriptive level in workload man-
agement while having no positioning domain at all.

Figure 6 applies this scale to documented systems using
only the capabilities reported in their sources, rather than
those that the underlying technology might support in prin-
ciple. Reading across the rows shows that no system reaches
a high level of autonomy in every domain. Maintenance
and positioning also differ fundamentally from the other
domains. A workload, thermal or communication decision
can often be implemented by changing a software or control
setpoint. A maintenance or positioning decision requires
moving mass through water—whether a robot, a vessel, a
replacement module or the platform itself. This consumes
energy and time that cannot be recovered once the action
has begun.

Three patterns emerge from the mapping. First, the high-
est autonomy levels occur where action remains largely
digital. Workload management already reaches prescriptive
and autonomous levels in terrestrial data centers because the
decision is made and executed in software [18, 94]. Main-
tenance and positioning generally remain at lower levels
because acting on them requires physical movement in a
difficult environment.

Second, progress has occurred independently within sep-
arate research communities. Data-center engineering devel-
ops autonomous thermal control, maritime control develops
autonomous positioning, and field robotics develops au-
tonomous inspection and maintenance. A recent surveillance
architecture illustrates this separation. It combines a fixed
hydrophone with a second hydrophone carried by a mobile
robot, whose path is planned to maximize the observability
of an acoustic source [26]. This is a prescriptive capability
in the maintenance domain, but it was developed without
reference to the computing payload that the robot is intended
to protect.

Third, no documented system is reported to coordinate
decisions across all six domains. This is the main gap ad-
dressed by the survey. The energy—compute coupling de-
scribed in Section 4.1 shows why domain-by-domain au-
tonomy is not enough. The energy available to the platform
determines which workloads can run, but the computational
load can also change the operating point of the energy
converter. Adding autonomous subsystems therefore does
not automatically produce an autonomous platform. The
constraints that ultimately bind the facility are those that
cross domain boundaries.

These interactions can be expressed as one joint allo-
cation problem. At any moment, the platform has a certain
amount of harvested power and stored energy. It must divide
these resources among computation, cooling, data transmis-
sion, auxiliary systems and, where applicable, thrust. At the
same time, it must decide which computing tasks to execute,
defer, checkpoint or discard; when to transmit stored results;
whether to change position; and when to request physical
intervention. These choices cannot be separated. Each draws
on the same limited energy and resource budget, and each
changes the conditions under which the others must operate.

The problem becomes more manageable because its
variables evolve on widely separated timescales, as sum-
marized in Figure 7. The fastest dynamics follow the wave
period, on the order of seconds. At this scale, the computing
load and converter operating point act directly on one an-
other [17, 58]. Communication capacity varies over seconds
to minutes, including periodic degradation during satellite
handovers [71]. Sea states persist for hours and determine
the available wave resource, the thermal margin and the
workload mix that can be supported. Weather windows
operate over hours to days and determine whether a vessel
can safely approach [63]. Changes in the wider resource field
and season influence repositioning over days to weeks, while
degradation and hardware obsolescence drive maintenance
and reconfiguration over months to years. The full problem
therefore spans several orders of magnitude, from individual
waves to the lifetime of the computing hardware.

Each timescale is usually studied by a different research
community, and no single field covers the platform as a
whole. A decision made at one scale constrains decisions
at shorter timescales and is itself bounded by decisions
and conditions that evolve more slowly. The platform must
therefore coordinate rapid control actions with longer-term
operational commitments.

Figure 5 makes this structure explicit. Forecasts at three
horizons enter from the marine environment and feed de-
cision layers operating on different timescales. The lay-
ers are coupled vertically: a slow decision sets limits for
faster decisions, while fast operation must remain consistent
with longer-term commitments. Two features distinguish
this structure from a conventional one-way control hierarchy.

The first is the horizontal coupling at the fastest layer.
The converter operating point affects the electrical power
available to the computing load, while changes in the load
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alter the operating point seen by the converter. This bidi-
rectional relationship is claimed in the patent records [17],
but no published study has yet characterized its dynamics or
stability. The second is a return path from the slowest deci-
sion to the fastest input. Repositioning changes the marine-
energy resource available to the platform, the geometry and
quality of its communication link, and the legal regime
under which it operates. Position is therefore not merely an
output of the control system. By changing the environment
encountered by the platform, it also changes the inputs to the
fast control layer. The overall structure is consequently a loop
rather than a simple cascade: the slowest variable re-enters
the system at the point where the fastest one is determined.

This separation of timescales suggests a control hierar-
chy that the existing literature has not yet assembled. At the
fastest scale, the problem is one of power-electronic control,
linking load current to the operating point of the wave-
energy converter. At the intermediate scale, it is a scheduling
problem under two uncertain processes: stochastic energy
supply and stochastic capacity for sending results ashore.
Carbon-aware and renewable-aware scheduling provide a
starting point [18, 94], but their objectives must be adapted.
For an off-grid platform, a more relevant objective is the
computational work completed per unit of harvested en-
ergy, subject to service deadlines. At the slowest scale, the
problem becomes one of asset management under restricted
physical access, where maritime digital-twin methods are
most applicable [15, 16].

Two structural features distinguish this problem from
its terrestrial counterpart. The first is the absence of an
external reference signal. A grid-connected facility can op-
timize against electricity prices or carbon intensities set by
the wider power system. An off-grid platform has only its
own state, commitments and forecasts. Its objective must
therefore be defined internally, and the forecast is not simply
information supplied to the controller; it is part of the control
loop itself. The second feature is the asymmetry between
reversible and irreversible decisions. A scheduling choice
can often be changed in the next interval. A repositioning de-
cision consumes propulsion energy that cannot be recovered,
and a maintenance decision commits a vessel, personnel
and a weather window. The platform therefore combines
a fast, frequently revised control layer with a slow layer
whose actions have lasting consequences. Mathematically,
this resembles a stochastic control problem with switching
costs, in which changing the operating state incurs a non-
recoverable cost. The oceanic-computing problem has not
yet been formulated in these terms.

4.3. Maintenance and Positioning
4.3.1. Prediction without Access

Maritime engineering has made substantial progress in
diagnosis and prediction. Continuous monitoring of struc-
tures, machinery and environmental loads is replacing peri-
odic inspection with condition-based and predictive mainte-
nance [15, 16]. In principle, these capabilities can progress
from diagnosis and prediction to recommended actions and,

eventually, autonomous intervention. Offshore, however,
knowing what should be done is not the same as being able
to doit.

A model may predict that a component will fail within
a given period, yet the platform may be unable to inter-
vene. Physical repair requires a vessel, and vessel access
depends on suitable weather that follows its own sched-
ule. This changes the purpose of prediction. At a terres-
trial facility, prediction mainly provides time to repair a
component before it fails. At the offshore site examined
in [63], conventional crew-transfer vessels were unavailable
for roughly one-third of the year, and winter conditions
sometimes produced several consecutive days without a safe
operating window. Prediction therefore serves mainly to
organize maintenance around the limited opportunities for
access.

The platform must determine which interventions can
be combined during the next suitable weather window and
which forms of degradation can safely be tolerated until
then. The useful predictive horizon is therefore determined
not only by sensor and model performance, but also by the
access statistics of the site. A highly accurate prediction has
limited operational value if it extends only a few hours ahead
but the expected wait for a vessel-access window is several
days.

Existing systems address this constraint in two ways. The
first is to reduce or eliminate the need for access. A sealed
submerged pod is designed to operate without human inter-
vention throughout its deployment, but this reliability comes
at the cost of reconfiguration: failed or obsolete hardware
cannot be replaced until the entire pod is recovered [ 14, 34].
The second approach is to keep inspection capability per-
manently on site. This arrangement has been demonstrated
for acoustic surveillance, in which a mobile robot carries a
sensor around the facility and plans its path to maximize the
observability of the event being monitored [26]. A resident
robot turns part of maintenance from a vessel-access prob-
lem into an onboard control problem. Among the systems
reviewed in Figure 6, this is the only reported route by
which maintenance advances beyond diagnosis without first
requiring a vessel. To our knowledge, no existing design
combines the long unattended operation of a sealed pod
with a resident robotic system capable of inspection and
intervention.

4.3.2. Position as a Decision

For a moored or anchored facility, position is fixed. For a
self-propelled platform, it becomes an operational decision
whose energy cost was established in Section 3. In deep
international waters, where the seabed may be beyond reach
and anchoring may not be available, holding station is the
active and energy-intensive state. Drifting is the passive and
lower-energy state. The main question is therefore not simply
where the platform should be, but whether a particular
location is valuable enough to justify the propulsion energy
required to reach and maintain it.
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and the sources characterizing it.

The evidence reviewed here identifies four reasons why
relocation may be worthwhile. First, the wave-energy re-
source varies greatly with latitude. Reconstructions based
on several decades of historical wave conditions show val-
ues ranging from approximately 2 kW per metre of wave
front near the equator to 80 kW per metre in the Southern
Ocean [107]. Moving can therefore give the platform access
to a substantially richer energy resource.

Second, marine heat waves reduce the temperature dif-
ference that drives heat from a submerged facility into the
surrounding water. When this cooling margin becomes too
small, migration to cooler waters has been proposed as a
possible response [20]. Third, communication quality de-
pends on the platform’s location, orientation, motion and
geometry relative to the communication terminal or satellite,
and this dependence has been quantified for optical links
[82]. Fourth, the probability of gaining physical access for
inspection or repair also varies by site because weather and
sea conditions determine when a vessel can approach [63].

A mobile platform can respond to all four factors, but
they may favour different locations. A region with stronger
waves may provide more energy but poorer communication
or more difficult maintenance access. Cooler water may
improve heat rejection without providing the best satellite
geometry. The relative value of each factor also depends on
the workload. A task with a strict delivery deadline may

make connectivity the dominant consideration. A task that
can be delayed may instead favour a location with abundant
renewable energy, even if communication opportunities are
less frequent.

Position therefore cannot be optimized independently of
computing. The value of a location depends on the amount
and type of computational work it enables. Moreover, the
energy spent reaching and holding that location is no longer
available for the workload itself. Position consequently be-
longs to the same joint allocation problem described in
Section 4.2. Position is also unique among the decision
variables. Changing it may take days, and the propulsion cost
must be paid before the benefits of the new location are fully
known.

4.4. Forecasting as Part of the Control Loop

Section 4.2 showed that an off-grid platform cannot rely
on an external signal, such as an electricity price, to guide
its operation. Instead, it must make decisions using forecasts
of its own environment. These environmental forecasts span
three distinct time horizons, each using different methods
and supporting a different layer of the platform’s control
system.

At the shortest horizon, the sea surface is predicted wave
by wave, with the phase of each wave explicitly resolved [95,
108]. Model predictive control of a wave-energy converter
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typically requires a forecast of the incoming wave-excitation
force about 30 seconds ahead [95]. One approach treats
surface elevation as a time series and predicts its future
values from its recent history. Using this method, a linear
autoregressive model has been reported to forecast ocean
swell accurately for approximately two wave periods [97].
The prediction requirements for real-time converter control
have also been quantified separately [96].

Obtaining suitable measurements is the main practical
challenge. X-band navigation radar has been validated in
open water as a sensor for producing these short-term fore-
casts. The potential gain is substantial: predictive control
informed by wave forecasts has been reported to increase
captured power by more than 50% compared with causal
controllers, which respond only to conditions that have al-
ready been observed [95].

This shortest horizon is also the one at which com-
putational load can act on the energy converter. The en-
ergy—compute coupling described in Section 4.1 operates
over tens of seconds and therefore inherits both the capabil-
ities and the limitations of deterministic wave prediction. A
workload whose processing rate can be changed within this
interval can be coordinated with the approaching wave train.
A workload that can be adjusted only at a coarser timescale
cannot respond quickly enough.

At the intermediate horizon, the nature of the predic-
tion changes. Operational wave models no longer attempt
to predict the phase of every wave. Instead, they describe
the statistical state of the sea, providing quantities such as
significant wave height and mean wave direction over inter-
vals of one to three hours [98]. Wave-by-wave prediction is
neither available nor necessary at this range. These forecasts
support slower decisions, including which workloads can be
admitted, how much thermal margin is available and when
stored results should be transmitted. Such decisions depend
on the expected distribution of conditions rather than on the
arrival of an individual wave.

At the longest horizon, meteorological and oceano-
graphic, or metocean, forecasts support the planning of
physical actions. Weather-window analysis for offshore
operations uses hourly reanalysis and forecast data to es-
timate the probability that conditions will remain suitable
for a specified period. The required duration depends on
the intervention: personnel transfer, inspection, lifting and
major repair each need different access windows [63]. These
forecasts guide maintenance and repositioning decisions,
and their accuracy determines how far in advance the slow
and partly irreversible actions discussed in Section 4.3 can
be planned.

The three forecasting layers have largely been developed
by separate research communities. Phase-resolved predic-
tion is studied mainly for the control of individual wave-
energy converters, with the objective of maximizing cap-
tured power. Sea-state forecasting is developed for marine
operations, whereas weather-window analysis is used for
offshore asset logistics. These methods have not yet been
combined into a common forecasting architecture.

An autonomous computing platform would bring all
three forecasts into one decision system. Their errors would
then propagate into different operational domains and have
consequences of very different scales. Intuitively, an error
in a 30-second forecast may cost converted energy. An error
in a three-hour forecast may lead the platform to admit an
unsuitable workload or adopt the wrong transmission plan.
An error in a three-day forecast may result in an unnecessary
or unsuccessful vessel mobilization.

An important open question is therefore how uncertainty
at each forecasting horizon propagates through the joint
allocation problem. Answering it would reveal which fore-
casts most strongly affect system performance and where
improvements in sensing, modelling or computation would
provide the greatest value. Such an analysis is a prerequi-
site for any quantitative assessment of autonomous oceanic
computing.

4.5. Lessons Learned

Three conclusions are summarized from this section.
First, software-based decisions, such as workload schedul-
ing, can already reach prescriptive or autonomous levels.
Maintenance and positioning are less advanced because
acting on them requires physical intervention or movement
through water. Second, progress remains fragmented across
data-center engineering, maritime control, field robotics and
forecasting. Third, no documented system coordinates all six
domains.

These domains share the same limited resources but
operate over timescales ranging from seconds to years. Fast
decisions, such as load modulation, are frequent and re-
versible. Slow decisions, such as relocation or hardware
replacement, have lasting effects and reshape the conditions
under which faster decisions are made. Moving the platform,
for example, changes its energy supply, communication link,
cooling conditions and applicable operating regime. Unlike
a grid-connected facility, an off-grid platform also lacks an
external signal such as an electricity price, so its objective
must be derived from its own state, workload commitments
and forecasts.

Autonomy within individual subsystems therefore does
not amount to autonomy of the complete platform. Oceanic
computing requires a higher-level coordination layer that
allocates shared resources across all six domains and plans
ahead using forecasts of sea state, weather windows and
satellite passes.

5. The Legal and Regulatory Regime

The legal framework governing an oceanic computing
platform changes with its location. The siting axis in Figure 2
is therefore also a jurisdictional axis. Two distinct legal
regimes apply: one governs the platform as a physical object,
while the other governs the data it processes. Each imposes
its own environmental and compliance obligations, but the
two regimes arise from different bodies of law and do not
align neatly. The interaction among these regimes is least
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Table 3

Legal rules applicable to each siting option of Figure 2.

Siting Applicable law, platform Applicable law, data Unsettled

Coastal / nearshore Full coastal-State authority, do- Domestic data law of the Little. Ordinary offshore prac-
mestic permitting coastal State tice applies

Exclusive economic zone  UNCLOS Arts. 60, 80. Autho- Law of establishment and of the ~Whether a mobile node is an
rization, safety zone, removal data subject installation

duty

High seas UNCLOS Art. 87 freedom to Unchanged. Obligations follow Ship or installation. Removal
construct, Art. 60(8) no island operator and data subject standard. Safety-zone basis
status

Table 4

Maritime zones under UNCLOS and their implications for a computing platform.

Zone Coastal-State authority Articles Implication for the platform

Internal waters, Full sovereignty, subject to innocent passage 2-32 Ordinary domestic regulation applies. Permitting,

territorial sea safety and environmental law of the coastal State
govern the facility

Contiguous zone Enforcement limited to customs, fiscal, immigra- 33 No general regulatory power over the platform.

tion and sanitary matters Control is confined to the four listed matters

Exclusive economic Exclusive right to construct, authorize and regulate 60, 80 Coastal-State authorization required. Safety zones

zone, continental artificial islands, installations and structures, and of up to 500m may be established. Under Art.

shelf jurisdiction over them 60(8) the structure has no island status, no ter-
ritorial sea of its own, and no effect on maritime
delimitation

High seas None. No State may claim sovereignty 87-89 Freedom to construct installations, subject to due

regard for the rights of other States. Reserved for
peaceful purposes. The Convention's detailed rules
on installations apply only by analogy

settled for emerging far-offshore configurations. Table 3
summarizes the rules applicable to each siting option.

5.1. The Platform under the Law of the Sea

The United Nations Convention on the Law of the Sea
(UNCLOS) divides the ocean into zones in which coastal-
State authority progressively declines: internal waters, ter-
ritorial sea, contiguous zone, exclusive economic zone and
high seas [49]. Table 4 summarises each zone, the powers
available to the coastal State and the consequences for a
computing platform. The submerged deployments discussed
in Section 3 fall within these established regimes. They are
therefore typically developed with national operators and
permitted through the same procedures used for conven-
tional offshore infrastructure. UNCLOS also makes clear
what such a structure does not become: regardless of its
scale or permanence, a computing platform creates no ju-
risdictional zone of its own. Beyond national jurisdiction,
however, the framework is less certain. The high-seas regime
is permissive in principle and generally allows such struc-
tures, provided that other lawful uses of the sea are respected.
Yet it offers little guidance tailored to computing platforms,
leaving their legal treatment only partly defined [109].

The important uncertainty is classification. A self-propelled

node that generates its own power, moves under its own
control and carries neither cargo nor passengers fits poorly
within the categories recognised by UNCLOS. If classified
as a ship, Articles 91, 92 and 94 apply: it must be registered,

fly the flag of one State and remain under that State’s
jurisdiction and control in administrative, technical and
social matters. If classified as an installation, its construction
on the high seas is governed by the freedom recognised
in Article 87. However, UNCLOS’s detailed provisions for
installations were written for the exclusive economic zone
and continental shelf and apply beyond those zones only by
analogy [109]. This distinction has practical consequences.
It determines the applicable safety standards, the authority
responsible for inspection, the rules governing collisions
with vessels and whether enforcement mechanisms associ-
ated with flagged ships are available. A platform operating
without a flag may be treated as stateless. Under Article
110, a warship may then board it on the high seas because
UNCLOS permits the boarding of a ship without nationality.

Mobility deepens this uncertainty. A fixed installation
remains in one legal location throughout its operating life.
A self-propelled node can cross the boundaries shown in
Table 4, and the applicable rules may change each time it
does so. Section 4.3 treats repositioning as an operational
choice shaped by energy availability, thermal conditions and
connectivity. Legally, however, the same movement can also
shift the regime governing the platform. No existing formu-
lation of the allocation problem accounts for this change in
applicable law.
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Table 5
Data-related regimes and their effect on siting, as of mid-2026.

Jurisdiction Instrument Transfer rule Constrains position
European Union GDPR [50] Permitted under safeguards No
United States CLOUD Act [51] Disclosure regardless of storage No
China PIPL [110], CSL [111], DSL [112] Assessment or certification Yes
Vietnam Law 116/2025/QH15 [113] Localization for listed data Yes
Singapore PDPA [114] Permitted under safeguards No
Japan APPI [115] Permitted under safeguards No
Hong Kong PDPO, s.33 [116] Restriction not in force No
India DPDP Act, s.16 [117] Permitted unless notified No

5.2. Jurisdiction over the Data

The second legal regime follows the data rather than
the platform, and it operates according to a different logic.
Data residency describes where data are physically stored.
Data localization requires them to remain within specified
borders. Data sovereignty identifies the legal framework that
governs them, which need not match either their physical
location or a localization requirement [118]. Moving servers
beyond national territory therefore does not move the data
beyond national law. The General Data Protection Regula-
tion (GDPR) applies to the personal data of individuals in the
European Union wherever those data are processed. More-
over, the assessment of foreign-surveillance risks required
for international transfers is a continuing obligation [119].
Under the United States CLOUD Act, data controlled by a
United States provider is subject to disclosure obligations
regardless of where it is stored. An operator remains bound
both by the law of its place of establishment and by the
law governing its customers’ data. Moving the hardware into
international waters removes neither obligation.

National approaches to data transfer and localization
vary widely, as summarized in Table 5 [120]. Many ju-
risdictions permit international transfers when appropriate
safeguards are in place, and these safeguards can continue
to apply as a workload moves. Localization rules are more
restrictive because they tie data storage or processing to
a defined territory. For a mobile platform, they directly
limit where a regulated workload may operate. Singapore
and Japan generally allow transfers subject to appropriate
safeguards [114, 115]. China and Vietnam impose localiza-
tion requirements on particular categories of data or opera-
tors [110, 113]. Hong Kong and India generally permit trans-
fers by default. Hong Kong’s statutory transfer restriction has
never been implemented [116], whereas India allows trans-
fers except to countries formally notified as restricted [117].

Offshore deployment also creates distinct security con-
cerns because a platform may operate without continuous
physical supervision. This makes attacks requiring direct
access, such as cold-boot recovery of data from memory,
more relevant [121]. Stronger protection of cryptographic
keys and remote attestation are therefore needed to verify
platform integrity without an on-site inspection [122]. A
secure design keeps key-management functions onshore so

that gaining physical access to the platform does not re-
veal readable data. The same separation does not remove
privacy obligations. Under the GDPR, operators must im-
plement data protection by design, minimize the personal
data they process and apply security measures appropriate to
the risk [123]. Cross-border transfer rules further constrain
where personal data may be stored or processed.

Two consequences follow. First, an offshore computing
platform is not a data haven. Treating it as one misreads the
applicable law because legal obligations follow the operator
and the data subject, not simply the location of the machines.
Second, mobility makes position legally consequential. A
workload subject to localization requirements restricts the
places in which the platform can operate. The allocation
problem in Section 4.2 must therefore include legal con-
straints alongside physical ones. A deferrable job with no
jurisdictional restriction may follow the most favourable
energy resource, whereas a regulated workload cannot leave
the zone in which it is permitted to be processed. In this
sense, position becomes a compliance variable.

5.3. Environmental Obligations

Part XII of the UNCLOS establishes a general duty to
protect and preserve the marine environment [49]. Article
208 requires States to adopt laws that control pollution from
installations under their jurisdiction, while Article 206 re-
quires an assessment when an activity may cause substantial
pollution or significant harmful changes. Within national
jurisdiction, these duties are implemented through domestic
environmental-assessment procedures. The Baltic Sea illus-
trates the practical complexity that can arise when several
national regimes overlap within a semi-enclosed sea [54].

Three effects specific to computing platforms fall within
these provisions and are examined in Section 6: the discharge
of heat into surrounding water, underwater acoustic emis-
sions and the fate of the structure at the end of its life. Article
60(3) requires installations that are no longer in use to be
removed, with due regard for navigational safety and the
marine environment. No equivalent specific removal duty
applies on the high seas, where only the broader obligations
under Part XII remain. For a sealed pod whose operating
life may be measured in years while its structure may last
for decades, decommissioning is therefore a significant obli-
gation. Yet neither the disclosures examined in Section 3
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nor the other documents reviewed explain how recovery or
removal would be managed.

5.4. What Remains Unsettled

Four questions remain unresolved. First, should a self-
propelled computing platform be classified as a ship, an
installation or a third legal category, and what would each
classification mean for registration, inspection and liability?
Second, is there any high-seas equivalent to the safety zones
permitted in the exclusive economic zone, and can such a
platform therefore keep approaching vessels away? Third,
how should a fleet of platforms that occupies an area and
moves within it satisfy its duty of due regard under Article
87? Fourth, how should the maritime legal regime interact
with data-protection obligations when the two impose con-
flicting limits on where processing may take place?

These questions will need to be addressed before large-
scale commercial deployment. Their answers will shape
which oceanic-computing configurations are commercially
viable as much as the technical constraints examined in this

paper.

6. Environmental Effects

Section 5 examined which State has authority over an
oceanic-computing platform and the data it processes. Here,
we turn to the platform’s effects on the marine environ-
ment and the standards used to assess them. UNCLOS
links these issues because it governs both jurisdiction and
environmental protection. The environmental case for off-
shore computing rests partly on the impacts it avoids: land
occupation, freshwater consumption and reliance on grid
electricity generated elsewhere [1, 5]. This section examines
four effects created by placing computing infrastructure at
sea. Evidence exists for each, but comes largely from studies
of other industries. The final subsection identifies what has
yet to be measured.

6.1. Thermal Discharge

Data centers generate substantial heat, and an offshore
facility ultimately releases it into the surrounding water. The
closest established analogue is cooling at coastal thermal and
nuclear power plants, where a large share of primary energy
is discharged to the sea as waste heat [124]. Continuous dis-
charge from such plants has been reported to raise local water
temperatures by 4-7 °C, creating surface plumes that spread
away from the site [125]. Reported effects include lower
dissolved oxygen, changes in benthic community structure
and biodiversity, suppressed phytoplankton growth within
the plume, thermal stress in sensitive organisms and altered
stratification of the receiving water [124-126].

The analogy applies to mechanism, not scale. A nuclear
plant rejects heat at the gigawatt scale, whereas the largest
disclosed offshore computing facility is rated in tens of
megawatts [55]. Even so, the underlying processes and the
mitigation strategies developed for them remain relevant.
Discharge depth is the principal design variable. Releasing
heat below the mixed layer can improve dilution and reduce

effects on photosynthetic communities [126]. In the struc-
tural regimes shown in Figure 2, however, this choice is
constrained by platform design. A submerged pod releases
heat at depth, whereas a floating platform releases it into the
upper water column. Because this layer is illuminated and
biologically active, surface discharge may expose planktonic
communities more directly to thermal perturbation. Deeper
discharge may reduce this exposure, although the ecological
outcome depends strongly on the release depth and local
oceanographic conditions.

Mobility adds a question with no direct counterpart in the
power-plant literature. A mobile platform spreads its thermal
discharge along its route rather than concentrating it at a
fixed site. This can reduce local exposure but enlarge the
total affected area. Whether that represents an environmental
improvement depends on whether ecological damage occurs
only above a threshold or accumulates over time. This ques-
tion has not yet been examined for a moving marine heat
source.

6.2. Underwater Noise

Sound from an underwater source can remain detectable
over much greater distances than sound from a comparable
source on land [127]. Human-generated underwater noise
is therefore recognized as a stressor on marine fauna. Its
main effect is acoustic masking: background noise reduces
the distance over which animals can communicate, navigate,
forage and detect predators [127, 128]. The International
Maritime Organization has issued revised guidelines for
reducing underwater noise from shipping [129], and its
Marine Environment Protection Committee has approved
an accompanying action plan [130]. Offshore computing
platforms, however, have a different acoustic profile and do
not fit neatly within this framework.

Noise from ships is dominated by propeller cavitation
and flow around the hull during transit [131]. A moored
or slowly moving computing platform produces little of
either. Its main source is instead likely to be structure-borne
noise from pumps, compressors and cooling equipment.
Vibrations from this machinery enter the hull and radiate
into the surrounding water through a pathway that has been
characterized experimentally for ship machinery [131, 132].
This noise differs from conventional shipping noise in two
respects. First, it is continuous rather than episodic because
the machinery operates whenever the facility is computing.
Second, it is concentrated at discrete frequencies determined
by the rotational speeds of the equipment and its blades.

This mechanism also links environmental noise to phys-
ical security. External narrowband sound can pass through
the enclosure of a submerged pod and disrupt the storage
devices inside [26, 48]. The same structural pathway oper-
ates in reverse, allowing vibrations from internal machinery
to pass through the hull and radiate into the water. The hull is
therefore a two-way acoustic interface. Measures that reduce
vulnerability to external acoustic injection may also reduce
noise emitted by the platform, but no study has yet examined
both directions together.
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6.3. Colonization and the Artificial Reef Effect

Submerged structures are colonized by marine organ-
isms. Section 3 treated the resulting biofouling as a thermal
liability, but the same process also has ecological conse-
quences. The patent record presents colonization as a design
objective, describing the vessel as an artificial reef intended
to support the surrounding ecosystem [34]. Colonization
follows a well-documented succession and depends on the
construction material, surface properties and local envi-
ronmental conditions [22, 69]. Yet offshore practice has
no established criterion for balancing thermal performance
against ecological effects, leaving this trade-off largely un-
explored. Antifouling measures preserve heat-transfer per-
formance by suppressing colonization, whereas allowing
organisms to settle can support local biomass but reduce
cooling efficiency. A facility whose thermal margin has
already been narrowed by marine heat waves [20] has limited
flexibility in making this trade-off. In practice, the outcome
is determined implicitly by the coating specification rather
than through a deliberate environmental decision.

6.4. End of Life and the Measurement Gap

Removal obligations apply when offshore installations
are no longer in use. These duties are codified for the ex-
clusive economic zone and continental shelf, with a similar
expectation elsewhere [49]. The marine structures consid-
ered here are designed to remain in service for decades,
whereas their computing hardware may be replaced within
a few years. Decommissioning is therefore a foreseeable
event within any operator’s planning horizon. Yet none of the
disclosures reviewed in Section 3 explains how a platform
would be recovered. Moreover, the programme responsible
for the most extensively documented deployment was closed
for commercial, rather than environmental, reasons [14].

More broadly, the available evidence is indirect. Each
effect discussed above is supported by research from an-
other industry: thermal discharge from power generation,
underwater noise from shipping, colonization of marine
infrastructure, and decommissioning in the oil and gas sec-
tor. None has been measured directly at an offshore com-
puting facility. Environmental assessments conducted for
the deployments reviewed here are not publicly available,
and the performance figures released by operators concern
energy and water use rather than effects on the marine
environment [55]. Establishing environmental baselines and
monitoring protocols specifically for this class of facility is
therefore essential to support the environmental claims on
which the paradigm partly rests. At present, such evidence
is absent.

The physical installation creates three further impacts.
First, submarine power cables produce electric and magnetic
fields during operation. These fields may affect species that
use magnetoreception or electroreception for orientation and
navigation [133, 134]. Benthic organisms may face par-
ticularly persistent exposure because cables are commonly
buried within, or placed close to, the seabed [134]. Electrical
losses can also heat the surrounding sediment, although

field measurements from operating installations remain lim-
ited [135].

Second, corrosion protection can introduce metals into
the environment. Galvanic anodes gradually dissolve during
operation, releasing aluminium and zinc into the surround-
ing water. Reported environmental concentrations generally
remain below observed toxicity thresholds [136].

Third, the infrastructure carries embodied carbon: the
emissions associated with manufacturing and constructing
its components. Servers are replaced more frequently than
the supporting offshore structure. As operational electricity
becomes less carbon intensive, these embodied emissions
account for a growing share of the overall footprint [137].
Mitigation measures may be adapted from offshore wind
practice, although their suitability for computing platforms
must be assessed case by case. Burying power cables in-
creases the distance between the conductor and the seabed
surface, reducing—but not eliminating—Ilocal electromag-
netic exposure [133]. Burial conditions also affect heat dis-
sipation and cable ampacity, or the current that a cable
can carry safely, through the thermal properties of the sur-
rounding sediment [138]. German offshore regulation limits
sediment warming to 2 K above ambient at 20 cm below
the seabed [139]. Meeting this requirement constrains cable
size, burial design and current rating [139]. Impressed-
current cathodic protection can avoid the continuous metal
release associated with galvanic anodes, but it requires an
actively powered subsystem and produces chlorine-derived
oxidants through electrolysis at the anode [140].

7. Open Challenges and Research Roadmap

The gaps identified in the preceding sections are col-
lected here and organized by the horizon over which they can
be addressed. These issues differ in the evidence, models,
and technological maturity required to investigate them.
Some can be addressed with existing tools. Others require
measurements that are not available at the moment, while a
third group still lacks the framework needed to formulate the
problem. Economic feasibility cuts across these categories.
Specifically, the assessment framework exists, but several
key inputs remain unavailable.

7.1. Questions Answerable with Existing Methods

Four problems can be addressed with the tools already
available, and each would produce a result that the field
currently lacks.

The closed loop between load and converter. The patent
record claims that computational load can regulate the re-
sistance offered by a turbine to its fluid flow [17], which
makes the load and the converter a single dynamical system.
That system has never been characterized. Establishing its
stability margins and its bandwidth, and determining when
load modulation interferes with the predictive control of the
converter itself [95, 96], would yield the first control model
of a computing platform that acts on its own power source.

Joint design of array geometry and load flexibility. Array
smoothing and load modulation reconcile a stochastic supply
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with a demand through independent mechanisms [17, 56,
57]. The wave-energy literature optimizes the first while
treating the consumer as fixed, and the scheduling literature
optimizes the second while treating the supply as given.
Choosing them together, against a target on delivered work
and a constraint on storage, would establish how much array
size can be traded for load flexibility, and at what cost.

Propagation of forecast uncertainty. Three forecasting
horizons feed one decision-maker, and their errors enter
different domains [63, 97, 98]. Tracing how uncertainty at
each horizon propagates into the allocation problem would
identify which forecasts are worth improving, which is a
prerequisite for deciding whether to invest in sensing or in
computation.

Levelized cost of computation. The stochastic assessment
framework developed for offshore energy can be transferred
to oceanic computing once the denominator is replaced [63].
Applying it to assumed inputs would reveal which parame-
ters most strongly influence the outcome and, therefore, what
future instrumented deployments should measure first.

7.2. Questions blocked on measurement

Three problems cannot be resolved from the public
record as it stands.

Achieved performance of existing deployments. Capacity
factors, availability, intervention frequency, and operating
cost are undisclosed for every system reviewed here, and
the figures that operators publish concern power usage effec-
tiveness rather than delivered computation [ 14, 55]. Without
them, the economic question remains open in principle and
not in detail.

Environmental baselines. Thermal discharge, radiated
noise and colonization have each been studied for other
marine industries, and none has been measured for a com-
puting facility [22, 126]. The distinctive questions, namely
the effect of a mobile thermal source and of continuous tonal
machinery noise, require instrumented deployments instead
of analysis.

Acoustic reciprocity of the enclosure. External acoustic
emissions can couple through a pressure vessel and disturb
the storage devices inside [26, 48], and internal machinery
radiates outward through the same path. Whether the same
design measures reduce both directions can be settled only
by experiment on a real enclosure, and no such measurement
exists.

7.3. Questions Requiring a New Formulation

Three problems are open in the stronger sense that the
framework for posing them does not yet exist.

Cross-domain coordination. No documented system co-
ordinates decisions across the six domains of Figure 6. The
problem mixes a fast reversible layer with a slow irreversible
one, which places it in the class of stochastic control prob-
lems with switching costs. It has not been posed in these
terms for a marine computing platform.

Position as a compound variable. Repositioning is si-
multaneously an energy decision, a thermal decision, a con-
nectivity decision, a maintenance decision and a change of

applicable law [20, 49, 80]. No formulation carries all five,
and the legal term has no representation in the formulations
reviewed here. A platform that drifts adds a further coupling,
since its trajectory follows currents, tides and wind, and
is therefore forecastable from the same metocean data that
drives the energy and access layers [63, 98]. Predicting
where the platform will be predicts which satellites it will
see and under what pointing geometry, so drift forecasting
and link forecasting are intimately connected problems, and
neither the maritime nor the satellite literature treats them as
such.

Fleet-level architecture. The patent record discloses
power sharing across inter-tethered units [24], and optical
links between platforms would permit results to be aggre-
gated before transmission [76, 80]. A fleet that shares both
power and bandwidth is a different object from a collection
of independent platforms, and its control architecture and its
economics remain undescribed.

7.4. The Economic Feasibility

Offshore deployment has a different cost structure from
onshore deployment. It avoids land-acquisition costs, which
are substantial and rising in constrained markets [1]. How-
ever, it can add costs for marine engineering, installation
vessels and qualification of equipment for the marine envi-
ronment [14]. On the operating side, it removes freshwater
consumption for cooling [5] and reduces the energy devoted
to heat rejection, since seawater provides a heat sink whose
temperature is more stable than ambient air [8, 9]. It adds
intervention costs governed by vessel availability, and not
by labour rates. In offshore wind, where similar vessels and
weather constraints apply, maintenance fleet selection can
change energy costs by more than EUR 14/MWh, from about
124 to 110, while also reducing cost variability [63]. A major
source of this cost is downtime caused by limited weather
windows and logistics availability. In adverse conditions,
these factors can account for up to 60% of total downtime,
while a 20% reduction in winter accessibility increases the
cost by EUR 9-12/MWh [63].

The offshore energy sector assesses projects through the
levelized cost of energy, defined as the present value of life-
time costs divided by the present value of energy delivered,
with the denominator computed net of downtime and acces-
sibility restrictions and not as theoretical output [63]. The
same structure applies to an offshore computing platform
once the denominator is replaced by the present value of
computational work completed, net of the time during which
the platform cannot compute or cannot deliver results. The
substitution is substantial, because the terms that populate
the denominator differ from those of a terrestrial facility.
Availability is an outcome of the interaction between har-
vested energy, link capacity, failure occurrence and weather-
window access, and not a fixed correction factor [63]. Work
completed depends on the energy actually harvested, which
is stochastic [56, 58], on the fraction of results that can be
transmitted, which is also stochastic [73], and on the propul-
sion energy diverted to station keeping, which competes
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directly with computation. A platform can be energized and
idle because its link is unavailable, or connected and idle
because its supply has fallen, and a terrestrial availability
model represents neither state. The appropriate assessment
method is therefore stochastic, as offshore wind has already
recognized, and the basis of comparison must be delivered
work and not installed capacity.

The inputs for such an assessment are missing. The
capital cost by component, intervention frequency and cost,
achieved availability, and the value of the work performed
are absent from the record for every system examined here.
The paradigm is therefore being capitalized in advance of a
published economic case. The configurations that followed
Natick differ from it precisely in removing the grid connec-
tion, the cable and the fixed position. Whether that alters the
conclusion is the central open question.

7.5. Roadmap

The dependencies among these questions suggest an
order. The control-theoretic work in Section 7.1 can proceed
immediately and produce the models required for a cross-
domain formulation. Instrumented deployment, whether of
a full facility or of a representative structure, unblocks
the environmental and acoustic questions and supplies the
inputs for economic assessment. The formulation problems
depend on both. The legal questions are on an independent
track and are the slowest, since they are resolved by state
practice and interpretation and not by research. Moreover,
they may become binding before the technical questions
are settled. The subsystems are individually mature. Wave
energy conversion, seawater heat rejection, maritime auton-
omy, and satellite backhaul all have substantial literatures
and demonstrated hardware. Therefore, future progress will
depend on the coupling between them, on evidence that the
resulting system performs, and on a legal status for the object
that performs it.

8. Lessons Learned

This survey has examined oceanic computing as a uni-
fied infrastructure class. This emerging paradigm encom-
passes submerged pods, moored platforms, converted ves-
sels, and self-propelled nodes operating in international wa-
ters. These configurations are usually studied separately,
and the technologies that support them are often considered
independent subsystems. Examining them together reveals
six broader lessons.

The paradigm predates its recent visibility, and much of
its early development is documented in patents. A complete
floating, wave-powered, seawater-cooled computing facility
was disclosed in 2007 [13], nearly two decades before the
first reviews of the subject appeared [23, 25]. Reading that
corpus as a source of design requirements recovers a body
of engineering that the peer-reviewed literature has not cod-
ified [46].

Technical demonstration and commercial viability are
separate questions here, and the former does not imply the

latter. For instance, sealed deployment reported a compo-
nent failure rate of about one-eighth that of a comparable
land facility, yet the programme was later discontinued for
commercial reasons [14]. The underlying trade-off weighs
reliability against the ability to change the configuration after
deployment, and not against cost [13, 24].

Computational load is a control variable and can be
optimized according to the energy supply and storage. The
record claims regulation of a turbine through adjustment
of the rate of computational work [17], which inverts the
direction assumed by the terrestrial scheduling literature [ 18,
94, 99]. The benefit lies less in additional harvested energy
than in the possibility of sizing the conversion chain. It also
gives the platform a second smoothing mechanism, inde-
pendent of the geometric smoothing obtained by dispersing
converters [56, 57].

Autonomy in individual domains does not automatically
lead to autonomy at the system level. Autonomy is highest
when decisions can be implemented through software, as in
workload scheduling or thermal control. It is lowest when ex-
ecution requires physical intervention in the marine environ-
ment, as in maintenance [15, 16]. The binding constraints are
those that cross domains, and no documented system coordi-
nates across them. Offshore prediction supports scheduling
and not prevention. The useful predictive horizon therefore
depends on site accessibility and the availability of interven-
tion windows [63].

Position is expensive and legally consequential. On the
high seas, mooring may be unavailable or impractical. A
platform will therefore drift unless it uses energy to maintain
its position [24, 52]. Movement also changes the applicable
maritime regime and may conflict with data-localization
obligations [49, 50], which makes position a compliance
variable as well as a physical one. The connection mode car-
ries a comparable double character, since a cable-connected
facility inherits the exposure of subsea infrastructure [54]
while a satellite-connected platform is vulnerable to jam-
ming and service dependent [26, 48].

The environmental case is another important concern.
Thermal discharge, radiated noise and colonization have
been studied for other marine industries and never for a
computing facility [22, 131]. Direct evidence is also miss-
ing for system performance. Current deployments usually
report capacity and efficiency, but not achieved availability
or delivered computation. Additionally, the legal status of a
self-propelled platform operating on the high seas remains
unclear.

Two developments could change this assessment. Pub-
lishing operational data would enable quantitative economic
analysis, while formulating the joint allocation problem
would provide a common object of study. Oceanic com-
puting subsystems already have dedicated hardware and
established research. The integrated system, however, has
neither. This survey describes that system, summarizes the
requirements disclosed over two decades of patents, and
highlights what remains unmeasured.
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