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As the operational scope and mission duration of
unmanned maritime systems (UMS) expand,
next-generation energy technologies that can
overcome conventional power limitations are
increasingly required. This study evaluated the
applicability and limitations of major advanced energy
technologies, including high-energy-density batteries,
fuel cells, marine renewable energy, and docking
infrastructure, based on military operational
requirements. Accordingly, this paper proposes
strategic directions for developing integrated energy
architectures to secure operational endurance and
advance the autonomy of future UMS.
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Fig. 1. Next-generation energy systems for UUVs (a) Primary modules of an UUV and classification of UUV energy
systems. (b) Technical roadmap of hybrid energy system. (c) Energy resources available for UUV use and the con-
ceptual diagram of underwater wireless charging technology. (d) Typical UUV and their energy-related performance
parameters. (e) The functions of battery management system (reprinted with permission from Open Access article [2])
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Table 1. Comparison of major energy technologies for military unmanned maritime systems

Technology

R L D EER RS

Aol 4] ojn)y

T

A

Energy
Density
(theor.)

System-
Level Role

b Aok 2y

Practical / System-Level

SFOURAI| XML G X] £17]E MY

A 7= S0 A8 55

A TR ALY dF A

Expt. Endurance

®rhe 4788 A4 2 %

ot

570 grEo Ao[8]. =,

How &9dY MREE o7 W& A 5 T2 = ATt
FEAder  {FAALEE SHA 2 B2V A

3& =&E3foF TS WPT A A A 0.2 oA & Bitste &

FHie =d & o] oty R MY S YA oz Aot

= ovA dnZ V&0t 53] HEF4 A FA 4

A A7 e AYEH F4], 48 A, jHE 499

Critical Limitation(s)

Baseline onboard

Commercial high—-energy cells

Thermal runaway risk, limited
energy-density ceiling,

LIB ~800 Wh/L  are typically ~550-730 Wh/L; 9  Days to weeks .
energy storage constrained long—endurance
lower at the pack level .
submerged operation
. . Reduced ionic conductivity at
Next-generation - Potentially Recent stack/pouch-level low temperature, interfacial
ASSB onboard energy ~ >900~1,000 P 4-6  Weeks to months emp ' -
reports are around ~670 Wh/L resistance, manufacturing and
storage Wh/L
stack—pressure dependence
Ultra—high- Recent pouch-cell reports are Polysulfide shuttle, volumetric
Li-S battery  energy onboard  ~2,800 Wh/L P P 3-5  Weeks to months expansion, limited cycle life and
~555-985 Wh/L o
storage long—term stability
Low-signature System-level values of ~400
PEMFC primary power . Wh/L have been reported, but H,/0, storage burden, water and
. Not directly
with H, source for , strongly depend on hydrogen 6-7 Weeks to months thermal management, system
comparable .
storage long—endurance storage and balance-of-plant complexity
operation configuration
Docking— Can support
cou Ie% In situ refueling More appropriately assessed in months—scale Chlorine evolution reaction,
p and terms of logistics resident chlorine-induced corrosion,
RO- . N/A . 3-5 h -
logistics—support independence rather than operation desalination burden,
AEMWE / ; . . .
DSE infrastructure onboard energy density through repeated maintenance complexity
docking
Better suited for low—power .
" . Long-duration .
Auxiliary / maintenance loads than for Low power density,
MRE . : - support under )
: maintenance N/A primary propulsion because of ~ 5-7 environmental dependence,
harvesting : ; low-load . .
power source low and intermittent power . intermittent output
. conditions
density
. . Can support Sensitivity to alignment,
Inductive underwater charging months-scale .
Underwater  Energy transfer - : : seawater-induced losses,
. N/A efficiency is commonly 6-8 operation
WPT infrastructure o dependence on external
reported at ~88-93% through repeated .
) infrastructure
docking
Ultra—-long—endur Not directly  Power output is typically on the N Months to years Insufﬂu_ent output for primary
RTG ance low-power 2-3"  for low—power propulsion of large UMS
comparable order of ~110 W
source loads platforms
Potential . Shielding mass, safety and
ultra-long- . Conceptual designs suggest .
. Not directly regulatory constraints, lack of
micro-SMR endurance, +>10 years of autonomous 2-3  Months to years . .
. comparable . . : platform-level integration and
high-power operation without refueling .
cource demonstration

“TRL values are approximate and inferred from publicly available literature and demonstration cases. Expected endurance may vary depending
on mission load, platform size, and hybrid system configuration.
*Direct comparison in Wh/L with electrochemical batteries should be interpreted with caution, because the system volume of PEMFC and

micro—SMR architectures is dominated by fuel storage, shielding, and balance—-of-plant components rather than by the conversion unit alone.
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The TRL shown for RTG refers specifically to its applicability to military UMS, not to the general maturity of RTG technology itself.
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