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The purpose of this work is to estimate and compare the endurance of two alternative power sources for 

deep-sea Autonomous Underwater Vehicles (AUVs): lithium ion electrochemical batteries (LIB) and a nano-

enriched molten salt thermal storage with a closed cycle thermal engine (TSE) recently designed by Thermal 

Motors LLC. The results of the comparison are based on the empirical data and demonstrate that the endurance 

of the TSE power source is three times higher than the endurance of the LIB for 3000 meters depth rating. The 

results of this work may be of interest to AUV users, manufacturers and designers, planning and performing 

deep-sea missions. 

Introduction 

Research work presented in the materials of the preceding international conference Minerals of the Ocean-7 

& Deep-sea minerals mining-4 in 2014 has demonstrated the importance of deep-sea mining technologies 

capable of operating at depths exceeding 3000 meters. Verichev, Jonge, Boomsma and Norman [1], p. 126, 

discussed how two main mineral groups - seafloor massive sulphides (SMS) and seafloor manganese nodules 

(SMnN) - are located and mined in pilot projects at depths exceeding 3000 meters. Additionally, the analysis of 

the ferromanganese crust samples by Halbach, Jahn and Koschinsky [1], p.37, has showed how the rare earth 

elements and heavy rare earth elements increase their concentration, exceeding 1200 ppm and 150 ppm 

correspondingly, at depths more than 3000 meters. Yet, the need for high quality geo-data to perform optimal 

mining operation remains a cornerstone for the deep-sea exploration (Wambeke, Benndorf, [1], p. 138). 

According to the empirical results of Jamieson, Petersen, Augustin, and Steinführer “The integration of 

surficial observation and GIS-based analysis of the high-resolution AUV bathymetry allows for a much more 

accurate resource estimate to be made” [1], p. 42. Let us take a look at the current dynamics in the AUV 

market. 

Deep-sea mining requires a fleet of specialized unmanned underwater vehicles (UUV) – Remotely Operated 

Vehicles (ROV) and Autonomous Underwater Vehicles (AUV). By 2020 the market of unmanned underwater 

vehicles is estimated to achieve $4 bill [2], [3]. The number of different UUV models in the market has 

increased three times since 2009 [4]. It is expected that AUVs will be dominating the market of UUV due to 

reduced by the factor of eight operational costs comparing to ROV [3]. This expectation is already reflected in 

the current and future trends. The current trend demonstrates increasing research work conducted for AUVs and 

the declining research activities for ROVs [5]. The future trend is based on the market prediction of sales 

growth for AUVs and ROVs by the end of the decade. The forecast shows that the sales for AUVs will be 

growing twice faster than ROVs by 2019 [6]. What are critical requirements applied to the emerging market of 

AUVs? 

The future AUVs for commercial applications, among other characteristics, require a power source with 

endurance exceeding several times the existing analogs. The power source shall effectively perform charge-

discharge cycles under pressures more 300 atmospheres and temperatures between -2C to +4C. At the same 

time, the power source shall be safe in service, have a passive pressure balancing system, and be less dependent 

on sensible raw materials. Unfortunately, the existing electrochemical power sources do not successfully meet 

the desired requirements for deep-sea operation, having for a general AUV the endurance of around 16 hours at 

the working depth of 3000 meters [7]. Additionally, the performance of such power sources is reduced under 

increasing number of charge-discharge cycles at temperatures close to 0C [8], [9]. This work presents an 

alternative AUV’s power source for deep-sea exploration capable of meeting the desired requirements – a 

nano-enriched thermal storage with a closed cycle thermal engine. 

Literature review 

Lithium ion (LIB) and silver-zinc electrochemical batteries are common power sources for AUVs [10]. LIB 

are becoming more popular due to its increased specific energy and electrochemical stability [11], [12]. 

However, LIB are not originally designed to operate under higher pressures [11], [13] and temperatures close to 

zero Celsius [8], [9]. The increase of AUV’s operational depth every 1000 meters leads to the reduction of the 



effective LIB specific energy by 15% [13]. Additionally, the operational temperatures close to zero Celsius lead 

to the reduction of battery’s performance on 10% to 50% under the increasing number of charge-discharge 

cycles [8], [9]. Current research activities are focused on creating a pressure-tolerant LIB. A part of this 

research effort addresses the issue of the battery design [11], [12], while the other part focuses on the creating a 

pressure tolerant AUV, where a LIB is put in a silicon-made plastic vessel [14], [15]. The described solutions 

offer an effective approach to operate LIB at high pressures. Yet, the architectural decision to use LIB requires 

high development investments [11], reduces volumetric specific energy, and does not eliminate the problem of 

reduced battery performance at lower temperatures under operation cycles. Additionally, LIB has safety 

limitations [16], is dangerous to charge at temperature below 0C [17], and is based on materials, which are 

sensitive to the price changes in the supply chain, especially for cobalt and other cathode materials [18]. 

An alternative deep-sea AUV’s power source can be a system that is capable of using a relatively low 

underwater temperatures for its own benefit, while passively adapting to ambient pressure. In such problem 

formulation, a new generation of thermal engines with a closed cycle [19] have an advantage for the 

autonomous deep-sea operation. This is because their efficiency is dependent on the ration 1 C
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, where CT  

- is the temperature of the cold body, which is directly related to the ambient underwater temperature. HT  - is 

the temperature of the hot body and is related to the heating temperature. Constant temperature of the ocean 

below 1000 meters allow the thermal cycle to operate with on average increased by 2% efficiency, comparing 

to normal temperature. This may translate into one to three hours of additional operation of a baseline AUV 

with total volume 1.2 m3. The source of heat for the thermal machine with a closed cycle can be the heat 

accumulated in a molten salt thermal storage, for example LiF or LiF-LiOH [20]–[22]. Physical experiments 

demonstrate that thermal storages have a volumetric specific energy (without consideration of conversion 

losses) 2.8 times higher [20], [21], [23] than for the analogous value of LIB. Recent research work in thermal 

storages allows Thermal Motors LLC to design an optimal deep-sea thermal storage system [24], [25]. The 

existing experimental research conducted by the US Navy and Atomics International [21], [22] demonstrates 

technical feasibility of a passive pressure balance mechanism for a deep-sea system. This allows to operate an 

AUV at depths exceeding 3000 meters.  

This work compares the endurance and mass characteristics of a general AUV based on the LIB and TSE. 

The comparison is performed based on the developed and validated analytical model which uses existing 

empirical data for both technologies to compare their performance. The remaining part includes the 

Methodology section where the description of the developed analytical model and the input data are discussed. 

The Results section demonstrates different endurance and mass characteristics of the compared technologies. 

The Conclusions section summarizes the results and discuss future work. 

Methodology 

To perform the comparison of underwater endurance for the selected power technologies, a baseline 

example of an AUV was selected, described by Størkersen и Hasvold [7]: an AUV with total volume 1.2 m3, 

with volume for a power unit 0.3 m3, propulsion power at the speed 4 knots – 350 W, the hotel load – 400 W, 

the depth of operation – 3000 meters. A linear mathematical model was developed, which defines the effective 

volumetric specific energy. The effective volumetric specific energy is defined using efficiency coefficients. 

The values of efficiency coefficients were derived for LIB and TSE from the existing empirical experiments 

data. The validation of the model was done using the validation data of effective volumetric specific energy and 

the endurance at 3000 meters provided by the Norwegian Defence Research Establishment, 2004 [7]. 

Results 

Table 1. Endurance and mass characteristics: LIB and TSE for the baseline AUV example. 
3000 meters, AUV-1.2 м3, Energy unit-0.3м3 LIB TSE 

Endurance, hours
 

16 47 

Specific mass endurance, hours/ton 80 107 

Specific volumetric endurance, hours/m3 53 157 

 

Conclusion 

The results indicate that TSE power source has the effective volumetric specific energy, which exceeds 

three times the analogous value of traditional LIB. This suggests that TSE may become an alternative 

competitive technology for deep-sea AUVs. The performance benefit from operating TSE will be increasing for 

the higher depths exceeding 3000 meters. Future work includes the life-cycle analysis of LIB and TSE power 

sources; the study of environmental footprint from using the proposed technologies; and the study of 

sustainable development strategies for TES. 
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