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1. Introduction

Unmanned systems are playing large roles in the scien-
tific, commercial and defense sectors. In the marine envi-
ronment, Autonomous Underwater Vehicles (AUVs) have 
boosted the access to ocean resources. However, their en-
durance is still a limiting factor, mainly due to the lack of 
dense energy/power sources able to guarantee an extended 
operational range [1]. The most common power sources for 
AUVs are batteries, but, despite the rapid progress of these 
technologies, no state-of-the-art batteries have enough en-
ergy density (in mass and volume) to fit the power require-
ments of AUVs in long endurance missions (e.g. days or 
weeks). Hybrid power systems, which combine different en-
ergy conversion and storage technologies, are a promising 
alternative to overcome this gap [2] since they are able to 
maintain the air independent operation capability [3].  

The Energy Area of INTA has been working on these is-
sues in different projects, in particular in the "Improving ef-
ficiency and operational range in low-power unmanned ve-
hicles through the use of hybrid fuel-cell power systems (IU-
FCV)", which aimed to demonstrate and evaluate the tech-
nical feasibility of hybrid power systems, based on batteries 
and fuel cells, in three existing platforms: one AUV and two 
Unmanned Ground Vehicles (UGVs) [4]. 

This paper addresses the design and preliminary charac-
terization of a fuel cell system, to be integrated in a hybrid 
power plant for an AUV. It is based on an open cathode PEM 
fuel cell, including a hydrogen recirculation loop to minimize 
hydrogen purges, and integrating a metal hydride cartridge 
to store these periodic purges. 

2. Design, development and characterization of the fuel
cell system

2.1 Design specifications 

The fuel cell system has been designed according to the 
requirements of a real AUV, the StarbugX [5] from the Aus-
tralian R&D organization CSIRO. It is a small AUV designed 
to be deployed and operated by a single user, designed and 
built for shallow reef environment monitoring purposes 
(Figure 1). The technical target of the hybrid power system 
is to increase the vehicle’s endurance, from the 8 hours typ-
ically achieved in the original battery based configuration, to 
get more than 10 hours, at 0.6 m/s of continuous operation, 
with the hybrid power system. 

Figure 1: StarbugX AUV (Source: CSIRO) 

The PEM fuel cell system operates with hydrogen and ox-
ygen to ensure an air independent operation and it has been 
sized to provide around 185 W, as average power calculated 
from real missions. The fuel cell system has to guarantee its 
feasibility and reliability to run continuously at least during 
2 hours at this power, considering adequate pressurized hy-
drogen and oxygen storage systems. The fuel cell system, in-
cluding stack and balance of plant (BoP) should be inte-
grated in a hull of 510 mm length and 218 mm diameter.  

2.2 Development and characterization of the open cathode 
based fuel cell system 

The proposed solution is based on an open cathode and 
air cooled fuel cell stack, and it requires a pressurized hull 
with a controlled atmosphere of 20-30% O2 for optimal fuel 
cell operation. This hull is feed with pure oxygen from the 
storage system, in a controlled way, as far as the oxygen of 
hull’s atmosphere is consumed in the fuel cell.  

Regarding the anode side, hydrogen is supplied to the 
stack, and recirculated, separating and extracting the water 
from the gas, to minimize hydrogen purges. Adequate heat 
management is a critical issue of this configuration and re-
quires the design and construction of heat exchangers and 
fans to evacuate the thermal energy produced in the fuel 
cell to the external environment through the hull. Addition-
ally the separation of the water from the exhaust air is es-
sential to maintain an adequate relative humidity inside the 
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hull. One of the main advantages of this system is the feasi-
bility to use an ultra-light open cathode stack, originally de-
signed for unmanned aerial vehicles. Such stack has 40 cells, 
metal bipolar plates, and it is able to supply 200 W at 24 V. 

This stack has been originally designed to operate at 
“dead-end” mode, with periodic purges controlled by a so-
lenoid valve at the stack outlet and an electronic board, 
which sets the period between purges and the opening time 
for the valve.  

Hydrogen purging means a loss of energy that decreases 
the overall system efficiency. In addition, the operation 
pressures of the fuel cell system in the underwater vehicle 
makes it difficult the purge of hydrogen out of the hull. Al-
ternatives to minimize and manage these purges have to be 
considered in the integrated system. In this context, a suita-
ble anode recirculation and purge strategies have been pro-
posed and experimentally validated to ensure the safe op-
eration of the fuel cell system at the maximum efficiency 
conditions. 

The hydrogen recirculation loop is located between the 
inlet and outlet solenoid valves, and it includes the following 
components: 
 A coalescing/ particle filter with an absorbing material 

to remove water from the anode flow at the stack out-
put.  

 A micro pump, able to provide the required recircula-
tion flow rate at the stack inlet pressure.   

 A check valve, which avoids an inverse flow from the 
stack inlet to the stack outlet.  

This circuit ensures an adequate availability of hydrogen 
in the stack, depending on the required power and operat-
ing conditions. However, the filter is not able to remove all 
the water content, and a small amount of water in accumu-
lated over time in the recirculated hydrogen flow. In addi-
tion, nitrogen is also present in the anode side, due to per-
meation from the cathode through the membrane. The ac-
cumulation of water and nitrogen in the anode leads to de-
crease in performance [7]. In consequence, even with the 
hydrogen recirculation loop, the anode has to be purged 
regularly in order to remove accumulated water and nitro-
gen. The purge valve will be opened for the time TPV (purge 
duration), to increase hydrogen content in the anode flow 
and remove the nitrogen and remaining water impurities. 
The interval between two purge triggers is called purge cycle 
time Tcyc. In a first instance, these two parameters are set 
manually through an electronic board that control the purge 
valve. This valve is also automatically open in case of low 
voltage in any cell of the stack.  

This purging process is optimized in time and pressure, 
taking into account that an improper control of the purge 
can lead to hydrogen starvation in the stack and loss of per-
formance, due to the accumulation of water and nitrogen, 
even irreversible.  

In order to evaluate different anode recirculation and 
purging strategies, the experimental set-up shown in Figure 
2 was used. 

The proposed concept includes the use of a metal hy-
dride cartridge, which would be located out the hull with the 
fuel cell system, to store the hydrogen purged from the 
stack. 

Testing procedure considers the operation of the fuel 
cell system around 185 W during two hours, according to the 
expected requirements above mentioned. To increase the 
fuel cell voltage from open voltage circuit (OCV) to the op-
erating voltage, several ramp up times have been evaluated. 
A similar process has been followed for the ramp down time 
to OCV at the end of the test. 

During these initial and final phases, the purge strategy 
follows in a first instance the recommendations from the 
stack’s manufacturer, i.e. TPV = 300 ms and Tcyc = 8 s.  Once 
the operating power is achieved, the recirculation pump is 
turn on until the end of the test, and different values for Tcyc 
are evaluated, in the range from 8 to 180 s, to check the fea-
sibility for providing the required output during two hours 
without significant voltage drop, at stack and individual cell 
level, that can affect the performance of the stack. 

In addition, a long term test of the fuel cell system during 
two hours without recirculation, and with the original purge 
strategy was performed, in order to compare the efficiency 
of both configurations and operating modes.     

3. Results 

Experimental results demonstrate that is feasible to op-
erate the system at the required power and time with anode 
recirculation, Tcyc = 158 s and TPV= 300 ms. Figure 3 shows 
the evolution over time of the main parameters of this test. 

A safe approach for the ramp up is considered in this 
case to reach 185 W (around 26.8 V at 6.9 A) with a duration 
of 18 minutes in this phase. Once finished the two hours at 
nominal load, it is decreased in a similar way, until achieve 
OCV (39.4 V). The curves show the effect of the purges on 
the hydrogen input and recirculated flows, as well as on the 
inlet and outlet hydrogen pressure. The recirculation pump 
works in these conditions with an average flow of 4.4 Nl/min 
at 0.23 barg of outlet pressure. Total hydrogen purges has 
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Figure 3: Fuel cell system test with Tcyc=158 s 

Figure 2: Experimental set-up for the fuel cell system with hydro-
gen recir-culation 
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been calculated from the measured and the theoretical hy-
drogen consumption, resulting in 13.5 Nl of hydrogen 
purged during the test, mainly during the ramp up phase. 

To minimize total hydrogen purge, the time for the ramp 
up and down phases has been reduced to 180 s per phase, 
keeping several steps to smooth the change of voltage from 
OCV to the operating point. In the same time, Tcyc has been 
also reduced until 120 s, increasing the number of purges 
during the two hours at maximum load, taking into account 
the minor contribution of this phase to the total hydrogen 
purged volume. Figure 4 shows the curves of the test in such 
conditions.  

The pump recirculates an average flow of 5 Nl/min at 
0.24 barg of stack outlet pressure. Total hydrogen purges 
were around 3 Nl of hydrogen.  

In the previous tests, hydrogen purges are vented. How-
ever, once defined the operating conditions of the fuel cell 
system in the underwater vehicle, and the volume of hydro-
gen to be purged during this operation, a suitable metal hy-
dride container has been sized and installed in the experi-
mental set up, as shown in Figure 2, to adsorb this hydrogen 
at the stack outlet pressure and ambient temperature. The 
effect of the traces of water and nitrogen has also to be con-
sidered in the charging operation of the hydride.  This metal 
hydride tank weights around 1,200 g, it is based on E60 alloy 
and has a working pressure of 1bar at 20°C. Although it has 
120 standard liters of nominal capacity, it is necessary to in-
crease the operating pressure of the stack, within the range 
of allowed pressure, to ensure the adsorption of the purged 
hydrogen by the metal hydride at the available temperature. 
In addition, to facilitate this storage, the metal hydride is 
previously discharged with a vacuum pump, starting the test 
slightly below atmospheric pressure. Figure 5 shows the op-
eration of this configuration. 

The pump recirculates an average flow of 5.5 Nl/min at 
0.33 barg of average stack outlet pressure. The figure shows 
the minor oscillation of the inlet hydrogen flow with the 
purges, in comparison with previous tests. In this case, the 
effect of the purges can be observed in the stack power out-
put, due to oscillations in the stack voltage.   

4. Conclusions 

The present research proposes a fuel cell system based 
on an open cathode and air cooling stack, to be integrated 
in an underwater unmanned vehicle, including an anode re-
circulation loop and a suitable hydrogen purge strategy. This 
system has been tested during two hours in steady condi-
tions at the estimated power required by the platform, purg-
ing periodically the fuel cell system and storing hydrogen in 
a metal hydride container, offering the option to reuse this 
gas in other applications. Energy efficiency of the fuel cell 
system, including the power consumption of the recircula-
tion pump, achieves 51%, while the efficiency of the open 
cathode stack, without recirculation and the original purge 
strategy, is around 45%. The use of a small metal hydride 
tank has been also demonstrated as a feasible method to 
manage the hydrogen purges of the system, avoiding the 
challenge to dissipate them in the underwater environment. 
Next steps include the development of the suitable energy 
monitoring and management system, and the integration of 
the fuel cell system in the hull. 
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Figure 4: Fuel cell system test with Tcyc=120 s 

Figure 5: Fuel cell system test with Tcyc=120 s and metal hydride 




