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a b s t r a c t

A hybrid electric power system for high-endurance unmanned aerial vehicles is tested on the ground,
alternating between fuel and solar cell power. A fuel cell system is constructed using a micro-processed
controller, micro-pump, hydrogen generator using 20 wt% liquid sodium borohydride (NaBH4) solution,
and proton exchange membrane fuel cell stack connected with a battery in parallel. The solar cell system
consisted of a DC-DC converter, a battery, and solar modules. These two power sources are integrated via
a power switching strategy using two solid-state relays connected to the controller, which turn on the
fuel cell system to provide the power necessary to satisfy the load while the solar power system is on
standby, charging the solar cell battery, or vice versa. In this way, not only is the operational period
increased with high reliability by making one power source be on standby while the other is in use, but
also the control logic of the system is simplified. Moreover, the fuel cell power could be adjusted by
flowing different amounts of NaBH4 solutions using a controller to save liquid fuel, thereby extending the
operational time.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Most nations have been searching for clean or renewable energy
sources in response to the increasing demand for fossil fuel alter-
natives. However, fossil fuels continue to be used heavily for elec-
tricity generation in many industries and households due to their
capacity. As fossil fuel prices continue to rise, due to the depletion
of natural resources, especially petroleum, increasing attention is
being focused on developing new energy sources to satisfy the
increasing power demands instead of constructing new conven-
tional power plants [1].

The high demand for new energy solutions that do not cause
environmental issues such as pollution and fossil fuel resource
exhaustion is emphasized in green technologies such as NaBH4-
based fuel cells and sunlight-based solar cells. Such technologies
offer alternatives to internal combustion engines that are more
environmentally acceptable [2]. Electrical energy is produced in a
fuel cell via a chemical reaction between hydrogen and oxygen,
which are abundant elements, so the fuel cell transforms chemical
energy into electrical energy through an electro-chemical reaction

rather than internal combustion [3]. Since no moving components
exist in fuel cell stacks, they can achieve higher thermal efficiencies
than internal combustion engines can and with lower noise.

Several types of fuel cells, such as proton exchange membrane
fuel cells (PEMFCs), direct methanol fuel cells, solid oxide fuel cells,
and molten carbonate fuel cells, have been introduced as electric
power sources. Each type of fuel cell has its own advantages and is
adopted either in commercial power plants or in portable devices,
depending on the required power capacity or mobility. Among
these types, PEMFCs are broadly employed for mobile applications,
especially unmanned aerial vehicles (UAVs) due to their high power
densities and low operating temperatures [4]. Furthermore, fuel
cell stacks can be installed as engines in UAVs for surveillance and
reconnaissance missions that require low acoustic sound and heat
emissions to avoid detection by enemies [5].

Hydrogen is the cleanest fuel if it is not made from fossil fuels
and has the highest heat content per unit mass, which is essential in
a PEMFC [6]. However, it is not naturally produced, and the costs of
hydrogen fuel production and the finished products are still higher
than the costs of petroleum production and petroleum products,
hindering the integration of hydrogen fuel into high-energy-
consumption industries [7]. Several hydrogen-supplying technol-
ogies such as liquefied, compressed, and chemical hydrides are* Corresponding author.
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available depending on the application purposes. Recently, re-
searchers have tended to select compressed tanks for hydrogen
storage due to their temperature-free and simple usage. Never-
theless, their low volumetric and gravimetric efficiencies and high
charging pressures are still problematic. In this research, we
employed a chemical hydride, sodium borohydride (NaBH4), for
hydrogen storage instead of conventional compressed hydrogen
tanks because it is stored in stable alkaline solutions that can be
kept in flexible containers such as fluid bags so that the solution
storage space is volumetrically capable of being reduced in favor of
including other components. Moreover, different hydrogen pro-
duction rates can easily be achieved by applying different pumping
voltages through a micro-pump. With this simple technique, the
storage efficiency can be improved considerably because it enables
hydrogen consumption rates to be regulated in accordance with
load demands.

Pure hydrogen can be produced via catalytic hydrolysis of NaBH4
[8], as shown in the chemical reaction in Eq. (1).

NaBH4 þ 2H2O / NaBO2 þ 4H2 þ 217 kJ (1)

According to this reaction, pure hydrogen is the only gaseous
product after separating the sodium borate (NaBO2). Our research
group fabricated a Co-P/Ni foam catalyst [6] based on previous
work to improve the hydrogen generation rate because the self-
hydrolysis of NaBH4 at ambient temperature is quite slow and its
alkaline byproducts attempt to suppress the reaction [9].

Like fuel cell systems, solar power systems provide energy-
efficient power sources for mobile applications [10]. However,
since the availability of solar power is irregular due to weather
conditions, it is not an ideal source for mobile applications. To
address this issue, a lithium-polymer battery was connected in
parallel with the solar modules to provide compensation and
satisfy the load demand during periods of insufficient solar power.
Then, the solar cell systemwas integrated with the fuel cell system
to form a hybrid electric power plant. Thus, if one system supplied
the power necessary to satisfy the load, the other power system
was placed in standby; alternatively, both systems could be oper-
ated simultaneously to satisfy high load demands. Using this type
of control, the battery in the solar cell system could be recharged
during standby mode while the fuel cell system was fully sup-
porting the load demand. The foremost challenge encountered in
the system design was the management of these two different
electric power sources, specifically, the balancing of the two power
sources to satisfy different load conditions. To simplify the control
logic system, we adopted solid-state relays that were connected in
a micro-processed controller to manipulate each power source
readily by turning it on or off. Thus, the dynamic control using a

power switching method could manage to improve the life cycle of
main power systems as well as the efficiency of a battery by a factor
that the combination of multi-power sources could follow the load
variations by regulating DC voltages comparing with a battery in
accordance with electric load conditions based on our control logic
strategy which was a novelty of our hybrid systems. Thus, power
management between the fuel and solar cell systemswas achieved,
and the operational period could be extended by maximizing the
advantages of the hybrid power system.

2. Fuel cell system design

2.1. Experimental setup for the fuel cell system

The fuel cell system consisted of a NaBH4 solution container
with a micro-pump, hydrogen generator combined with a liquid/
gas separator, finned containers, micro-processed controller, and
500 W commercial fuel cell stack connected in parallel with a
lithium polymer battery. The micro pump provided the NaBH4 so-
lution, and the purging micro pump was capable of separating out
byproduct, NaBO2 in the gas/liquid separator. Moreover, the finned
containers with a fan could reduce the heat from the hydrogen gas
by serving as a heat exchanger. Thus, the operation of the fuel cell
systemwas that the rated NaBH4 solutionwas supplied to the flow-
through-type hydrogen generator using the micro-pump. The hot
hydrogen gas with a byproduct solution (NaBO2 þ water) was
produced as soon as the NaBH4 solution reacted with the Co-P/Ni
foam catalyst in the hydrogen generator. The byproduct solution
was pumped out during the operation periodically by the purging
micro-pump so that only the hot hydrogen gas passed through the
two consecutive finned containers cooled by a fan, which included
water and silica grains to remove heat and moisture, respectively,
from the hydrogen gas. Thus, the heat generated during the
exothermic reaction was controlled. Finally, the pure hydrogen gas
was consumed in the fuel cell stack in accordance with the load
demands. Fig. 1 shows the operational process for the NaBH4-based
fuel cell system.

The micro-processed controller could control the aqueous
NaBH4 solution flow rate via a micro-pump, byproduct (NaBO2)
purging rates through a purging micro-pump, cooling fan speed,
stack fan speed, and open period of the water purging valve in the
fuel cell stack. The different NaBH4 solution flow rates could
generate different volumes of hydrogen, enabling the fuel cell
system to operate at various load demands. The purging pump was
periodically turned on to pump NaBO2 out from the separator,
resulting in pure hydrogen production. The cooling fan was oper-
ated at the highest power to promote rapid cooling of the finned
container and thereby to cool down the hot hydrogen gas generated

Fig. 1. Experimental process for the NaBH4-based fuel cell system with a flow-through-type hydrogen generator.
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