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Hybridizing a fuel cell with an energy storage unit (battery or supercapacitor) combines the advantages
of each device to deliver a system with high efficiency, low emissions, and extended operation compared
to a purely fuel cell or battery/supercapacitor system. However, the benefits of such a system can only
be realised if the system is properly designed and sized, based on the technologies available and the
application involved. In this work we present a sizing-design methodology for hybridisation of a fuel
cell with a battery or supercapacitor for applications with a cyclic load profile with two discrete power
levels. As an example of the method’s application, the design process for selecting the energy storage
technology, sizing it for the application, and determining the fuel load/range limitations, is given for an
unmanned underwater vehicle (UUV). A system level mass and energy balance shows that hydrogen and
oxygen storage systems dominate the mass and volume of the energy system and consequently dictate
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the size and maximum mission duration of a UUV.
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1. Introduction

The advantages of hybridizing fuel cells with other energy
storage units, such as batteries and supercapacitors, are well
known [1,2]. Using the fuel cell and chemical fuel store as the
primary energy generator, whilst using a battery/supercapacitor
as an energy buffer, can reduce the burden of each single
device in supplying the power demand over the entire power
cycle for many applications. This is particularly the case for
applications that involve dynamic load changes where peak
power is only required for some of the time. Such an approach
often allows the energy units to be downsized, which lowers
the capital cost, reduces physical size and results in improved
system efficiency and thus longer operating periods between
refuelling. These advantages have prompted investigations into
hybrid fuel cell systems as power sources for a variety of road
vehicles [3-10], air vehicles [11,12] and underwater vehicles
[13]; as well as for distributed power generation in residential
areas [14] and for portable, back-up and emergency applications
[15-18].

Design of hybrid fuel cell power systems relies on a thorough
understanding of how fuel cells and energy storage devices oper-
ate, as well as the integration of the two. Electrical integration of
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the system, i.e. the power sharing between the fuel cell and its asso-
ciated energy storage unit, is one of the key aspects when designing
effective hybrid fuel cell systems. Efforts have been made to investi-
gate different electrical control strategies. These control strategies
variably aim to maximise fuel cell power [19], fuel cell efficiency
[19] and system efficiency [4], and/or minimise fuel consumption
[7,9]. Whilst most of these studies give their attention to the elec-
trical integration and performance of the hybrid system (which are
certainly important), in this paper we focus on the selection and
sizing of hybrid power units and chemical energy storage.

We present a methodology (hereafter referred to as the ‘sizing-
design’ method) that can be used to inform hybrid system design
decisionsin order to meet the power and energy demand for a given
application, while at the same time meeting the weight and volume
constraints. In addition, we also briefly review some of the power
source and chemical storage technologies available and how they
suit different applications.

Fig. 1 gives a simple illustration of a generic hybrid fuel cell
power system, which shows the main components, i.e. the fuel cell
system, which consists of a fuel cell stack, fuel supply, oxidant sup-
ply, auxiliaries such as fans and pumps and for certain systems a fuel
and/or oxidant processor stage; the energy storage system, which
may consist of a battery, supercapacitor, or the combination of the
two; and the electronic regulation system, which controls the flow
of electrical power between the fuel cell, energy storage system and
the application load. It should be noted that heat is also generated
by the fuel cell, but this is not considered as a useful commodity
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Fig. 1. A schematic illustration of the fuel cell hybrid power system.

in this analysis and will need to be dissipated to the surrounding
environment.

The sizing-design methodology presented here is ideally suited
to applications with a relatively simple power profile composed of
discrete power levels repeated on a cyclic basis. Such load demand
profiles are common for many applications, including, for example,
certain remote communications stations and portable electronic
devices. Here, we will use the example of an unmanned underwater
vehicle (UUV) to show how the method can be applied.

2. The sizing-design methodology

Fig. 2 shows a flow diagram that illustrates the sizing-design
method for a hybrid fuel cell power system. The following sections
describe each step of the process.

2.1. Description of the sizing-design methodology

2.1.1. The application and power cycle

The methodology described is intended for applications where
the power demand is known a priori (or can at least be approxi-
mately predicted), and the power profile exhibits a two-level cyclic
characteristic. The power will be distributed between the energy
units such that the fuel cell will supply a constant average power
(as this will increase the lifetime of the fuel cell and means that
it can be designed to have optimum efficiency for a set operating
point) and the energy storage unit will supply the peak power and

be recharged by the fuel cell during the low power demand periods.

In addition to the power profile, the application is also likely to
have constraints on the volume and mass available to the power
conversion technology and fuel/oxidant supply systems, as well as
the type of fuel to be used. For some applications, very specific
environmental constraints exist as shown later for the example of
an unmanned underwater vehicle (UUV).

2.1.2. Non-dimensional parametric characterisation

The hybridisation of a fuel cell and electrical energy storage unit
depends on the system power requirement. To characterize this, it
is useful to define a variable called the ‘degree of hybridisation’
(DOH) as follows [6]:

maximum power — fuel cell power

DOH = -
maximum power

(1)

where the power from the electrical energy storage unit is equal to
the maximum power minus the fuel cell power. As defined in Eq.
(1), a low DOH value indicates a relatively low power output from
the energy storage unit compared to the fuel cell; whilst a high DOH
indicates a relatively high power output from the energy storage
unit. When a battery is used as the energy storage unit, Eq. (1) can
be written as [20]:

battery power

DOH = battery power + fuel cell power

(2)

Fig. 3 shows a generic power profile used in this analysis. It is
composed of cyclic periods of high and low power requirement,
both of variable time; the hybridisation of the fuel cell and bat-
tery/supercapacitor intends the fuel cell to supply the constant
average power, and the battery/supercapacitor the peak power. The
energy storage device is then recharged during the period when the
delivered power to the load is below the average power.

If we define T as the ratio of the discharge time t; to the recharge
time t,, Eq. (3), and F as the ratio of the peak power P; to the
base power P, Eq. (4), and note that the average power (Payerage) is
given by Eq. (5), the degree of hybridisation can be represented as
a function of T and F, as shown in Eq. (6).
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Fig. 2. Flow diagram summarising the sizing-design methodology.
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There are several benefits to using non-dimensional parameters
to describe load profiles. These include: (i) in certain circum-
stances scale is not important and it is the type of technology and
combination (hybridisation) of technologies that is critical; (ii) spe-
cific applications can be described generically by describing them
with simple parameters; (iii) simple parameters make numerical
analysis and system optimisation easier; and (iv) it is possible to
graphically represent or ‘map’ technology types/combinations onto
application requirements. Multi-objective optimisation of hybrid
systems employing non-dimensional parameters will be the sub-
ject of a future publication.

Fig. 4 shows a contour plot that relates the power profiles,
described in terms of Fand T, to the DOH. Graphical representations
have been added at various regions to show how the characteris-
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tics of the load profile vary across the range of possible load profiles.
This representation is intended to act as a load cycle characterisa-
tion map to aid selection of the right combination of technologies
at the appropriate size for hybridisation.

The ‘map’ shows that as F increases, DOH increases. The increase
of F means that the peak power P; is increasing relative to the base
load power P, as indicated by Eq. (4). The increase of DOH with F
becomes more prominent in the region of very small T, i.e. DOH has
a dramatic increase with decreasing T. The decrease of T indicates
that the load power duration, t;, is becoming longer relative to the
peak power duration, t;. From the above observation, we conclude
that a high DOH is found with a power profile characterized by
a large gap between the peak power demand and the base load
power, and a short discharge time of the peak power and arelatively
long base load time interval.

The power profiles illustrated at the top of Fig. 4 are character-
ized by large F (i.e. 103), which means the peak power is 1000 times
the base power, whilst power profiles towards the bottom of the
chart tend to a constant power demand. As T increases from 103
to 103 (from left to right on the figure), the DOH value decreases.
In this we see that when the energy storage unit’s discharge period
is much shorter than its recharge period (e.g. the power profiles on
the left), the energy storage acts as the major power supply, whilst
when the energy storage unit’s discharge period is much longer
than its recharge period (e.g. the power profiles on the right), the
fuel cell contributes as the major power supply.

For a power profile such as that in Fig. 3, the energy discharged
from the energy storage unit is

Es = n(Py — Paverage )t1 (7)
and the energy from the fuel cell is
Erc = Prc(t1 + £2)n = Prctioral (8)

where n is the number of cycles, which indicates the total length
of the operation period. Prc would be equal to Payerage if fuel cell
is only to supply the average power as indicated in Fig. 3. If fuel
cell is to supply the average power as well as the power required
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Fig. 4. A parameter map in terms of T, F and DOH, describing a wide range of possible power cycle profiles.
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from the balance-of-plant auxiliary units such as pumps and fans
that are necessary to support the fuel cell system, Pgc would be
equal to Payerage plus the power required from the auxiliaries. The
latter case will be relevant in Section 3 where the sizing-design
methodology is applied to a practical application. In any case, it is
the average power that is directly linked to charging the energy
storage unit. The parameters Es and Egc are used to estimate the
size of the energy storage unit and the fuel cell system for a given
application.

2.1.3. Charge/discharge limitation (characteristic time)

Depending on the nature of the power profile, either the charge
or discharge process will be the fastest. It is important to establish
which is fastest in order to identify the storage technology that
is capable of achieving the required charge/discharge rate, and to
establish the efficiency of the process at that particular rate.

Given that:

1 -
Paverage > P2 + j(P1 —P,) chargelimited (9)

Paverage < P2 + %(Pl —Py) discharge limited (10)

It can be shown that for given T and F values, if the DOH is less
than the expression in Eq. (11), the system is charge limited, and
below it, Eq. (12), discharge limited.

2T(F - 1)

DOH < 5 charge limited (11)
F(T+1)

DOH > &_12) discharge limited (12)
F(T +1)

Fig. 5 shows the boundary between the two domains, i.e. when
the DOH is equal to

2T(F - 1)
F(T +1)?

Once the limiting process (charge or discharge) has been deter-
mined, the time taken for the limiting process, referred to as the
characteristic time, can be calculated. This is either t; or t,. This is

then used in the Ragone analysis, described in the next section, for
the selection of the storage technology.

DOH = (13)

2.2. Technology selection

2.2.1. Energy storage technologies and Ragone analysis

The choice of the candidate energy storage device depends on
its characteristics and the requirement of the power to be drawn
from it. For example, if there is a demand to supply high power
within the time scale of seconds, a supercapacitor may be a better
choice than a battery; whilst an advanced battery is able to store
more energy in the same weight/volume and thus supports longer
peak load. Some workers have combined the two technologies to
take advantage of their relevant merits [21,22].

At present, candidate energy storage systems for hybrid fuel
cell vehicle applications include the valve-regulated lead-acid

Table 1
Comparison of different energy storage technologies.

DOH

Fig. 5. Graph showing the boundary between charge limited (below the surface)
and discharge limited (above the surface) performance for DOH as a function of the
dimensionless parameters F and T.

(VRLA) battery, nickel-cadmium (Ni-Cd) battery, nickel-metal
hydride (NiMH) battery, lithium-ion battery, sodium-nickel chlo-
ride (ZEBRA) battery and supercapacitor. Table 1 lists the
characteristics of these batteries and supercapacitors. The choice of
battery/supercapacitor is made according to the power and energy
requirement of the vehicle, as well as cost and compatibility with
the application environment.

An appreciation of the relevant features and charge/discharge
characteristics is important when matching the technology to the
application. Further details can be found elsewhere [22,27-29]. The
energy required to be stored in a battery pack needs to be esti-
mated by taking into account the efficiency of the battery and the
discharge limit. The efficiency of the battery or supercapacitor is a
function of the charge/discharge rate and the state of charge. It is not
conducive to a battery or supercapacitor’s long-term performance
to be fully discharged [30]. Hence in practice a lower limit is set
below which a battery or supercapacitor should not be discharged.

When comparing different electrical energy storage technolo-
gies, it is often useful to contrast the energy density against the
power density in the form of a Ragone plot, as shown in Fig. 6. The
domains for each technology type shown on the plot are intended
as a guide to indicate where different technologies reside. Rapid
advancements, particularly in the area of Li batteries, are caus-
ing Ragone plots to be constantly redrawn. The technologies have
a spectrum of performance, from the top left hand corner (high
energy storage, low power density) to the bottom right hand cor-
ner (low energy density, high discharge rate/power density). No
single technology has both very high power and energy density,
this is part of the reason for the need for hybridisation - note that
both axes are shown on a logarithmic scale.

Lead-acid [23] Ni-Cd [24] NiMH [25] Li-ion [26] ZEBRA [24] Supercapacitor [23]
Specific energy (Whkg-1) 35 45 65 100 120 1-10
Energy density (WhL-1) 120 110 135 115 140 N/A
Specific power (Wkg=1) 100 120 1000 1800 180 (1-10) 000
Self-discharge per month (%) 8 10 30 5 None 50
Nameplate cycle life 1000 1000 1000 >2000 2000 100,000
Efficiency (%) 70 80 80 85 90 95
Operation temperature (°C) —15-45 —40-70 -30-70 —20-60 275-350 —40-50
Cost (EKWh-1) 105-175 200-300 250-350 250-1000 70-270 10,000
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Fig. 6. Ragone plot describing energy storage technologies in terms of energy den-
sity and power density. Diagonal perforated lines represent different characteristic
times.

To use this plot to inform energy storage technology selection
(or at least discount certain technologies) we first need to use the
characteristic time, determined in Section 2.1.3, i.e. the maximum
period of time over which the electrical storage system needs to
deliver maximum power. Using this value, a diagonal line can be
drawn across the Ragone plot. The storage technology with the low-
est overall mass will lie on this line and as far to the top-right as
possible.

In practice, it is unlikely that any given technology will sit
directly on the characteristic time line; by moving away from the
line either the power or energy available from the system will be
oversized. We must therefore decide whether the power delivery
or energy storage requirement will lead to a larger (i.e. heavier) sys-
tem. Of course, it is possible for any of these technologies to satisfy
a given power/energy requirement if made large enough, but the
purpose of this analysis is to identify the lowest mass system. An
equivalent analysis can also be performed on a volumetric basis;
however, for electrochemical energy storage devices it is usually
the mass that is the limiting factor.

We therefore need to decide if it is preferable for the energy
or power of the system to be oversized. For example, for an appli-
cation requiring a relatively high power requirement compared to
energy requirement it is better to select a technology with a higher
gravimetric power density and oversize the energy capacity, since
this will result in a lower overall system mass.

Once aclearimpression of the range of possible electrical storage
technologies is available form the Ragone analysis, detailed consid-
eration of the specific performance characteristics of each can take

Table 2
Comparison of three fuel cell technologies.

place. Factors specific to the application must be considered, such
as the impact of efficiency on the limiting charge/discharge rate.
When calculating the name plate energy capacity of the device, the
efficiency of the limiting process and the discharge limit need to be
considered, as shown in Eq. (14).

1

lat ity = dx Hceney
name plate energy capacity = energy consumed x ‘Zerr

1
* discharge limit (14)

A typical battery efficiency is of the order of 0.7 (for lead
acid batteries)-0.9 (for lithium batteries), and the discharge limit
around 80% of full discharge [30,31] (these values will typically be
higher for supercapacitors). However, this will depend on the rate
of discharge/charge required.

The weight and volume of a battery or supercapacitor system
(termed as Ws and Vs respectively) capable of storing this energy
(expressed as Wh) is calculated using the gravimetric energy den-
sity (Whkg~1) and volumetric energy density (WhL-1), as given in
Egs. (15) and (16).

name plate energy capacity

= . - (15)
specific energy of a battery or supercapacitor

Ws

name plate energy capacity

= h - (16)
energy density of a battery or supercapacitor

Vs

It is important to realise that this analysis is designed to exactly
fit the needs of the application; in practice, judicious over-sizing
of the system is necessary to account for off-design operation and
loss in performance over time.

2.2.2. Fuel cell technology selection

Various fuel cell technologies exist, each with their own
characteristics such as operating temperature and materials of con-
struction. The choice of an appropriate fuel cell technology depends
on the requirements of the application [1,32]. Table 2 compares the
main types of fuel cell technology that have been used for mobile
applications; namely, the polymer electrolyte fuel cell (PEFC), inter-
mediate temperature solid oxide fuel cell (IT-SOFC) and alkaline
fuel cell (AFC).

The low temperature operation of PEFCs affords quick start-
up, making them well suited to transportation applications that
involve frequent on and off operations. Hybrid PEFC power systems
have been studied for use in cars [7,33-36], city buses [8], scooters
[37], airplanes [11], and underwater vehicles [13]. They have also
been seen used in portable applications [17] and intelligent unin-
terruptible power supply systems [18]. SOFCs are mainly used for
stationary applications where heat can be utilised. Inrecent studies,
intermediate temperature SOFCs (IT-SOFCs) [38] hybridised with

PEFC

IT-SOFC AFC

Cell materials Electrode: Pt/C
Electrolyte: polymer membrane

GDL: carbon materials

Fuel Hydrogen (high purity, no CO)
Oxidant Air or pure oxygen
Operating temperature <80°C
Cooling Water or air cooling
Advantages Well developed

Quick start-up
Disadvantages Expensive

Water management can be a problem

Electrode: Pt/C
Electrolyte: KOH solution
Nickel mesh support

Electrode: ceramic materials
Electrolyte: ceramic materials

Hydrogen (with low CO)
Hydrocarbons

Hydrogen (high purity, free of CO,)

Air or pure oxygen Air or pure oxygen (free of CO,)

500-800°C 60-100°C

Air cooling Circulating electrolyte
Well developed High efficiency

Wide choice of fuels Low cost

Long start-up time Severe problems with CO,

Low volumetric power density
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Table 3

Hydrogen storage methods. The gravimetric density pn, the volumetric density py, the working temperature T and pressure P. RT refers to room temperature.

Storage method Pmn, (kgHz kg 1) Pvh, (kg Ha m3) T(°C) P (bar) Remarks
High pressure gas cylinders [13] 0.012 16 RT 200 Compressed gas, in steel, or
light weight composite
cylinders
0.032 21 RT 350
0.06 35 RT 700
Liquid hydrogen in cryogenic tanks [47] 0.142 70.8 —253 1 Continuous loss of a few wt%
per day of hydrogen at RT
Adsorbed hydrogen [47,48] ~0.02 20 -80 100 Present performance
0.071 29.6 -80 100 US DOE target
Absorbed on interstitial sites in host metals FeTi, LaNi5 ~0.02 115 RT 1 Refuelling pressure about or
above 100 bar
BH3NH; [49] 0.11 115 >RT 1 Under development

ZEBRA batteries have been considered as power sources for road
vehicles [24,39,40] and hybridised with gas turbines for unmanned
air vehicles [12]. Micro-CHP at the residential scale is also an ideal
application for this class of fuel cell [41]. Alkaline fuel cells have
been trialled extensively in vehicular systems [42], including space
missions.

2.2.3. Fuel selection and storage of hydrogen

The power capability of the fuel cell stack can be varied inde-
pendently of the energy storage capability. When a high energy
storage density is required, it is the properties of the fuel and oxi-
dant sub-systems that dominate the overall size of the complete
fuel cell plant. Applications in the transportation sector require
storage at a volume that can be accommodated within vehicles,
and at a weight that does not limit vehicle performance. Also, for
building integrated applications, storage volume must usually be
restricted. It is thus very important to carefully choose the fuel and
fuel storage technologies to fit the system requirements.

In this work, we will concentrate on hydrogen as the fuel
for the fuel cell and compare several commercially available and
potentially available hydrogen storage methods, as summarised
in Table 3. It should be noted that, although there is a lot of
data in the literature about the gravimetric and volumetric den-
sity values of hydrogen storage materials, this is not sufficient
for engineering design purposes. Hence the gravimetric and volu-
metric density values of the hydrogen storage techniques given in
Table 3 have been estimated for the whole storage system, which
includes the tank, valves, and other balance-of-plant. Each of these
hydrogen storage techniques has its advantages and disadvantages,
and the choice of the hydrogen storage technique depends on
the application. In this study, energy storage capacity is of pri-
mary concern. The volumetric density of compressed or liquid
hydrogen, as well as the gravimetric density of hydrogen stored
in metal hydrides, is considered too low for transportation appli-
cations. Many researchers see chemical hydrides as a more viable
alternative. Amongst such hydrides, sodium borohydride, lithium
amide and magnesium hydride [43-46] have been largely studied
whereas satisfactory storage capacity has not been achieved. We
do not consider these hydrides here since reliable estimates of the
system-based storage capacity are not available in the literature.
Ammonia borane (NH3BH3) [49] is considered to be a promising
hydrogen storage material, largely on account of its relative safety
and high hydrogen content (19.6 wt%, 0.145kgL~1 H,). This stor-
age technique is still under development and researchers recognize
that there are real improvement opportunities for hydrogen releas-
ing processes from NH3BHs. In this paper, an estimation of the
gravimetric density (0.11 kg H, kg~! NH3BH3) and volumetric den-
sity (115 kg H, m~3 NH3BH3)is used, assuming continuing progress
is made with this approach.

The graph shown in Fig. 7 can be used to help select the optimum
hydrogen storage technology on a volume or mass basis. The chart
allows any one of the following parameters to be found with knowl-
edge of the rest: mass/volume, technology type, fuel consumption
rate for a given applications and time between refuelling. For exam-
ple, given a certain technology, the chart allows the designer to
trade-off fuel consumption rate with operating time between refu-
elling (or range in the case of a transport application) for a given
mass or volume constraint; or determine which storage technolo-

Operation duration-to-volume ratio (s/L)
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Fig. 7. Hydrogen storage technology selection charts based on volumetric (top) and
gravimetric (bottom) considerations.
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Table 4

Three oxygen storage methods. The gravimetric density pm, the volumetric density p,, the working temperature T and pressure P. RT refers to room temperature.
Storage method Pmo, (kg0 kg 1) Pvo, (kg Oz m3) T(°C) P (bar) Remarks
Compressed oxygen 0.213 166.7 RT 153 Compressed in light weight aluminium cylinders
Liquid oxygen 0.786 661 -118.6 3-55 Liquefied and stored in cryogenic tanks
70 wt% H, 0, 0.303 348.8 40 1 Hazardous fluid

gies are possible for a given power requirement and operational
duration, etc. The application of Fig. 7 will be explained in more
details later in Section 3.2.5.

The amount of hydrogen stored on board can be determined
based on the energy supply from the fuel cell, when the overall fuel
cell system efficiency, ngc, is known [33]:

Exc
=T 17
s HHVy, ny, (17)

where HHVy, is the higher heating value of hydrogen, and ny, is
the moles of hydrogen consumed. Egc is the energy required from
the fuel cell, calculated using Eq. (8), and dependant on the power
profile. Based on Eq. (17) and the parameters given in Table 3, the
weight and volume of the various hydrogen storage technologies
to supply the energy required can be estimated respectively as Wy,
and Vy,, as given in Egs. (18) and (19).

2 x nHZ Tle
We, = 1000 Pmb,  5000mH, (18)
Wy
Vi, = —2 (19)
Ha PVH,

2.2.4. Selection of oxidant supply

There are a wide variety of ways to supply oxygen to fuel
cells. The sources of oxygen in general include: (1) compressed
air by using a compressor; (2) pure oxygen storage as a liquid
(i.e. liquid oxygen in cryogenic cylinders) or gas (i.e. compressed
oxygen in high pressure tanks); (3) released from oxygen-rich com-
pounds, such as hydrogen peroxide (H,0;) and sodium chlorate; (4)
extraction from water by electrolysis together with membrane sep-
aration, if the electricity required for this process is from another
energy source such a battery, or separate generator.

Using an air compressor/blower is the most commonly used
method to supply oxygen to fuel cells. There are, however, some
circumstances where air is not available (for example, in air-
independent underwater vehicles, as will be described in Section 3)
and so oxygen must be stored onboard. Also, compressors are very
energy-consuming, the compressor power can consume up to 30%
of the fuel cell stack power, contributing up to 93.5% of the total aux-
iliary power consumption [9]. There are advantages of using pure
oxygen; it leads to a performance increase in the output voltage of
the fuel cells, compared to operation on air at given conditions [33],
and it avoids the power required for the air compressor.

Table 4 gives the gravimetric and volumetric density of three
oxygen storage methods that supply pure oxygen: compressed, lig-
uid and H,0,. Note that these are estimates based on the whole
storage system which includes containers and valves, etc. The
weight and volume of the various oxygen storage technologies
can be estimated respectively as Wp, and Vo,, by relating to the
gravimetric density (omo,) and the volumetric density (ovo,) of
the oxygen storage system, as given in Egs. (20) and (21).

(1’1].[2/2) x 32 _ 0.16”[_[2

W02 = 1000 x pmo, ~ o, (20)
Wo

Vo, = 2 21

%2~ pyo, (1)

2.2.5. System integration

The mass and volume of the hybrid fuel cell power system
(i.e. Wiora1 and Vi) can be estimated by summing the fuel cell
stack (i.e. Wgc and Vgc), system auxiliaries (i.e. Wjyuxiliaries and
Vauxiliaries )» hydrogen supply (i.e. Wy, and Vy, ), oxygen supply sys-
tem or storage (i.e. Wop, and Vp, ) and the energy storage device (i.e.
Ws and Vs), expressed below as Eqs. (22) and (23).

Wtotal = Wgc + Wauxiliaries + WH2 + W02 + Ws (22)
Vtotal =Vrc + Vauxiliaries + VHz + VOZ +Vs (23)

We have demonstrated in the previous sections that, from a
power profile, the estimation of the mass and volume of hydro-
gen supply, oxygen supply/storage and the energy storage device.
The estimation of the mass and volume of the fuel cell stack and
system auxiliaries will depend on the system design (e.g. which
type of fuel cell is chosen and what would be included in the sys-
tem auxiliaries) and the products available on the market. This will
be better illustrated for a specific fuel cell power system design and
for a specific application, as will be shown in Section 3. For the cho-
sen technologies, the estimated size of the hybrid fuel cell system
can then be determined. On the other hand, with size constraints
imposed (i.e. Wiyra1 and Vigeg On the left hand of the equation) we
can evaluate the viability of different technologies.

3. Sizing-design methodology applied to the example of a
light-weight unmanned underwater vehicle (UUV)

3.1. The power system requirement of UUVs

Underwater vehicles are ideally suited to provide surveil-
lance, remote sensing and communication relay capabilities for
both military and civilian applications. Practical examples include
oceanographic data gathering, environmental monitoring, mine
detecting and coastal defence. The power system of underwater
vehicles has long been a major consideration in designing and man-
ufacturing these vehicles for particular missions. This is because the
power system usually determines the ultimate performance (e.g.
endurance, cruising speed and distance) of an underwater vehi-
cle. Stealth is an important design consideration for many UUV
applications as it enables the vehicle to operate anywhere, at any
time, without being detected. Besides helping to avoid detection,
stealth enhances the vehicle’s ability to detect targets by elimi-
nating/reducing self-noise. To meet the stealth requirement, an air
independent power (AIP) system is beneficial to underwater vehi-
cles. The ideal AIP source for an underwater vehicle will be quiet,
have a low thermal signature, will not discharge anything from
the submarine system, and will of course be capable of operating
without atmospheric air.

A fuel cell power system is suited for the underwater vehicle as
it releases no gaseous emissions and only low-grade noise during
operation, when fuelled with hydrogen and oxygen. Different types
of fuel cells have been used for the power system in underwater
vehicles. For example, the Norwegian Defence Research Establish-
ment and Naval Undersea Warfare Centre in the USA developed
‘semi-fuel cells’, using aluminium [50] and magnesium [51,52] as
the electrodes, alkaline solution as the electrolyte and hydrogen
peroxide as the oxidant. The ‘semi-fuel cells’ consume the metal-
lic anode, so the entire energy system needs to be replaced after
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Table 5
Parameters for a light-weight UUV.

External diameter
Internal diameter

32.4cm (12.75in.)
28.6cm (11.261n.)

Length 3.76 m (148in.)
Weight ~227 kg (5001bs)
Payload 92.6kg
Operation depth 200-500 m

Energy section
Volume
Weight

24% Viora 58 L
24%Vioral x 1025 kg m—3 ~ 59 kg

each run. These systems provide a high energy density source for
low power, long endurance (60 h) applications, but are fairly com-
plex and involve onboard infrastructure and logistics that requires
skilled personnel for operation. A direct sodium borohydride fuel
cell (DSBFC) has also been studied as the propulsion power [53].
This approach is still under development. The use of SOFCs oper-
ating on hydrocarbon fuels has also been proposed for underwater
vehicle power systems, together with a reformer and a CO, cap-
ture stage [54,55]. Several papers have addressed the use of PEFCs
in UUVs [13,56]. The Japanese submarine Urishima has pioneered
the use of a PEFC withinan UUV [56]. Griffith et al. [13] modelled the
hybrid PEFC system with lithium-ion battery for the UUV using vir-
tual test bed software, focusing on the voltage and current control
between fuel cell and battery.

In the following sections, a light-weight UUV will be given as
an example to demonstrate our sizing-design methodology. A load
cycle will be given and a standard UUV arrangement specified. The
design challenge is to determine the best fuel cell power architec-
ture and size as well as determining the mission length based on
the most appropriate fuel and oxidant storage technologies for the
specific application.

3.2. Power system design for a light-weight UUV

3.2.1. Description of a light-weight UUV and its power profile

The details of a light-weight UUV architecture are given in
Table 5. This UUV is of a representative torpedo size with an exter-
nal diameter of 32.4 cm, length of 3.76 m and weight of 227 kg. The
UUV has a limited space for the energy section (power conversion
and chemical storage section). The energy section is assumed to
take up 24% of the UUV’s total volume, based on the US MARV
demonstrator vehicle which is the same diameter as the UUV used
in our analysis but with a longer length of 4.01 m [57]. The neu-
tral buoyancy requirement for the UUV determines the limiting
weight of the energy section (which is calculated as the product
of the volume and the density of the sea water). Note that when
designing a UUV, it is important that the vehicle is neutrally buoy-
ant, i.e. that the mean density of the UUV must equal the density
of the surrounding sea water (which has a density of 1025 kg m—3).
Hence this sets a target density for our complete hybrid system of
1kgL-1.

The power profile for the UUV is given in Fig. 8, which shows
periodic high power demand. The high power demand may corre-
spond to the use of the electronic devices for mapping, detection
and data collection. The number of activity cycles (shown as solid
lines in Fig. 8) determines the mission length of the UUV. The high
peak of the propulsive power lasts for 10 min at 6736 W, and the
low propulsive power 6.6 h at 210 W. Ideally the mission will last
a total of 13 cycles; when the start and finish periods are included,
this is equal to a total of 92.35 h. Apart from supplying the propul-
sive power, the power system in the UUV is also expected to supply
the payload power (which may be required for keeping some com-
puter or software running), indicated as the dashed lines in Fig. 8.
The calculated total payload energy over the 92.35h is 8681 Wh.

8000

7000

6000

5000

4000

Power (W)

3000+
2000
1000+

0 —‘[_ = T e [ ] T P T W S P [ e e [ ) Y O P _]’_l

T T T T T T T T T T T g T T T
0 10 20 30 40 50 60 70 80 90 100

Time (h)

Fig. 8. The power profile for a light-weight UUV. Solid lines indicate the propulsive
power, dash lines indicate the payload power, and the dotted line indicates the
average power.

The average power calculated for the power system is 500 W, which
is shown as the dotted line in Fig. 8.

As discussed in Section 2.1, for the power profile shown in Fig. 8,
it is appropriate to use a fuel cell to supply the average power, and
draw from the energy storage unit (battery or supercapacitor) the
power that is equivalent to subtracting the average power from the
peak power. Referring to Fig. 4, this power cycle can be expressed in
non-dimensional terms as: T=0.025, F=32 and DOH =0.928, indi-
cating that the major portion of the maximum power is going to be
drawn from the energy storage unit rather than the fuel cell.

It is worth noting that the power/energy assignment between
the fuel cell and the battery would be done through an electrical
control and regulation system (as shown in Fig. 1)/a power con-
troller (as will be shown in Fig. 9); thus any inefficiency in the
electrical control and regulation system or the power controller
would result in an increase in the total energy required from the
power system. Although this issue is not discussed quantitatively
in this paper, it is clear that a highly effective power controller is
desirable, to minimise the extra power demand on the system.

3.2.2. Energy storage selection

Referring to Fig. 5, the DOH is well above the boundary and there-
fore discharge limited and with a characteristic time of t; =600s
(i.e. 10min) in which a total energy of 1039 Wh (3.74 x 106 ]) needs
to be delivered by the energy storage device. Referring to Fig. 6, the
diagonal line representing the characteristic time for the system is
0.17 h. This precludes the use of capacitors (including electrolytic,
ultra and double-layer capacitors), as well as lead acid batteries,
leaving other more advanced battery technologies as the option

Humidification

>

= -
Power Li-ion
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= Coolant PEFC Controller [ Battery

Pump
I
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MI__,_I Application

Fig.9. System architecture of the hybrid fuel cell/battery power system for the UUV.
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for energy storage, as shown in Fig. 6. On a per kg basis, it is clear
that a high power density is more important than a high energy
density, since the power and energy requirements are 6236 W and
1039 Wh, respectively. Therefore, if a technology on the character-
istic time diagonal line is not available/suitable; the mass of the
system will be kept to a minimum by choosing one above the line
(high power density) and as far to the right as possible is desirable.
In this case, Li technology gives the highest power density; how-
ever, we need to consider the allowable mass and volume of the
entire system (as given in Table 5) to see what other technologies
may be suitable. Therefore, battery technology is the clear choice
as the energy storage unit for this application/mission power cycle.
The battery, as the dynamic energy storage device, would supply
peak and pulse power, and power for start-up of the hybrid sys-
tem. The fuel cell, as the device that converts the energy from the
fuel, supplies the average power (as indicated by the dotted line in
Fig. 8) and recharges the battery.

The energy required from the battery is calculated taking into
account the efficiency of the battery and the discharge limit using
Eq. (14). For the duty cycle shown in Fig. 8, the energy needed to
be stored in the battery is 1856 Wh. The weight and volume of the
battery system capable of storing this energy is calculated based on
available values for the gravimetric and volumetric energy density,
as listed in Table 2. On a weight and volume basis, it is clear that
Li-ion batteries are optimum. Li-ion battery packs also have the
advantage that they can be configured from relatively small cells;
thus can be manufactured to fit within most UUV hull shapes. The
performance of current Li-ion battery technologies varies signifi-
cantly between manufacturers. Based on the energy requirement
of the system in Fig. 8, SAFT claims to be able to provide the same
performance using their VL34P module with a weight of 16 kg and
a volume of 9 I. Our estimation of weight and volume based on the
Li-ion battery package of 15.4kg and 8L is therefore close to the
currently commercially available SAFT technology.

3.2.3. Fuel cell technology selection

A polymer electrolyte fuel cell (PEFC) is chosen to be hybridised
with the Li-ion battery to supply the power for the UUV. The advan-
tage of using a PEFC in our design is that a cooling system using
water is enabled (using a section of the hull for heat exchange to the
environment), avoiding the need for air. Furthermore, heat transfer
using a liquid is far more effective than using a gas, so a low-power
pump would therefore be sufficient for driving the coolant flow. In
contrast, high temperature fuel cells such as the solid oxide fuel
cell (SOFC) operate at temperatures of ~500-1000 °C, and require
large amounts of air for cooling and are therefore not suitable for
use in an air independent system. In this work, we assume that
the PEFC operates at its rated power with an electrical efficiency of
NEuelcell = 50%, which is in accord with the US DOE target for PEFCs
in transportation applications [58].

3.2.4. The power system architecture

We propose the power system architecture of the hybrid fuel
cell/battery power system for the UUV, as shown in Fig. 9. To cool
the PEFC, water is driven through the stack using pumps to trans-
fer the excess heat from the fuel cell to the hull and subsequently
to the submarine environment. The hybrid system also includes a
constant voltage regulation system, a smart battery charger, and
an electricity supply regulation system, which all require careful
design but are beyond the scope of this study.

Table 6 gives the power, the estimated mass and volume of the
system components, excluding the hydrogen and oxygen storage
units. The power required from the fuel cell is set to be the aver-
age power (500 W) derived from the power cycle in Fig. 8, plus the
power consumed by the auxiliaries such as pumps and fans (esti-
mated to be 100W), giving a total of 600 W. Based on the PEFC

Table 6

Power, mass and volume of system components for the UUV application.
Component Power (W) Mass (kg) Volume (L)
Fuel Cell 600 5 7
Battery 6240 15 8
Auxiliary? -100 6 6
Maximum for 33 37
hydrogen and

oxygen storage

2 Pumps, fans, piping, electric controls and cooling radiator.

products available from the commercial market, the weight and
volume of a 600 W PEFC are estimated to be 5kg and 7L, respec-
tively. The total weight and volume of the auxiliaries are estimated
to be 6 kg and 6 L respectively. Given that the allowable weight and
volume for the entire energy section are 59 kg and 58 L as shown in
Table 5, the maximum available weight and volume for the hydro-
gen and oxygen storage within the UUV are then 33 kg and 37 L.

3.2.5. Hydrogen and oxygen storage selection

The UUV application is unusual in that an oxidant as well as fuel
needs to be stored.

The H, store may be in compressed cylinders, in cryogenic
cylinders, or in the form of a metal hydride or complex hydride,
which can release hydrogen directly. Among the various oxygen
storage systems, liquid oxygen storage (LOX) has been previously
identified to be the most suitable oxidant for underwater vehicles
[55,59]. From Table 4, it is clear that LOX has the highest volumetric
and gravimetric density among the commercially available oxygen
storage technologies. Advanced light-weight liquid oxygen storage
systems have been developed for underwater vehicles by Sierra
Lobo Inc. (OH, USA) [13]. However, the storage of LOX raises many
safety issues, such as the effects of leakage, boil-off or large shock
loads. A full safety/risk assessment is required before LOX is stored
on the submarines.

The fuel cell power requirement is 600 W, so taking the electri-
cal efficiency of the fuel cell to be 50%, the fuel consumption rate is
equivalent to 1200 W. The amount of oxygen which is needed for
the fuel cell operation is estimated by assuming that it reacts com-
pletely with the hydrogen used, producing water. Oxygen should
be supplied in excess of that which is stoichiometrically required,
typically with stoichiometric ratios of 1.2-1.3 (i.e. 20-30% excess),
in order to remove product water and ensure that the cathode is not
starved of reactant. However, when both hydrogen and oxygen are
re-circulated, as in the design model shown in Fig. 9, the reaction
ratio of 1.0 mole O, to 2.0 moles H, is assumed.

The maximum operation duration-to-volume ratio is calculated
to be 9000sL-! and the maximum operation duration-to-weight
ratio 10,077 skg~1, assuming that the power system runs for the
full 92.35 h as shown in Fig. 8, and that the hydrogen storage takes
the whole volume which is available for both hydrogen and oxy-
gen storage given in Table 6 (of course, this is not the case, but
such an assumption is useful in providing a rough idea of the max-
imum sL-! and skg~! values). Using Fig. 7, it is clear that none
of the hydrogen storage technologies satisfy the volume criteria, as
9000 L1 s far off of the chart for all the current available hydrogen
storage techniques. Although the chemical hydrides, which give the
best operation duration-to-weight ratio on the top left corner of
the map, might just meet the weight criteria (10,077 skg=1), they
do not meet the fuel consumption rate which is 1200 W. There-
fore, given a fixed volume for the energy section, the duration of
the mission has to be shorter than 92.35h in order to use current
hydrogen storage techniques. This will be further explored in Sec-
tion 3.3 where a mass and energy balance analysis will explore the
envelope of operation duration.
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3.3. Mass and energy balance analysis of the hybrid power
system within the UUV

As shown in Table 6, the proposed hybrid power system can
fit within the volume and mass requirements of the UUV. But the
operation duration will depend on the size of the hydrogen and
oxygen tanks that can be fitted within the unused volume. For all
the analysis to be discussed in this section, LOX is the chosen oxygen
storage technique; whilst several hydrogen storage techniques are
examined. If a given element needs to be larger or a new element
to be added, then it will be at the expense of reduced hydrogen and
oxygen storage capacity, and hence reduced mission length.

Fig. 10 shows the results on the mass balance analysis using Egs.
(17)-(23) for the hybrid fuel cell/battery system, by comparing the
different hydrogen storage techniques. The intention is to see how
the hydrogen tank, oxygen tank and other components fit in the
UUV when the volume of the energy section is fixed as given in
Table 5. In Fig. 10(a), the estimates of hydrogen and oxygen are
performed by assuming the UUV carries out the mission contin-
uously for 92.35h, as required in the power profile of Fig. 8. For
such a mission length and the given volume capacity, current stor-
age technologies fail to store the required amount of hydrogen and
oxygen. As discussed in Section 3.2, the duration of the mission has
to be shorter than 92.35h in order to use current hydrogen stor-
age techniques. Fig. 10(b) and (c) shows the mass balance of the
system assuming the lifetime of the UUV mission to be 40h and
20h, respectively. At the mission length of 40h, liquid hydrogen
and NH3BH3, together with oxygen stored in cryogenic tanks, are
able to fit within the volumetric and mass constraints of the sys-
tem. At the mission length of 20 h, hydrogen storage can be chosen
from being stored as compressed at 35 or 70 MPa, as liquid and in
the form of NH3BHj3.

We then examine how the volumetric and mass requirements
of the UUV influence the system design and the lifetime of the mis-
sion. This is done by considering how varying the fraction of length
(with constant cross-sectional area) of the UUV dedicated to the
energy section affects the mission duration, as shown in Fig. 11. In
doing this analysis, the neutral buoyancy of the system is realized;
Wiotal and Vi in Egs. (22) and (23) are known and the mission
duration is found by solving the system of equations. The mission
length increases with increasing the length of the energy section
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dedicated to fuel storage, as would be expected. Several hydrogen
storage technologies are compared in Fig. 11. Use of a hybrid fuel
cell/battery system always gives longer mission length than using
a purely Li-ion battery system, supporting the decision to use a
hybrid system. For the hybrid fuel cell/battery system, supplying
hydrogen using NH3BH3 storage is predicted to give the longest
mission length due to the encouraging estimation for its gravimet-
ric and volumetric H, density. This strongly supports the demand of
hydrogen storage with both high gravimetric and volumetric den-
sity especially in applications (e.g. transportation) where both the
weight and space are constraints. Nevertheless, one has to recog-
nize that the impressive figures for NH3BH3 used in this analysis
are based on continued progress in delivering a high performance
hydrogen delivery system. Furthermore, several methods exist for
releasing hydrogen from NH3BH3, such as thermal decomposition
and hydrolysis with various catalysts. These release processes may
require elevated temperatures, or introduce other reactor design
requirements, which could raise issues of system complexity and
energy efficiency. Therefore, it is appropriate to recommend lig-
uid hydrogen as the best hydrogen storage technique currently
available for this UUV application, whilst recognising the potential
longer term benefit of the NH3BH3 option.

4. Conclusions

We have demonstrated a sizing-design methodology for design-
ing hybrid fuel cell power systems. The criteria for the choice of fuel
cell technology, battery or supercapacitor technology, hydrogen
storage method and means of oxygen supply have been examined.

We have also demonstrated the application of the sizing-design
methodology to a light-weight UUV. The analysis is focused on the
mass, size, and the energy balance of the system components. The
selected hybrid system comprises a lithium-ion battery, a polymer
electrolyte fuel cell, a liquid oxygen tank, a hydrogen tank and other
balance-of-plant components. The hybrid fuel cell/battery system
is observed to have significant advantages over a purely battery
powered design in terms of extended mission duration. Hydro-
gen storage constitutes a large part of the mass and volume of
the energy system. Compact hydrogen storage with high energy
density (in both gravimetric and volumetric terms) is beneficial,
which enables the UUV to have a longer mission length. Shortening
the mission length enables the use of currently available but less
compact hydrogen storage methods, such as compressed hydro-
gen. Hydrogen storage in the form of NH3BH3 has been identified
to have a particularly high storage density; however, the practical-
ities of using such a system have not been assessed since there is no
commercial product currently available. Among the commercially
available techniques, liquid hydrogen stored in cryogenic tanks
provides the most promising performance.
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