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Abstract

As all industries move towards sustainable fuels to reduce emissions, aircraft in-

dustry is still at its nascent stages. The adoption of clean energy sources has

been slow particularly due to low energy density of commercially available bat-

teries, and high volumetric density of hydrogen as a fuel. Electric aircrafts have

been demonstrated but only a few are available commercially. Hydrogen powered

flights have also been demonstrated, but only for experimental purposes. As the

move towards clean aviation furthers, it is necessary to indicate an approach for

designing a mass-minimized aircraft powerplant.

The aim of this thesis was to indicate exergy-gravimetric approaches towards de-

signing an optimal minimized-mass powerplant for aircraft applications. This

thesis work also aimed to use this approach to size a mass-minimized powerplant

for the Pipistrel Alpha Electro aircraft. The exergy analysis of fuel cell was car-

ried out on CycleTempo through which sources of exergy destruction were iden-

tified. A mass-minimized model was developed on MATLAB. Using these tools,

a number of system configurations for varying battery combinations, endurance

requirements, and fuel cell types were analysed.

Overall, an exergy-gravimetric approach towards mass minimization was devel-

oped in this thesis work. Multiple fuel cell - battery hybrid powerplants were sized

for the Pipistrel Alpha Electro. It was demonstrated that at least three system con-

figurations using commercially available batteries and PEM fuel cells exist which

would perform superior than the existing battery system on the aircraft, reducing

the powerplant weight by asmuch as 30 kg from the existing battery system, while

increasing endurance by about 15 minutes.
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Chapter 1

Introduction

The Intergovernmental Panel on Climate Change (IPCC) estimates that aviation

is responsible for around 3.5% of anthropogenic climate change. With growing air

traffic, this number could go as high as 15% by 2050 [1]. Thus, aircraft manufac-

turers are increasingly exploring more sustainable and emission-free powerplant

designs for aircrafts. With fuel cell and battery technologies evolving rapidly, they

are becoming more feasible for motive and aircraft applications. Small fully elec-

tric aircrafts like the Pipistrel Alpha Electro are already flying in the skies.

However, electric aircrafts (Pipistrel Alpha Electro for example) suffer from a de-

creased endurance of only about an hour flight-time, compared to its conventional

counterpart Pipistrel Alpha Trainer boasting over three hours flight-time. This is

due to the low energy density of even the state-of-the-art lithium batteries avail-

able commercially, compared to aviation fuel. To shift away from conventional

fuels, sustainable sources of energy (and power) should be able to match the spe-

cific power and specific energy density of conventional fuels and powertrains.

State-of-the-art rechargeable batteries used in electric vehicles have specific en-

ergy density of up to 0.25 kWh/kg [2] and latest batteries for aviation claim up

to 450 Wh/kg [3]. This however is no match to the energy density of gasoline,

which is about 12.7 kWh/kg [4], i.e. more than 2 order of magnitude higher. Hy-

drogen, with a specific energy density of about 39 kWh/kg [4] is far superior than

even gasoline1. With regards to specific power density, the internal combustion

engines used for small 2-seater aircrafts is about about 1.3 kW/kg [5], the specific

power density of fuel cells is under 1 kW/kg, and Li-Ion cells which have a power

density of over 5 kW/kg. Aircrafts require much higher power during takeoff and

climb (about 65 kW in case of Pipistrel Alpha Electro), but only a fraction of this

power is required during cruise flight (about 18 kW when cruising at 140 kmph).

Hence, fuel cell - battery hybridization provides the opportunity tomaximize both,
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the specific power density and the specific energy density of the powerplant. Such

hybrid powerplants hence have the potential to provide a clean alternative to con-

ventional versions. The Ragone plot in Figure 1.1 shows a comparison of specific

power and specific energy density of batteries and fuel cells [6].

Figure 1.1: Comparing fuel cell and battery power and energy density [6]

Hydrogen, with its high energy density, is being explored in several projects to

enable extending range of such fully electric aircrafts. Several fuel cell powered

manned aircrafts have already been demonstrated, with the first one being Boe-

ing Fuel Cell Demonstrator in 2009, a 2-seater motor glider flown for about 18

minutes on level flight. Other demonstrators include the ENFICA-FC, and the

Antares DLR-H2.

The electrical efficiency of a fuel cell is a function of terminal voltage, which is

a function of fuel cell’s current density. The electrical efficiency thus is higher

when the fuel cell is operated at higher terminal voltage, i.e. low current density.

Consequently as the fuel cell is operated at higher power density, the efficiency

decreases. This is shown in images Figure 1.2 and Figure 1.3.

It can be seen from Figure 1.2 that fuel cells suffer from low electrical efficien-

cies due to various irreversibilities. Apart from these, the system level efficiency

is also dependant on the efficiency of other balance-of-plant (BOP) components,

like cooling fans and DC-DC converters. First law of thermodynamics can be used

to analyse the losses and inefficiencies, but it does not provide any information

about the quality of energy available, or quality of energy lost. Second law analy-

sis is more powerful in giving the true ”losses” and better identifying the quality

of these losses and potential for improvement. There is a trade-off between fuel

cell power density (and electrical efficiency) with the fuel and fuel tank weight.

However, an optimum can be found between these extremes to achieve the lowest

1Energy density excludes the weight of storage and regulation components.
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Figure 1.2: Cell voltage and efficiency for a sample fuel cell.

Figure 1.3: Cell power density and efficiency for a sample fuel cell.

systemmass. Implementing suchmass-minimization while accounting for exergy

provides deeper insights on the ”cost” of exergy losses on the overall systemmass.

Such study where exergy analysis is used to design mass-minimized systems is

called an ”exergy-gravimetric analysis”.

The aim of this Master’s thesis was to further an exergy-gravimetric approach,

which was originally introduced by US Air Force. This approach attempts at an

exergy-aided weight reduction of advanced energy systems, inclusive of fuel [7].

This thesis work also aimed to use this approach to design a mass-minimized fuel

cell - battery hybrid powerplant for the 2-seater aircraft Pipistrel Alpha Electro

using commercially available systems. Focus was laid on reducing irreversibilites

andpower consumption of auxiliary components, and its impact on theminimized

system mass. The choice of battery and endurance requirements are also taken

into account. The approach and the models developed in this thesis can be easily

applied to develop mass-minimized systems for any application.
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The goal of this thesis can be achieved by answering the following questions:

• What approach can be used to design mass-minimized fuel cell - battery

hybrid powerplants for mass-sensitive applications?

• Is it possible to design a powerplant for Pipistrel Alpha Electro with

currently available technologies, to reduce the powerplant mass, or increase

endurance?

• If possible, suggest some likely powerplant configurations for the Pipistrel

Alpha-H2

This report starts with the Background Information provided in chapter 2 where

underlying concepts about fuel cell operation, specifications of the aircraft, and

the exergy-gravimetric approach are explained. The next chapter Literature

Reviewmentions some of the previous work done in this field. Chapter 4 explains

themodeling approach taken onMATLAB and CycleTempo for exergy and energy

efficiency analysis. The results of this modeling are used to theoretically size

numerous mass-minimized configurations, which are presented in Chapter 5.

This chapter also analyses the effects of various variables like fuel cell type, cruise

endurance requirement, type of battery, and fuel cell power density on mass-

minimized configuration. Chapter 6 is about Practical System Sizing where

system configuration for three hybrid system combinations is determined and

analysed. Finally Conclusion and Future Work is presented in the last chapter.
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Chapter 2

Background Information

This chapter introduces the basics of all the components used in this work. Basic

working principles of fuel cells, batteries, and power converters are explained.

Towards the end, information is provided about Pipistrel Alpha Electro, the

aircraft in consideration for sizing the fuel cell hybrid system. This chapter also

introduces the terminologies used throughout this thesis work.

2.1 Fuel cells

A fuel cell converts chemical energy directly into electrical energy via electrochem-

ical processes. While batteries store energy as well as supply power, fuel cells are

only electrical power production units, and the energy is derived from fuel stored

separately.

A variety of fuel cells are available commercially. These can be categorized broadly

on the basis of their operating temperatures.

• Low temperature fuel cells (up to 100 °C)

Permeable Electrolyte Membrane (PEM)

• Medium temperature fuel cells (up to 600 °C)

Phosphoric Acid Fuel Cells (PAFC)

Alkaline Fuel Cells (AFC)

Solid Acid Fuel Cells (SAFC)

• High temperature fuel cells (≥ 650 °C)

Solid Oxide Fuel Cells (SOFC)

Molten Carbonate Fuel Cells (MCFC)
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The type of fuel also varies with type of fuel cell. While PEM strictly requires pure

H2, SOFCs can work with organic fuels like propane as well. In this study, PEM

fuel cells and propane fuelled SOFCs are explored for sizing the aircraft hybrid

power systems.

Figure 2.1: A typical fuel cell construction. A hydrogen fuel cell needs fuel and
oxidant supply to generate electricity, heat and exhaust gases [8].

2.1.1 PEM fuel cells

The PEM fuel cells fall in the category of low temperature fuel cells. This type of

fuel cells use a thin (≤ 50µm) proton conductive polymer exchange membrane as

the electrolyte. The electrodes are made out of various materials, but Platinum

is used as a catalyst on the electrodes. Operating temperatures are low, typically

under 100 °C [9]. This is because the electrolyte membrane needs to be hydrated

to conduct protons, and water evaporates faster as the temperature increases

due to the increase in saturation pressure, and consequently the water carrying

capacity of air [10, 11].

The anode is fed by H2, while the cathode can be either air-fed or oxygen-fed.

The electro-chemical reactions in the fuel cell happen simultaneously on both the

anode and cathode. These reactions are shown in equation below [12].

Anode H2 → 2H+ + 2e−

Cathode
1

2
O2 + 2H+ + 2e− → H2O

(2.1)

The overall reaction results in release of energy, the enthalpy of formation of

water. For this reaction taking place at standard state, i.e. 25°C and 1.01325 bar,

the energy released is 286 kJ/mol of water produced (enthalpy of formation of

liquid water).

H2 +
1

2
O2 → H2O(l) + 286kJ/mol (2.2)
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Figure 2.2: The basic operation principle of PEM fuel cell [8].

Higher and lower heating value

The enthalpy of water formation in the above reaction is also called hydrogen’s

heating value. It is the amount of energy released on complete combustion of a

mole of hydrogen gas at standard state temperature and pressure conditions, i.e.

at 25 °C and 1.01325 bar, and then products are allowed to cool down to 25 °C, i.e.

the product water is in liquid state. This is the Higher Heating Value (HHV) of

hydrogen combustion, andhas a value of 286 kJ/mol [12]. However, if the product

water is in vapor state, energy is used in phase conversion of water. This energy

is equal to the enthalpy of evaporation of water at 25 °C (= 45 kJ/mol). Hence

consequently the energy released by the reaction when water vapor is formed

as a product is called the Lower Heating Value (LHV) of hydrogen combustion

reaction. This value is equal to 241 kJ/mol at 25 °C and 1.01325 bar [12].

Losses and Polarization Equation

Gibbs free energy∆G is themaximum amount of work that can be performed by a

system at constant temperature and pressure [9]. The Gibbs free energy is related

to the enthalpy and entropy via:

∆G = ∆H − T∆S (2.3)

Where T (K) is the reaction temperature, ∆H (J/mol) is the change in enthalpy

at the reaction temperature, and ∆S (J/mol-K) is the change in entropy at the

reaction temperature. The theoretical reversible voltage of the fuel cell is related
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to Gibbs free energy of the reaction via the equation [12]:

Vrev =
−∆G

nF
(2.4)

Where n is the number of electrons exchanged per mole of fuel consumed, and F

is Faraday’s constant. The reversible voltage at a non-standard state, i.e. variation

with molar concentrations and pressures is given by the equation [12]:

VNernst =
−∆G°
nF

+
RT

nF
ln

(
yH2 ∗ y0.5O2

yH2O

(
p

p0

)0.5
)

(2.5)

Where T is the reaction temperature (K), p is the pressure of the reactants and

the products, and p0 is the reference pressure, i.e. 1.01325 bar, and y is the molar

concentration of the reactant and product species.

Three types of losses determine the output potential of the fuel cell: activation

losses, ohmic losses, and mass transport losses [9]. These loss mechanisms are

described below.

Activation losses represent the proportion of voltage generated that is lost in

driving the chemical reaction that transfers electrons to or from the electrode [9].

∆VActivation =
RT

nFα
ln

(
jext + jloss

j0

)
(2.6)

Ohmic loses occur due to the ohmic resistance of the fuel cell components (eg.

membrane, electrodes, electrolyte etc.). These losses are given by Equation 2.7.

∆VOhmic = (jext + jloss)Ri,ohmic (2.7)

Mass transport losses arise due to the change in concentration of the reactants

at the surface of the electrodes as fuel is consumed [9]. These losses are given by

the Equation 2.8.

∆VMassTransport =
RT

nF
ln

(
jlim − jext − jloss

jlim

)
(2.8)

The overall voltage, after accounting for all losses, is given by

VFC = VNernst −∆VActivation −∆VOhmic −∆VMassTransport (2.9)

Where j is current density given by j = I/Aa, Aa is the active area per cell.

jext is the external current density, i.e. the current drawn from the fuel cell by

the connected load, divided by the active area per cell. The loss current density
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jloss is the current density attributed to losses due to fuel or oxidant crossovers,

i.e. ”leakages” in the electrolyte membrane. The limiting current density jlim is

defined as themaximumcurrent density that can be used to get a desired electrode

reaction without undue interference, such as may come from polarization [12].

j0, the exchange current density is the forward (or backward) reaction current

density when no current is being drawn from the system. For a high value of j0, the

electrode surface can be said to be more ”active”, leading to low activation losses

when external current is drawn [9]. A generic IV curve of a fuel cell depicting the

regions of IV where these losses are most prominent is shown in Figure 2.3 [13].

Figure 2.3: IV curve of a generic fuel cell showing various losses

2.1.2 Solid oxide fuel cells

Solid Oxide Fuel Cells use solid and non-porous metal oxide as the electrolyte.

These electrolytes do not allow permeation of any ions at low temperatures, but

become conductive for O2− ions at higher temperatures, and hence these fuel

cells typically operate between 800 °C to 1000 °C, although SOFCs at lower

temperatures, 400 °C to 650 °C have been demonstrated at cell level [14].

The basic operation principle of Solid Oxide Fuel Cell is the same as that of

PEM fuel cell. There are certain differences however. While in PEM, H+ ions

are transported via the electrolyte membrane, O2− anions are transported via

electrolyte in SOFC. In other words, water is produced at the anode in SOFCs.

The Solid Oxide Fuel Cells are also more flexible in terms of inlet fuel: the choice

of fuel can vary from pure H2 to ammonia, to hydrocarbons. Besides, the anodic

and cathodic reactions are also different. For an H2 fuelled SOFC, the reaction
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equations are
Anode: H2 +O2− → H2O + 2e−

Cathode:
1

2
O2 + 2e− → O2−

(2.10)

While for Carbon Monoxide fueled SOFC, the reaction equation is given by

Anode: CO +O2− → CO2 + 2e−

Cathode:
1

2
O2 + 2e− → O2−

(2.11)

These processes are represented in Figure 2.4 [9].

Figure 2.4: Anode and Cathode reactions for SOFC, when usingH2 and CO as
fuels respectively [9].

The voltage of an SOFC is governed by the same equations as those of PEM

described in section 2.1.1. However, the gibbs free energy will be different

depending on the fuel used reaction temperature.

2.1.3 Balance of Plant (BOP) components

Balance of Plant (BOP) components include all components other than the fuel

cell stack required to ensure proper functioning of the fuel cell. Smaller PEM fuel

cells generally do not need any balance of plant components, just fuel and oxygen

supply. However, balance of plant (BOP) components are required for larger fuel

cells. This section describes some of the BOP components for PEM fuel cells.

Cooling systems

All irreversibilites mentioned above result in losses released as heat. This heat

needs to be dissipated to maintain the fuel cell at the required temperature.

PEM are differentiated mainly into two categories depending on how cooling is

achieved:

1. Air cooled

2. Liquid cooled
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In air cooled fuel cells, heat is dissipated via forced air convection. Fans /

compressors are used to drive the air at the required flow rate. Some fuel cells

[15, 16] use the fan to cool the fuel cell, as well as to provide sufficient air flow

through the cathode. Air cooled fuel cells are generally < 5 kW power output [17,

18].

In liquid cooled fuel cells, the fuel cell temperature is maintained by the flowing

liquid in the cooling channels. Since heat capacity of water is> 4 times that of air,

liquid cooled fuel cells are often found in higher output capacities, up to 100 kW

stacks are commercially available. Liquid cooled stacks require coolant pumps,

heat exchangers, flow pipes, and coolant reservoirs.

Humidifier

PEM fuel cells rely on the proton conductivity of the electrolyte membrane to

complete the reaction. Nafion membranes, or their variants are typically used

as these electrolyte membranes. These membranes need to be humidified to

increase / maintain their proton conductivity [19]. However, the fuel and air flow

through the anode and cathode respectively have drying effect on the membrane

as the water is evaporated, and could cause the membrane to dry out if sufficient

humidity is notmaintained. Humidifiers are used to humidify the inlet gaseswhen

sufficient humidity cannot be maintained at the membrane otherwise.

DC-DC converter

Voltage requirements vary depending on the application. Sometimes, the output

voltage of the fuel cell does not match the required voltage. In such cases,

DC-DC converters are used to convert the output voltage of the fuel cell to the

required voltage level. Hence, while DC-DC converters are not exactly essential

for functioning of the fuel cell system, they may be required at a system level.

2.2 Component research

This section lists commercially available powerplant components, i.e. the fuel

cells, fuel storage, batteries, and DC-DC converters. This data is used for

theoretical and practical system sizing in the later chapters.

2.2.1 Fuel cells

A list of commercially available PEM fuel cells formotive applications is presented

in Table 2.1 [16, 20, 15, 21, 22]. The specific and volumetric power densities
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mentioned are at a system level. These power and energy densities are only for

the fuel cells (including BOP components), and do not include the fuel storage.

Table 2.1: List of commercially available PEM fuel cells for motive applications
[16, 20, 15, 21, 22].

System name
Nominal
Power [W]

Weight
[kg]

Volume
[L]

Specific Power
Density [W/kg]

Volumetric Power
Density [W/L]

BOP Cooling

HES A250 250 0.73 1.63 342.47 153.37 Included Air
HES A500 500 1.30 3.38 384.62 147.93 Included Air
HES A1000-50 1000 2.04 5.39 490.20 185.53 Included Air
HES A1000-65 1000 1.80 4.76 555.56 210.30 Included Air
HES A1500 1500 2.80 5.25 535.71 285.71 Included Air
HES A2000 2000 3.80 10.56 526.32 189.39 Included Air
IE 650W UAV 650 0.81 2.41 802.47 269.26 Included Air
IE 800W UAV 800 0.93 2.74 860.22 291.97 Included Air
IE 2.4kW UAV 2400 3.25 12.85 738.46 186.77 Included Air
IE FCM-801 1200 10.00 42.08 120.00 28.52 Included Air
IE FCM-802 2500 18.00 74.25 138.89 33.67 Included Air
IE FCM-804 4000 20.00 74.25 200.00 53.87 Included Air
Ballard FCAir - 600 600 1.80 2.13 333.33 281.69 Included Air
Ballard FCAir - 1200 1200 4.00 7.08 300.00 169.49 Included Air
Powercell MS-30 30000 145.00 174.00 206.90 172.41 Liquid
Powercell PS-5 5000 110.00 246.00 45.45 20.33 Liquid
Ballard FCVelocity-MD 30000 125.00 162.00 240.00 185.19 Liquid
Ballard HD60 60000 349.00 496.87 171.92 120.76 Liquid
Ballard HD85 85000 361.00 496.87 235.46 171.07 Liquid
Ballard HD100 100000 390.00 527.00 256.41 189.75 Liquid
Hydrogenics HD10-200 10000 33.00 27.52 303.03 363.37 Partial Liquid
Hydrogenics HD15 16500 55.00 52.34 300.00 315.25 Partial Liquid
Hydrogenics HD30 31000 75.00 76.18 413.33 406.93 Partial Liquid

2.2.2 Fuel storage

Hydogen

Hydrogen can be stored in majorly three forms: pressurized gas, cryogenic liquid,

and in solid state in metal hydrides. A comparison of theoretical storage density

of various H2 storage forms is presented in Figure 2.5 [23, 24]. LiBH4 and

liquid hydrogen are very promising in terms of energy density, surpassing the

theoretical storage energy density of pressurized hydrogen. However as of date

LiBH4 storage tanks do not exist commercially and hence have not been explored

in this study. Liquid hydrogen, due to high production and storage costs and high

boil-off losses [25] has also not been explored in this study.

Table 2.2 compares the specifications of some commercially available pressurized

storage tanks. The tank storage density (ηTank) is defined as the amount of fuel

stored per unit mass of empty container; the volumetric density (ηV olume
Tank ) is the

weight of empty tank per unity volume. These are calculated via

ηTank =
Mfuel

MEmptyTank

ηV olume
Tank =

MEmptyTank

VTank

(2.12)
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Figure 2.5: Storage density for variousH2 storage forms [23].

WhereMfuel is the mass of fuel stored,MEmptyTank is the mass of empty tank, and

VTank is the outer volume of tank.

Table 2.2: Some of commercially available pressurised hydrogen storage options
[16, 26, 27].

Tank
Storage
pressure
[bar]

Outer dimensions
(dia x length)
[mm]

Outer
volume
[L]

Inner
volume
[L]

Fuel
capacity
[kg]

Empty
weight
[kg]

ηTank

[-]
ηV olume
Tank

[kg/L]

Mahytec A 60 840x1870 1035.79 850 3.95 215 0.018 0.208
Mahytec B 525 490x3070 578.63 300 8.23 260 0.032 0.449
Mahytec C 700 328x1160 97.97 52 1.677 53.6 0.031 0.547
HL A 200 315x1060 90.35 46 0.7 16 0.044 0.177
HL I 700 319x906 72.37 36 1.4 34 0.041 0.470
HL J 700 238x1600 71.14 39 1.6 29 0.055 0.408
HL K 700 420x845 117.01 64 2.4 43 0.056 0.367
HL L 700 440x1050 159.57 76 3.1 59 0.053 0.370
HES A12 196x532 16.04 12 0.377 3.5 0.108 0.218
HES A20 230x655 27.20 20 0.629 7 0.090 0.257

From Table 2.2, it is observed that the storage density varies significantly, with

the best available tank (the HES A12) having a storage density of ηTank = 10.8%.

Propane

Propane is used as a fuel for SOFCs. Lightweight storage tanks for liquid propane

are readily available commercially. Some of these tanks are listed in Table 2.3

[28].

Comparing the tank storage densities of pressurizedH2 and propane in Table 2.2

and Table 2.3 respectively, it can easily be noticed that storage density of propane

tanks is an order of magnitude higher than that of hydrogen tanks.
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Table 2.3: Some commercially available propane storage tanks [28].

Name
Outer dimensions
(dia x length)
[mm]

Outer
volume
[L]

Inner
volume
[L]

Fuel
capacity
[kg]

Empty
weight
[kg]

ηTank

[-]
ηV olume
Tank

[kg/L]

Viking 11 lbs 304x383 27.79 12.47 5 4.08 1.23 0.147
Viking 17 lbs 304x465 33.73 18.33 7.64 4.54 1.68 0.135
Viking 22 lbs 304x571 41.42 24 10 5.44 1.84 0.131

2.2.3 Batteries

Lithium batteries are often used as power source in motive applications. In

Table 2.4, the characteristics of three batteries are described. The A123

ANR26650m1b [29] is a high power density, low energy density cell, the

SolidEnergy Hermes [3] is a low power density high energy density cell, and the

Sony VTC6 [30] is a balanced cell, i.e. has both good power and energy density.

These cells have been specifically selected to demonstrate the impact of power and

energy density of cells on the optimal configuration and overall weight.

Table 2.4: Rated characteristics of battery cells used for system sizing [30, 3, 29].

A123 ANR26650m1-b Sony US18650VTC6 SolidEnergy Hermes

”High power density” ”Balanced” ”High energy density”
Chemistry LiFePO4 LiNMC Li-Metal
Nominal voltage [V] 3.3 3.60 3.8
Max. voltage [V] 3.6 4.20 4.2
End of discharge voltage [V] 2 2.50 3
Rated capacity [mAh] 2.5 3.00 3.2
Max. cont. C-rate [-] 20 5.00 2
Max. cont. discharge power [W] 180 54.00 24.32
Weight / cell [kg] 0.076 0.0465 0.029
Volume / cell [L] 0.0345 0.0165 0.015
Specific energy density [Wh/kg] 108.55 232.26 419.31
Volumetric density [kg/L] 2.20 2.81 1.93
Power density [W/kg] 2368.42 1161.29 838.62
Typical cycle life 1000+ ∼400 ∼120

2.2.4 DC-DC converters

DCDC converters are commonly employed in fuel cell - battery hybrid powertrain

designs to match the fuel cell voltage to bus-bar voltage, and to also maintain fuel

cell output power. Such converters typically are 94-98% efficient at the rated

loads [31, 32]. Tame-Power [33] provides air cooled DC-DC converters with

power densities upto 1.36 kW/kg and upto 95% nominal efficiency. Zekalabs [34]

provides liquid cooled DCDC converters with power density of upto 0.75 kW/kg

and minimum efficiency of 94%.
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Figure 2.6: Comparing power and energy density of selected battery cells.

2.3 The Pipistrel Alpha Electro

2.3.1 Overview of Aircraft

The Pipistrel Alpha Electro (previously known as Pipistrel WattsUp) is a 2-seater

aircraft from the Slovenian aircraftmanufacturer Pipistrel [35]. TheAlphaElectro

is designed to be a trainer aircraft, and is optimized for traffic patterns operation.

It is theoretically able to recuperate up to 13% energy during approach and

descent.

Figure 2.7: Pipistrel Alpha Electro [35]
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2.3.2 Aircraft powertrain

Existing powertrain

The aircraft’s existing powertrain design consists of two separate battery bays,

one in front of the passenger cabin and one on the rear. Each battery bay has

a volumetric capacity of 69.38L [35], and houses a battery of 10.5 kWh. Both

the batteries along with the motor controller (inverter) connect to the junction

box. A DC-DC converter converts the junction box voltage to 12V required for

main computer operation. The motor is controlled via a digital throttle input

given to the main computer. The main computer also receives data from each

of the batteries and displays all information about the aircraft on the cockpit

instruments. The charger for the batteries is not on-board, and thus cannot

be carried along. The motor is liquid cooled 3 phase, controlled via the motor

controller. These schematics are represented in Figure 2.8, and the dimensions

of front the battery bay are represented in Figure 2.9.

Figure 2.8: Electrical system schematics of Pipistrel Alpha Electro [35].

Flight course for powertrain design

The Pipistrel Alpha Electro is a trainer aircraft and is optimised for traffic patterns

operation. Accurate information about power requirements and flight course was

16 CHAPTER 2. BACKGROUND INFORMATION



Exergy-Gravimetric Design Approach for Pipistrel Alpha-H2

Figure 2.9: Front battery bay dimensions [35].

not available, and hence certain assumptions have been made. This flight course

along with the assumptions is mentioned hereafter.

The cruise altitude is chosen for traffic patterns operation (1000 feet AGL) as per

[36] specifications for traffic patterns operation. It is assumed that the flight starts

at sea level and hence the cruise altitude is assumed to be 1000 feet (300m)MSL.

The flight starts with the ”takeoff” phase, where the power required by the aircraft

is maximum, i.e. 65 kW [35]. This phase lasts for 1 minimum, and the aircraft

enters the ”climb” phase when it altitude is more than 15m AGL [35, 37]. The

”climb” phase lasts for another 1 minimum until the aircraft climbs to its cruise

altitude of 1000 feet AGL (300m), after which it continues to cruise at 140 kmph,

during which it consumes 18 kW. It is assumed that power consumption of the

auxiliary components is included in the 18 kW cruise power consumption. Since

the aircraft can recuperate energy while descent and landing, it is assumed that

the aircraft does consume any power at that time, and the duration of descent is

negligible as compared to cruise. The flight course is summarised in Table 2.5,

and represented visually in Figure 2.10.

Design requirements for hybrid powertrain

The hybrid powertrain design explored in this work must be able to supply more

than 18 kW continuously, and 65 kW for at least 2 minutes. The powerplant must

weigh under 126 kg, and must occupy under 138.7 L. The junction box voltage

at all times should be between 100V and 450V, and the nominal junction box

voltage should be close to 345V. At the specified flight course, the powerplant
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Figure 2.10: Selected flight path for powertrain design

must contain sufficient energy to last for at least 65 minutes cruise flight (inc.

20 minutes reserve). This translates to at least 21 kWh of energy available at the

junction box. The flight course requirements are summarized in Table 2.5 and

Figure 2.10. Effect of altitude on aircraft and fuel cell performance is not taken

into account in this study.

2.4 Exergy-gravimetric analysis

Exergy is defined as the work that can be obtained from an amount of

energy (converted in a well defined system), under ideal conditions (under a

reversible process) using the environment as a reservoir of heat and matter [38].

Exergetic efficiencymeasures entropy production, and hence irreversibility losses

associated with chemical and thermal processes [9]. Unlike energy, exergy can be,

and is destroyed when transformed from one source to the other.

In fuel cells, exergy is destroyed due to each of the irreversibilities described

in section 2.1.1, and lost due to processes like purging. BOP components

also contribute towards exergy destruction. Electrical components like pumps,

compressors and DC-DC converters contribute towards exergy destruction due to
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their electrical and mechanical inefficiencies.

2.4.1 Efficiency calculations

Exergy efficiency can be defined in twoways: the universal exergy efficiency, given

by Equation 2.13; and the functional exergy efficiency, given by Equation 2.14.

ηEx,univ =
Exergyout
Exergyin

(2.13)

ηEx,func =
Exergyrecovered
Exergyexpended

(2.14)

The universal exergy efficiency is defined as the ratio of the total sum of exergy

leaving the system to the total sum of the exergy entering the system. It gives an

intuitive measure of the system performance, but however since this efficiency

measure includes all the exergy leaving the system, i.e. also exergy which is

not used to provide useful work, this efficiency is not as useful. The functional

exergy efficiency is defined as the ratio of total exergy recovered to the total

exergy expended into the system. Thus the functional exergy efficiency gives

more information about how the system performs in terms of the actual exergy

expended and actual useful work produced. For a fuel cell, the exergy efficiencies

are given by:

ηEx,Univ =
Pel,out + Exout,cathode + Exout,anode + Exout,cooling

Exin,fuel + Exin,cathode + Exin,cooling

(2.15)

ηEx,Func =
Pel,out

(Exin − Exout)fuel + (Exin − Exout)cathode + (Exin − Exout)cooling
(2.16)

The functional exergy efficiency is a very good parameter to understand the

performance of a component in consideration. However, since by definition the

functional exergy efficiency excludes the non-electrical exergy outflows from the

anode, cathode and cooling channels, it is of little engineering value. From an

engineering stand point, a useful exergy efficiency parameter would be the one

which takes into account all the fuel provided to the system, and the useful work

derived out of the system. This exergy efficiency is given by:

ηEx =
Pel

ṁ ∗∆G°
(2.17)

Where ṁ is the mass flow rate of the fuel (kg/s) and ∆G° is the standard state
molar Gibbs free energy (kJ/mol).
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For a battery, exergy losses are due to the battery heating during charge and

discharge, and self discharge. Self discharge for a lithium-ion battery can be

neglected [39]. The only measure of exergy stored in the battery is through the

power supplied to the battery during charging. Since the power supplied to charge

the battery is also purely electrical, the exergy efficiency of the battery is equal to

its energy efficiency (Equation 2.18) [40].

ηEx,Func =
Pel,out ∗ t

StoredExergy
=

Pel,out

Pel,in

= ηEn (2.18)

However, the exergy efficiency for a hybrid system is not the same as the exergy

efficiency of either the fuel cell systemor the battery systemalone. Thus the exergy

efficiency of a hybrid system (during a certain flight phase) is calculated using:

ηEx,hybrid =
PFlight

PFC

ηEx,FC
+ PBATT

ηEx,BATT

PFlight = PFC + PBATT

(2.19)

Where PFlight is the combined power output of the power system during a given

flight phase, ηEx is the exergy efficiency, PFC is the power output of the fuel cell,

while PBATT is the battery power output.

Exergy and energy efficiency of the fuel cell system play a major role in determin-

ing the rate of fuel consumption for the aircraft. This, along with the endurance

requirements determine the total fuel weight (and fuel tank weight) to be car-

ried. The energy and exergy efficiency of the fuel cell are influenced by factors like

the operational voltage (as described in Equation 2.9), parasitic power consump-

tion etc. An mass-minimized design at the powerplant level is also influenced by

the battery selection, i.e. by the power and energy density of the battery, the en-

durance requirement, and power output by the fuel cell during cruise flight. Due

to the large number of variables involved, amethod has been developed to identify

the most suitable system configuration. This method is explained in this section.

2.4.2 Exergy-gravimetric approach

This section highlights the method used to arrive at an exergy-gravimetrically

analyzed powerplant configuration design for mass minimization. The steps

followed are mentioned below. These steps are also shown in the flowchart in

Figure 2.11.

1. The system design starts with identifying the most appropriate fuel cell. In

this case, the fuel cell is selected based on highest specific power density.
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2. Sources of exergy destruction are identified within the fuel cell system.

These include polarization losses, BOP power consumption etc.

3. Feasibility of flexibility of the above identified variables is analyzed. In other

words, it is analyzed if any alterations to the given system for the identified

exergy destruction (or loss) sources are possible or not. For example,

though the cooling system of a fuel cell contributes towards parasitic power

consumption, it may not be possible to completely eliminate the cooling

system.

4. The various fuel cell system configurations arising out of eliminating exergy

destruction sources are modeled in CycleTempo, and energy and exergy

efficiency of each configuration is calculated.

5. Design variables for the powerplant system design are identified. These

include the parameters identified for fuel cell, and additional variables like

choice of battery selection, endurance requirement.

6. Next, various systems are sized theoretically to determine the fuel cell and

battery combinations for mass minimization. MATLAB is used to define

and solve the optimization problem.

7. The expected weight and exergy efficiency difference with respect to base

case are quantified.

8. Configurations with the lowest mass are identified for practical sizing.

9. Selected configurations are practically sized, such that they adhere to ad-

ditional constraints such as volume budget, junction box voltage specifica-

tions, and include the integer effect1.

10. These sized systems are simulated on Simulink to verify system perfor-

mance.

Theoretical vs. practical system design

Systems are sized theoretically first to allownarrowing down the number of design

choices. However, theoretical sizing ignores several factorswhich practical system

sizing takes into account:

1The integer effect is explained in the next subsection.

CHAPTER 2. BACKGROUND INFORMATION 21



Exergy-Gravimetric Design Approach for Pipistrel Alpha-H2

• Integer-nature of components (or, capacity limitation of compo-

nents): Due to the integral nature of components (fuel cells, batteries, fuel

tanks), it may not always be possible to achieve the exact power / quantity

required in the configuration yielding the lowest systemmass. For example,

consider a system requiring a fuel cell power of 2.5 kW. If this system were

to be sized using a fuel cell with a rated power of 1 kW, 2.5 fuel cells would

be required. Obviously this is not possible, and the system would consist of

either two or three fuel cells. This affects the mass estimation arrived at in

the theoretical system sizing, and may also shift the optimality equilibrium.

The same is applicable to batteries and fuel tanks as well.

• Voltage constraints: Often, the motor and motor controller in a hybrid

system specify the acceptable voltage limits. For high power systems like the

one in consideration, high voltages are generally suitable since ohmic losses

in cables, bus bars can be minimized. However these voltage requirements

impose additional constraints on the system design. For example, consider

a battery system requiring 10W power at 10.8V nominally. If a system is

sized using a typical Li-Ion battery with nominal voltage 3.6V, the number

of cells in series required to achieve the voltage is 3. Now to achieve required

power output, only the cells in parallel can be varied.

• DC-DC converter: Due to the above two reasonsmentioned, it sometimes

is possible that the required voltage cannot be achieved with the desired

system. In such cases, a DC-DC converter can be employed to convert the

powerplant voltage to required voltage levels. If a DC-DC converter is used

in a hybrid system, the system is called a indirect hybrid system, else it

is called a direct hybrid system.

• Battery voltage variation: Battery nominal voltage depends on anumber

of factors, including the State of Health (SOH), State of Charge (SOC),

output current per cell, operating temperature etc. Due to these factors,

the output voltage of the battery is not constant. Depending on the type of

hybridization (direct / indirect), this could affect the fuel cell performance.

The effect of the above factors on the system design will be explored in chapter 6.
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Table 2.5: Chosen flight path for powertrain design

Flight Phase
Duration
[mins]

Power at
Junction Box [kW]

Conditions

Takeoff 1.00 65.00 Airspeed during takeoff: 28 m/s
Climb 1.00 55.00 Climb altitude: 300 m (1000 ft) AGL

Vertical speed: 6 m/s
Cruise 45.00 18.00 Cruise altitude: 300m (1000 ft) AGL
Reserve 20.00 18.00 Cruise speed: 38 m/s (140 kmph)
Total flight time [mins.] 67
Total energy [kWh] 21.5

Table 2.6: Electrical powertrain specifications of the Pipistrel Alpha Electro [35].

Name Specification
Motor Siemens PEM60MVLC
Peak power (1 min) 80 kW
Continuous power 50 kW

Controller Emsiso H300A
Nominal Power 60 kW
Output continuous current 300 A
Output max current (1 min) 450 A
Input DC voltage range 100V to 450 V
Output continuous power 135 kVA
Output peak power (1 min) 200 kVA

Battery
Total capacity 21.0 kWh
Useful capacity 20 kWh
Peak voltage 399 V
Nominal voltage 345 V
Lowest voltage 288 V
Total weight 126 kg
Battery bay dimensions (each) 680 * 385 * 265 mm
Total available volume 138.8 L
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Table 2.7: Pipistrel Alpha Electro: Aircraft Specifications [35, 41]

Pipistrel Alpha Electro

Seating capacity
(including pilot)

2
Stall speed (with flaps down)
(calibrated) [m/s]

21.6

Power system Electric
Stall speed (without flaps)
(calibrated) [m/s]

23.15

Aircraft purpose Trainer Typical cruise speed [m/s] 43.73
VNE (Indicated) [m/s] 90

Wingspan [m] 10.5
Max speed with flaps down
(indicated) [m/s]

36

Height [m] 2.05
Maneuvering speed
(indicated) [m/s]

44.2

Length [m] 6.5
Aspect Ratio (AR) 11.3 Best climb speed [m/s] 33.4
Wing area [m2] 9.51 Max climb rate [m/s] 6.12
Rudder area [m2] 1.1 Best glide ratio speed [m/s] 32.9
Horizontal tail area [m2] 1.08 Best glide ratio 01:15
Positive flaps 0, 15, 25

Take off run @MTOW [m] 150
Center of Gravity
(Mean Aerodynamic Chord) [%]

20 to 38 45°- 45°roll time [s] 2.6

Center of Gravity
(aft of datum) [mm]

195 to 368

Endurance (incl. reserve)
[mins]

65

Empty weight
(with batteries) [kg]

350 Standard range at cruise [km] 120

Empty weight (inc. PRS) [kg] 379 Max load factor permitted 4g, 2g
Min pilot (payload) weight [kg]
MTOW [kg] 550 Service ceiling [m] 3900

Payload [kg] 200
Max crosswind
component [m/s]

9.26
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Figure 2.11: Exergy-gravimetric approach to select mass-minimized powerplant
configuration
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Chapter 3

Literature Review

In this chapter, previous work on exergy-gravimetric analysis, design of fuel cell-

hybrid aircrafts, and analysis of previously flown aircrafts is summarized.

3.1 Exergy-gravimetric analysis

An exergy-gravimetric approach was suggested by Haynes et. Al. in [7] to design

for an increased SOFC system density. In this study, the authors aimed at an

exergy-aided weight reduction of the overall system, including fuel, based on

the added insights provided by 2nd law analysis. The authors modeled and

simulated a conceptual Solid Oxide Fuel Cell system for long duration unmanned

aerial vehicle applications. Analysis included exergy analysis, and its impact on

system weight. Two separate concepts are discussed in the publication. In the

first concept, a coupled electrochemical-thermal SOFC transport phenomena are

modeled and simulated in MATLAB, and in spatio-temporal manner. Exergy

destruction was calculated along the flow channels, and “dead fuel” assessment

is carried out using 1st law and 2nd law. The second concept was a systems level

approach to determine the exergy and size relevant metrics in an overall attempt

to increase the compactness of a power dense SOFC concept. “High efficiency” and

“High power” systems were conceptualized and impact on overall system weight

was demonstrated for the specific mission. Similarly, a “small cell” and a “big cell”

were compared to understand the impact of cell size on system weight. It was

found that a “big cell” design was lighter than the “small cell” design at the system

level. In the study, it is unclear how the approach towards an exergy-gravimetric

design is developed and applied to an overall minimized system weight. It is also

not clear how various operating parameters of SOFC like inlet air temperature,

and power density have been determined for system design. The impact of design

variables on exergy-gravimetrics has also not been demonstrated.
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3.2 Hybrid aircraft designs

A fuel cell sizing methodology is presented by Guida et. Al. in [42] based on an

optimization procedure concerning the size and efficiency of each power system

component in order to achieve themax. specific energy (higher than 500Wh/kg).

This paper presents equations used for determining the optimal system size, i.e.

number of fuel cell stacks, air blowers, batteries and fuel tanks to achieve a system

level energy density of more than 500Wh/kg. The system is designed around the

HES A1000 fuel cell stack (which during 2017 was supplied as stack-only without

integrated fan). The number of stacks was varied to analyze its impact on the spe-

cific energy density at the system level. It was demonstrated that PEM fuel cell

power plants can guarantee higher system level specific energy density. Further,

an optimal configuration for the project requirements was determined. However,

no exergy analysis has been presented.

Romeo et. Al. in a series of publications have suggested design methodologies

for a Hydrogen powered 2-seat aircraft propulsion system. In [32], an aircraft

selection methodology is published where the aircraft is selected based on com-

paring multiple parameters like the power vs. velocity curves, wing loading etc.

Next, based on aircraft selection, a preliminary set of requirements for the aircraft

powertrain is outlined, specifying the power and energy requirements. The pow-

erplant is parametrically sized considering the specific and volumetric energy and

power density of batteries, fuel cells, and fuel tanks. The impact of fuel cell power

density on powerplant volume and payload capacity are analyzed. In [43], it is

mentioned that one of the most critical aspect of a PEM fuel cell powered flight

is the temperature control of the stack, specially at high altitudes. In [44], the

power system is described. The fuel cell system is sized to supply 20 kW output

power, sufficient to power the aircraft for cruise flight. A final flight endurance

of 40 minutes was achieved, with the limitation being water consumption of the

fuel cell and not the fuel quantity on-board. The optimization method used in

this research considers the fuel cell operating only at its rated output power, and

minimizing exergy losses by operating the fuel cell at lower power density is not

considered. Moreover, this research sizes the powerplant for a fully fuel cell pow-

ered flight only, and an optimal powerplant configuration where battery and fuel

cell, both provide power during cruise flight is not provided.

The Antares DLR-H2 project served as the flying test-bed for testing fuel cell pow-

erplants for aircraft applications. This aircraft’s powerplant was designed com-

pletely with using fuel cells, and batteries were used only for smaller transients.
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In [45, 46], the aircraft Antares 20E was modified to include two additional pay-

load nacelles on the bottom of the wings. These nacelles provided an additional

payload capacity of about 100kg each to provide additional payload capacity and

volume for the fuel cell system. The fuel cell system is capable of providing 30 kW

continuous power, while the cruise power of the aircraft is 14-16 kW. The fuel tank

has a capacity of 4.9 kg H2. The fuel cells are mounted within one nacelle, while

the fuel tank is contained in the other. Fuel cells are hybridized with batteries us-

ing “direct hybridization” scheme. This aircraft demonstrated an endurance of 5

hours, consuming about 1 kgH2/hr. on a level flight.

The Stalker XE is an Unmanned Aerial System (UAS) designed for reconnais-

sance missions. This long endurance developed by Lockheed Martin is powered

by SOFCs, and provides a flight time of more than 8 hrs. The UAS weighs only 24

lbs (10.9 kg), with a payload capacity of up to 5.5 lbs (2.5 kg). Further information

about system is unavailable.

3.3 Hybridization schemes

Planes et. Al. in [47, 48, 49] analyzed two different architectures for a hybrid

power source comprising a PEM fuel cell and a Li-Ion battery, for the first fuel cell

powered aircraft, the Boeing FCD. The objective is to analyze the two power sys-

tem architectures for this hybrid power source, the regulated and the unregulated.

For this aircraft flight course, both batteries and fuel cells supply power during

takeoff and climb, while only fuel cells provide power during cruise. Battery is not

recharged during cruise. In the unregulated architecture, the fuel cells and battery

are connected together to the junction box by OR’ing diodes. In the second archi-

tecture, regulation is achieved by means of a series boost converter. The fuel cell

systemwas sized to supply a continuous 24 kWout of the 40 kW requirement. For

a regulated system, the battery weight savings amounted to about 6 kg (assuming

an energy density of 70 Wh/kg, in 2008). For the technology available in 2008,

it was concluded that although the unregulated system is less complex, more reli-

able, has higher efficiency, and lower cooling requirements, the regulated system

weighs less due to potential battery savings, and is more robust in controlling the

power distribution between battery and fuel cell.

In [50], Nishizawa et. al. have presented a battery sizing method for fuel cell

hybrid system design, based on numerical modeling and theoretical experiments,

including recharging experiments using the same hybrid system setup. The fol-

lowing steps are suggested for sizing an appropriate battery system for a direct
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hybrid fuel cell powerplant:

1. Define the max. power output from the fuel cell.

2. Select the number of fuel cells required to achieve the maximum power.

3. Define the maximum acceptable voltage, VFC0 for the selected fuel cell.

4. Define the voltage VFC1 at maximumpower output from the fuel cell system.

This is found using the IV curve of the fuel cell.

5. Select the number of cells in series for the battery such that the OCV of the

battery, VBATT0 is in the range VFC1 < VBATT0 < VFC0, and the minimum

voltage at the max. current, VBATT1 is close as possible to VFC1.

VFC1 < VBATT0 < VFC0

VBATT1 ≈ VFC1

(3.1)

For the specific design, the impact of number of batteries in series is shown in

Figure 3.1 below.

Figure 3.1: Combination map of the number of fuel cell stacks and Li-Ion battery
packs in the hybrid system.

TheFigure 3.1 shows the IV curves of fuel cell systemwith different number of cells

connected in series, along with different number of battery cells in series. Similar

approach has been suggested and tested [51, 52, 53] for selecting the number of

cells in series for a direct hybrid powerplant. This approach is also used in this

thesis work to select the number of battery cells.
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Chapter 4

Fuel cell modeling

4.1 Introduction

Exergy-gravimetric analysis for powerplant system sizing requires exergy and en-

ergy efficiency analysis. This analysis requires modeling of the fuel cell system,

which is explained in this chapter.

CycleTempo [54], a powerful software developed within TU Delft for thermody-

namic analysis, was used for exergy and energy efficiency analysis of the fuel cell

system. Although much of the information required for CycleTempo modeling

was available, some data was still not available with complete ambiguity. To over-

come this, a curve-fit MATLAB model was developed to approximate these pa-

rameters from available data and literature.

This chapter starts with explaining the modeling methodology, followed by fuel

cell selection for modeling. Next, the MATLAB and CycleTempo models for the

fuel cell are explained. Results, analysis and conclusion is presented towards the

end.

4.2 Modeling methodology

This section describes the steps followed tomodel the fuel cell system onMATLAB

and CycleTempo to compute the energy and exergy efficiency of identified exergy-

gravimetric cases. The first part of this section explains the MATLAB modeling

method, and the second part explains the CycleTempo modeling method.
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4.2.1 MATLAB modeling

Once the fuel cell is selected, all available data about the fuel cell is gathered. For

MATLAB modeling, the required information is:

• Number of cells per stack.

• IV curve of the fuel cell per cell. If per-stack is available instead of per-cell,

the per-cell IV curve can be calculated by dividing the voltage by number of

cells.

• Anode, cathode inlet pressure (or range).

• Fuel cell operating temperature (or range).

Next, a 1-dimension electro-chemical model is developed on MATLAB using the

fuel cell polarization equations (Equation 2.9).

An IV curve is generated using available information, and guesses for parameters

for which accurate information is unavailable (eg. anode pressure, operating

temperature). This IV curve is compared against the IV curve provided by the

manufacturer, and SSE (Sum of Squared Error) is calculated. This is repeated

until sufficiently small SSE is attained. Once these iterations are complete, the

outcome is fuel cell parameters, henceforth called ”characteristic values” to avoid

ambiguity (eg. exchange current density, limiting current density). Since the

exact value of these parameters is unknown, these values are validated against

literature. This process of user-provided guesses is repeated until the parameters

are within range specified in literature. After validation, the guesses are used as

input data for CycleTempo modeling, as well as to generate current and voltage

data at the simulation points for CycleTempo. This methodology is explained in

Figure 4.1.

4.2.2 CycleTempo modeling

CycleTempo is a very powerful modeling software in which fuel cell systems in-

cluding BOP components can be modeled. It also calculates energy and exergy

efficiencies for individual components, and for a system as a whole. Thus, Cy-

cleTempo was used for the exergy efficiency computations. The first step is fuel

cell system schematics identification. This requires information about fuel cell

cooling method, membrane humidification method, and fuel characteristics. Us-

ing this information, data generated inMATLAB, and certain assumptions, a ”scheme”

is developed. This scheme is run at ”rated output” of the fuel cell, and results are

run through sanity checks to validatemodel. If sanity checks fail, either scheme or
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assumptions (or both) are modified. This is repeated until the model is validated.

These sanity checks include checking for negative exergy flow, abnormal fluid flow

rates, and outlet humidity of the cathode (which should be between 80% to 100%

[8])

After scheme validation, various exergy-gravimetric cases identified are simulated

to obtain energy and exergy efficiencies. This data is then used to theoretically

size minimized-mass systems, as explained in the next chapter. This modeling

methodology is presented in Figure 4.2.

4.3 Fuel cell selection

Commercially available PEM fuel cell systems are explored in this study. A list

of most promising fuel cell systems (in terms of specific power density at system

level) are presented in Figure 4.3. These systems are compared against each other

on the basis of specific power density and volumetric power density at their rated

power output. The figure also presents a segregation between air-cooled and

liquid-cooled PEM fuel cells.

Figure 4.3 compares the specific and volumetric power density of some

commercial fuel cell systems. Note that these densities do not include the weight

of fuel and fuel storage. From Figure 4.3, it is evident that air cooled systems have

comparatively higher specific power density than liquid cooled systems. However

the volumetric power density of liquid cooled systems is higher. It should be noted

that although air cooled fuel cells have higher specific power density than their

liquid cooled counterparts, they are available in lower power levels (≤ 2 kW), and

thus need to be stacked together to reach required power levels.

4.3.1 Selection criteria

Specific power density of the fuel cell and energy efficiency are important

for this thesis work since the presented work aims to obtain minimized-mass

configurations for a fuel cell-hybrid powerplant for an aircraft. Hence, the

selection criteria is to select the fuel cell with the highest specific power density.

BOP components not only add parasitic weight, but also inefficiencies to the

system. This results in lower power density. This is also evident from

Figure 4.3 where liquid cooled systems, which have considerably higher BOP

components, havemuch lesser specific power density compared to their air-cooled

counterparts.

This way, the air cooled fuel cell ”UAV 800W” from Intelligent Energy [15],
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Figure 4.1: Modeling methodology on MATLAB

with a specific power density of up to 860.2W/kg outclasses all other fuel cells

available commercially. However, sufficient information required for MATLAB

and CycleTempo modeling is not available from the manufacturer. Hence the

next-best fuel cell system (in terms of specific power density), the ”HES A1000-

65” with a specific power density of about 555W/kg [16] is selected. This fuel cell
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Figure 4.2: Modeling methodology on CycleTempo

will be used for all modeling, simulations, and system sizing.

4.3.2 Information about selected fuel cell

The HES AeroStak A1000-65 is a PEM air cooled fuel cell system designed

specifically for aerial vehicles. The A1000-65 delivers a rated continuous output

power of 1000W, and has 65 cells connected in series [16].

Summary

A summary of all the information available about the fuel cell is tabulated in

Table 4.1. The manufacturer provided IV curve is shown in Figure 4.4. The

information required for CycleTempo modeling is tabulated in Table 4.2 [16].

Accurate information about certain parameters, like fuel cell stack IV curve, num-
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Figure 4.3: Commercially available PEM fuel cells

ber of cells, and cathode inlet pressure is available from the manufacturer. The

fuel utilization factor (UFL) accounts for fuel lost due to purging. However the

values marked in red in the Table 4.2 are ambiguous, i.e. exact values are not

known / available. These parameters and the ambiguity is explained next.

Activeareaper cell (ACELL):Themanufacturer specifies theMEA (membrane-

electrode assembly) dimensions as 180 * 34 mm (= 61.2 cm2 max.), however also

mentions that the active area is less due to glue at the edges [16]. Thus the active

area could be anything up to the maximum.

Fuel cell operating temperature (TFCELL): The max. operating temper-

ature of the fuel cell is specified as 70 °C. This means that the actual operating

temperature could be any value less than 70 °C. Practically, the operating temper-

ature would depend on a number of variables, such as ambient temperature and

fuel cell output power. However modeling the effect of these parameters on the

fuel cell is beyond the scope of this work, and hence a single temperature value is

required for modeling and simulations.

Anode inlet pressure (PINAN): The anode inlet pressure specified by man-

ufacturer is 0.6 to 0.8 bar. It is not clear however if this is absolute pressure or

gauge pressure. Moreover, since the fuel cell is also purged, it is not clear how it

can be purged if the anode pressure is less than ambient pressure.
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Figure 4.4: IV curve of the HES A1000-65, reproduced from the IV curve image
provided by the manufacturer [16].

Since these values are ambiguous, the MATLABmodel developed is used to verify

the guesses for the abovementioned parameters. As observed in Figure 4.4, the IV

curve provided by the manufacturer does not provide voltage values correspond-

ing to current less than 1A. Simulinkmodel of the system inChapter 6 requires fuel

cell voltage at 0V and 1V, which are also calculated using the developed model.

System schematics

Exact system schematic was not available from the manufacturer and hence it

was reconstructed using the information already provided by them. Due to self

humidification, the fuel cell stack does not require an external humidifier. The

manufacturer also states that cathode fan is also used to cool the fuel cell, and

hence only a single fan is needed. The air inlet pressure is also specified as

”ambient” by the manufacturer. On-board electronics on the stack do not include

a DC-DC converter [16]. The cooling channel and cathode channel are separate,

but exhaust via the same fan placed downstream.

Using this information, the reconstructed system schematic is presented in

Figure 4.5.

The cooling unit (fan/blower) can either be placedupstreamordownstream. Since

it is given that the cathode inlet pressure is ambient pressure, an upstream unit

would mean that inlet pressure at cathode is higher than ambient, which con-

tradicts the information available. Hence, the cooling fan is placed downstream.

Note that although the fan is represented as a separate unit in the schematics, it

is already integrated into the fuel cell system.
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Table 4.1: Summary of available information about HES AeroStak A1000-65
[16].

HES Aerostak A1000-65
Number of cells 65.00
Nominal power [W] 1,000.00
Peak power [W] 1,300.00
Anode input pressure [bar] 0.6-0.8
Cathode pressure [bar] Open air cathode, ambient pressure
Humidification method Self humidified
Stack voltage range [V] 39 - 61.8
Stack current range [A] 0 - 35
Total weight per stack [kg] 1.80
FC system dimensions [mm] 194*127*193
H2 purity [%] >99.99
Max H2. consumption [L/min] <15.2
Power de-rating per 1000m [%] 1.50
Max. system temperature [°C] 70.00
Cooling mechanism Cathode air fan also cools the cells
Fuel utilization ∼0.94
MEA dimensions [mm] 180*34

Table 4.2: Summary of input data required for CycleTempo model of the HES
AeroStak A1000-65. The value of some parameters is not available, and these

are assumed, as explained in section 4.4.

Data for CycleTempo simulations

Parameter Unit Description Value
Power W Stack power From IV curve
VCELL V Cell voltage From IV curve
NCELL - Number of cells 65
ACELL cm2 Active area per cell max. 61.2
PFCELL bar Operating pressure
TFCELL °C Operating temperature max. 70
PINAN bar Anode inlet pressure 0.6 to 0.8
PINCAT bar Cathode inlet pressure Ambient
TINAN °C Anode inlet temperature
TINCAT °C Cathode inlet temperature Ambient
UFL - Fuel utilization 0.94
OUX - Oxidant utilization
TOUTPS °C Exhaust outlet temperature
DELPAN bar Anode channel pressure drop
DELCA bar Cathode channel pressure drop
DELP1 bar Cooling channel pressure drop
TOUT1 °C Cooling channel outlet temperature
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Figure 4.5: System Schematics of HES-A1000-65

Exergy-gravimetric cases

The electrical efficiency of a fuel cell is directly a function of its voltage, which is a

function of current density jext (Equation 2.9), and thus, the fuel cell efficiency is

a function of its operational power density. Therefore, one of the cases identified

for exergy-gravimetric analysis is the operational power density (as % of the rated

power density of the fuel cell).

The fuel cell schematics in Figure 4.5 show that the system does not have many

BOP components, except the fan and DC-DC converter. Hence these components

are identified as the other cases for exergy-gravimetric analysis. These cases and

their values are summarized in Table 4.3.

Table 4.3: Identified exergy-gravimetric cases for HES A1000-65 fuel cell

Operational power density Use of
DC-DC

converter

Use of
cathode
fan

% of
rated

Specific power density
[W/kg]

25 138.75 No No
50 277.5 Yes Yes
75 416.25
100 555
125 693.75

A note on use of DC-DC converters
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For weight estimation purposes, the power density of DC-DC converters is taken

as 1.36 kW/kg from literature [33]. DC-DC converters are used to match the fuel

cell voltage to bus-bar voltage, and to also maintain fuel cell output power. In

some caseswhenmatching the fuel cell systemvoltage to the required junction box

voltage is possible without the use of DC-DC, their use can be avoided by passive-

hybrid system design, explained in chapter 6.

A note on use of cathode fan

The fan ensures sufficient air flow rate is maintained across cathode and cooling

channels. It is demonstrated [55] that if proper airflow is not maintained in cool-

ing channels, it can lead to temperature gradients of about 5 °C, even up to 8 °C in

the fuel cell stack (depending on the shape and size of the stack and flow channels),

which is also known to degrade stack performance and lifetime [56, 57, 58, 59, 60,

61, 62, 63, 64, 65]. This increase in stack temperature leads to faster water evapo-

ration causing the membrane to dry out. If sufficient humidity is not maintained,

the ionic conductivity of Nafion decreases (and ohmic resistance increases) [66,

12, 67]. Acceptable temperature gradients up to 2 degree across the flow channels

have been reported in literature [68, 69].

4.4 Fuel cell modeling

For simulating various exergy-gravimetric cases identified in Table 4.3, the

current density and voltage values are approximated using the MATLAB model,

which are then used in the CycleTempo model. Effect of the use of cathode fan

is also simulated using CycleTempo. Since DC-DC converter is a pure electrical

device, its effect on energy and exergy efficiency is calculated after calculating

efficiencies of all other cases, by directly multiplying its efficiency with the results.

Fuel cell models developed on MATLAB and CycleTempo are explained in this

section, along with assumptions, validation criteria and results.

4.4.1 MATLAB model

As explained in subsection 4.3.2, parameters ACELL, PINAN, and TFCELL

required for CycleTempo model are ambiguously known. This section explains

the MATLAB model developed to guess these parameters, the validation criteria,

and results.
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Assumptions

Modeling a 1-D model of PEM fuel cell required certain assumptions to simplify

calculations:

1. The IV curve provided by the manufacturer is for the stack-only, and

does not include the parasitic power consumption of balance-of-plant

components, i.e. in this case, the cooling fan. As will be seen in the

CycleTempo results later, the cooling fan consumes less than 1.5% power

produced by the fuel cell operating at its peak power, and thus the power

consumption of the cooling fan is insignificant.

2. Operating temperature of the fuel cell is maintained constant, and is

not dependant on the ambient temperature or operating power. This

assumption is often used in literature for modeling a fuel cell parametrically

[12, 9, 8, 70, 71]. It is also assumed that the temperature within the stack is

uniform, i.e. there are no temperature gradients within the stack.

3. The reaction pressure at the anode is the average pressure across the flow

channel. Same is assumed for cathode. The pressure across flow channels

drops due to fuel and oxidant consumption. As with the previous point,

single pressure values are often used in literature [12, 9, 8, 70, 71].

4. Characteristic values: limiting current density (jlim), loss current density

(jloss), charge transfer coefficient (α), and area-specific resistance (Ri) and

exchange current density (j0) used in fuel cell polarization equation are

constants and independent of operating temperature or pressure. These

values are generally modeled as constants in simplified 1-D models such as

the one used in this work [12, 9].

5. Inlet fuel is of high purity (> 99.99%) [16].

6. Oxygen concentration in ambient inlet air is 21%.

7. Charge transfer coefficient (α) is assumed to be 0.5 [12, 9].

Since the range of possible values for ACELL, TFCELL and PINAN is very large,

some additional assumptions were made to reduce the number of iteration runs.

1. Active Area per Cell (ACELL): The manufacturer specifies the MEA

dimensions as 180mm*34mmper cell, which gives an area of 61.2 cm2 [16],

however they also specify that the active area per cell is lower because of the

glue on the perimeter of the MEA. The glue on MEA perimeter is assumed

to be either 1mm, or 2mm on each edge. This results in ACELL to be either

52.8 cm2 or 56.9 cm2.
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2. Anode Inlet Pressure (PINAN): As per the manufacturer, the anode

pressure is 0.6 to 0.8 bar. However as mentioned earlier, it is not clear if

this is gauge pressure of absolute pressure. Moreover, if this pressure is

absolute pressure, it is not sure how purging can be achieved. Hence, it

is assumed that anode inlet pressure specified by manufacturer is absolute

pressure. Furthermore, it is assumed that the inlet pressure is the average

of the manufacturer specified range, hence 1.7 bar absolute pressure.

3. Fuel cell temperature (TFCELL): Since themax. operating temperature

of the fuel cell is 70 °C, the nominal would be lesser, and 70 °C is excluded

from input parameter iterations. The iterations are thus run for 60, 62, 64,

66, 68 °C.

Using the above mentioned assumptions, a list of parameters (with their possible

different values) is mentioned in Table 4.4.

Table 4.4: Different operation condition combinations

PINAN
[bar]

TFCELL
[C]

ACELL
[cm2]

1.7 60 52.8
62 56.96
64
66
68

The next part describes how the most suitable combination is selected out of all

the above combinations.

Modeling method

The IV curve of the fuel cell as provided by the manufacturer are in an image.

This image is fed into an image-processing open-source software [72] to extract

the data points in a .csv format. Voltage values in the data are divided by the num-

ber of cells in the stack (65) to obtain IV curve per cell. This per-cell IV data is used

for all further calculations.

Fuel cell polarization equation (Equation 2.9) is used model the IV curve of the

fuel cell on MATLAB. Optimizer function fmincon is used in MATLAB to evaluate

cost function and iterate variables to arrive at the most feasible solution.
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Objective function

The objective function used for curve-fitting is given in the equation below.

min.SSE =
endvalue∑

I=0

(VI − f(I, TFCELL, PINAN,ACELL))2 (4.1)

Where VI is the voltage from the provided IV curve, and f(...) is the voltage value

obtained using the fuel cell polarization equation. The objective of this function is

to minimize the sum-of-squared-errors (SSE) between the provided IV curve and

the IV curve generated using the user-provided input constants and the polariza-

tion equation Equation 2.9 at each current value.

Variables

Variables are the characteristic values of the fuel cell, which are determined using

curve-fitting. These variables are:

1. Exchange current density (j0) [A/m2].

2. Loss current density (jloss) [A/m2].

3. Limiting current density (jlim) [A/m2].

4. Area-specific resistance (Ri) [Ω − cm2].

fmincon returns the values of these variables such that the value of the objective

function is minimum at the resultant values of these variables.

Stopping criteria

The number of iterations performed in MATLAB fmincon and GolbalSearch [73]

depend on the stopping criteria. Iterations terminate when these tolerances are

hit. Following tolerances were defined for optimization runs:

• FunctionTolerance: 10−12

• StepTolerance: 10−12

• MaxIterations: 106

Definitions of the above tolerances can be found in [73]. Loose tolerances mean

that the system converges quickly, and so the result may be a local optimum but

not global optimum. Tight (strict) tolerances howevermight lead tonon-convergence.

These tolerance values were arrived at after numerous iterations with varying val-

ues. TheGlobalSearch function inMATLAB runs iterationswith different starting

points to arrive at the global optimum.
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Input constants

The curve-fit function requires values of operational parameters of the fuel cell,

which are used in the fuel cell polarization equation (Equation 2.9). These values

are:

1. Fuel cell operating temperature (TFCELL) [°C].

2. Active area per cell (ACELL) [cm2].

3. Anode inlet pressure (PINAN) [bar].

4. Cathode inlet pressure (PINCAT) [bar].

5. Fuel concentration.

6. Oxidant concentration.

Value of fuel and oxidant concentration are assumed (as mentioned in assump-

tions earlier). PINCAT is taken to be ambient atmospheric pressure. The value

of remaining constants (ACELL, TFCELL, PINCAT) need to be verified, and are

manually entered for all combinations as per Table 4.4. The input combinations

for these variables is already known from Table 4.2.

Validation criteria

Values suggested in literature have been used to validate the results obtained via

curve-fit. Since its not possible to determine precise values, the obtained results

are accepted if they fall in the same range as reported in literature. Table 4.5

Table 4.5: Literature suggested range for characteristic values.

Characteristic
value

Values suggested
in literature

Notes /
references

j0 [A/cm2] 10−9 to 10−5 [74, 75, 76, 77, 8, 78]
jlim [A/cm2] 0.9, 1.6 [12, 8, 79]
jloss [A/cm2] 10−4 to 10−2 [12, 8]
Ri [ohm-cm2] 0.15 to 0.41 [12, 75, 8, 76]

Apart from these values, the R2 value (Goodness-of-Fit) is also calculated. The

results are accepted if R2 > 0.99 [80].

Results and analysis

Calculations were run for all the input combinations mentioned in Table 4.4. The

selected results are listed in Table 4.6. For the selected values, the Goodness-of-fit

(R2) was calculated to be 0.99743, higher than the acceptance criteria.
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Table 4.6: Resultant parameters after curve-fitting

Parameter Value Characteristic value Value

TFCELL [°C] 62 j0 [A/cm2] 9.293 ∗ 10−7

PFCELL [bar] 1.7 jlim [A/cm2] 2
ACELL [cm2] 52.8 jloss [A/cm2] 10−4

Ri [ohm-cm2] 0.1997

The corresponding IV curve generated using the above set of values is shown in

Figure 4.6. The vertical lines in the plot represent the different power settings

identified for exergy-gravimetric cases in Table 4.3, along with cell voltage at each

point. These current density and cell voltage values at various operating points is

mentioned in Table 4.7, and will be used for CycleTempo simulations in the next

section.

Figure 4.6: Actual IV curve of HES A1000 plotted against its curve-fit.

4.4.2 CycleTempo model

The air-cooled self humidifiedHESA1000-65 fuel cell wasmodeled inCycleTempo

for energy and exergy flow analysis. This section explains the assumptions used

to develop the CycleTempo model, the system scheme, and finally the energy and

exergy efficiency results.

44 CHAPTER 4. FUEL CELL MODELING



Exergy-Gravimetric Design Approach for Pipistrel Alpha-H2

Table 4.7: Current density and cell voltage values at various power density
settings.

% of Rated Power 25 50 75 100 125
Current [A] 4.3708 9.1101 14.1434 19.6000 25.7300
Current density [A/m2] 827.80 1725.39 2678.67 3712.12 4873.10
Voltage per cell[V] 0.8805 0.8444 0.8158 0.7873 0.7456
Power per cell [W] 3.84 7.69 11.53 15.43 19.18
Power per stack [W] 250.15 500.01 749.98 1003.02 1246.97
Operating temperature [C] 62 62 62 62 62
Cathode pressure [bar] 1.01325 1.01325 1.01325 1.01325 1.01325
Anode pressure [bar] 1.7 1.7 1.7 1.7 1.7

Two CycleTempo schemes were developed: one for the system with the fan, and

another model for one without the fan. For both these schemes, simulations were

run for all the different power density cases identified in Table 4.3 to calculate

energy and exergy efficiencies.

System scheme

The scheme for as-is system, i.e. with fan is shown in Figure 4.7. The blue stream

represents the fuel flow channels, while the red represent cathode air, and green

represent the cooling air flows. Apparatus 100 is the SPFC (PEM) fuel cell. Appa-

ratus 101 is the fuel tank. Apparatus 111 and 121 represent ambient atmosphere.

Figure 4.8 shows the scheme for exergy-gravimetric casewithout fan.

The additional assumptions made to develop and simulate the schemes are de-

scribed in the next subsection.

Assumptions

The below set of assumptions aremade for the as-is scheme (with fan) represented

in Figure 4.7.

1. Losses due to pressure regulator value and purge value are neglected. It

is assumed that the fuel inlet to the fuel cell is directly at 1.7 bar absolute

pressure in pipe 101.

2. Since the PEM fuel cell is air-breathing, it is assumed that the air flow in

pipes 111 and 121 is at ambient pressure and temperature [16].

3. It is assumed that the fuel tank is in thermal equilibrium with the environ-

ment, and hence the flow through pipe 101 is at ambient temperature, 25°C.
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Figure 4.7: CycleTempo scheme of HES A1000-65 with cathode and cooling fan.

Figure 4.8: CycleTempo scheme of HES A1000-65 without fan.

4. The fuel lost due to purging is accounted for via the fuel utilization factor

(UFL) in the fuel cell (apparatus 100).

5. Node 112, where the cathode and cooling exhaust pipes combine, is assumed

to be ideal and has no pressure drop.
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6. Outlet from fan (apparatus 113) is at the ambient pressure [16].

7. The effect of pressure at the flight altitude (i.e. at 300m) on fuel cell

performance is assumed to be negligible. The manufacturer specifies a

power de-rating of 1.5% per 1000m from sea level [16]. Since the flight

altitude is even lower, the power de-rating is neglected.

For the case without fan represented in Figure 4.8, it is assumed that sufficient

air flow and pressure to the cathode and cooling inlet can bemaintained somehow.

Additional assumptions are made to make up for the unavailable physical values

of the fuel cell. These assumptions are valid for both schemes.

1. Outlet temperature of all exhaust streams (pipe 102, 112, 122 in Figure 4.7,

and pipe 102, 114, 122 in Figure 4.8) (TOUTPS) are at fuel cell operating

temperature TFCELL.

2. Pressure drop in flow channels for fuel cell (apparatus 100) of anode

(DELPAN), cathode (DELPCA) and cooling channel (DELP1) is constant

0.005bar, and is not dependant on fuel cell power output. The pressure drop

in flow channels is highly dependant on the flow field pattern [81] and thus

needs to be measured experimentally. Moreover, the air cooling fan used

in the fuel cell system also compensates for this pressure drop. Drawing a

parallel between cooling fans used for computer cooling purposes, the best

available cooling fans in the market with adequate air flow rate required for

the fuel cell can exert a pressure of up to 0.001 mbar [82]. In that sense, if

similar air cooling fans are used in the fuel cell system, it is unlikely that the

pressure drop across flow channels would be any higher than the capacity of

the fan.

3. The oxidant utilization (UOX) for the fuel cell (apparatus 100) is 50%. This

implies an air stoichiometry of 2, which is commonly used in literature [83,

84, 85].

4. Isentropic efficiency (ETHAI) of fan (apparatus 113) is assumed to be 75%

[83, 86] .

5. Net number of water molecules transported per H+ ion movement from

anode to cathode (TH2OOS) is assumed to be 0. Values of 0.07 to -0.2 mol

H20/H+ have been reported in literature [87, 88].

6. Efficiency of DC-DC converter is assumed to be constant 95% [33, 34], and

not dependant on output power.

CHAPTER 4. FUEL CELL MODELING 47



Exergy-Gravimetric Design Approach for Pipistrel Alpha-H2

Environment definition The environment is taken at the standard state, i.e.

temperature is 25 °C and pressure is 1.01325 bar.

Efficiency calculation

The energy efficiency of a fuel cell can be given either with respect to HHV of fuel

or LHV of fuel. When the fuel cell operating temperature is under 100°C, liquid

water is produced and hence it makes sense to define efficiency in terms of HHV.

For a fuel cell providing Pel output power, the electrical efficiency of the fuel cell

is given by

ηEn,el =
Pel

ṁ ∗∆H°HHV

=
I ∗ V (I)

ṁ ∗∆H°HHV

(4.2)

Where ṁ is the mass flow rate of the fuel (kg/s), I is the fuel cell output current

(amps), and V (I) is the fuel cell terminal voltage (V) at current I as given by

Equation 2.9. The energy efficiency in CycleTempo is computed using LHV of

water. Since the fuel cell is operating at 62°C and liquid water is produced, the

following equation is used to calculate HHV energy efficiency from LHV energy

efficiency:

ηEn,el,HHV =

(
∆H°fH2O,LHV

∆H°fH2O,HHV

)
ηEn,el,LHV (4.3)

Efficiency for case ”With DC-DC converter”: Since the DC-DC converter is

an electrical device and converts input power from one voltage level to the other,

the efficiency of DC-DC converter is directly multiplied by the results to obtain

overall energy and exergy efficiency due to the use of DC-DC converters.

ηwithDC−DC = ηwithoutDC−DC ∗ ηDC−DC (4.4)

4.4.3 Results and analysis

Base case used for comparing energy and exergy efficiency is taken to bewith fan,

with DC-DC converter. The efficiency difference between cases (with DC-DC and

without DC-DC converter) is computed via:

∆ηEnergy = ηEnergy,WithoutDC−DC − ηEnergy,WithDC−DC

∆ηExergy = ηExergy,WithoutDC−DC − ηExergy,WithDC−DC

(4.5)

The efficiency difference between cases (with fan and without fan) is computed

via:

∆ηEnergy = ηEnergy,WithoutFan − ηEnergy,WithFan

∆ηExergy = ηExergy,WithoutFan − ηExergy,WithFan

(4.6)
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Results of energy and exergy efficiency for all cases identified in Table 4.3 are pre-

sented in Figure 4.10 and Figure 4.11 respectively. Operational power density is

varied along the x-axis. The orange bar graphs show the energy and exergy effi-

ciency respectively in the base case: use of both, fan and DC-DC converter. The

text in blue shows the efficiency difference between the base case and comparison

case.

In part (a) of both figures, the energy and exergy efficiency of the fuel cell system

is compared in two cases: with fan, with DC-DC; and without fan, with DC-DC.

Similarly in part (b), energy and exergy efficiency is compared for the two cases:

without DC-DC, with fan with with DC-DC, with fan. In the third plot (part (c)),

the efficiencies for the following cases are compared: without DC-DCwithout fan

withwith DC-DC with fan.

• Energy and exergy efficiency of the systems strongly depends on the

operational power density. The difference is more than 8% in all the cases,

when comparing efficiency at 25% power density with efficiency at 125%

power density.

• For the assumption of flow channel pressure drop in this study (0.005 bar),

not using the cooling fan onlymarginally increases the energy efficiency, and

the gains are less than 1% in all cases.

• Energy efficiency benefits of not using a cooling fan increase as the power

density increases from 25% to 125%, but the the increase is again only

marginal, under 0.1%.

• As expected, the energy efficiency benefits of not using a DC-DC converter

are significant, more than 2%, while the exergy efficiency benefits are even

higher, over 3% in some cases.

• The energy and exergy benefits of not using the DC-DC converter decrease

as the power density increases, the energy efficiency difference between

case 25% power density and 125% power density being still marginal,

about 0.44% while the exergy efficiency difference being about 0.5%. The

Equation 4.4 gives the efficiency calculation when DC-DC converters are

used. Since the efficiency of the DC-DC converter itself is assumed to

be constant, the variation in efficiency with respect to operational power

density in cases where DC-DC is used is only dependant on the efficiency

variation due to operational power density variation.
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• Figure 4.9 shows the exergy flow diagram of the fuel cell system operating

at 100% rated power. Although the inlet air at cathode and cooling channels

has the same pressure and temperature as environment, a small exergy flow

can be observed since the environment is at 100% relative humidity while

the cathode and cooling inlets are at 80% relative humidity.

• For this operating condition, it can be observed that out of the 1660Wexergy

input in the fuel cell, the irreversibilities due to ohmic losses, activation

losses and mass transport losses contribute to more than 538 W, i.e. > 32%

exergy destruction. Purging losses are comparatively lower at 6%. The next

most significant losses are due to DC-DC converter at almost 3%, followed

by cooling fan, which is < 1%.

The exergy flow diagrams for other operating power densities can be found in

Appendix A.

4.5 Chapter conclusion

In this section, the effect of varying operational power density, the effect of using

DC-DC converters, and the use of cooling fan on the overall energy and exergy

efficiency of the fuel cell system has been analysed. The effect of the use of these

components, and system efficiency on the weight of the hybrid powerplant will be

analysed in the next chapter.

Effect of operational power density

The energy and exergy difference is most profound as operational power density

is varied from 25% of rated power to 125% of rated power, showing an ηEn,el

difference of up to 8.6%. The ηEx difference of over 10% between 25% and 125%

operational power density for the case (with fan, without DC-DC). From a purely

energy and exergy efficiency perspective, it is most beneficial to operate the fuel

cell at the lowest possible power density. However, this may not be suitable

for an aircraft application due to the increase in weight of the fuel cell itself

when operating at lower power densities. The effect of varying operational power

density on the powerplant weight is analyzed in the next chapter.

Effect of use of DC-DC converter

Results show significant gain in energy efficiency if DC-DC converter is not used,

of up to 2.7%. Exergy efficiency gains stand higher, up to 3.2%. The option of
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not using DC-DC converter and its effects on overall system weight will thus be

explored in the next chapter.

Effect of use of cooling fan

In the energy and exergy efficiency analysis using CycleTempo given in Table 4.9,

the difference between with and without using a fan is ≈ 0.6%. For a fuel cell sys-

tem supplying 1 kW for 1 hour, this corresponds to less than 1 gram H2 weight,

which is insignificant. Moreover according to the drawbacks of improper cooling

mentioned earlier, further research is needed to ascertain if proper cooling of fuel

cells can be achieved without the integrated cooling fan. This most likely would

involve changes to the aircraft air-frame to direct air flow towards the fuel cell bay.

Besides, the possibility of increase in ohmic resistance due to membrane drying

could potentially negate the energy savings of not using a cooling fan. Since the

potential mass benefit of not using a cooling fan is not significant and have the

possibility of even increased losses due to increase in ohmic resistance [8, 89],

theoretical systems will not be sized for the case: without fan.

In conclusion, the following cases will be explored in the next chapter to under-

stand their impact on the minimized system weight:

• Varying power density - with fan - without DC-DC converter

• Varying power density - with fan - with DC-DC converter

Themass flow rate calculations fromCycleTempo are tabulated in Table 4.8, while

efficiency results are tabulated in Table 4.9 and will be used to theoretically and

practically size the powerplant for the aircraft, in the next two chapters.

Table 4.8: Mass flow rates for anode, cathode and cooling inlets.

Flow rate (with fan)
at inlet [g/s]

Flow rate (without fan)
at inlet [g/s]

Power density [%] Anode Cathode Cooling Anode Cathode Cooling
25 0.003 0.207 2.589 0.003 0.207 2.573
50 0.007 0.431 5.97 0.007 0.431 5.97
75 0.01 0.669 9.971 0.01 0.669 9.908
100 0.014 0.927 14.786 0.014 0.927 14.692
125 0.019 1.217 21.272 0.019 1.217 21.137
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Figure 4.9: Exergy flow diagram for fuel cell operating at 100% rated power.
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Figure 4.10: Comparing energy efficiency of the use of fan and DC-DC, and
variable operational power %.
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Figure 4.11: Comparing exergy efficiency of the use of fan and DC-DC, and
variable operational power %.
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Chapter 5

Theoretical system design

In the previous chapter, energy and exergy efficiency were calculated for different

exergy-gravimetric cases identified. Out of all the cases, it was concluded that not

using cooling fan had insignificant efficiency gain (≈ 0.6%), and thus will not be

considered for system sizing.

Besides the operational power density of the fuel cell and the use of DC-DC con-

verter, the mass of a hybrid powerplant also depends on the power and energy

density of the batteries, and the mission endurance requirement. Hence the total

mass of the powertrain is influenced by several factors: peak power and its du-

ration, nominal power and duration, power and energy densities of batteries and

fuel cells, specific energy density of fuel, storage efficiency (mass of stored fuel /

mass of empty tank), and system efficiency. Apart from this, available volume is

another factor which limits options.

As per component research in section 2.2, the fuel storage density (mass of fuel

stored per unit empty tank mass) of compressed hydrogen is very low, < 10%.

However, commercially available storage tanks for liquid Propane are available

with storage densities > 150%, i.e. these tanks can store more liquid fuel than

their own mass. Besides, liquid storage tanks are also smaller in volume. Hence,

Propane powered SOFCs present an interesting case for a hybrid powerplant. In

this chapter, multiple PEM-hybrid and SOFC-hybrid mass-minimized systems

will be sized, and the impact of each variable on the overall system sizing will be

analyzed.

This chapter starts with explaining the design methodology, followed by results

of systems sized with PEM and SOFCs, and finally the analysis of results and the

conclusion.
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5.1 System Optimization Method

5.1.1 Coding scheme for design optimization

Due to the large number of variables involved in the system design, a coding

scheme has been developed to identify each combination. This coding scheme is

presented in Table 5.1 andwill be used throughout this andnext chapter to identify

system combinations.

Table 5.1: Coding scheme for optimization conditions

Optimization conditions coding scheme

Variable Code Options Units Notes
Endurance E 65, 110, 155 mins. Including reserve

Fuel Cell FC PEM, SOFC
Fan BL 0, 1

Does not apply to SOFC
DC-DC DC 0, 1

Power Density PD
138.75, 277.5, 416.25,
555, 693.75

W/kg 25, 50, 75, 100, 125

Battery BT VTC6, SE, A123 Selection Commercially available batteries

Condition C OPT, FCCRUISE Fuel cell power during cruise

Example: E65-FCPEM-BL1-DC0-PD555-BTVTC6-COPT would mean the follow-

ing:

• E65: 65 mins. cruise endurance (including 20 mins. reserve).

• FCPEM: HES AeroStak A1000-65 fuel cell.

• BL1: Air fan is used.

• DC0: DC-DC converter is not used.

• PD555: Operational specific power density of fuel cell is 555 W/kg.

• BTVTC6: Sony VTC6 cells are used for sizing battery pack.

• COPT: Optimal configuration for reducing system mass.

The next section presents the methodology followed to size the mass-minimized

systems.
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5.1.2 Mass-minimization methodology

Designing a mass-minimized system for an electric aircraft, using a hybrid

powerplant is a complex system-level problem. Optimally solving this problem

involves including the impact of each variable on the system mass and efficiency.

In this section, it is explained how all such constraints and bounds and variables

are formulated into an optimization problem, which is solved with the objective

to determine the lowest system mass.

Method

The flight is split into multiple phases: Takeoff, climb, and cruise. Constraints

are defined for each flight phase. The minimization function aims to minimize

the overall system mass while adhering to all constraints, to determine the value

of all variables. These optimization variables, cost function, and constraints are

explained next.

Variables

The number of optimization variables depend on the number of flight phases. The

following optimization variables are added for each flight phase. These variables

apply to only the specific flight phase.

• Power delivered by fuel cell PFC .

• Power delivered by battery PBATT .

The following optimization variables are used as global variables, i.e. the same

variables apply during all flight phases.

• Mass of fuelMFuel.

• Mass of batteryMBATT .

For a flight consisting of three flight phases, i.e. takeoff, climb, and cruise,

following 9 are the optimization variables: PBATT,takeoff , PFC,takeoff , PBATT,climb,

PFC,climb, PBATT,cruise, PFC,cruise,MFuel, andMBATT .

To arrive at an optimal theoretical powertrain design as a start point, the integer

nature of system as described above was ignored. It is assumed that a system of

exact specifications can be designed andmanufactured tomeet all the constraints.

This is to understand the theoretical limit to which the system can be optimized.

Hence, all variables are treated as continuous.
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Constants

The optimizer function needs the following inputs from the user:

1. Flight course: power and duration of each flight phase

2. Fuel cell specific power density (PDENSFC) [W/kg]

3. Fuel energy density (EDENSFC) [Wh/kg]

4. Fuel cell nominal operating efficiency (ηFC) [%]

5. Fuel tank storage density (ηTank) [kg/kg]

6. Battery power density (PDENSBATT ) [W/kg]

7. Battery energy density (EDENSBATT ) [Wh/kg]

8. Battery discharge efficiency (ηBATT ) [%]

9. Specific power density of DC-DC converters PDENSDC−DC [W/kg]

Besides the above constants, mass of components like mass of bus bars and cell

holders for battery are directly dependant on the sizing of respective systems. To

account for the mass of such components, another variable called BOP Weight

Factor is introduced in the optimizer. This factor is independently configurable

for Fuel cells and Batteries. The BOP weight factor is defined as:

BOPWeightFactor(β) = 1 +
WeightOfPassiveComponents

UnitWeightOfActiveComponents
(5.1)

where active components imply battery and fuel cells, and passive components

are all other components essential for system operation but are not a source

of power or energy. Note that this factor only includes the mass of passive

components which scale with the size of the active components. Weight of one-

time components such as switches is not included in BOP weight factor.

For the batteries, this includes mass of bus bars, enclosures, cell holders, misc.

sensing cables, cell fuses etc. For fuel cells, this includes mass of fuel hoses,

pressure reducers etc.

Example: for a battery system, a BOP Weight Factor of 1.15 implies that an

additional 15% mass than the cell-only mass is required for other battery BOP

components.
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Cost function

Similar to exergy economics where cost is the cost of energy, the cost function

here considers the cost as the total system mass, which is a function of battery

mass, fuel cell mass, fuel mass, fuel tank mass, and mass of BOP.

MSystem(kg) = [MFC ∗ βFC ] +MFuel + [MBATT ∗ βBATT ] +
MFuel

ηTank

+MDC−DC (5.2)

Objective −→ minimize MSystem

Where βFC and βBATT is the BOPweight factor of fuel cell and battery respectively.

MFC andMBATT are given by:

MFC =
max.(PFC)

PDENSFC

, MDC−DC =
max.(PFC)

PDENSDC−DC

MBATT = max.

(
max.(PBATT )

PDENSBATT

,
EBATT

EDENSBATT

) (5.3)

As mentioned previously, the optimizer computes the power output by battery

and fuel cell for each flight phase individually. In Equation 5.3, the maximum

power output from the fuel cell is used to calculate the mass of the fuel cell, and

the DC-DC converter. For battery, the mass is dependent on both, its specific

power density and specific energy density. This relation is explained later. The

objective of this mass-minimization cost function is to minimize the system mass

MSystem, which is a function of themasses of fuel cell, fuel tank, fuel, and batteries.

The mass of fuel tank is a function of the mass of fuel.

Constraints

Power balance: Each flight phase has its power balance equation. This

constraint ensures that sufficient power is delivered by each source for all flight

phases.

PBATT,i + PFuelCell,i = PPhase,i (5.4)

where i corresponds to each individual flight phase. This constraint simply implies

that the total power output from the battery and fuel cell during every individual

flight phase must be equal to the power required by the aircraft during that flight

phase.

Fuel mass to be carried: The next constraint is for the amount of fuel to be

carried. This constraint is very important since this takes into account the opera-
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tional efficiency of the fuel cell system during each flight phase.

MFuel =

(
1

EDENSFC

) LastF lightPhase∑
i=FirstF lightPhase

∫ TPhase,end

TPhase,start

PFC,i

ηFC,i ∗ UFL
(5.5)

First, the power input to the fuel cell, required to provide output power PFC is

calculated by using the fuel cell efficiency ηFC calculated using CycleTempo. This

is integrated over the entire flight phase, and summed for all flight phases, which

gives the total input energy. The fuel mass is simply calculated by dividing this

input energy by energy density of fuel.

Battery mass, power density, energy density: Since a battery is both a

source of power and energy, it is modeled using two variables: battery power for

each flight phase (PBATT,i), and total battery mass (MBATT ). The below two con-

straints ensure that themass of the battery is in accordance with its power density

and its energy density.

max (PBATT ) ≤ (MBATT ∗ ηBATT ∗ PDENSBATT ) (5.6)

LastF lightPhase∑
i=FirstF lightPhase

∫ PhaseEndT ime

t=PhaseStartT ime

PFC,iti ≤ (MBATT ∗ EDENSBATT ∗ ηBATT ) (5.7)

The first equation (Equation 5.6) constraints the maximum power output from

the battery. This constraint ensures that the maximum power output from the

battery is less than the rated continuous output from the battery. Drawing more

power than rated leads to battery over-heating, and may cause thermal runaway.

The second equation is to ensure that the total energy supplied by the battery is

less than the total energy the battery holds.

Variable bounds

All the optimization variables are bounded such that optimization provides

realistic results. The upper bounds of all variables is set to +∞. There are two

cases for lower bounds:

1. Fuel cell acts as range extender: lower bound of fuel cell power PFC is set to

0 for all flight phases.

2. Fuel cell fully powers cruise flight: lower bound of fuel cell power during

cruise flight PFC is set to the power required by aircraft during cruise flight

PCruise, and is set to 0 for all other flight phases.
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Algorithm and Tolerances

A number of optimization solvers are available in MATLAB [73]. Out of these,

fmincon solver was selected since it has the ability to work with nonlinear

constraints, non-linear objective functions, and variable bounds. The sqp

algorithm within fmincon is selected since it is best suited for small and medium

sized problem [73]. Furthermore, to ensure that the solver converges on global

minima, the fmincon is invoked using GlobalSearch function, which scans all the

local minima to converge at the global minima [73].

Tolerances on solvers define the threshold on the change in iteration result, which

if crossed, halts the solver [73]. StepTolerance and FunctionTolerance as defined

in MATLAB, were set to 10−12 each. This means that the solver stops iterations

when the change inMSystem is less than 10−12 kg.

Assumptions

Certain assumptions aremade to simplify themass-minimization problem. These

assumptions apply generally to both PEM and SOFC system sizing cases for all

combinations. These are stated below:

1. Fuel cell operates at constant power output during all flight phases, and

hence its efficiency remains constant throughout the flight.

2. Fuel cell performance is not affected by environment variables (tempera-

ture, pressure) at the flight altitude.

3. Variables: Fuel cell power density (PDENSFC), Fuel energy density

(EDENSFC), Battery power density (PDENSBATT ) and Battery energy

density (EDENSFC) are treated as continuous variables. The effect of

treating them as discrete variables on the system mass is explored in the

next chapter. This also implies that design constraints: bus bar voltage and

current limitations are ignored in this chapter.

4. The efficiency of DC-DC converters (ηDC−DC) as a function of power output

remains constant in the region of heavy duty operation [90, 91], and is

assumed to be 95%.

5. The mass of DC-DC converters scales linearly as a function of its output

power.

6. The contribution of components such as signal cables, connectors, exhaust

hose etc. is excluded from BOP weight factors. Components such as

contactors and switches, whose quantity required is not dependant on the

optimal solution are also not included.
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5.1.3 Mass-minimization cases

The number of cases for which mass-minimized systems are sized are broadly

categorized into two categories: PEM powered, and SOFC powered. Within these

two categories, different degrees of hybridization and specific power density are

used as variables for sizingmassminimized systems. Different exergy-gravimetric

cases identified (fuel cell operational power density and use of DC-DC converters)

are used for PEM systems. Below is a summary of the cases.

1. Fuel cell used for sizing

FCPEM: System sizing for HES AeroStak A1000-65 PEM fuel cell.

FCSOFC: System sizing for theoretical SOFCs.

2. Degree of hybridization

CFCCruise: Entire cruise flight powered only by fuel cells.

COPT: Both, fuel cells and batteries provide power during cruise flight.

Using the above variables, mass-minimized systems are sized for three different

endurance cases:

1. E65: 45 mins. + 20 mins. cruise time.

2. E110: 90 mins. + 20 mins. cruise time.

3. E155: 135 mins. + 20 mins. cruise time.

For all cases of condition COPT, Degree of Hybridization (DOH) will also be

compared. The degree of hybridization is defined as:

DOH =
PFC

PCruise

(5.8)

The DOH is basically a measure of the contribution of fuel cell power output

during cruise flight to the total power required during cruise flight. Higher DOH

is desirable. DOH close to 1 would mean that most of the power required during

cruise is provided by the fuel cell, and hence simply more fuel can be carried to

increase endurance.

5.2 System sizing: FCPEM

This section explains the methodology followed for sizing the PEM powered

systems, followed by the results and analysis of system sizing.
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5.2.1 Assumptions

Apart from the general assumptions stated in the previous section, some specific

assumptions were made to size the PEM-hybrid system:

1. A safety factor of 1.2 is used on the battery energy density, and 1.25 on the

battery power density. This implies that the power density of batteries used

for system sizing is 20% less than rated power density, and 25% less than

rated energy density.

2. No safety factors are applied to estimated volume calculation.

3. Cycle-life and degradation of batteries and fuel cells is not taken into

account.

4. A BOP weight factor βBATT of 1.15 is used. This implies that mass of BOP

components of the battery is assumed to weigh 15% the mass of the cells.

This factor is found to vary greatly depending on end application of the

battery pack. For aerospace applications (from experience), it could be as

low as 15%, while for automotive applications, it could as high as 40% [92].

5. Round-trip efficiency of all the battery cells used for theoretical sizing is

assumed to be constant 95% [93].

6. The additional mass of fuel hoses, mounting etc. is accounted for in BOP

weight factor (βFC = 1.1).

7. Power density of DC-DC converters (PDENSDC−DC) is assumed to be 1.36

kW/kg [33].

5.2.2 Input summary

A list of all parameters required for mass-minimization on MATLAB is given in

the table Table 5.2.

5.2.3 Results and analysis

Results from system sizing using the selected PEM fuel cells, and their analysis is

presented in this section. The following cases have been evaluated:

Set 1: 65 mins. cruise endurance (45 mins. + 20 mins. reserve):

1. E65-FCPEM-BL01-DC00-PD(Variable)-BT(Variable)-FCCruise

2. E65-FCPEM-BL01-DC00-PD(Variable)-BT(Variable)
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Table 5.2: Input summary of values used for mass-minimization for PEM.

Component Symbol Parameter Value Notes

Fuel cell PDENSFC Power density [W/kg] Variable Table 4.1
ηFC Efficiency [%] Variable Table 4.9

Volumetric density [kg/L] 0.378
βFC BOPWeight Factor 1.1
PDENSDC−DC DC-DC power density [W/kg] 1.36E+03 [33]

Fuel EDENSFC Energy density [Wh/kg] 39,410.00 HHV ofH2 @ 25 °C
Fuel tank ηTank Fuel storage density [-] 0.08 HESA20 cylinder

Volumetric density [kg/L] 0.218 exc. fuel mass
Battery βBATT BOPWeight Factor 1.15

ηBATT Efficiency [%] 95
A123 PDENSBATT Power density [W/kg] 1776

EDENSBATT Energy density [Wh/kg] 86
Volumetric density [kg/L] 2.157

VTC6 PDENSBATT Power density [W/kg] 900
EDENSBATT Energy density [Wh/kg] 192

Volumetric density [kg/L] 2.73
SE PDENSBATT Power density [W/kg] 629

EDENSBATT Energy density [Wh/kg] 335
Volumetric density [kg/L] 1.93

3. E65-FCPEM-BL01-DC01-PD(Variable)-BT(Variable)

Set 2: Cruise endurance doubled: 110 mins. (2x45 mins. + 20 mins. reserve).

4. E110-FCPEM-BL01-DC00-PD(Variable)-BT(Variable)

5. E110-FCPEM-BL01-DC01-PD(Variable)-BT(Variable)

Set 3: Cruise endurance tripled: 155 mins. (3x45 mins. + 20 mins. reserve).

6. E155-FCPEM-BL01-DC00-PD(Variable)-BT(Variable)

7. E155-FCPEM-BL01-DC01-PD(Variable)-BT(Variable)

To compare the relative benefits of the systems sized with the base system,

% change in total system mass, % change in exergy efficiency, and degree of

hybridization have been plotted. For the lowest 6 combinations, mass and volume

distribution has been plotted. A point to note is that the volume estimations do not

include any volume required for air flow, mounting, clearances, and enclosures.

The actual volumes will only be higher than those estimated. These volume

calculations are for indicative purposes only.

Another point to note is that the total energy content could be different in each of

the cases due to different energy densities of the batteries in each case. However

the impact of energy content on mass and endurance is compared by comparing

different endurance cases.
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Endurance: 65 mins. cruise (E65)

Results formass-minimized systemsizing for caseE65-FCPEM-BL01-DC(Variable)-

PD(Variable)-BT(Variable)-CFCCruise are presented in Figure 5.1.

Figure 5.1: Weight and exergy efficiency comparison against base case for
E65-FCPEM-BL01-DC(Variable)-PD(Variable)-BT(Variable)-CFCCruise. Mass
and volume distribution for marked configurations is shown in Figure 5.2.

From theplots for caseE65-FCPEM-BL01-DC(Variable)-PD(Variable)-CFCCruise

(Figure 5.1) following are the observations:

• The negative exergy efficiency change indicates that hybridization will

always have higher losses than pure battery systems. This is expected since

fuel cells have lower exergy efficiency than batteries.

• For this endurance case, hybridization yields no mass benefits if the system

level power density of fuel cells is less than 277.5 W/kg.

• Exergy destruction is higher when DC-DC converters are used. As expected,

exergy destruction also increases with increase in operational power density

of the fuel cell.

• The total systemmass however decreaseswith increase in operational power

density. This implies that the benefit of increased power density of the fuel

cell is higher than the loss due to higher fuel mass required. This trend is

observable in case of all batteries.
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Figure 5.2: Weight and volume distribution of the six lowest mass combinations
for the case:

E65-FCPEM-BL01-DC(Variable)-PD(Variable)-BT(Variable)-CFCCruise

Figure 5.3: Weight and exergy efficiency comparison against base case for
E65-FCPEM-BL01-DC(Variable)-PD(Variable)-BT(Variable)-COPT. Mass and

volume distribution for marked configurations is shown in Figure 5.5.

• High energy density batteries (Solid Energy Hermes) are not suitable for

hybridization, and all combinations except one (PD693.75-BTSE-BL1-DC0)
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Figure 5.4: Comparison of degree of hybridization for all the sized systems for
case: E65-FCPEM-BL01-DC(Variable)-PD(Variable)-BT(Variable)-COPT.

Figure 5.5: Weight and volume distribution of the six lowest mass combinations
for the case:

E65-FCPEM-BL01-DC(Variable)-PD(Variable)-BT(Variable)-COPT.

result in higher than base case mass. This can be inferred from Figure 5.4c,

where the degree of hybridization is 0 for all cases (except PD693.75-BTSE-
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BL1-DC0).

• Use of DC-DC converters results in higher exergy loses and highermass, and

hence should be avoided as much as possible.

• The most suitable cells for hybrid powerplant are those with the highest

power density. Hence A123 cells in the present study are the most suitable.

Figure 5.2 compares the mass and est. volume distribution for the 6 lowest mass

configurations (which do not include DC-Dc converters). These configurations

are marked with red boxes in the figures. It can be noted that most configurations

provide a mass-benefit with respect to the base case, but volume is questionable.

In Figure 5.2b, the graph shows that volume of all configurations is beyond the

volume budget (marked with the red line). Majority of this volume is occupied by

fuel cell, followed by fuel tank.

At this result, it can be concluded that a fully hydrogen powered cruise is possible

within the mass budget, but not within the given volume budget.

Figure 5.3 compares the mass and exergy efficiency difference from the base case.

Following are the observations:

• The optimal case (COPT) only yields marginal benefits in terms of % change

in total system mass (≈ 1%) from the case CFCCruise in the best case.

• If current state-of-the-art batteries (Solid Energy Hermes) is used for the

aircraft, there is no benefit of a hybrid system. This can be observed from

the exergy efficiency difference, which shows no difference. This can also

be inferred from Figure 5.4, where the degree of hybridization is 0% (i.e. no

fuel cells are required tomeet all the constraints) when Solid EnergyHermes

cells are used.

• The degree of hybridization is highest when high power density cells (A123)

are used, up to 95%, even in the optimal sizing case. This decreases as the

energy density of batteries gets higher. The hybrid system with VTC6 cells

yields 47% degree of hybridization, while systemswith Solid EnergyHermes

cells yields 0%.

• The degree of hybridization remains constant with operational power

density (and hence efficiency) of fuel cells, in all battery options. Hence

no significant correlation is found between the optimal power output from

fuel cell vs. power density of fuel cells. However there is strong correlation

between degree of hybridization and battery power and energy density.
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• From Figure 5.5, it can be observed that for the 6 systems with lowest mass

(excludingDC-DC converter), the systemswith A123 cells have high volume,

and may not fit within the given volume budget. Hence the high power

density of these cells does result in lowest mass configurations, but volume

is high.

• Only the systems sized with VTC6 cells fit within the volume budget.

Comparing these with results in Figure 5.2, the volume of optimal systems

is considerably lower, up to 40 % lower than for the case CFCCruise.

Endurance: 110 mins. cruise (E110) and 155 mins. cruise (E155)

The results for theoretical sizing of these endurance cases are presented in

Appendix Appendix B. From the plots, following are the observations:

• A number of configurations exist for systems sized for E110-CFCCruise,

E155-CFCCruise, E110-COPT and E155-COPTwhich have amass lower than

the base case. Similar to caseE65, hybrid systemswith ”high power density”

cells (A123) resulted in the lowest system mass.

• In Figure B.3, Figure B.8, Figure B.1 and Figure B.6, the system

configurations with the lowest mass estimate are plotted for their mass

and volume distribution graphs in Figure B.5, Figure B.10, Figure B.2 and

FigureB.7. It canbe observed that the estimated volume for all these systems

is higher than the volume budget, where majority volume is taken up by fuel

cell and fuel tank.

• When sizing optimal cases, degree of hybridization remains constant with

fuel cell power density (and also fuel cell efficiency), but depends strongly

on the battery selection. The degree of hybridization also strongly depends

on endurance: higher the endurance requirement, higher the degree of

hybridization.

• Optimal hybrid systems sized with the state-of-the-art batteries (Solid

Energy Hermes) yield 0% degree of hybridization with E110, but as the

endurance requirement is tripled, i.e. to 155 minutes, hybridization is more

favorable.

5.3 System sizing: FCSOFC

Commercially available SOFC systems, specially for aircraft applications are

limited. However, to understand if SOFCs present a case against PEMs for an
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aircraft application, theoretical systems are sized at different power densities, and

efficiencies [94]. These power densities and efficiency assumptions, along with

other assumptions are listed below.

5.3.1 Assumptions

The following assumptions were made while sizing an SOFC-hybrid powerplant:

• SOFCs are available at system level power densities of 138.75, 277.5, 416.25,

555, 293.75. These values correspond to the power density of PEM used

in the previous section, at 25%, 50%, 75%, 100%, 125% of rated power

density respectively [94]. Assuming these power densities allows for direct

comparison with PEM systems. Stack level power densities of up to 1 kW/kg

have been reported in literature [95, 96].

• The mass of insulation, heat exchangers and fans / blowers is included in

the power density of the fuel cells; i.e. The power densities in the previous

point are at a fuel cell system level.

• A fuel utilization factor, i.e. the ratio of rate of reacted fuel over the rate of

inlet fuel is assumed to be 80% [83].

• Since accurate data regarding SOFC system efficiencies are not available for

the above power densities, multiple operational electrical efficiency cases

(based on the LHVof propane, 12.9 kWh/kg)were sized for. These are: 40%,

50%, and 60% [94].

• Storage density of propane tanks (ηTank = fuel capacity/mass of empty tank)

is assumed to be 1.5 [28] (Table 2.3). It is also assumed that the storage ratio

remains constant with fuel capacity.

• A BOP weight factor (βFC = 1.1) is used for the fuel cell system. This is kept

to be same as that for PEM system such that the systems can be compared

directly.

• A safety factor of 1.2 is used on the battery energy density, and 1.25 on the

battery power density. This implies that the power density of batteries used

for system sizing is 20% less than rated power density, and 25% less than

rated energy density.

• Cycle-life and degradation of batteries and fuel cells is not taken into

account.
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• A BOP weight factor βBATT of 1.15 is used. This implies that mass of BOP

components of the battery is assumed to weigh 15% the mass of the cells.

• Coulombic efficiency of all the battery cells used for theoretical sizing is

assumed to be constant 95% [93].

• Since stack level voltages are unknown, it is assumed that SOFC systems are

available at the required output voltage, and hence DC-DC converter is not

required, and therefore the case is not sized.

5.3.2 Input summary

The Table 5.3 summarizes all the options possible for the system level mass

minimization.

Table 5.3: Input summary of values used for mass-minimization for SOFC

Component Symbol Parameter Value Notes

Fuel cell PDENSFC Power density [W/kg]
138.75, 277.5, 416.25,
555, 693.75

[94]

ηFC Efficiency [%] 40, 50, 60 Table 4.9
βFC BOPWeight Factor 1.1

Fuel EDENSFC Energy density [Wh/kg] 12,900.00 Propane LHV@ 25 °C [83]
Fuel tank ηTank Fuel storage density [-] 1.5 Table 2.3 [28]
Battery βBATT BOPWeight Factor 1.15

ηBATT Efficiency [%] 95
A123 PDENSBATT Power density [W/kg] 1776

EDENSBATT Energy density [Wh/kg] 86
Volumetric density [kg/L] 2.157

VTC6 PDENSBATT Power density [W/kg] 900
EDENSBATT Energy density [Wh/kg] 192

Volumetric density [kg/L] 2.73
SE PDENSBATT Power density [W/kg] 629

EDENSBATT Energy density [Wh/kg] 335
Volumetric density [kg/L] 1.93

5.3.3 Results and analysis

Results for mass-minimized system sizing using theoretically assumed power

density and efficiency of SOFCs, and their analysis is presented in this section.

The following cases have been analyzed:

Set 1: 65 mins. cruise endurance (45 mins. + 20 mins. reserve)

1. E65-FCSOFC-PD(Variable)-CFCCruise

2. E65-FCSOFC-PD(Variable)-COPT

Set 2: 110 mins. cruise endurance (45x2 mins. + 20 mins. reserve)

1. E110-FCSOFC-PD(Variable)-CFCCruise
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2. E110-FCSOFC-PD(Variable)-COPT

Set 3: 155 mins. cruise endurance (45x3 mins. + 20 mins. reserve)

1. E155-FCSOFC-PD(Variable)-CFCCruise

2. E155-FCSOFC-PD(Variable)-COPT

Endurance: 65 mins. cruise (E65)

Results for casesE65-FCSOFC-PD(Variable)-CFCCruise andE65-FCSOFC-PD(Variable)-

COPT are presented in Figure 5.6 and Figure 5.7 respectively.

Figure 5.6: Mass comparison against base case for
E65-FCSOFC-BT(Variable)-CFCCruise

Following are the observations:

• From Figure 5.6, it can be seen that a fully fuel cell powered cruise flight

is not favorable if the system level specific power density of the fuel cell is

below 277.5 W/kg.

• As was the case with PEM fuel cells, the most suitable battery for

hybridization in the present study is A123, the ”high power density” cells.

• For this particular systemdesign case, fuel cell efficiencywas found to have a

less stronger correlation with the total system mass than the fuel cell power

density.
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Figure 5.7: Mass comparison and degree of hybridization for
E65-FCSOFC-BT(Variable)-COPT

• For the same power density as PEM, SOFC systems sized for CFCCruise

could weigh upto 8% less than equivalent power density PEM fuel cells in

the best case (i.e. operational electrical efficiency of SOFCs is 60%). Even

with lower electrical operational efficiency of 40%, SOFC hybrid systems are

lighter than similar PEM hybrid systems by up to 6%. This can be inferred

from Figure 5.6 and Figure 5.1.

• For optimally sized systems (FCSOFC-COPT), slight positive correlationwas

found between fuel cell operating efficiency and minimized system mass.

This correlation was found to be much stronger with operational power

density.

• For higher power density batteries (BTVTC6), Almost negligible correlation

was found between fuel cell efficiency and minimized system mass, the

difference in mass being less than 1%.

• When a hybrid system is designed using Solid Energy Hermes, the degree of

hybridizationwas found to be 0% for all cases exceptwhen the power density

of fuel cell system is 693.75W/kg. This can be explained by the fact that this

power density of fuel cells is higher than the power density of the battery

(=629W/kg).

• Aswas observedwith PEM fuel cells, the degree of hybridization has a strong
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correlation with the choice of battery. In the optimally sized system, the

degree of hybridization is found to be as high as 95% for A123 cells, and 0%

for Solid Energy Hermes cells.

The effect of endurance onminimized systemmass is explored in the next section.

Endurance: 110 mins. cruise (E110) and 155 mins. cruise (E155)

System sizing results for E110 and E155 endurance conditions are presented in

Appendix Appendix B. The observations from these plots is summarized below:

• From figures Figure B.11 and Figure B.13, it can be observed that doubling

the endurance costs only about 2%mass. This correlation seems to hold true

for all fuel cell power densities, all efficiencies, and all batteries.

• For tripling range, optimally sized SOFC hybrid systems are more favorable

than pure battery systems, even if using state-of-the-art commercially

available cells (Solid Energy Hermes [3]). This is inferred from Figure B.14.

• Systems sized with ”High power density” cells (A123) resulted in the lowest

total system mass in all of sized cases. They also resulted in highest degree

of hybridization.

• The correlation of fuel cell efficiencywithminimized systemmasswas found

to be between 2% and 3% lower system mass for every 10% increase in

system efficiency.

5.4 Discussion and summary

In this chapter, the method of arriving at an optimal system configuration was

explained. This method was then used to size the mass-minimized system

configuration for various combinations. These results helped narrow down the

search region for a practical system sizing.

1. It is possible to double the range of the aircraft using current state-of-the-art

batteries available commercially (Solid Energy Hermes). No hybrid system

will be required if these batteries are used.

2. From a mass budget perspective, it is possible to triple the range of the

current aircraft using optimally sized hybrid systems using commercially

available technologies, with the configuration FCPEM-BTA123-PD693.75-

DC00 and FCPEM-BTA123-PD555-DC00 weighing as much as 25% and

CHAPTER 5. THEORETICAL SYSTEM DESIGN 75



Exergy-Gravimetric Design Approach for Pipistrel Alpha-H2

20% lower than the existing powertrain. However, volume of both these

systems is estimated to be more than the available volume (of 138L).

3. ”High power density” cells A123 were found to be the best candidate for

hybridization. Optimal systemsdesignedusing these cells yieldedmore than

90% degree of hybridization for all endurance and power density cases.

4. Fuel cell power density has a much stronger correlation with total system

mass than fuel mass. This is true even for higher endurance cases.

5. From amass and exergy efficiency perspective, it is never beneficial to use a

DC-DC converter. Hence, it should only be used if it is required for practical

reasons.

6. It is observed that while doubling range with a PEM hybrid system costs

about 7% mass, it costs only about 2% for propane fuelled SOFCs. It can

be concluded that for high endurance systems, SOFCs have a significantly

higher mass benefit over compressed hydrogen systems for similar system

level power densities.

7. For E65-FCCruise condition, an SOFC-hybrid powerplant is more viable

than battery-only system if specific power density of more than 277.5 W/kg

can be achieved at a fuel cell system level, and results in a systemmass about

12% - 14% lower than the existing aircraft. If a COPT system is sized for

the same endurance requirement and fuel cell specific power density, the

mass of the optimized powertrain design could be 14% to 16% lower than

the existing aircraft.

8. For similar system-level power density, the SOFC-hybrid systems have the

potential to be lighter than the PEM-hybrid systems. This correlation only

increases as the endurance requirements increase.

9. SOFC-hybrid systems also have higher degree of hybridization for all sized

cases, compared to PEM-hybrid systems. Hence it ismuch easier to increase

range of the SOFC-hybrid systems, which would require only adding more

fuel.

5.5 Chapter conclusion

For practical system sizing, following three combinations have been identified

based on minimized mass and estimated volume. These were the only three
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combinations which yielded an estimated volume within the volume budget. The

specifications of these systems is presented in Table 5.4.

1. E65-FCPEM-BTVTC6-PD416.25-BL01-DC00-COPT

2. E65-FCPEM-BTVTC6-PD555-BL01-DC00-COPT

3. E65-FCPEM-BTVTC6-PD693.75-BL01-DC00-COPT

These combinations will be explored further in the next chapter for practical

system sizing. No SOFC cases will be explored for practical sizing since no

commercial SOFCs exist yet with the power densities used in this report.

Table 5.4: Results of mass minimization for the configurations selected for
practical sizing.

Mass-minimized system PD416.75 PD555 PD693.75

Weight [kg] 104.70 99.35 96.38
Fuel cell 20.30 15.23 12.17

Fuel cell BOP 2.03 1.52 1.21
Fuel 0.47 0.48 0.51

Fuel tank 5.84 6.05 6.41
Battery 66.14 66.14 66.14

Battery BOP 9.92 9.92 9.92
Energy [kWh]

Stored H2 18.42 19.10 20.21
Battery 12.69 12.69 12.69
Total 13.23 31.79 32.90

Total usable 21.49 21.49 21.49
Nominal power [kW]

Fuel cell 8.45 8.45 8.45
Battery 56.50 56.50 56.50

Volume [L] 99.96 87.10 80.68
Fuel cell 53.70 40.00 32.22
Fuel tank 22.73 23.57 24.93
Battery 23.53 23.53 23.53
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Figure 5.8: Systems selected for practical sizing.
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Chapter 6

Practical system design

In the previous chapter, multiple cases were sized theoretically to understand

the impact of variables such as operating power density, use of DC-DC convert-

ers, choice of batteries, type of fuel cell, and endurance on the minimized system

weight. It was shown that the use of DC-DC converters resulted in higher exergy

losses and added system weight. It was concluded that a fuel cell hybrid system

is capable of doubling, even tripling the cruise range of Pipistrel Alpha-H2 in the

given weight budget. However, volume constraint proved to be more governing,

and only three systems were estimated to fit within the given volume budget.

In this chapter, the systems selected in the previous chapter will be explored fur-

ther, taking into account the differences between theoretical and practical system

mentioned in section 2.4.2 (integer-nature or capacity limitation of components,

junction box voltage requirement and battery voltage variation with SOC). Simu-

lations are run on a drivetrain model developed on Simulink to verify the claims

of system sizing. This chapter also

This chapter starts by explaining the approach for practically sizing the system,

followed by explaining the Simulink model. Results, analysis and conclusions are

presented towards the end of the chapter.

6.1 Approach and Methodology

6.1.1 Method of hybridization

Since all systems selected exclude the use of DC-DC converters, indirect

hybridization scheme is used. The hybrid schematics are presented in Figure 6.1.

Instead of DC-DC converters, two diodes are used to connect the fuel cell and bat-

tery. When the system is connected via the diodes, the bus bar voltage decides the
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Figure 6.1: Hybridization scheme

power distribution between the fuel cell and the battery.

Consider the case when fuel cell voltage is higher than the battery voltage. In this

case, the diode connected to the fuel cell is forward biased since the fuel cell is at a

higher voltage than the battery. This way, the diode connected to battery is reverse

biased due to same reason and effectively acts as an ”open switch”. As the power

demand from the fuel cell increases, the voltage of the fuel cell decreases, and at a

certain output power, the voltage goes below the battery voltage. When this hap-

pens, the diode connected to battery also gets forward biased, and the battery also

starts supplying current. Thus, the power supplied by each of battery and fuel cell

depends on the voltage of the component with the lower voltages. The downside

of this method of hybridization is that the power output from the fuel cell can no

more be controlled, and depends on the junction box voltage.

The method of sizing battery and fuel cell to match their voltages is explained in

the next sections.

6.1.2 Fuel cell and battery sizing

Commercially available fuel cells and batteries have their rated voltage and power

outputs. This section explains how the fuel cells and batteries are configured

to match the designed system voltage and power with those of the system
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requirements.

Fuel tank

Following information is required to size the fuel tank:

• System requirements

MFuel (kg): Fuel mass required.

• Fuel tank specifications

MFuel
Tank (kg): Fuel mass storage capacity of commercially available tank,

having capacity closest toMFuel.

MTank (kg): Mass of commercially available tank.

Number of fuel tanks required is found simply by

λTanks = roundup

(
MFuel

MFuel
Tank

)
(6.1)

Fuel cell

Following information is required for sizing the fuel cell system:

• System requirements

PRequired
FC (W): Nominal output power required from fuel cell system.

V Peak
Controller (V): Max. allowed motor controller input voltage.

V Nominal
Controller (V): Nominal motor controller input voltage.

• Stack specifications

V OCV
FC (V): Open circuit voltage per stack.

V Op
Cell (V): Operating voltage per cell in the fuel cell system.

PRated
FC (W): Rated power per the fuel cell stack.

nCells
FC (-): Number of cells per fuel cell.

• Stack operating condition specifications

OPD (%): Operational power as % of rated power.

Number of fuel cells in series and parallel can be found in two ways:
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Method 1: in this method, the motor controller max. input voltage is used to

select the number of stacks in series. The number of stacks in parallel is calculated

by using the number of stacks in series and total stacks required.

λSeries
FC = rounddown

(
V Peak
Controller

V OCV
FC

)
(6.2)

λParallel
FC = roundup

(
λTotal
FC

λSeries
FC

)
(6.3)

where,

λTotal
FC = roundup

(
PRequired

PFC

)
(6.4)

PFC = P rated
FC ∗OPD (6.5)

Where λSeries
FC is the number of fuel cell stacks in series, and λParallel

FC is the num-

ber of fuel cell stacks in parallel. In some conditions, this might not yield optimal

results. For example, if λTotal
FC = 10 and λSeries

FC = 7, then λParallel
FC = 2 using the

above method, and the actual total number of stacks would shoot to 14. In such

conditions, DC-DC converters might result in a lower weight. In other words, if

more fuel cells are required in series only to reach the required junction box volt-

age levels, it might be better to instead use less fuel cells and a DC-DC converter.

Method 2: However, if the voltage constraint is ignored, the combination yield-

ing the least number of required fuel cells can be calculated directly.

λTotal
FC = λSeries

FC ∗ λParallel
FC (6.6)

For the previous example, λSeries
FC = 5 and λParallel

FC = 2 would ensure that number

of stacks is as close to the minimum required, while also keeping the voltage high

enough.

υFCS is the fuel cell system voltage at which the system, in the configuration de-

rived above, produces PFC .

υFCS = nCells
FC ∗ λSeries

FC ∗ V Op
Cell (6.7)

υFCS will be used to size the battery system.

The max. number of fuel cells in series is subject to the constraint:

λSeries
FC ∗ V 0Stack ≤ V Peak

Controller (6.8)
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Where V 0Stack is the open-circuit voltage per fuel cell stack. This constraint

implies that the open-circuit voltage of the fuel cell system must not exceed the

max. input voltage to the motor controller.

Battery

For sizing a battery system, following information is required about the system,

fuel cell, and the battery cells:

• System requirements

PBATT (W): Nominal power output required from the battery system.

υFCS (V): Nominal system voltage (fuel cell system voltage at required

output power).

V Peak
Controller (V): Max. allowed motor controller input voltage.

EBATT (Wh): Required energy of the battery pack.

ηBATT (%): Battery efficiency.

• Cell specifications

OCV (V): Max. voltage per cell.

V Nominal
Cell (V): Nominal voltage per cell.

V SOLR
Cell (V): Cell voltage at the start of linear region at the max current.

V EOLR
Cell (V): Cell voltage at the end of linear region at the max current.

CNominal
Cell (Ah): Nominal capacity per cell.

CRCont.
Cell (-): Max. continuous discharge C-rate per cell.

Using the above information and the approach suggested in literature [50] the

number of cells in series and parallel can be calculated

υFCS ≤ (OCV ∗ λSeries
BATT ) ≤ (V 0Stack ∗ λSeries

FC ) (6.9)

λParallel
Batt = roundup

(
PBATT

λSeries
Batt ∗ CNominal

Cell ∗ CRCont.
Cell ∗ V Nominal

Cell ∗ ηBATT

)
(6.10)

Subject to constraints

(λSeries
Batt ∗ V Max

Cell ) ≤ V Peak
Controller (6.11)
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(λSeries
Batt ∗ V Nominal

Cell ) ∗ (λParallel
Batt ∗ CNominal

Cell ) ∗ ηBATT ≥ EBATT (6.12)

Equation 6.11 puts a constraint on the max. number of cells in series. It implies

that the max. open-circuit voltage of the battery system must not exceed the

peak input voltage of the DC-DC controller. However it must be noted that

if Equation 6.8 and Equation 6.9 are satisfied, Equation 6.11 is automatically

satisfied.

Equation 6.12 implies that the total energy content in the battery must be more

than the total energy required, taking into account the battery discharge efficiency.

From Equation 6.9, it follows that there is a range within which the number of

battery cells in series can fall. There is no upper limit for number of cells in

parallel, but having cells more than required would only increase system weight.

6.1.3 Battery volume estimation

The volume of cells-only is different from the volume of the battery pack. This is

because the volume of the battery pack needs to take into account the arrangement

of cells in the battery pack, the cooling and air flow requirements, and the volume

of the enclosure and mounting. Precise volume calculations would require CAD

modeling, which is out of scope of this project. However, an estimation of battery

pack volume can be made. Cell packing density is defined as the volume density

of battery cells in the whole battery pack. Figure 6.2 shows the relation between

cell arrangement and packing density [97].

Using Figure 6.2, it is assumed that the battery pack has a packing density of 0.8.

Furthermore, it is assumed that additional 10% volume is required for enclosures

and battery pack mounting. Thus the actual battery pack volume is estimated to

be 1.375 times the volume of cells-only.

6.2 Simulink modeling

A Simulink model was developed with the aim to

• Verify the hybridization scheme, i.e. if the method of connecting fuel cell

and battery together via diodes works.

• Verify if the power output of the fuel cell is as required by the theoretical

sizing output.
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Figure 6.2: (a) Cell packing modes and pack sized defined by b, l, and θ.
(b) The upper and lower bounds of packing density against θ when l = b = 2 [97].

• Understand the power distribution between the battery and the fuel cell,

specially towards low battery SOCs (State-of-Charge).

Model description

The hybrid scheme presented in Figure 6.1 is simulated on Simulink. The battery

and the fuel cell models have been taken directly from the Simulink library.

The electric motor and motor controller are considered a single system, and are

simulated using the block ”DC Machine” in Simulink. The Simulink model is

shown in Figure 6.3. The hybridization scheme used has been taken from [50].

Battery and the fuel cell are connected in parallel via forward biased diodes, and

meet at the junction box. The motor is also connected to the junction box. All the

blocks in the shaded areas are for measurements.

Assumptions

Certain assumptions were used to simulate the model on Simulink.

• The selected battery behaves in the same way as modeled by the Simulink

battery model [73]. This is because the battery model on Simulink accepts

battery parameters like the rated capacity, nominal voltage, peak voltage
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Figure 6.3: Simulink model for the hybridization scheme

etc. to simulate the battery. More about the battery model and its input

parameters is mentioned in the battery model section.

• Effect of temperature on battery performance is not considered in this study.

• Dynamic behavior of the battery, fuel cell, and load is not a part of this study,

and hence are not taken into account. Transients are ignored.

• The fuel cell model traces the IV curve of the selected fuel cell. This is

because the fuel cell model in Simulink accepts fuel cell parameters like

open-circuit voltage, nominal operating voltage and current, number of cells

in series etc. to simulate the fuel cell’s IV curve. Since only IV curve of the

fuel cell are required for this simulation, the other calculations performed

by the fuel cell model are not considered.

• Diodes are not ideal, and have their associated forward voltage drop of 0.7V

each.

• Power demand by the aircraft during cruise flight remains constant. In other

words, the aircraft cruise is assumed to be a steady level flight.

• The motor controller and the motor and modelled within the same ”DC

Machine” block in Simulink. This machine accurately simulates the motor

used in the aircraft.
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• Cruise endurance is directly governed by the available energy. Endurance

for sized systems is estimated using the following equation:

EnduranceHybrid = EnduranceBase ∗
EHybrid

EBase

EHybrid = (EDENSFC ∗MFuel ∗ ηFC) + (EBATT ∗ ηBATT )

(6.13)

Where EDENSFC is the HHV of H2 at 25 °C and 1 atm, and EBATT is the

energy content in the battery. This equation assumes that the endurance

scales linearly with available energy.

Input parameters for model

Battery The input parameters required by the battery model, and correspond-

ing description is mentioned in Table 6.1. The voltage values used in the model

are shown on the discharge curve of the selected cell (Sony VTC6) in Figure 6.4a.

Note that these values are per cell. The method to convert these values to battery

pack level values is taken from the Simulink model guidelines, and correspond-

ing equations are mentioned in Table 6.1. In the Figure 6.4a, ”SOLR” indicates

the ”Start of Linear Region”, ”EOLR” indicates the ”End of Linear Region” and

”EODV” indicates the ”End-of-Discharge-Voltage”. While in general notion, the

battery nominal voltage is indicated at is average voltage (which is about 3.6V/cell

for Li-Ion), the Simulink model recognizes the ”EOLR” as the nominal voltage.

Table 6.1: Sony VTC6 battery parameters required by the Simulink block, and
their corresponding values [30].

Battery model parameters Symbol Value / cell Value for battery

Nominal Voltage (V) EOLR 3.07 EOLR ∗ λSeries
BATT

Rated Capacity (Ah) Crat 3 Crat ∗ λParallel
BATT

Initial state-of-charge (%) 100
Maximum capacity (Ah) Cmax 3.13 Cmax ∗ λParallel

BATT

Cut-off voltage (V) EODV 2 EODV ∗ λSeries
BATT

Fully-charged voltage (V) OCV 4.2 OCV ∗ λSeries
BATT

Nominal discharge current (A) Inom 10 Inom ∗ λParallel
BATT

Internal resistance (ohms) Ri 1.20E-02 Ri ∗ λSeries
BATT/λ

Parallel
BATT

Capacity at nominal voltage (Ah) Cnom 2.5 Cnom ∗ λParallel
BATT

Exponential zone voltage (V) SOLR 3.8 SOLR ∗ λSeries
BATT

Exponential zone capacity (Ah) Cexp 0.1 Cexp ∗ λParallel
BATT

Fuel cell: The fuel cell model in Simulink requires certain parameters about the

fuel cell to simulate the discharge characteristics of the modeled fuel cell. These

parameters include the voltages at 0A, 1A output, at nominal operating output
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current, and at rated maximum output current. Apart from these, the model also

requires the number of cells as input, along with anode and cathode pressures

and the fuel cell operating temperature. Using these values, the fuel cell model in

Simulink simulates the fuel cell IV curve. The model uses fuel cell polarization

equations mentioned in [98]. The values of all these input parameters to the

Simulink fuel cellmodel arementioned in Table 6.2, and illustrated in Figure 6.4b.

These values have been derived from the MATLAB fuel cell model developed and

explained in Chapter 4.

Table 6.2: Fuel cell parameters required by the Simulink block, and their
respective values

Fuel cell model parameters Symbol Value/cell Value for system

Voltage at 0 A (V) V0 1.01 V 0 ∗ λSeries
FC

Voltage at 1 A (V) V1 0.94 V 1 ∗ λSeries
FC

Nominal operating point current (A) Inom Inom ∗ λParallel
FC

Nominal operating point voltage (V) Vnom V nom ∗ λSeries
FC

Max. operating point current (A) Imax 28.1 Imax ∗ λParallel
FC

Max. operating point voltage (V) Vmax 0.71 V max ∗ λSeries
FC

Number of cells (-) 65 ∗ λSeries
FC

Nominal stack efficiency (%) ηFC From Table 4.9
Operating temperature (C) TFCELL 62 62
Nominal air flow rate (lpm) 200
Air supply pressure (bar) PINCAT 1.01325
Fuel supply pressure (bar) PINAN 1.7

(a) Sony VTC6 (per cell) [30] (b) Fuel cell (per cell) [16]

Figure 6.4: Battery and Fuel cell curves showing parameters required by
Simulink model
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6.3 Results and analysis

Using the sizing methods described above, practical systems were sized for all the

three configurations. This chapter presents the results of the simulations per-

formed on Simulink using those sized system parameters. The flight path sim-

ulated is Figure 2.10. The results of practical system sizing are tabulated in Ta-

ble 6.3.

From the table, it can be seen that no system exactly matches the nominal power

output as required by theoretical sizing. Further, at this point, there is an option to

either size the practical system while maintaining the fuel cell nominal operating

power density, or sizing the system to maintain the output power as per theoret-

ical output. The former option was chosen to allow energy and exergy efficiency

comparison with the base case (i.e. the existing aircraft). Besides, the selected

fuel has a rated power output of 1 kW / stack, while the optimal sizing required

the fuel cell to be sized for about 8.5 kW, which is not possible with the selected

fuel cell.

E65-FCPEM-BTVTC6-PD416.25-BL01-DC00

Figure 6.5: Simulink simulation results for power sharing during flight for case
FCPEM-BTVTC6-PD416.25-BL01-DC00, indicating fuel cell power and voltage

at different points in time during cruise.

For this system, the fuel cell operates nominally at 416.25 W/kg (i.e. at 75% of
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its rated power density). Thus to reach the required nominal output power as

suggested in Table 5.4, 6 stacks are placed in series along with 2 rows in parallel,

making up 6S-2P configuration. The open-circuit voltage of this configuration is

370V, well below the controller peak input voltage. The nominal operating volt-

age (i.e. system voltage at desired power output) is about 318V, calculated using

the Equation 6.7. The required fuel weight is 470g for a 65 minutes cruise, while

the selected HES A20 H2 tank provides a storage capacity of 629g, i.e. 33% more

than required. Hence, 1 fuel tank is used.

The number of battery cells in series is 79, and in parallel is 16 (79S-16P). This

combination of Sony VTC6 cells provides an open-circuit voltage of 331.8V, which

lies between fuel cell open-circuit voltage and fuel cell nominal output voltage.

The total energy of the battery pack is 13.65 kWh. The estimated endurance is

about 83mins, 18minutes higher than the base case. The expected systemweight

is about 104 kg, about 22 kg lower than the base case. This information is sum-

marized in Table 6.3.

This system was simulated on Simulink, and the results are presented in Fig-

ure 6.5. From the figure, following observations can be made:

• The weight estimate of practical system is 102.41 kg, while the weight

estimate of theoretically sized system is 104.7 kg. The two are in good

agreement, with the difference being < 2%.

• The nominal junction box voltage is about 27V lower than the nominal

battery voltage in the base case. This could affect the motor performance,

depending on the motor and controller characteristics.

• From Figure 6.5a, it can be noticed that fuel cell output power does not

remain constant for the entire flight duration. The fuel cell output power

is higher during takeoff and climb phases as the battery voltage dips with

high power output.

• As the flight enters cruise mode, the output power from the fuel cell is 8.5

kW,which is less than the designednominal fuel cell power output. However

towards the end of cruise flight, the nominal output power of the fuel cell

system increases to 10.5 kW.

• The output power from the fuel cell increases as the battery SOC decreases,

and consequently the battery voltage decreases. This effectively implies

that the fuel cell is not operating at a constant output voltage and power

throughout the flight.
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• During cruise flight, the output voltage of the battery and the fuel cell always

remain equal.

• The junction box voltage drops by about 10V from the start of flight to the

end of flight. This is due to the drop in battery SOC, consequently causing a

drop in battery voltage, and change in power distribution.

Fuel cell power variation due to battery configuration: Appendix C

contains graphs for systems sized for the same condition, i.e. for PD416.25. The

effects of different battery configurations in series and parallel can be observed.

The reference case is chosen as battery configuration 79S-16P, which gives and

open circuit voltage of 331V. Observations are listed below:

• The effects of the number of cells in series, i.e. the nominal and OCV of

battery can be observed in Figure C.1 and Figure C.2. In these figures, the

number of cells are 1 less, and 1 more respectively than in the base reference

case battery configuration (79S-16P). If the number of cells in series is 1

less, the drop in battery voltage over the cruising duration is about 9V. The

fuel cell system power output at the start of cruise flight is more than its

theoretical sizing operation point (of 9 kW), and the power output increases

to about 10.8 kW by the end of flight, an increase of nearly 133 W/stack. In

summary, whennumber of battery cells in series is decreased, the theoretical

sizing operation point is closer to the power output at the start of cruise

flight.

• In Figure C.2, it is observed that if the number of cells in series is increased

by 1, the trend is opposite than in the previous point. The theoretical sizing

operation point shifts more towards end of cruise flight.

• The effects of number of changing the number of cells in parallel is observed

in Figure C.3, where number of cells in parallel is decreased by 2 and in

Figure C.4 where number of cells in parallel is increased by 2. Decreasing

the number of cells in parallel has similar effect to decreasing the cells in

series, and the opposite seems to be true for increasing the number of cells

in parallel.

• This can be explained as follows: When number of cells in parallel is higher,

there is more energy available in the battery pack, and consequently its

voltage drop with time (or energy output) is lower. In Figure C.3, the cells in

parallel is 14 and the battery voltage drop is about 14.23V between start and

end of cruise flight. In Figure C.3, the cells in parallel is 18 and the battery

voltage drop is about 8.86V between start and end of cruise flight.

CHAPTER 6. PRACTICAL SYSTEM DESIGN 91



Exergy-Gravimetric Design Approach for Pipistrel Alpha-H2

FCPEM-BTVTC6-PD555-BL01-DC00

For this system, the fuel cell operates nominally at 555 W/kg (i.e. at 100% of its

rated power density). Thus to reach the required nominal output power as sug-

gested in Table 5.4, 5 stacks are placed in series along with 2 rows in parallel,

making up 5S-2P configuration. The open-circuit voltage of this configuration is

309V, well below the controller peak input voltage. The nominal operating volt-

age (i.e. system voltage at desired power output) is about 255V, calculated using

the Equation 6.7. The required fuel weight is 480g for a 65 minutes cruise, while

the selected HES A20H2 tank provides a storage capacity of 629g, i.e. about 32%

more than required. Hence, 1 fuel tank is used.

The number of battery cells in series is 63, and in parallel is 20 (63S-20P). This

combination of Sony VTC6 cells provides an open-circuit voltage of 226.8V, which

lies between fuel cell open-circuit voltage and fuel cell nominal output voltage.

The total energy of the battery pack is 13.61 kWh. The estimated endurance is

about 81 mins, 16 minutes higher than the base case. The expected system weight

is about 99 kg, about 26 kg lower than the base case This information is summa-

rized in Table 6.3.

This system was simulated on Simulink, and the results are presented in

Figure 6.6. Some similar observations can be made:

• The weight estimate of practical system is 99.23 kg, while the weight

estimate of theoretically sized system is 99.35 kg. The two are in excellent

agreement, with the difference being < 1%.

• The battery nominal voltage is about 90V lower in this case than the base

case. This voltage is comparatively much lower than the nominal voltage,

and may not be sufficient to run the motor at the required RPM.

• The fuel cell systemoutput power varies from9.94 kW (993W/stack) during

start of cruise, until about 10.77 kW (1076W/stack) towards the end of cruise

flight. This output power is fairly constant when compared to the previous

case, where the difference was about 2 kW.

FCPEM-BTVTC6-PD693.75-BL01-DC00

For this system, the fuel cell operates nominally at 693.75 W/kg (i.e. at 125% of

its rated power density). Thus to reach the required nominal output power as

suggested in Table 5.4, 7 stacks are placed in series along with 1 row in parallel,

making up 7S-1P configuration. The open-circuit voltage of this configuration is
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Figure 6.6: Simulink simulation results for power sharing during flight for case
FCPEM-BTVTC6-PD555-BL01-DC00 indicating fuel cell power and voltage at

different points in time during cruise.

Figure 6.7: Simulink simulation results for power sharing during flight for case
FCPEM-BTVTC6-PD693.75-BL01-DC00 indicating fuel cell power and voltage

at different points in time during cruise.

432.6V, slightly below the controller peak input voltage. The nominal operating

voltage (i.e. system voltage at desired power output) is 339V, calculated using the

Equation 6.7. The required fuel weight is 510g for a 65 minutes cruise, while the
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selected HES A20 H2 tank provides a storage capacity of 629g, i.e. about 23%

more than required. Hence, 1 fuel tank is used.

The number of battery cells in series is 85, and in parallel is 15 (85S-15P). This

combination of Sony VTC6 cells provides an open-circuit voltage of 357V, which

lies between fuel cell open-circuit voltage and fuel cell nominal output voltage.

The total energy of the battery pack is 13.61 kWh. The estimated endurance is

about 80mins, 15 minutes higher than the base case. The expected systemweight

is about 94 kg, about 32 kg lower than the base case. This information is summa-

rized in Table 6.3.

This system was simulated on Simulink, and the results are presented in Fig-

ure 6.7. Following points can be noted for this configuration:

• Theweight estimate of practical system is 94.12 kg, while theweight estimate

of theoretically sized system is 96.38 kg. The two are in good agreement,

with the difference being about 3%.

• The battery nominal voltage is only about 6V lower in this case than the base

case.

• The output power from the fuel cell remains fairly constant from the start

until the end of cruise flight, changing by only about 380W (54W/stack).

These three systems are compared on exergy efficiency difference, change in

weight, and expected endurance difference in the Figure 6.8.

For all the three designs, the estimated volume of the powerplant is within

the budget. However, it should be noted that except for battery pack where

the packing density and enclosure volume are taken into account, the volume

calculations for all other components only calculate the actual volume occupied

by the systems, volume calculation does not account for the clearances required,

volume required for enclosures, and for maintaining proper airflow.

6.4 Discussion and summary

In this chapter, three systems were sized practically and analysed on Simulink.

It was found that theoretical system sizing determined the system weight fairly

accurately. This also proved that a hybrid aircraft powerplant design is possible

with commercially available technologies. All the designed powerplants not only

proved to be lower in weight than the base aircraft, but also contain higher energy

content, thus effectively increasing endurance.

The following can be concluded from practical system sizing:
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• All the three practically sized systems weigh under 105 kg, over 20 kg less

than the existing system. Systems FCPEM-BTVTC6-PD555-BL01-DC00

and FCPEM-BTVTC6-PD693.25-BL01-DC00 weigh even under 100 kg, at

about 99.23 kg and 94.12 kg respectively. From weight distribution in

Table 6.3, it can be observed that the weight of battery pack, fuel and fuel

tank is nearly the same in all three cases. Only the weight of fuel cell differs

in all the three cases. This is because the number of fuel cells is different in

each case (12, 10, and 7 in PD416.25, PD555 and PD693.75 respectively).

• Estimated system endurance for all three practically sized systems is at least

15 minutes higher than the existing system endurance of 65 minutes

• All three systems were found to fit in the volume budget of 138 L. However,

volume estimations used in practical sizing do not consider and clearances

required for air flow and mounting, and also exclude packing density of fuel

cell system. Further investigation andCADmodeling is required to ascertain

if fitting the systems within given volume is actually possible.

• With the direct hybridization scheme used, the power output from the

fuel cell system varies with cruise flight time. It is also higher than

theoretical sizing point during takeoff and climb phases. Hence although

this hybridization scheme has weight and efficiency benefits, does not

provide direct control over the fuel cell output power.

• For systemsFCPEM-BTVTC6-PD416.75-BL01-DC00andFCPEM-BTVTC6-

PD693.75-BL01-DC00, the junction box voltage (318V and 339V respec-

tively) at designed fuel cell power output is within the voltage range of exist-

ing aircraft (288V to 399V,Table 2.6). However for systemFCPEM-BTVTC6-

PD555-BL01-DC00, this voltage is lower than the range mentioned above

(at 255V), but is still within the motor controller input voltage range (100V

to 450V). The effect of lower nominal voltage on motor performance is un-

known at this point. Further investigation is required to understand the ef-

fect of lower input voltage on motor performance. If required, the motor

performance may be compensated by using a gearbox or system voltage can

be increased by using a DC-DC converter. However, in either of these cases

it is possible that the system mass increases beyond that of PD416.25, and

hence the system PD555 might not be the most suitable.

• In the systemFCPEM-BTVTC6-PD693.75-BL01-DC00, the fuel cell constantly

operates beyond its rated continuous output power. The effects of operat-

ing the fuel cell continuously beyond its rated power on the fuel cell lifetime

performance is not known and needs further investigation.
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6.5 Chapter conclusion

The configurationFCPEM-BTVTC6-PD416.25-BL01-DC00 is found to be the

most suitable fuel cell - battery powerplant system for the Pipistrel Alpha-H2, with

an estimated weight of 102.4 kg, which is about 24 kg lighter that the existing

system, and an estimated endurance of 80minutes, about 15 minutes higher than

existing system. The nominal voltage of this configurations also falls within the

nominal operating voltage range of the existing aircraft powertrain. The estimated

volume of this system (= 129 L) is also within the volume budget (of 138 L),

but this needs further investigation. Figure 6.8 and Figure 6.9 compare the key

parameters of the three systems analysed in this chapter, and Table 6.3 contains

the detailed configuration of all these three systems.

Figure 6.8: (a) Comparing the % change in weight, exergy efficiency, and
endurance from the base case for sized systems.

(b) Nominal junction box voltage (at the theoretical sizing point) during cruise
flight.
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Figure 6.9: (a) Comparing weight distribution for the sized systems.
(b) Comparing volume distribution for the sized systems.
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Chapter 7

Conclusion and future work

7.1 Exergy-gravimetric approach

The objective of this Master’s thesis was to indicate an exergy-gravimetric

approach towards design of a fuel cell - battery hybrid powerplant, and using this

to arrive at amass-minimized configuration for Pipistrel Alpha-H2. This approach

was developed during this Master’s thesis, and is summarised below:

• Identify the fuel cell to be used for system sizing, based on specific power

density; i.e. selecting the highest specific power density fuel cell. Identify

the sources of exergy loss and destruction within the fuel cell.

• For all the identified cases, calculate fuel cell operational efficiency using

CycleTempo.

• Identify other variables in the powerplant design. For example: choice of

batteries and cruise endurance required.

• Using a mass-minimization function developed in MATLAB, theoretically

compute the optimal system weight for all the combination of variables.

• Select configurations resulting in the lowest powerplant weight. Out of these

configurations, further eliminate those configurations resulting in higher

than available volume budget (of 138 L in this case).

• Practically size systems for the selected configurations; i.e. compute the

number of fuel cell stacks and batteries required in series and parallel to

achieve the required power and energy. Simulate the system on Simulink to

understand the system performance during different flight phases.

The effect of following variables on the optimal system weight was analyzed:

1. Fuel cell type selection: PEM and SOFC.
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2. Exergy-gravimetric cases for the fuel cell

a. Effect of fuel cell operational power density (and consequently

efficiency) on system weight.

b. Effect of the use of cooling fan in fuel cell on fuel cell efficiency and

system weight.

c. Effect of the use of DC-DC converter on fuel consumption and system

weight.

3. System-level design options

a. Aircraft’s required cruise endurance: 65 minutes, 110 minutes, 155

minutes.

b. Effect of the type of battery for hybridization on the optimal system

configuration: high power density, high energy density, balanced.

c. Hybridization condition: only fuel cell provides power during cruise,

both battery and fuel cell provide power during cruise flight.

7.2 System sizing

The variables mentioned in the previous section resulted in a total of 225 system

configuration options, which were systematically reduced to three using the

approach mentioned in the previous section.

• Overall, it was found that even tripling the endurance of existing aircraft

is possible within the mass budget (of 126 kg). The most promising

configurations make use of the ”high power density” cell (A123), along with

fuel cell operating at an operational power density of > 416.25 W/kg and

without the DC-DC converter. The configuration E155-FCPEM-BTA123-

PD693.75-BL01-DC00-COPT is estimated to weigh about 94 kg, i.e. almost

25% lower in weight than existing powerplant.

• For similar endurance requirements and battery hybridization and SOFC

system level specific power density, systems hybridizedwith SOFCsweigh as

much as 12% lower than PEM-hybrid systems. If SOFC system level specific

power density above 277.5 W/kg can be achieved, an SOFC-hybrid system

could weigh 14% to 16% lower than the existing powerplant.

• For optimal configurations, i.e. where fuel cell system and battery system,

both provide power during cruise flight, doubling the range requires
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additional about 2%weight (about 2.5 kg) for SOFC-hybrid systems, while it

requires additional 7% weight (about 8.8 kg) for PEM-hybrid systems. This

is because the storage density of propane fuel tanks is 150%, while only 8%

for hydrogen tanks. Hence while every kilo of propane adds only about 0.67

kg in fuel tank weight, every kilo of hydrogen adds about 12.8 kg in fuel tank

weight. SOFC specific power density of up to 1 kW/kg at stack level has been

demonstrated in literature [96], but only up to 120 W/kg has been realized

[99]. Thus SOFC-hybrid systems were not considered for practical system

sizing.

• Of the PEM-hybrid configurations, only three configurationswere estimated

to fit within the volume budget (of 138 L). All these configurations provide

an estimated endurance of over 80 minutes, i.e. 15 minutes higher than the

existing aircraft. These configurations are:

– System 1: E65-FCPEM-BTVTC6-PD416.25-BL01-DC00

– System 2: E65-FCPEM-BTVTC6-PD555-BL01-DC00

– System 3: E65-FCPEM-BTVTC6-PD693.75-BL01-DC00

• With direct hybridization (i.e. without using DC-DC converters), the

nominal system voltage at 18kW output power was found to be 318V, 255V

and 339V for systems 1, 2, and 3 respectively, as shown in Figure 6.8. The

nominal voltage of system 2 is lower than theminimum junction box voltage

of the existing aircraft (288V), and the effects of lower junction box voltage

on motor performance need to be explored further. For this reason, system

2 is rejected. Furthermore, the fuel cell stacks in system 3 operate beyond

their rated continuous output power (of 1000W). The effect of operating the

fuel cells beyond their rated continuous output power on the fuel cells needs

to be further analysed.

Key takeaway

In conclusion, system 1 (E65-FCPEM-BTVTC6-PD416.25-BL01-DC00) was

found to be most suitable for hybridizing the aircraft. With an estimated weight

of 102 kg, this configuration is about 24 kg lighter than the existing powertrain,

and has an endurance of about 80 minutes, i.e. endurance by nearly 15 minutes

higher than existing aircraft. The detailed specifications of this system are given

in Table 6.3, and its comparison with other practically sized systems is shown

in Figure 6.8 and Figure 6.9. Initial calculations suggest that this system, with

an estimated volume of 129 L could fit in the given volume budget of 138 L,
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however this calculation excludes clearances required for air flow and mounting,

and packing density of fuel cells in the volume available, and hence needs to be

explored further.

7.3 Future work and recommendations

Due to the limitation imposed by thesis duration, several aspects can be explored

further:

• Exergy-gravimetric analysis: This thesis work indicates the approach

taken towards design of a mass-minimized powerplant while including the

”true cost” of energy. This approach can be further extended to include no

just the powerplant, but other variables like airframe configurations can be

included to arrive at the most suitable configuration for any given mission.

Further, this work developed the approach for Exergy-gravimetrics, but

the same approach can also be used for different objectives, like cost

minimization or mission profile optimization.

• SOFCs for aerial vehicles: Using the approach developed in this study,

it was found that propane fuelled SOFCs are a viable option for 2-seater

aircrafts if their specific power density is more than 277.5 W/kg, proving

to be even better than the PEM fuel cells of similar specific power density.

The feasibility of having such high specific power density SOFCs should be

explored further.

• Detailing existing powerplant design:

– Volume estimation: Further calculations and CAD modeling of the

systems is required to ascertain if the practically sized systems can fit

within the volume budget.

– Effect of altitude on fuel cell performance: The powerplants

sized in this thesis assumed the aircraft to be flying at low altitudes. As

the flight altitude increases, the pressure and temperature drops, which

would affect the aircraft as well as fuel cell performance. To properly

design a powerplant for an aircraft and to define its flight envelope,

there is further scope for analysing performance sensitivity on altitude.

– Flight envelope: In this master’s thesis, the requirements of only a

single flight profile was analyzed to determine if there is a possibility to

reduce powerplant weight and increase the endurance. This study can

be expanded to include multiple flight profiles including the effect of
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altitude on performance of both the fuel cell and the aircraft to draw a

full flight envelope of the device.

– Junction box voltage: Two of the three systems practically sized had

a junction box nominal voltage less than that of the current aircraft.

The impact of lower junction box voltage on motor performance needs

to be further analyzed. The choice of using a DC-DC converter vs. a

motor modification need to be analyzed at a higher level.

• Fuels: Only compressed Hydrogen for PEM fuel cells, and propane for

SOFCs was explored in this thesis. A further feasibility study of Liquid H2

fuelled powerplant designs can be explored for PEMs and SOFCs.
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Appendix A

Exergy flow diagrams

Figure A.1: Exergy flow diagram for fuel cell operating at 25% of rated power
density.
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Figure A.2: Exergy flow diagram for fuel cell operating at 50% of rated power
density.

Figure A.3: Exergy flow diagram for fuel cell operating at 75% of rated power
density.
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Figure A.4: Exergy flow diagram for fuel cell operating at 125% of rated power
density.
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Appendix B

Theoretical system sizing results

Figure B.1: Weight and exergy efficiency comparison against base case for
E110-FCPEM-BL01-DC(Variable)-PD(Variable)-BT(Variable)-CFCCruise.
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Figure B.2: Weight and volume distribution of the six lowest weight
combinations for the case:

E110-FCPEM-BL01-DC(Variable)-PD(Variable)-BT(Variable)-CFCCruise

Figure B.3: Weight and exergy efficiency comparison against base case for
E110-FCPEM-BL01-DC(Variable)-PD(Variable)-BT(Variable)-COPT.
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Figure B.4: Comparison of degree of hybridization for all the sized systems for
case: E110-FCPEM-BL01-DC(Variable)-PD(Variable)-BT(Variable)-COPT.

Figure B.5: Weight and volume distribution of the six lowest weight
combinations for the case:

E110-FCPEM-BL01-DC(Variable)-PD(Variable)-BT(Variable)-COPT.
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Figure B.6: Weight and exergy efficiency comparison against base case for
E155-FCPEM-BL01-DC(Variable)-PD(Variable)-BT(Variable)-CFCCruise.

Figure B.7: Weight and volume distribution of the six lowest weight
combinations for the case:

E155-FCPEM-BL01-DC(Variable)-PD(Variable)-BT(Variable)-CFCCruise
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Figure B.8: Weight and exergy efficiency comparison against base case for
E155-FCPEM-BL01-DC(Variable)-PD(Variable)-BT(Variable)-COPT.

Figure B.9: Comparison of degree of hybridization for all the sized systems for
case: E155-FCPEM-BL01-DC(Variable)-PD(Variable)-BT(Variable)-COPT.
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Figure B.10: Weight and volume distribution of the six lowest weight
combinations for the case:

E155-FCPEM-BL01-DC(Variable)-PD(Variable)-BT(Variable)-COPT.

Figure B.11: Weight comparison against base case for
E110-FCSOFC-PD(Variable)-BT(Variable)-CFCCruise
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Figure B.12: Weight comparison and degree of hybridization for
E110-FCSOFC-PD(Variable)-BT(Variable)-COPT

Figure B.13: Weight comparison against base case for
E155-FCSOFC-PD(Variable)-BT(Variable)-CFCCruise
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Figure B.14: Weight comparison and degree of hybridization for
E155-FCSOFC-PD(Variable)-BT(Variable)-COPT
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Appendix C

Effect of battery configuration on
fuel cell power output

Figure C.1: Simulink simulation for battery configuration: 78S-16P for PD416.25
indicating fuel cell power and voltage at different points in time during cruise.
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Figure C.2: Simulink simulation for battery configuration: 80S-16P for PD416.25
indicating fuel cell power and voltage at different points in time during cruise.

Figure C.3: Simulink simulation for battery configuration: 78S-14P for PD416.25
indicating fuel cell power and voltage at different points in time during cruise.

APPENDIX C. EFFECT OF BATTERY CONFIGURATION ON FUEL CELL
POWER OUTPUT
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Figure C.4: Simulink simulation for battery configuration: 78S-18P for PD416.25
indicating fuel cell power and voltage at different points in time during cruise.
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