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This paper introduces a novel powertrain system composed of a liquid
ammonia internal combustion engine, a dissociation and separation unit,
and a PEM fuel cell system developed for vehicular applications. Using a
carbon-free fuel for the ICE and producing hydrogen on board for
PEMFC use significantly enhance this novel system's environmental
effects. The thermodynamic analyses are conducted using EES and
MATLAB software. The results show that while this hybrid powertrain
system produces 120 kW output power, energy and exergy efficiencies
are 45.2% and 43.1%, respectively. The overall exergy destruction rate
of the system becomes 237.4 kW.

The fuel consumption, engine speed, and battery state of charge (SoC)
analyses are calculated using three driving cycles. These vehicles
consume 7.9, 5.7, and 7.7 liters of liquid ammonia per 100 km in FTP-
75, NEDC, and HWFET driving cycles, respectively. The battery state of
charge differentiation in these three cycles shows the practicality of this
novel powertrain system specially in inner-city driving cycles as the
battery does not confront any intense decline of SOC to the minimum
level. HWFET results show the great dependence of the vehicle on ICE
and low PEM fuel cell function, which results in releasing decomposed
hydrogen to the environment.

1. Introduction

In today's life, energy has become a vital need
to enhance the quality of life and economic
growth of all people. Still, it is essential not to
damage nature or harm the environment to
achieve it [1], [2]. Each country, according to its
resources and technology, deploys different
criteria to extract energy. Most developed
countries  prefer renewable, reliable, and
accessible energy resources. While developing
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countries employ affordable and cheap energy
resources that may not be environmentally
friendly enough to meet global standards[3], [4].

Energy resources are extended from traditional
fuels such as coal and oil, which are no longer
popular due to their pollution and low efficiency.
High-tech, recently invented energy-producing
methods, such as tidal energy, solar cells, biofuel
energy, and hydropower [5].
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Globally, energy production rate has increased
during recent years. However, it is essential to
note that amount of energy produced from fossil
fuels has declined, and these are renewable energy
resources such as geothermal, wind, solar and
hydro energy that have impressively increased
during the last decade. Figure 1 visualizes the
energy consumption rate divided by each energy
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resource. From this figure, it can be understood
that although new technologies have employed
novel energy production methods, oil and gas are
still determinative energy resources [6].
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Figure 1: Global energy consumption by source [7]

The infrastructure and financial problems are
influential factors that prohibit us from utilizing
new energy resources. Also, as mentioned before,
the principal energy resources used nowadays are
oil, natural gas, and other fossil fuels. So, it is
vital to use them more efficiently.

According to the international energy outlook
2016, the transportation sector delivered energy
consumption increases at an annual average rate
of 1.4%, from 111 EJ in 2012 to 163 EJ in 2040.
It is critical to enhancing common fuel usage
efficiency to lower energy waste and emitted
GHGs. Thus, a novel integrated energy system is
designed to be deployed in the transportation
system, especially personal vehicles. This hybrid
powertrain system is composed of a liquified
ammonia ICE and a PEMFC as its primary power
sources[8].

Although some novel technologies avoid
environmental impacts of present energy-related
methods such as chemical looping carbon capture,
carbon capture, and storage, these are not long-
term efficient solutions. So, it is preferred to
alternative fuels such as ammonia and hydrogen
to be used instead. Many pieces of research have
proved hydrogen preference as an alternative fuel.
It can be easily converted into electricity, and it
can be produced from renewable materials such as
biomass and water. It is also highly
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environmentally friendly in all processes that it is
used. Considering all capabilities of hydrogen, it
is a should for novel technologies to benefit from
this fuel. It is also crucial that hydrogen can be
produced from ammonia decomposition reaction,
making it completely compatible with this
research's restrictions and design limits [9].

It is preferred for environmental issues to use an
alternative fuel such as ammonia in the Internal
Combustion Engine. Nowadays, about 85% of
worldwide ammonia production uses Haber-
Bosch and steam methane reforming processes.
Also, ammonia production can be done using
renewable energy resources such as wind energy,
solar energy, biomass, and hydropower. This vast
variety of energy resources can ease ammonia
production and make it a sustainable energy
resource. Ammonia can be stored in liquid form at
a temperature of 25° and pressure of 8.6 atm [10].
As ammonia is a carbon-free fuel, its complete
combustion produces just water and nitrogen gas,
which is environment-friendly. The combustion of
pure ammonia produces a flame with a relatively
low propagation speed. This low combustion rate
of ammonia causes combustion to be inconsistent
and unfavorable. It is usual to add combustion
promoters to enhance the combustion properties
of liquid ammonia.
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Ammonia usage as a fuel was first implemented
during world war Il due to insufficient fossil fuel
to run the fleet. Many researchers have studied
ammonia usage in ICEs. For example, Grannell et
al. [11] used a mixture of ammonia and gasoline
to fuel a SI ICE. They understood that pure
ammonia caused poor engine performance while
mixing 70% ammonia with 30% gasoline using an
engine with a 10:1 compression ratio resulted
inadequate engine power. Ryu et al. [12] also
worked on ammonia-gasoline blended fuel, which
is combusted in an ICE using direct injection
technology. The study is consisted of comparing
this engine with a Sl engine running only on
gasoline with different injection timings and
durations. Frigo and Gentili [13] studied the effect
of hydrogen as a promoter for an ammonia ICE.
The results showed a remarkable improvement in
ignition characteristics and increased velocity of
combustion. Mgrch et al. [14] investigated
combustion  characteristics ~ with  different
ammonia and hydrogen mixture ratios. They
concluded that adding 10% of hydrogen by
volume or 1% of hydrogen by mass to ammonia
fuel makes the fuel considerably enhanced, and
the output power and efficiency of the intended
engine is increased significantly. Ezzat and Dincer
[15] incorporated an ICE running on liquid
ammonia, a thermoelectric generator (TEG) and
an ammonia electrolyte cell. The results showed
that the studied system has an energetic efficiency
of 31%, and the ICE has the maximum exergy
destruction rate among other components.

Due to its high power-density, instant startup
time, and safe and straightforward structure,
Proton exchange membrane fuel cell technology
is a prime candidate for vehicular and other
mobile applications. Hu and Wang et al. [16]
achieved semi-empirical equations to model
PEMFC operation. PEMFCs are sensitive to the
water content of the membrane, and in case of
dehydration or flooding, the PEMFC losses its
efficiency and power.

Hydrogen that is used in PEMFC can be
generated onboard utilizing the process of
ammonia thermal decomposition. As this process
is endothermic, ICE's high-temperature exhaust
gases can be used to supply the hydrogen
production process energy. According to Liu et al.
[17], This decomposition can occur using a solid
nano-sized Ni/SBA-15 catalyst at 650°C which
gives 99.2% conversion efficiency. Ammonia
normally starts to crack at temperatures of 200°°
and as the temperature increases, the
decomposition process's efficiency also increases.
At 425°C ammonia is decomposed with 98-99%

Gharaei et al.

conversion efficiency [18], and at temperatures
above 500°C there is no need for any catalysts for
this process [19]. Kojima et al. [20] filed a patent
that hydrogen is produced onboard using the heat
of internal combustion engine exhaust gasses.
This hydrogen is stored so that it can be used with
ammonia to enhance combustion characteristics in
the ammonia ICE.
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Figure 2: DSU conversion efficiency as a function of
temperature[21]

Dincer and Zamfirescu [22] established a new
system using Dissociation and separation units of
ammonia to produce hydrogen with ammonia for
combustion usage. Frigo et al. [18] and Ryu et al.
[20] assured that the addition of hydrogen to the
ammonia-air mixture makes the combustion
faster, and also it lowers fuel consumption and
exhaust emission. Besides, the ICE achieves
higher output power and performance.

2. Approach

In this study, a novel powertrain system is
designed basically for vehicular applications. As it
is evident from figure 3, a liquid ammonia tank is
used as our primary fuel storage, which operates
at 20°C and 10atm, the liquid ammonia is used for
two purposes; first, the fuel stream of ICE, and the
other is the stream of ammonia which is used in
DSU to produce hydrogen on board. The products
of DSU are nitrogen gas, which will be released to
the environment, and hydrogen gas, which is used
in the PEMFC unit of our hybrid powertrain
system.

The power produced from two sources will
provide the vehicle with the power of 120 KW.
The powertrain system uses a parallel hybrid
design to supply the vehicle with instant power
from each of the power units. The hydrogen
production system is composed of a DSU
functioning with a conversion efficiency of nearly
99% at a temperature of 800K. Supplementary
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data of DSU is given in table 1. Also, a hydrogen
purification unit (HPU) is used following the DSU
and before the PEMFC to remove any impurity
(ammonia) from the FC system's hydrogen
stream. This impurity can cause major failures to
the PEMFC and decrease fuel cell output power
and efficiency.

The ICE is fueled with a mixture consisted of
99% liquid ammonia and 1% hydrogen by mass.

Humidifier

1

The engine is a spark ignition and 4-stroke engine
generating the maximum power of 59KW. The
exhaust gases are used in the DSU system to
decompose ammonia into hydrogen and nitrogen.
Finally, the PEMFC is connected to a battery to
store the excess amount of energy. This energy
can be supplied to the car's accessories such as air
conditioning system, cooling system pumps, and
the electric motor to run the vehicle.
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Figure 3: Schematic of the intended powertrain system
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3. Modeling

The hybrid powertrain system is modeled in
EES, MATLAB, and SimCenter AMESim. The
results of thermodynamic analyses consist of
energy, exergy efficiencies, and exergy
destruction rate analyses. The thermodynamic
analyses are used to model the system in
SimCenter AMESim to conclude the vehicle fuel
consumption, ICE load, and battery state of
charge in different driving cycles.

The following assumptions are made for system
evaluation and thermodynamic analysis of the
system:

e Ambient temperature T, and pressure P,
are considered to be 298 K and 101.325
kPa, respectively.

e Potential and Kinetic exergies all
assumed to be the same in all states.
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e The humidifiers used in the PEMFC
system will set the relative humidity of
hydrogen and air inlet streams to 90%.

o Except for the pressure regulator, there
are no other pressure drops in the
system.

e The energy efficiency of the liquid
ammonia ICE is considered to be 30%.

e The heat generated from the FC stack is
rejected to the surrounding. 80% of this
heat is achieved by the fuel cell cooling
system, and the 20% rest of it is
expelled to the surrounding by radiation
and convection.

e For the thermodynamic analysis, the
hybrid power train system has a
maximum output of 120 kW.

e Fuel cell system accessories such as
cooling pumps, fan, and compressor
operate adiabatically with an isentropic
efficiency of 85%.
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The total exergy of the flow in each section is
calculated according to the formulas given below:

€Xtotal = €Xpn + exqp + exye

T+ eXpe (1)
expn = (h—hg) + To(s — o) 2)
eXch = Z i = Hio 3)

— ch
exch,gas mixture — Z Yi€Xx;

(4)
+RT, ) yilnY;

3.1. Pressure regulator analysis

Fuel can easily be stored in a liquid form easily;
the fuel tank of this vehicle operates at a
temperature and pressure of 293 K and 10 atm,
respectively. A pressure regulator is used to
decrease the fuel line pressure entering the ICE.
The operating pressure of the regulator is 2 atm,
and it works adiabatically.

The governing equations and assumptions of the
pressure regulator are as below:

T, = 293K

P; =10 atm

P, =2 atm (4)
hz = hl

3.2. Internal combustion engine analysis

The ICE is fueled with ammonia; for enhancing
the combustion characteristic, hydrogen gas is
used as the promoter, and it is used with a mass
ratio of 1% to 99%. The stoichiometric
combustion reaction of hydrogen gas and
ammonia is as follow [23]:

NH; + 0.75(0, + 3.76N,)
> 15H,0+332N, ©)

H, +2.38 (0.21 0, + 0.79 Ny)
— H,0 + 1.88 N, (6)

The ICE is considered to convert 30% of total
reactant energy to useful mechanical work, 30%
to energy waste from exhaust gases, 30% to
energy waste by heat conduction and convection
to the cooling system or surrounding, and 10% of
total energy is wasted due to lubrication and
friction.

Gharaei et al.

The mass balance, energy balance, and exergy
balance of the ICE are expressed as the following
equations:

My + Mg + Myy = My, (7)

Nyhy + Nohg + Nyghyy
= Nizhiz + Wice (8)
+ Qcool + Qlub

N4ex4 + NgeX9 + N14ex14
= Nyzexip + Wicg
+ e'x?ool + e'xl%b ©))
+ EXd;cp

Here the term "W,cz" is the obtainable power
from the ICE, the term."(Q.,,;" is the heat rejected
to the cooling system and the term."Q,,," is
energy loss of lubrication system and friction.
Also, in the last equation, the term "EXd,cz" is
exergy destruction rate of ICE.

3.3. Decomposition and separation unit (DSU)
analysis

The decomposition of ammonia is an
endothermic reaction. The conversion efficiency
is a function of temperature. Here the reaction
equation can be expressed as below, using
dissociation fraction."X;”[24]:

+(1—Xz) NHy (10)

The heat required for this equation is calculated
using the equation given below:

Ah T) =h(T) —ho(T)+ X
psu(T) (*)nd*oA(hD)(T) a (1)

Here, "Ahp"The amount of energy required for
dissociation reaction of ammonia at temperature T
and other standard state conditions. Also, the term
"ngq" is the conversion efficiency of the thermal
decomposition process[25].

General operating conditions of DSU, used for
calculating the required heat of decomposing

ammonia, are presented in table 1.

Table 1: DSU general features

Standard enthalpy
of reaction

45.9 (kJ/mol)

Automotive Science and Engineering(ASE) 3461
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DSU operating 800 k Enernst = 1.229 — 8.5

temperature x 107*(T
Ammonia —298.15) + 4.3085 (16)
i . B}
decomposition NH; - 15H; + 0.5 N, x 107°T {In(py, )
reaction +0.51n(ps,)}
Dissociation factor 99.8%
(X Here "T" is the cell temperature and the
Conversion 1 terms."py," and "pg," a_re partigl pressur_es of
efficiency (4) hydrogen and oxygen which are involved in the

reaction.

The potential losses have consisted of three
terms. First, the activation losses are caused by
the slowness of the reactions taking place on the
electrode surface, and this potential loss is
determined using the following equations:

3.4. Proton exchange membrane fuel cell
(PEMFC) analysis

In PEMFCs, the fuel (hydrogen, H,) enters at
the anode. A chemical reaction causes the _ 17
hydrogen molecules to separate into positive Tact = Macta + Mact,c (
hydrogen ions (H* or protons) and electrons (e°). )
This reaction releases heat. The positive hydrogen AG,. RT . RT .
ions pass through the electrolyte made of a Macta =~ 5@ +ﬁln(4FAK3CHz)_ﬁln(l) ;18
polymer membrane and travel to the cathode. The

electrons remain behind and thereby give the Mgt

anode a negative charge, creating a voltage RT —AG 1-a a
. _ 0 e * c * c
difference between the anode and the cathode. = 57 [ ( FAKC exp{—= (C5,)" “(Ca+) ) (10
Because electrons travel from negative to positive, ¢ )
the electrons follow an external circuit from the — 1n(i)]
anode to the cathode. Simultaneously, oxygen
(O,) enters the fuel cell at the cathode and ] )
combines with the electrons, which have traveled Here z=1 is the equivalent number of cathode
through the external circuit, and the positive reactions. ) _ _ _
hydrogen ions, which have traveled through the Th_ege equations can be estimated using semi-
electrolyte, to produce water (H,0) at the cathode. empirical constants as below:
The chemical reactions are represented here [26]: Nact = B + ByT + ﬂ3Tln(C(i)rzlterface)
2H, — 4H* + 4e” (12) + BuTin(l) (20)
0, + 4H* + 4e~ - 2H,0 (13) g = (_AGe) 4 (—AGeC)
1 21
ac.zF 2F (21)
Moreover, the total reaction of a PEMFC is:
2H, + 0, - H,0 (14) &
2t 0 2 1 R _
=—In |2F Ak (i) ™ (Cityo)™]
Each cell of the fuel cell can produce 0.7 V C;CZ (22)
voltage. The overall voltage and current can be +—[In(4FAKQCE)]
determined using the parallel and series 2F
equivalent circuit of cells. R
The cell total output voltage is determined from B, = (1—a.) (23)
the equation below [27]: aczF
. R R
E(i))=E + + ic T — -
n‘i}?f Nernst T Nact T Nohmic (15) ,84 (aCZF + ZF) (24)
The term demonstrates the reversible potential These constants are calculated for different
of a cell."Eyernse” and is calculated using the operating conditions. Fowler et al. [30] and

Nernst equation [28], [29]:
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Maxoulis et al. [31] calculated the values for the
coefficients, and these coefficients become:

B, = —0.951 (25)
B, =0.00312 (26)
B,=74x107° 27)
B, = —0.000187 (29)

The second potential loss considered in the total
cell potential equation is ohmic losses. It occurs
because of resistance to ions in the electrolyte and
resistance to electrons' flow through the
electrically conductive fuel cell components. The
ohmic loss formula is as below:

__ :pinternal
Nohmic = R

(29)

Here the term "R™e¢™al" js total resistance, and
it has a complicated relation with temperature and
pressure and is described as below:

Rinternal — r_Ml
A (30)

Where "r," is Nafion membrane resistance and
is calculated according to the equation below:

rm
181.6 1+003(1)+0062 303 ] (31

4.18(T — 303)
—)

[13.366 — 3i]exp(

The last potential loss term is the diffusion
overpotential, it occurs when the rate of mass
transport of a species to or from the electrode
limits current production, and it is calculated as
follow:

Magf =M exp(ni) (32)

Here "m" correlates to the electrolyte
conductivity, and "n" is related to the porosity of
the gas dlffu5|on layer. The mass transfer
coefficient "m" has two slopes considering fuel
cell temperature. This value is presented as:

Gharaei et al.

m=11x10"*-1.2

X 10—6(T fOT' T
33

m=33x%x10"3-8.2

X 10—5(T fOT'T
34
27315 <3125 (34)

The total power produced by the fuel cell stack
is the summation of each cell's power, which can
be calculated using the formula below:

Ween =1 X E(i) X Aoy (35)

So, the total power is:

Wiotar = e X Weey (36)

Here "ngc" is the cell number in the fuel cell
stack.

3.5. AMESiIim modeling

In this study, AMESim software is used because
of its compatibility for modeling novel systems
and benefiting from powerful libraries. Three
libraries are used to model the intended
powertrain system, [IFP-drive, fuel cell, and
vehicle dynamics [32].

The vehicle dynamic library is used to impose
different ambient conditions, driving forces, the
elevation of the road, and vehicle input data. Also,
more than ten different standard driving cycles are
available to be used in this library. In this
software, the driver component is selected
according to the transmission type that is used. In
this study, a 5-speed manual gearbox and a driver
component compatible with this transmission
type, which commands the gear number, brake
pedal usage percentage, and throttle pedal usage
percentage, are used.

To model the ICE used in our powertrain case
study system, the conventional engine component
available in the library is used. Still, it is edited by
applying an ammonia ICE characteristic to a 4-
stroke engine and imposing related changes to the
ECU, fuel properties, and exhaust emissions. On
the other hand, the PEM fuel cell is used as the
secondary power source with a parallel hybrid
design. PEMFC charges a high-capacity battery to
be used in case of need [33].

Automotive Science and Engineering(ASE) 3463
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Figure 4: The designed model of the powertrain system in AMESim software
4. Results

The results of the thermodynamic analyses are
driven using EES software. Input variables that
are used in these analyses are presented in table 2.

Table 2:linput variables of thermodynamic analysis (EES and

MATLAB)
Variables Value
Ambient temperature 259°¢
Ambient pressure 1 atm
PEMFC maximum 59 kw
power
PEMFC current density 1150 mA/cm?
Cell area 900 cm?
Cell number 130
FC membrane thickness 0.183 mm
FC operating pressure 2 atm
500C

FC operating

3464
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temperature
Hydrogen stoichiometry 1.2
Oxygen stoichiometry 2
Air inlet humidity 0.9
Hydrogen inlet humidity 0.9
ICE maximum output 59 kW
power
Hydrogen LHV 240 kJ /mol
Oxygen LHV 314.5 kJ /mol
Fuel tank pressure 10 atm
Fuel tank temperature 20°¢
Hydrogen to ammonia 0.01
mass ratio
DSU efficiency 0.9
Fan and compressor 0.85
efficiency
ICE efficiency 0.3
DSU operating 800 K

temperature
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ICE output power (kW)

Supplied ammonia (mol/s)

In this study, as is shown in figure 5, the
influence of changing hydrogen to ammonia mass
ratio on ICE output power is considered. This
figure clearly states that by increasing the
hydrogen ratio from 0% to 5 %, the ICE power is
increased by 21%, but this ratio change's primary
concern is the combustion characteristics. As
indicated previously, pure ammonia does not
combust steadily and has low flammability. So,
we add 1% hydrogen by mass to achieve
acceptable combustion properties.

70

68

66 -

64

62

60

58 4

56

54 T T T T T T
1 2 3 4

o
v
o

Ammonia to hydrogen mass ratio (%)

Figure 5: ICE output power as a function of hydrogen to
ammonia mass ratio
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Figure 6: supplied ammonia to the ICE as a function of
ambient temperature to achieve 59 kW power

Figure 6 shows that the supplied ammonia to
ICE decreases from 1.065 (mol/s) to 0.975 (mol/s)
as the ambient temperature increases to 50
degrees centigrade.

As ammonia is used to fuel the ICE, the output
power and exergy destruction rate would vary
according to the amount of ammonia supplied to
the ICE. These variations are demonstrated in
figure 7, and it is understood from the figure that
they vary linearly with the supplied ammonia
amount.

Automotive Science and Engineering(ASE)

Power/Exergy destruction rate (kW)

H2 production / NH3 decomposition rate (mol/s)
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Figure 7: output power and exergy destruction rate
according to supplied ammonia to ICE

PEMFC operation strongly depends on the
hydrogen production rate of DSU. According to
governing equations of DSU, the operating
temperature of DSU and heat supplied to this unit
are its substantial variables. Also, a sufficient
amount of ammonia has to be fed to DSU. Figures
8, 9, and 10 present hydrogen production rate and
ammonia decomposition rate as a function of heat
applied to DSU, ICE exhaust gas temperature, and
DSU operating temperature.

2.0

28

—@— H2 production rate
1.8 4 v NH3 decomposition rate

0.2 = T T T

20 40 60 80
Applied heat to DSU (kW)

Figure 8: hydrogen production and ammonia decomposition
rate as a function of applied heat to DSU
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Figure 9 hydrogen production and ammonia decomposition
rate as a function of exhaust gas temperature
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Figure 10:hydrogen production and ammonia decomposition
rate as a function of DSU temperature

overall operation of Dissociation and separation
unit is discussed in figure 11. It is comprehended
from this figure that by increasing the amount of
ammonia supplied to the DSU, required heat and
recovered exergy increase linearly. However,
ammonia consumption rate and hydrogen
production rate do not increase linearly, and it
would experience a declining trend in production
rate.
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Figure 11: overall performance variation of DSU with the
supplied amount of ammonia

In this study, the ICE and PEMFC employed in
the powertrain system are principal components
whose performance is our specific target of the
investigation. As figure 12 indicates, ICE output
power increases from 49 kW to 91 KW, PEMFC
power increases from 67 kW to 113 kW,
proportional to the amount of ammonia supplied
to the ICE increases from 0.87 mol/s to 1.66
mol/s. These two components' exergy destruction
rate has the same trend as the output power with a
ratio of nearly %.

——@&——  |CE output power
s Qe PEMFC stack power

120 1 ————— PEMFC exergy destruction rate [}
——Ar— ICE exergy destruction rate oJind

100 4

80

60 -

40 A

20 A

0.8 1.0 1.2 14 1.6

Supplied ammonia to ICE (mol/s)

Figure 12:effect of varying supplied ammonia on ICE and
PEMFC power and exergy destruction rate

The powertrain system's overall efficiencies are
expressed in figure 13. At the assumed power
output of 118 kW, the energy efficiency of the
system is 44.2%, and the exergy efficiency is
43.1%, which are significantly higher than
conventional diesel and petrol engines and make
this novel system a capable alternative powertrain
system to be used in public transportation and
personal vehicles.

Heat supplied / exregy recovered in DSU (kW)
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Figure 13: overall powertrain system efficiencies and exergy
destruction rate as supplied ammonia varies

The next step is to use the last part's results to
model the powertrain system in AMESIm
software. The input variables are provided in table
3. In this part, 3 different driving cycles are used
to conclude fuel consumption, hydrogen usage in
PEMFC, battery state of charge, and engine load.

Table 3: input variables for modeling the system in AMESIim

software
Variables Value
Vehicle mass 1400 kg
Drag coefficient 0.32
Vehicle frontal area 2.1m?
Ambient temperature 25°€
Minimum battery SOC 45%
for recharging using
engine power
Maximum battery 90%
SOC to stop recharging
using engine power
Vehicle speed to start 10
hybridization s
Idle engine speed 700 rpm
Maximum engine 6000 rpm
speed
ICE displacement 24 L
5 — speed

Transmission type
manual gear box

Automotive Science and Engineering(ASE)

Exergy destruction rate (kW)
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M
Fuel heat of 928 My
combustion kg
Electric motor 144V
operating voltage
Initial battery state of 65%

charge

THE first FTP-75 driving cycle is considered in
this driving cycle, which is 7.5 km long, the
average speed of the vehicle is 11.4 m/s, and
275.9 gr of ammonia is consumed in this cycle.
Also, the fuel cell in this driving cycle consumes
32.2 gr of hydrogen dissociated in DSU.

[rev/min]

x10°
3.5

3.0

25

2.0

1.5

1.0

05

0.0 T | T T T
200 300 400

I
] 100

1 : 1
500 600 700
X: Time [s]

Figure 14: ICE speed in FTP-75 cycle
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lg]
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zso—f
zoo—f
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0 . ——T : —
0 100 200 300 400 500 600 700
X: Time [s]

Figure 15: cumulative ammonia consumption in FTP-75 cycle

|— state of charge (SOC) at port 4 [%]

[%]
100 —

90 -

80 -
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T T X T : T L T X T X T y 1
o 100 200 300 400 500 600 700
X: Time [s]

Figure 16: battery SOC in FTP-75 cycle

The second driving cycle studied is NEDC. This
cycle is not a realistic driving cycle, and most
researchers have criticized it. This driving cycle is
5.9 km long, the average speed is 8.9 m/s, and the
proposed vehicle consumes 63.9 gr ammonia and
32.1 gr hydrogen to travel this cycle.
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Figure 17: ICE speed in NEDC cycle
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Figure 18: cumulative ammonia consumption in NEDC cycle
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Figure 19: battery SOC in the NEDC cycle

The last driving cycle, which is reviewed in this
study, is HWFET or highway driving cycle. This
driving cycle is characterized by higher driving
speed and longer travel distances than other
driving cycles. HWFET is 15 km long, and the
average speed to travel this driving cycle is 22.8
m/s. As the vehicle in this cycle runs with higher
speed than other cycles, more ammonia is
combusted in the ICE, and a lower amount of
hydrogen is used in PEMFC. So, the rest of the
hydrogen produced in the DSU system should be
released into the environment. For this defect of
the powertrain system, it is preferred to redesign
the vehicle propulsion system to use a hydrogen
tank to store the excess hydrogen gas and use it in
case of need like this driving cycle.
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Figure 20: ICE speed in HWFET cycle

—— total fuel consumption [g]

[g]
800 —

700 —
600 ]
500 s
400 ]
300 ]
200 ]

100 —
0

700

T T ¥ T T T i T X T T T
[ 100 200 300 400 500 600
X: Time [s]

Figure 21: cumulative ammonia consumption in HWFET cycle
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Figure 22: battery SOC in HWFET cycle

4. Conclusions

The thermodynamic analysis results clearly
show the severe dependence of output power,
hydrogen production rate, and overall efficiencies
of the system on the amount of ammonia supplied
to the ICE. The results show that for obtaining 60
kW power from the ICE, the ICE should be
supplied with 1.1 mol/s ammonia. In this
condition, the DSU decomposes 0.77 mol/s
ammonia and produce 1.02 mol/s hydrogen gas to
be used in the PEMFC. The maximum power of
PEMFC in this condition can reach 79 kW, but we
limit fuel cell power to 59 KW due to DSU and
fuel cell system restrictions and efficiencies to
work in real conditions. The overall powertrain
system energy and exergy efficiencies in this
operating condition are 45% and 43%,
respectively. Also, the total exergy destruction
rate of the system becomes 237.4 kW.

The next part of the results is dedicated to
AMESIim modeling. The results show a

1
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significant change of results as the initial battery
state of charge changes and other variables such
as hybridization process activation speed,
minimum and maximum battery recharge level,
which are so determinative in our final results.
The FTP-75 driving cycle results show that the
vehicle consumes 36.5 gr/lkm ammonia and 4.3
gr/km hydrogen. In the NEDC cycle, in which the
vehicle is driven with a lower average speed, 10
gr/km ammonia and 4.3 gr/km hydrogen are
consumed. Finally, in the highway driving cycle,
the combustion engine is the primary power
source and consumes 51.2 gr/km. The fuel cell
system experiences a very low operation cycle
with consuming just 1.2 gr/km hydrogen. These
results authenticate the performance of the
established powertrain system. The energy and
exergy efficiencies of this system are higher than
conventional ICE engine despite that the fuel
storage and transport infrastructures of this
vehicle is feasible with present technologies and
equipment

Gharaei et al.

List of symbols (Optional)

A Cell area
E(i) Total fuel cell voltage
Gas constant

Faraday constant

R

F

P Pressure
T Temperature

N Molar flow rate
I Current

Current density

~n

C *02 Oxygen concentration at the cathode

C;Jz Liquid phase concentration of hydrogen
at the cathode

C }’;20 Water concentration at the cathode

pzz The partial pressure of oxygen

p};z The partial pressure of hydrogen

Rinternal Total internal resistance

l Membrane thickness

LHV Lower heating value

HHV Higher heating value

Greek symbols

Noet Activation overpotential

N o hmic Ohmic overpotential

Naiff Diffusion overpotential

A Membrane water content
mem

Automotive Science and Engineering(ASE) 3469
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