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Transportation emissions from fossil fuels and low efficiency engines significantly contribute to global warming.
One way to mitigate this is to develop more efficient engines and use sustainable fuels. This paper presents a
novel hybrid locomotive engine to replace the EMD 16-710G3 engine used for Canada’s rail transportation. It
consists of a gas turbine instead of an internal combustion engine, solid oxide fuel cell with steam reformer and
water gas shift reactor, and thermoelectric generator and absorption refrigeration system for energy recovery,
and onboard hydrogen production using aluminum electrolysis cell and proton exchange membrane fuel cell. The
used fuels are methanol, hydrogen, methane, ethanol, and dimethyl ether rather than diesel fuel. This integrated
system is investigated thermodynamically to evaluate the energy performance. The system performance is
increased from 40% to 48% and 50% of energy and exergetic efficiencies, while the total power is increased from
3383 kW to 7211 kW using a methane and hydrogen blended fuel. Also, the engine has an efficiency above 60%
using a dimethyl ether and hydrogen blend. Using alternative fuels helps reduce CO2 emissions by 50% for the
methane and hydrogen blend and more than 70% for the other blends, such as ethanol and dimethyl ether
blended with hydrogen. The proposed engine can potentially be applied to improve the overall system perfor-
mance and reduce the environmental impact.

powered by lithium-ion battery and PEMFC using hydrogen fuel with
different ratios for diesel multiple unit (DMU) rail commuter. They
found that high levels of fidelity can be achieved with acceptable fuel

1. Introduction

In the last two years, the world has been affected by the COVID-19
pandemic and its different mutations that caused many fatalities. Many
studies have linked this disease with carbon emissions and global
warming [1-4]. The transportation sector has contributed significantly
to global warming. As reported in Natural Resources Canada of
2021-2022, the transportation sector emitted about 130 Mt of CO; eq. in
2000 and this increased to 180 Mt of CO5 eq. in 2020 which is about 38%
[5] due to the large transportation use of oil and fossil fuels. Such huge
amounts of emissions must be reduced by introducing new powering
systems and using sustainable fuels instead of fossil fuels.

Fuel cells are incorporated with powering systems to produce elec-
tricity through electrochemical reactions by passing electrons between
electrodes to produce ions: such as hydrogen ions as in proton exchange
membrane fuel cell (PEMFC), oxygen ions, as in solid oxide fuel cell
(SOFCQ), and carbonate ions, as in molten carbonate fuel cell (MCFC) [6].
Fuel cells can be hybridized with batteries in rail transportation. For
example, Akhoundzadeh et al. [7] investigated a hybrid train that is

* Corresponding author.

cell sizes and shared power with battery after the authors investigated
the time response, controllers, split power, and velocity dynamics, and
tested different scenarios. Also, Sarma and Ganguly [8] presented a
hybrid electric commuter comprising of a PEMFC and a battery. They
optimized their system to approach optimal size with optimal operating
conditions and split power. In addition, fuel cells can be combined with
a steam reformer (SR) and a water gas shift reactor (WGSR) as a compact
unit, so the fuel cells can operate with many fuels and can be used in
transportation engines. For example, Seyam et al. [9] designed an in-
tegrated locomotive engine consisting of internal combustion engine
(ICE), MCFC, and a gas turbine (GT) utilizing sustainable fuels to in-
crease the overall engine power to 25% with higher performance of 43%
and 55% of thermal (energy) and exergetic efficiencies, respectively,
and reduced the CO3 emissions by more than 60%. Al-Hamed and Dincer
[10] presented a novel powering system for a locomotive including a
SOFC and a PEMFC combined with a GT engine using ammonia fuel. The
waste energy of exhaust gases was utilized in ammonia dissociation and
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Nomenclature

Symbols

area [cm?]

Nernst voltage [V]

energy rate [kW]

exergy flow [kw]

Faraday constant [C/mol]
Gibbs free energy [kJ/mol]
specific enthalpy [kJ/kg]
current density [A/cm?]
thermoelectric current [A]
thermal conductance [W/(m.K)]
number of cells/ stacks
mass flow rate [kg/s]
pressure [kPa]

heat rate [kW]

electric resistance [Q]
resistive loss [Q —cm?]
molar gas constant [J/mol.K]
specific entropy [kJ/(kg.K)]
temperature [K]

voltage [V]

power, work rate [kW]

§.<~1”’wlx*o.ﬁs.zx-~:~oel'~q§_m.m>

Abbreviations

AEC ammonia electrolysis cell

BR afterburner

C compressor

CC combustion chamber

PEMFC proton exchange membrane fuel cell
SOFC solid oxide fuel cell

SR steam reforming

T turbine

TG thermoelectric generator

WGS water gas shift

Subscripts

an anode

ca cathode
destruction

e electrical

t total, overall

Greek letters

W exergetic efficiency [%]

n thermal (energy) efficiency [%]
S5 thickness [pm]

€ porosity [-]

separation unit for on-board hydrogen production and a heating load for
a steam Rankine cycle and ammonia-organic Rankine cycle. The overall
performance increased to 60% and 66% thermal and exergetic effi-
ciencies, respectively. In another study, Guo et al. [11] designed a
combined system of a GT of the turbofan engine and SOFC. The fuel is
selected to be ammonia and water mixture, which is flowing to an Al-
H,0 reactor for hydrogen production that is used in SOFC to produce
electricity. The exhaust of the SOFC enters the combustion chamber of
the GT for a complete combustion. This integration increased its per-
formance by reducing the fuel consumption of the GT by about 20% and
also increased the power generation by 25%.

Using hydrogen fuel as a sustainable and green fuel with free carbon
emission has proven its benefits by increasing the performance of en-
gines. However, hydrogen storage is a crucial barrier to many applica-
tions. Therefore, onboard hydrogen production can be a solution to such
a problem using aluminum electrolysis cells (AEC). This AEC can be
employed by electrochemical reactions of pure liquid aluminum to
dissociate into amide ions (NH;) and ammonium ion (NH;) by adding
amide salts such as (KNHj, LiNH,, or NaNH) as reported by [12,13].
This cell can decompose ammonia into hydrogen and nitrogen with a
molar ratio of 3.26 and release 6.715 x 10°> mol of hydrogen. Another
experiment was performed by Goshome et al. [14], where 5M of solid
NH4Cl was dissolved in liquid ammonia to dissociate liquid ammonia
into NH; andNH;, but NH; was reduced on the cathode electrode to
produce hydrogen gas, while the ammonia was oxidized to produce
nitrogen gas. If the liquid ammonia is not available because of its high
prices, ammonia-water solution can also be used in AEC. For example,
Hanada et al. [15] established an experimental setup of 50 ml solution of
1 M of NH3 and 1 M of KOH to be dissolved in it. The presence of KOH is
to alkalize the water to produce OH™ and hydrogen at the cathode, and
the ammonia is oxidized with hydroxide to produce nitrogen gas.

Waste energy from engines worries many manufacturers and re-
searchers as well. It can be utilized in useful energy such as power
generation of cooling loads. Another way for such a technique is to use a
thermoelectric generator (TG). Luo et al. [16] have applied TG modules
in automobile waste heat recovery. The TG can produce electricity of
about 40 W at a vehicle speed of 120 km/h. The TG can also be applied

to geothermal pipes. Alegria et al. [17] have designed a small model of a
geothermal pipe attached to TG models. The resultant power was ob-
tained to be 10 to 20 W; however, the heat transferred is about 330 to
480 W and the hot temperature was in the range of 100 °C to 160 °C.
Also, Ma et al. [18] built a platform of 32 TG models attached to an
exhaust pipe. The inlet mass flow rate varied from 12 to 24 kg/h and
inlet temperature changed from 100 °C to 300°C. The TG power was
obtained to be 0.66 to 3.17 W with an efficiency of 0.67%. In addition,
Chen et al. [19] established an integrated system of MCFC and TG with
an inhomogeneous heat conduction and regenerator to employ the
waste heat of MCFC and convert it to electric power. The overall power
increased by 35% resulting in an increase in the overall efficiency by 7%
compared to the MCFC only.

The main objective of the current paper is to propose a newly
designed hybrid locomotive engine with onboard hydrogen production,
and a new energy recovery system to replace the EMD 16-710G3 of
3355 kW for Canadian rail transportation [20]. This paper also studies
the performance of the presently designed energy system by means of
thermodynamic tools and compares its performance to the traditional
engine system. In addition, the designed system is operated using five
sustainable fuels with five blending ratios to measure the environmental
impact of the proposed design. Furthermore, some parametric studies
are conducted to select better operating conditions for best performance.

2. System description

The hybrid locomotive engine is designed as shown in Fig. 1. This
hybrid engine consists of three subsystems working together with
another auxiliary system for hydrogen production. The hybrid engine
composes of the following: gas turbine (GT) comprising of a compressor
(C1), a combustion chamber (CC), and a turbine (T1); a SOFC system
comprising of a steam reforming (SR), a water gas shift (WGS), SOFC
units, and afterburner (BR); and energy recovery system comprising of a
thermal generator (TG) and an absorption refrigeration system (ARS).

The intake air is compressed by C1 and used in the combustion with
fuel blends and expanded by T1 to be exhausted to the atmosphere. The
exhaust gas releases the GT system at a very high temperature with high
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Fig. 1. Schematic diagram of the hybrid locomotive engine.

emissions as well. Therefore, the exhaust gas is split to enter the SOFC
system which also uses a mixture of fuel blend and water to be reformed
and electrochemically transformed into steam to produce electricity.
Any unburned fuels will be completely re-combusted in the BR at lower
temperature than the exit of the turbine. The exhaust gases still have
excessive heat which can be transformed into electricity by the TG and
the cooling load by ARS.

The hydrogen production system is executed on board the train
separated from the engine to refill to store the hydrogen fuel. This sys-
tem consists of an aluminum electrolysis cell that used aluminum solu-
tion and potassium hydroxide solution to produce two gases: hydrogen
and nitrogen gases. The nitrogen gases are released to the atmosphere
after expanding by T2. Some of the hydrogen can be stored, the
remaining hydrogen can be used for electrochemical reactions of PEMFC
with compressed oxygen by C2 to produce a hot steam and electricity.

This hybrid system can be modelled using Aspen Plus, which is a
powerful tool for simulating the thermodynamics and chemical re-
actions of systems. The flowcharts are presented separately for each
system in Fig. 2, showing the stream numbers and component names.

3. Methodology

The newly designed engine is modelled and analyzed thermody-
namically to present the energetic efficiency and exergetic efficiency of
the system. The following subsections discuss the thermodynamic
modeling for each subsystem.

3.1. System modeling

The hybrid locomotive engine is operated by a turbomachinery en-
gine of a gas turbine (GT) comprising of a compressor, a combustion
chamber, and a turbine. The specifications of the gas turbine are listed in
Table 1. The GT’s resultant power is estimated by:.

Wor = Wri — Wy 1)
The CC heat addition is expressed as the following:.
Occ = rigshps — mipihpy — Mgy = Nectip LHY fy 2

The performance of the GT can be measured by evaluating thermal
efficiency (5;) and exergetic efficiency (wgr), which are presented

below:.
We We
Nor = == and ygr = —ZT (3)
cc Xce

3.2. Modeling of fuel cells

The fuel cells of AEC, PEMFC, and SOFC are electrochemical systems
that generates electric power from the electrochemical reactions or uses
electric power to produce fuel. These systems are characterized as fossil
fuel free, less emission, less energy loss, and high electric efficiency.
They are also considered as no mechanical movement, which require
less maintenance, and produce less noise. This section displays modeling
of the SOFC, PEMFC, and AEC cells showing the thermal and electrical
modeling. The specifications of fuel cells are listed in Table 2.

3.2.1. Solid oxide fuel cell (SOFC)

The SOFC is an electrochemical device that generates electricity by
oxidizing a fuel using solid oxide material. The SOFC consists of two
porous electrodes of anode, which is made of Ni-ZrO5 or Co-ZrO; cermet
and cathode, which is made of Strontium doped Lanthanum Manganate
(LaMnO3). These electrodes are separated dense oxide ion conducting
electrolyte, which is fabricated by Yttria stabilized with zirconia [22].
The fuel blends mix with water before flowing to the SOFC system,
which must be steam reformed by the SR and water shifted by the WGS
to produce hydrogen gas that enters the anode. The Hy will electro-
chemically react with oxygen ions that are produced by the cathode and
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Fig. 2. Aspen flowcharts for the hybrid engine: (a) GT and SOFC, (b) onboard hydrogen production, and (c) ARS system.

transferred to the anode, while the electrons are transferred from the
anode to the cathode. The resultant product of this reaction is high
temperature steam and electric power. The specifications of the SOFC is
listed in Table 1. The electrochemical reactions of the SOFC are listed
below:.

e Anode: Hy + 0% — Hy0 + 2¢
e Cathode: 0.50; + 2e” « o*
e Overall: Hy + 0.505 < Hy0

The cell voltage, activation losses, ohmic losses, and concentration
losses of the SOFC are summarized and expressed in Table 3.
The resultant power of the SOFC can be evaluated as follows:.

Wsore = iA,VeE ()]

where ¢ is an inverter efficiency of 95%. The electric efficiency of the
SOFC can be determined by Eqn. (5), while the thermal energetic and
exergetic efficiencies can be evaluated by Eqn. (6). The SOFC added
heat,Qsorc, is estimated as the summation of the added heat through the
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Table 1
Specification of gas turbine engine (data from [21]).
Specification Values
Engine Module CENTAUR 40
Company name Solar Turbine - A Caterpillar Company
Output Power 3500 kW (4700 hp)
Heat rate 12,905 kJ/kWh
Exhaust flow 68,185 kg/h
Exhaust temperature 445 °C

Table 2
Technical data and details of fuel cells: SOFC, PEMFC, and AEC [23-25].

Parameters Symbols Units  SOFC PEMFC AEC

Cell temperature T, K 1073 343 333

Cell pressure P, kPa 200 200 1000

Current density i A/m?> 5000 7700 8000

Exchange current i A/m? 1000 2290 3287
density

Active cell area Ac m? 0.64 0.3 0.3

# of cells per a stack Nc - 100 50 100

# of stacks Ns - 8 2 4

Total area A m? 512 30 120

Anode thickness San pm 20 125 —

Cathode thickness Sca pm 50 350 —

Electrolyte thickness Sel pm 200 350 —

Interconnect thickness Sin pm 20 30 —

Effective GDL thickness  dgpr. pm — 500 —

Effective hydrogen (or Dett 1, 1,0 m?/s 0.0001 0.0000149 —
water) diffusivity

Effective oxygen & Deit.0,- Ny m?/s  0.00002 — —
nitrogen diffusivity

Effective oxygen & Det.0,—H,0 m?/s — 0.00000295 —
water diffusivity

Water diffusivity in D, m?%s  — 3.81E-10 —
Nafion

Cathode Transfer a - 0.5 0.3
Coefficient

Porosity of anode £na - 0.5 0.5 0.5

Porosity of cathode Eca - 0.5 0.5 0.5

Porosity of GDL EGDL - — 0.6 —

Tortuosity for anode & - 6 6 6
and cathode

Fuller diffusion volume vy, m? 7.07 — —
of hydrogen

Fuller diffusion volume VH,0 m? 12.7 — —
of water

Fuller diffusion volume  vo, m? 16.6 — —
of oxygen

Fuller diffusion volume vy, m? 17.9 — —

of nitrogen

anode and cathode including the heat of the SR and WSG.

Ve Wsorc
Nsorce = 7~ a0d Nsopcp = — (5)
sorce = g SOFC,ih Osorc
Wore
Ysorcon = =g ©
Xsorc

3.2.2. Proton exchange membrane fuel cell (PEMFC)

The proton exchange membrane fuel cell (PEMFC) consists of a
membrane electrode assembly (MEA), where each large side of a
membrane has a gas diffusion layer (GDL), a bipolar plate, a current
collector plate, and a compression plate. These plates formed one cell of
PEM. Air and hydrogen are brought to the bipolar plates and flow into
the channels of plates [29]. Then the gases are diffused by the GDL on
either side of MEA, which is made of platinum. At contact of platinum of
electrodes, the dihydrogen is split into protons H" and electrons, which
are flowing through the GDL, bipolar, current collectors and the circuit,
while the MEA is acting as a barrier to them. These electrons are
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combined with dioxygen at contact with platinum of the electrode to
form O%". Then the HT is travelling through the MEA to combine with
02" to form water, which is transferred out of the fuel cell with the air
flow. The electrochemical reactions of PEMFC are the following:.

e Anode: Hy —» 2H™ + 2¢
o Cathode: 0.50, 4 2H" + 2e” — H,0
e Overall: Hy + 0.50, - HyO

The cell voltage, activation losses, ohmic losses, and concentration
losses of the PEMFC are summarized and given in Table 3 [28]. The gross
power of PEMFC is expressed as:.

WPEMFC =iA V& @

The electric efficiency of PEMFC is the ratio of cell voltage and
Nernst voltage, and the thermal and exergetic efficiency is the ratio of
electric power of PEMFC to the low heating value of hydrogen and
exergetic flow rate of H1, respectively [30].

V(‘
Npemrc,e = E_N ®
7 _ W peurc and v _ W pgurc ©)
PEMECH = o THV PEMFC.th Fr

3.2.3. Aluminum electrolysis cell (AEC)

This electrolysis cell decomposes ammonia into hydrogen and ni-
trogen gases by electrochemical reactions [31]. Two solutions are
flowing into the cell: potassium hydroxide solution (5 M of KOH) to the
cathode and ammonium solution (5M of NH3) to the anode at room
temperature. KOH is strong alkali to make the water alkaline and pro-
duce hydroxide ions. At that moment, the ammonia in the anode side
reacts with hydroxide ions to produce nitrogen gas, water, and free
electrons. Therefore, the electrons pass through the electrolyte solution
of alkalized water to electrochemically decompose water into hydrogen
gas and OH". Hence, the nitrogen gas releases from the anode side and
hydrogen gas releases from the cathode side. The electrochemical re-
action is formed as follows:.

e Anode: 2NH3 + 60H™ — Ny + 6H50 + 6€”
e Cathode: 6H0 + 6e” — 3H; + 60H"
e Overall: 2NH3 — 3H5 + Ny

The cell voltage is evaluated based on the experimental data done by
[15] by evaluating the trendline equations of all activation, ohmic, and
concentration losses to predict the cell voltage after verifying multiple
experimental values of the cell voltage, based on the electrodes of the
platinum carbon nanotubes (Pt-CNT) films. Therefore, the cell voltage
can be defined as in Eqn. (10), and the Nernst voltage, activation loss,
ohmic loss, and concentration loss are described by Eqns. (11-14).

Ve =En = lloey —Nla — Neon (10
oo = 2Ry <}> a2
o = iRA, 13)
Mo = (1 +%> S <iLiL— i) s

where i, is the exchange current density, which is estimated as
1.16 x 108 mA/cm?. « is the transfer coefficient, and it is calculated to
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Table 3

Modelling the SOFC and PEMFC [26-28].
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SOFC

PEMFC

Cell voltage

Nernst Voltage

Activation polarization

Ve = EN ~Taet 1 ~lcon

Ag RT. Pn,0
Ey = —(32— In| ——
2F 2F \pw,\/Po,

Nact = Nactan + Mact,ca

Ve = EN —Naet —Na —Meon

Ey = 7A7§7R?TE In _Pmo
2F 2F \pu,/Po,

Nact = Nactan T Nactca

By anode RT., . ( i ) Nactan = Negligible

Nactan = sinh n

! 20, F 209 an
Exchange current density of anode
e () (2252
Pres) \ Pres RT,

Pre-exponential coefficient for anode:

Yan =7 % 10° A/m?
By cathode RT. . por RT. (-t

Nactca = 2acanm ( 2i0.ca) Nactea = 20 “(iom)

Exchange current density of cathode Exchange current density of cathode

025 . . C,
f0ca = Yeq (%) exp ( *E;%C—;;cm) foca = ot X C((:rc:
Pre-exponential coefficient for cathode: Concentration of oxygen:
2

Yea = 2 % 10° A/m Coprer — PO%Oz,rcf and Co, ca — Pc;(;:ca

Ohmic loss

Ohmic losses

Concentration losses

Ng = UPandan +Peadca +Peidel +Pindin)Ac

Specific material resistivity:
1392

Pan = 2.98 x 10’5exp( 7T)

c

Pea =8114x 10 SeXp(@>
T,

10, 350)

Pet = 2.94 x 10’5exp(

Pin = 1.257 x 10’5exp<4(’;ﬂ>
c

([ Omem | dca .
o = +s t
Kmem fCCLKCCL
Ionomer fraction:

fec =015

Conductivity of Nafion:

11
x = (0.005139/ —0.00326) x exp (1268 (ﬁ - ﬁ) )

Neon = Neonan + Meonca Neon = Meonan T Meon.ca
H 2F iLan 2F Pu,0l1.an
Limiting current density of anode:
- 2FPHiDan(err>
’ RT.
By cathode R

Effective diffusivity

n, = _RIc In (1 —L)
con,ca oF iL,ca
Limiting current density of cathode:
2FPo, Deq(etr)
RT,
Ordinary diffusion coefficient
1x 1077725 (M + M !

Dok = ;

’ P(yi]/3 + v,l('/S)

Effective ordinary diffusion coefficient:

¢
Doty = Do.i (E)

Knudsen diffusion coefficient:

ica =

)0.5

T
Dt =971\ 31

Effective Knudsen diffusion coefficient:

£
D ety = Dk (E)

Overall diffusion coefficient:
1 1 1

Dierr) Kiert)  Dosiefr)
Effective diffusivity of anode and cathode:

Pu,0 Py,
Don(etry = ( PZ )DHg(cff) + (P—z D, 00et)
an an

Deagetty = Do, (efr)

1\ RT, i
=(1+—) 71
Ncon.ca ( +gm> 4F n(iL.ca*i)

Limiting current density of cathode:
Cosca \ Dosea

Coyret Do, et
Effective diffusion coefficient:

Do, et = Do, N, ‘(T‘.PC)SB 6(1—Sy)°

irca = lpper X

Reference diffusion coefficient:

- 3.6
Do, ret = Do, N, }(TU‘PU)S

Liquid water saturation:
Sew =01

Binary diffusion coefficient [26]:

1 5

b
a T
Dilrp =3 (Tij) X (PeriPerj)3 % (TeriTer) 12 x

a=275x10"*and b = 1.823

(

11
M, M

)%

be 0.85, and f is a function of the transfer coefficient and equals toka,

where k is a constant of 0.0218. The limiting current density i equals to Wape = iA Vel 1s)

1.35 A/cm?. A, is the electrode surface area which is equal to 1.75 cm?,
and R is the resistance of Pt-CNT electrode, which is measured to be
0.701 Q [15]. The required power of AEC is defined as:

The electric efficiency of AEC is the ratio of Nernst voltage to cell
voltage since it requires more voltage to operate the cell. The thermal
and exergetic efficiency is the ratio of the hydrogen energy produced by
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the cell and exergetic flow rate of N9 divided by the amount required
power to operate this cell.

Ey
=— 16
NaEC.e V. (16)
o LHYV, Exno
Nagcm = =2 and Vaeca = W B a7
AEC AEC

The AEC-PEMEFC system is used for hydrogen production, which is
operated separately from the engine, as shown in Fig. 2-b. However, the
amount of the required power (Ws) is fed by the overall engine power.
The performance of this storage system, 7 andy,, can be estimated as
follows:

Ws = Wr2 — Wer + Wagure — Wase (18)
Eo W -+ vy, LHV,

ns = S _ . i s+ my, : H, . 19)
Eis  Matha + niyihyy + myohyy — miyshys
E out,S W E £

W= Xours s + Exp, (20)

B Exin,s B EXAl + Ele + EXNz — EXNS

3.3. Modeling of energy recovery system

The energy recovery system consists of two subsystems: thermo-
electric generator (TG) and absorption refrigeration system (ARS). The
TG is a device that converts excessive waste heating load into electrical
power. It is based on a thermoelectric module, which comprises p- and n-
type semiconductors connected in series or parallel. The principle of
electricity generation of the TG is governed by the Seebeck effect. The
amount of heat transferred from the exhaust to the TG is expressed
asQyg, and the hot and cold junction heat transferred is defined as QHIG

andQ; r¢, respectively. The resultant power of the TG is defined asWrg,
while the performance of the TG can be measured by electric efficiency
(ne.1¢), thermal efficiency (74,6r), and exergetic efficiency (yr¢), as
defined below [32].

Org = rivgy (hsy — hps) (1)
. Pr
Onrc =N\ PITy *7+K(TH —Tp) (22)
. I*r
Orrc =N\ pITL +7+ K(Ty —Tp) (23)
WTG = Q’H‘TG - Q.L‘TG (24)
Wrg Wrg
Nerg = = and 1, gr = — (25)
 Onre "M O
1%
Wig =g (26)
Exg

where p is the Seebeck coefficient, N is the number of thermoelectric
units (100), I is the thermoelectric current, the current density of the TG
(i) is 3000 A/m?, and the active area of the TG (A,) is 33.6 m? [33]. Ty is
the hot junction temperature, which is the average temperature of B7
and B8, and T}, is the cold junction temperature, which is the ambient
temperature, r is electric resistance, K is thermal conductance. Ther-
moelectric properties are function of temperature and can be expressed
by the following [34]:

p =2(2224 4 930.6T,, —0.990572) x 10~° (27)

pp=py = (5112 +163.4T,, — 0.6279T>) x 10~° (28)
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Ap = Ay = (62605 —277.7T,, + 0.413T2) x 10~° (29)
1, = (30)
2

where p is the electrical resistivity, 4 is the heat transfer coefficient, C is
the geometry factor and equals to 0.5 m, and T}, is the mean temperature
[35].

The ARS uses ammonia-water refrigerant and consists of a generator
(AGN), absorber (ABS), two expansion valves (AEX1 and AEX2), evap-
orator (AEV), a pump (AP), and condenser (ACN). Table 4 displays the
partial mass balance and energy balance equations. In the ARS systems,
three solutions are considered: pure ammonia solution (Ypur.), weak
ammonia solution (yys) and strong ammonia solution (yss) [36,37]. The
performance of the ARS is measured based on the energetic and exer-
getic COP of the cycle as written below:

Oupy Exva
— and COP,, = ——25—— (33)

COP,, = ——— 0 .
Qugy + Wap Ex,gy + Wap

3.4. Fuel blends and its combustion

The sustainable fuels are chosen to be hydrogen (H,), methanol
(CH30H), and ethanol (CH3OHCHj) and dimethyl-ether (DME)
(CH30CH3) because they are ecofriendly and have high ignition tem-
perature with less or moderate ignition energy, and they can blend
together [38-40] and utilized in transportation engines to generate
electrical power [41-44]. The fuel properties are presented in [20].
Table 5 provides the chemical reactions of fuel blends (RF1 to RF5) that
occurred in the designed system. Five fuel blends are formed, where
hydrogen is the base, and their mass ratio are listed. The chemical re-
actions of the steam reformer (SR), water gas shift (WGS), afterburner
(BR), and combustion chamber of the engine (CC) are also introduced in
the same table.

3.5. Overall performance of locomotive engine

The engine power (We,,g) and heat required (Qeng) are given in Eqns.
(34 and 35). The power and heat exergy rates are defined by Exzxg

andExSng,
tive engine can be measured using the thermal efficiency (1,,,) and
exergetic efficiency (y,,,) of the engine, which are explained in Eqns.

(38 and 39).

respectively. The overall performance of the hybrid locomo-

Weng = Wer + Wig + Wsore + Ws — Wap (34

Table 4
Partial mass balance and energy balance equations of the ARS.

Comp#  Partial Mass Balance Energy Balance

ACN YNH3.R7 = YNH3R8 = Ypure Qacn = Tigs (hr7 —hgs)

AEV YNH; R7 = YNH3.R8 = Ypure Quagy = Mro(hro —hgio)

AGN MR3YNH; R3 = MR4YNH; R4 + Qagy = Mrrhry +
MR7YNH, R7 Mrahr4 —Mr3hrs

AHX YNH; R2 = YNH3 R3 = YssYNHs R4 = Quanx = tga(hrs —hrs)
YNH; R5 = Yws

ABS MR6YNH: R6 + MRI0YNH; R10 = Qus = Nigehre +
MR1YNH; R1 mgiohr10 —Mp1hR1

AP YNH; Rl = YNH; R2 = Yss Wap = tigy (hgz —hr1)
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Qeng = Qcc+ O (35)
Exy, = W, (36)
eng 8
5 Q 5 Q s Q
Ex,,, = Exce + Exp, 37)
Eoeng _ Weng + Oar
”Ieng = E g = é’Q AL (38)
in,eng eng
. LW . 0
v, = Ev.xuur,eng _ Exeng + Ex,py (39)
8 EXineng Ex°

eng
4. Results and discussion

This section presents the results and discussion of the thermody-
namic analysis and parametric studies of the hybrid locomotive engine
as written in the subsections below.

4.1. Thermodynamic analysis Results

The hybrid locomotive engine was modelled using Aspen Plus by
selecting two equations of state, the Soave-Redlich-Kwong (SRK) for the
hydrocarbons and the electrolyte property method (ELECNRTL) for
modelling the AEC [45]. The modeling to the locomotive model is
validated through previous research by performing Aspen PLUS simu-
lation to a traditional engine with its operating conditions, and the error
between the actual and simulation was obtained to be 3% to 7% for
temperature, pressure, and power values as reported in [20]. The first
step is to evaluate the thermodynamic data, including the mass flow
rate, temperature, pressure, specific enthalpy, specific entropy, specific
physical and chemical exergy, and total exergy rate for each stream.
According to the flowcharts of the hybrid engine in Fig. 2 using the fuel
blend RF1 (methane and hydrogen), Table 6 presents the thermody-
namic data of the GT engine and SOFC system, including streams B1 to
B9, M1 to M5, and fuels F1, F2, and W1 as shown in Fig. 2-a. Also, the
thermodynamic data are estimated for the AEC and PEMFC systems in
Table 7, consisting of streams N1 to N9 for the hydrogen and nitrogen
production, Al to A5 for electricity generation, and H1 and H2 for
hydrogen production. In addition, Table 8 shows the thermodynamic
data for streams R1 to R10, including mass fraction of ammonia and
water, and the quality of the mixed refrigerant, to provide cooling load
for the train.
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Table 9 displays the performance of the system components by
evaluating the amount of required and rejected heat, the amount of
required and generated power, exergy destruction rate, and thermal and
electric efficiency and exergetic efficiency. As shown in the table, the
rejected heat varies from 8 kW to 160 kW for the SR and WGS reactors to
290 to 1020 kW for the fuel cells. Also, the required heat records a
similar amount of 7600 kW for combustion in CC and BR. Likewise, the
required power was estimated to be less than 20 kW for AP and C2, and
450 kW for AEC, and 7900 kW for C, while the generated power was
obtained to be about 11300 kW for T1, 300 W for T2, 225, 2740, and
960 kW for the PEMFC, SOFC, and TG, respectively. The fuel cells have
electric efficiency of more than 75%, and thermal efficiency ranging
from 30 to 75%. The minimum thermal efficiency was calculated for
SOFC to be 33%, while the minimum exergetic efficiency was estimated
to be 2% for the AEV.

The performance of the subsystems and overall systems are illus-
trated in Table 10. The performance of the GT engine only using RF1 is
22.3% energetic efficiency and 32% exergetic efficiency. If this GT en-
gine is operated using diesel oil, the diesel GT can accomplish an overall
efficiency of 33.5% and a net power of 3639 kW and combustion heat of
10870 kW, which is higher than the GT only using RF1. The SOFC sys-
tem can attain 34 % and 43% of thermal and exergetic efficiencies,
respectively. The energy recovery system consisting of the TG and ARS
can produce about 940 kW net work and 615kW of cooling load by
converting the net exhaust heat of 5620 kW into electricity and cooling
load with 28% efficiency. The hydrogen production can fulfill about
40% overall efficiency by generating electricity of 225.3 kW using the
PEMFC and producing hydrogen of 367.8 kW (0.003 kg/s Hj). There-
fore, the resultant performance is increased to about 48% thermal effi-
ciency and 51% exergetic efficiency. The total electricity generated by
using all these systems is 6844.3 kW without hydrogen flow rate. If we
consider only the electric generation, then the overall performance will
be 46% thermal efficiency and 48% exergetic efficiency.

4.2. Parametric studies

Several parameters were selected to be examined to understand the
behavior of the designed system, starting with the effect of different fuel
blends, splitting ratio of SP1, mass flowrates of AEC, current density of
fuel cells, and finally constant active area and current density of fuel
cells.

4.2.1. The effect of fuel blends
Five fuel blends are considered in this paper, which are RF1 to RF5,

Table 5
The chemical reactions of fuel blends in the engine.
Fuels Mass ratio SR WGS CC and BR
RF1 75% CHg, CH4 + H,0 — CO + 3H, CO + Hy0 - CO, +Hy CHy4 + 205 — CO5 + 2H,0
25% H, 2H, + 0, — 2H,0
2CO + Oz — 2C0O,
RF2 75% CH3OH, CH30H — CO + 2H, CO + H30 - CO, + Hy CH30H + 1.50; — CO; + 2H,0
25% Hy 2H; + O3 — 2H0
2CO + Oz — 2C0O,
RF3 60% CH3;OHCHS,, CH30HCH, — CH, + CO + H, CO +H,0 - CO, + H, CH50HCH, + 30, — 2CO, + 3H,0
40% H, CH4 + H,0 — CO + 3H, 2H, + O, — 2H,0
2CO + Oz — 2C0O,
RF4 60% CH30CHs, CH50CH; — CH, + CO + H, CO +H,0 - CO, + H, CH30CHj3 + 30, — 2C0O, + 3H,0
40% Ho CH4 + H,0 — CO + 3H, 2H; + O, — 2H,0
2CO + Oz — 2C0O,
RF5 15% CHy, CH4 + H20 — CO + 3H, CO + H30 — CO2 + Hy CH4 + 205 — CO5 + 2 H,O
15% CH3OH, CH30H — CO + 2H, CH30H + 1.50; — CO; + 2H,0
15% CH30HCH,, CH30HCH, — CH4 + CO + Hy CH30HCH; + 30, — 2CO5 + 3H,0
15% CH30CHg, CH30CH3 — CH4 + CO + Hy CH30CHj3 + 305 — 2CO3 + 3H20
40% Hy 2H;3 + O3 — 2H,0

2CO + O — 2CO
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Table 6

Results of thermodynamic data for Fig. 2-a.
# m [kg/s] T[K] P[kPa] h[kJ/kgl s [kJ/(kg.K)] exy, [kJ/kg] exc, [kJ/kgl Ex[kW]
B1 14.0 298.2 100 -0.2 0.1431 -1.1 4.6 49.0
B2 14.0 780.1 2000 508.0 0.2818 465.7 4.6 6585.0
B3 14.6 1873.2 2000 -171.5 1.3924 1727.5 573.0 33540.7
B4 14.6 1274.6 200 —1031.8 1.5722 813.6 573.0 20216.5
B5 10.2 1274.6 200 —1031.8 1.5722 813.6 573.0 14151.5
B6 4.4 1274.6 200 —1031.8 1.5722 813.6 573.0 6064.9
B7 14.6 923.2 200 —2116.4 1.0043 476.5 72.0 8013.4
B8 14.6 823.2 200 —2247.9 0.8536 390.0 72.0 6749.3
B9 14.6 623.2 200 —2501.2 0.5015 241.7 72.0 4582.6
F1 0.58 293.2 1000 —3529.9 —6.2855 970.7 67889.1 39938.7
F2 0.01 298.2 200 —3502.1 —3.9026 289.0 67889.1 681.8
M1 0.03 290.3 100 —11862.6 —6.9973 -5.6 22825.2 684.6
M2 0.03 473.2 200 —6588.6 2.0035 463.4 24793.9 757.7
M3 0.03 673.2 200 -6313.7 2.7357 749.9 24474.5 756.7
M4 10.24 923.2 200 —1839.7 1.0315 471.9 365.9 8568.6
M5 14.61 1030.5 200 —1597.8 1.2125 569.0 426.8 14549.0
w1 0.02 298.2 100 —16042.9 —9.0569 —0.01 527.3 10.5

Table 7

Results of thermodynamic data for Fig. 2-b.
# m[kg/s] T[K] P[kPa] h[kJ/kgl s [kJ/(kg.K)] exp, [kJ/kgl exq, [kJ/kgl Ex[kW]
Al 0.020 298.2 100 —-0.26 0.0027 -1.1 123.0 2.5
A2 0.020 472.6 400 163.6 0.0747 141.5 265.6 5.3
A3 0.020 422.6 400 115.7 —0.0327 125.5 249.6 5.0
A4 0.022 353.2 200 —12973.6 —6.7661 32.3 451.6 9.9
A5 0.022 369.4 200 —12930.1 —6.3861 101.7 520.4 11.5
H1 0.002 429.6 200 1873.1 2.3932 1158.9 118274.0 243.5
H2 0.003 429.6 200 1873.1 2.3932 1158.9 118274.0 365.2
N1 0.501 298.2 100 —14393.8 —7.7358 -2.1 1547.0 774.4
N2 0.500 293.2 1000 —13727.0 —9.5834 —75.6 4101.4 2050.7
N3 0.159 429.2 1000 —7469.0 —3.6690 553.6 13397.5 2132.1
N4 0.841 429.2 1000 —14095.2 —7.6475 213.4 1748.5 1471.2
N5 0.150 429.2 1000 —8121.0 —4.3920 516.8 10250.3 1535.4
N6 0.005 429.2 1000 1873.1 —4.2607 3142.6 120257.7 618.9
N7 0.004 429.2 1000 135.8 —0.3021 225.9 251.6 1.1
N8 0.004 350.0 400 53.5 —0.2424 125.7 151.4 0.7
N9 0.005 429.6 200 1873.1 2.3932 1158.9 118274.0 608.7

Table 8

Results of thermodynamic data for Fig. 2-c.
# 1 [kg/s] T[K] P[kPa] h[kJ/kg] s [kJ/(kg.K)1 exy;, [kJ/kgl Ex[kW] In, [-] Y0 -] QoI
R1 5 283.2 100 —9903 -10.5 44.5 222 0.524 0.476 0
R2 5 283.5 2000 —9900 -10.5 47.1 235 0.524 0.476 0
R3 5 345.5 2000 —9608 -9.6 61.7 309 0.524 0.476 0
R4 3.32 398.2 2000 —11747 —8.5 71.6 237 0.324 0.676 0
R5 3.32 306.1 2000 —12188 -9.8 5.4 18 0.324 0.676 0
R6 3.32 292.3 100 —12188 -9.8 0.8 3 0.324 0.676 0.04
R7 1.68 398.2 2000 —3403 —6.3 448.4 755 0.919 0.081 1
R8 1.68 333.2 2000 —4125 —-8.3 3229 543 0.919 0.081 0.61
R9 1.68 252.8 100 —4125 -7.3 31.9 54 0.919 0.081 0.77
R10 1.68 301.2 100 —3760 —-6.0 1.6 3 0.919 0.081 0.92

as well as diesel (as the base fuel). Table 11 displays the mass flowrates
of intake air to the GT, intake fuels in streams F1 and F2, and steam in
stream W1. These number are considered in that way to fulfill a net
power of the GT engine to be greater than or equal to 3355 kW, which is
the power of the EMD 16-710G3 [9] that is capable of operating a train.
As shown in this table, all the sustainable fuel blends have higher HHV
and LHV compared to diesel fuel, reflecting on lower mass flowrates of
these fuels than the diesel fuels.

In the comparison of fuel blends, Fig. 3 presents the effect of these
fuels on engine performance. From Fig. 3-a, the highest heat is needed
for RF1 at 16.3 MW, followed by RF3 (14.6 MW), RF2 (14.2 MW), RF5
(14.1 MW), and the minimum heat is for RF4 (13.4 MW). This trend is
different in the overall engine power, where the highest power is gained

by RF5 (7.9 MW) and the lowest power is obtained by RF1 (6.8 MW).
The cooling load remained constant at 915 kW. Fig. 3-b illustrates the
values of generated power using the three subsystems of GT, SOFC, and
TG. The TG provides an average electricity of 925 kW, while the power
generated by others change to an average of 3500 kW, while the SOFC
generates lower than this value in RF1 to RF3, with an average of
3020 kW, and higher than 3500 kW using RF4 and RF5 with an average
of 3750 kW. The reason for this variation is the amount of hydrogen
produced in the reactors and combustors to be utilized in the SOFC unit.
This behavior accomplishes higher efficiencies using RF4 and RF5 above
60%, while the minimum efficiencies are obtained by RF1 (below 50%),
as shown in Fig. 3-c. The equivalence ratio of the fuels considered in this
study is about 0.95 that means the stoichiometric air-fuel ratio is less
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Table 9
Results of the performance of components in the hybrid engine.
Comp. # (O [kW] W [KW]  Exp [kW] 17, [%] 7, [%]  w [%]
C1 0.0 7905.4 1369.4 72.0 0 82.7
T1 0.0 11288.4 2035.9 72.0 0 84.7
Cc2 0.0 3.6 0.8 72.0 0 78.2
T2 0.0 0.3 0.1 72.0 0 74.0
AEC 1019.7 446.9 1133.5 49.8 79.5 35.7
PEMFC 292.4 225.3 13.2 77.1 77.7 76.6
SOFC 8111.5 2739.7 3600.0 33.8 86.9 43.2
CcC 7564.7 0.0 19344.2 49.4 0.0 58.4
BR 7576.7 0.0 10758.1 49.4 0.0 26.1
SR 158.2 0.0 14.6 55.5 0.0 97.9
WGS 8.2 0.0 5.6 95.8 0.0 99.3
TG 1921.1 960.6 303.5 50.0 0.0 76.0
ACN 1215.0 0.0 83.5 100.0 0.0 88.9
AEV 615.1 0.0 132.8 100.0 0.0 2.0
AHX 1462.5 0.0 146.4 100.0 0.0 69.0
AGN 3346.0 0.0 157.4 100.0 0.0 81.3
ABS 2763.0 0.0 170.0 100.0 0.0 21.7
AP 0.0 17.3 4.1 70.0 0.0 76.0
Table 10
Performance of the major systems/components.
Major Systems/ Wier [KW] [ Q.ovting My v [%]
Components kW] [kW] [%]
GT Engine
GT 3383.0 15141.5 0 22.3 32.0
SOFC System
SOFC 2739.7 0 0 33.8 43.2
SR 0 158.2 0 90.0 97.9
WGS 0 8.2 0 90.0 99.3
Energy Recovery
TG 960.6 0 0 77.1 76.6
ARS 17.3 0 615.1 18.3*¢ 9.5%*
Hydrogen
Production
PEMFC 225.3 0 0 77.7 94.7
AEC 446.9 + 367.8 1019.7 0 30.4 35.7
(Ho)
Resultant 7211.8 16327.6 615.1 47.94 50.98
Performance
" COPep.
" COPex.
Table 11
Fuel and air mass flowrates with respect to fuels.
Parameters Diesel RF1 RF2 RF3 RF4 RF5
mp [kg/s] 15.00 14.00 13.00 13.00 13.00 13.00
mp [kg/s] 1.00 0.58 0.85 0.60 0.56 0.56
mpy [kg/s] 0 0.01 0.01 0.01 0.01 0.01
my1 [kg/s] 0 0.02 0.01 0.01 0.01 0.01
HHV [MJ/kg] 45.6 77.10 52.50 74.58 75.76 77.70
LHV [MJ/kg] 43.3 67.25 43.33 64.92 64.92 66.15

than the actual air-fuel ratio. The excess air is used for the SOFC system
and afterburner BR. The combustion heat of RF1 is higher than others
that is because it is proportional to the ignition temperature of methane
(537°C) but higher than that of methanol (470°C), ethanol (365°C), and
dimethyl ether (350°C). The minimum ignition energy of methane and
hydrogen decreases by 30% by increasing the amount of hydrogen blend
by 25% [46,47], and it is higher than that of others [48]. The produced
work and added heat by a fuel is minimum for RF1 because the power
varies inversely with the specific heat ratio (y) of fuels, and the Ycm, 18
1.32 and is the highest value [49].

The power required for the compressors is constant for all fuel types
because they have same operating conditions and same mass flow rate of
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air. However, the generated power of turbines varies according to the
fuel type. The highest turbine power is generated by using RF1
(11.3 MW) compared to other fuels as 11 MW for RF2, 10.9 MW for RF3,
10.8 MW for RF4, and 10.8 MW for RF5. Nevertheless, the fuel RF1
produces the lowest SOFC power due to the chemical properties of
methane and combustion characteristics of methane. Therefore, the high
combustion heat and low resultant power of methane-hydrogen blend
decrease the overall thermal efficiency of the entire engine by using RF1.

A detailed discussion about the systems is presented focusing on
different heating loads, reactor loads, generated and produced power to
comprehend the system behavior with respect to fuels blends. As shown
in Fig. 4-a, the heating loads of the CC and BR are bar-graphed with an
average of 7.2 MW for CC and 6.3 MW for BR; the maximum and min-
imum values are obtained by RF3 and RF4 for CC and RF1 and RF4 for
BR, respectively. The cooling load has maintained its value of 915 kW.
Additionally, the reforming reactors (SR) have higher heating loads
above 40 kW with a maximum value of 158 kW for RF1 and a minimum
value of 40 kW for RF4, while WGS reactors produce heat with an
average of 10 kW, as shown in Fig. 4-b.

The performance of the SOFC has been impacted using fuel blends as
graphed in Fig. 5. The generated power from the SOFC is estimated to be
with an average of 3000 kW, but their exhaust heat is higher than
8000 kW. The design of the SOFC can be executed using two methods:
the inner specifications and the moles of required hydrogen, which
affect the SOFC size or number of stacks. As shown in Fig. 5-a, the
number of stacks is 11 units for RF4 and RF5, and dropped to 10 stacks,
and again to 8 for RF1. Therefore, the moles of the required hydrogen in
the SOFC can be the minimum value of 13 mol/s for RF1 followed by
RF3, and the maximum of 18 mol/s for RF4 and RF5, as presented in
Fig. 5-b. The electric efficiency is held constant about 87%, while the
thermal and exergetic efficiency have the same trend as the highest
performance using RF4 and lowest performance using RF3.

The environmental impact can be compared between this hybrid
locomotive engine and the traditional GT using diesel fuel as presented
in Table 12. The mass flow rate of diesel at the B4 is 0.2 kg/s due to 80%
of fuel utilization. The net power of the GT using diesel is 3639 kW, and
the added heat of the CC is 10870 kW yielding the thermal efficiency to
be 33.48%. Therefore, the CO5 emission from the traditional GT can be
2.51 kg/s and can be increased to 2.82kg/s if fuel combustion reaches
100%. The proposed hybrid engine can reduce emissions by about 50%
using RF1, 65% using RF2, and more than 70% using RF3 to RF5.

4.2.2. Effect of splitting ratio

As shown in Fig. 2-a, the splitter SP1 is used to distribute the exit flow
B4 to B5 utilized by SOFC system and B6 used by BR. This helps to es-
timate how much power is generated by the SOFC and its performance.
Also, how many SOFC stacks are needed in designing the space of
locomotive cabinet can be determined. As shown in Fig. 6, the mass flow
rate ratios change from 0 as no flow passes through to B5 to 1 as all the
flow passes through B5. Accordingly, the power and heat rejected from
the SOFC increases from 0 to about 4.8 MW electric power and from O to
12 MW heat of SOFC. On the contrary, the heat of BR is decreased from
15MW to 5MW, as shown in Fig. 6-a. The electric efficiency is
constantly obtained to be 87%, but the thermal and exergetic efficiency
are declining from 60% to 35% and from 85% to 50%, respectively.
Obviously, more output electricity should require a high number of
stacks (from 2 to 11 stacks) at the same current density and same active
area of 0.64 m?, as shown in Fig. 6-b. The resultant engine power rises
from 4 MW to 8 MW, which boosts the energetic and exergetic efficiency
from 20 to 65% and 35% to 90%, respectively, as shown in Fig. 6-c.

4.2.3. Effect of mass flow rates of AEC

The hydrogen production system is useful to produce hydrogen fuel
for the locomotive engine. it can be placed inside the locomotive cabinet
or the second cabinet to be stored in tanks. However, the size of the AEC
depends on the amount of hydrogen produced. Three parameters are



S. Seyam et al.

Fuel 319 (2022) 123748

18000 5000 100
=== Engine Power -_— SC-I;FC mm neng
== Cooling Load = G pr—
— 15000 mmm Required Heat 4000 80 Veng
> s
X, = —_
5 12000 = X
% g 3000 3‘ 60
o 9000 o c
° o Q@
c L 2000 O 40
& 6000 = =
© S w
(] -—
T 3000 w1000 20
0 0 0
RF1 RF2 RF3 RF4 RF5 RF1 RF2  RF3  RF4  RF5 RF1 RF2 RF3 RF4  RF5
Fuel Types Fuel Types Fuel Types
(a) Power and heat (b) Electric power (c) Overall efficiencies

Fig. 3. Comparative performance evaluation of the hybrid engine with various alternative fuels: (a) heat and power values of major components, (b) electric power
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10000
= CC
s BR
= Cooling
8000 -
=
=
- 6000 4§
©
o
-
=2}
£ 4000 -
=
©
[
I
2000 -
0 3
RF1 RF2 RF3 RF4 RF5
Fuel Types

(a)Heating and cooling loads

180

s SR

160 1 = WGS

140 -

120 -

100 -

80 -

60 -

Reactors Load [kW]

40 1

20 A

RF1 RF2 RF3 RF4 RF5

Fuel Types
(b) Reactors loads

Fig. 4. Performance of the combustion chamber (CC), afterburner (BR) and cooling load (a) and the reactors SR and WGS (b) with respect to fuel blends.

Heat and Power of SOFC [kW]

12000

10000 -

8000 -

6000 -

4000

2000

W, mmm Qe —®— Ns

Fuel Types

(a) Heat and power of the SOFC and number of stacks

100 25
O O O O O
80 - 20 @
°
= E
%
= 60 15 §
& o
c 4
2 °
% 40 T/\/_—' . E
w )
QL
5}
20 4 - 5 £
—O— Mesorc —¥— Wsorc
0 —®— Nypsorc —O— My,

RF1 RF2 RF3 RF4 RF5
Fuel Types

(b) Efficiencies and required hydrogen amount

Fig. 5. Performance of the SOFC: heat and power and number of stacks (a) and energetic and exergetic efficiencies and amount of required hydrogen [mol/s] (b).

Table 12

CO;, emissions using diesel and sustainable fuels.
Emissions Diesel RF1 RF2 RF3 RF4 RF5
CO, [kg/s] 2.510 1.214 0.886 0.699 0.653 0.679
Reduction [%] 0 51.6 64.7 72.1 74.0 73.0

11

studied in the AEC + PEMFC system. Firstly, the effect of N1 (KOH so-
lution) mass flowrate on the AEC performance is studied under the N2
equals 0.5kg/s and illustrated in Fig. 7. Increasing the N1 mass flow-
rates from O to 30 kg/s increases the required power from 0 to 13 MW
and increases the rejected heat from O to 33 MW, and consequently
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Fig. 6. Effect of SP1 ratios on power and heat of the BR and SOFC (a), efficiencies and number of stacks (b), and (c) engine power and overall efficiencies.

increases the number of stacks from 0 to 110 stacks, as shown in Fig. 7-b
to increase hydrogen amount from 1.66 mol/s to 94.5 mol/s. However,
the thermal efficiency of the AEC improves by increasing the N1 mass
flowrates from O to 3 kg/s and remains constant after that, as shown in
Fig. 7-b. However, the exergetic efficiency decreases from 50 to 38%
during O to 3kg/s and remains constant.

Secondly, maintaining the N1 to be 0.5 kg/s while changing the Ny
(NHj3 solution) mass flowrates is investigated and displayed in Fig. 8.
Changing the N2 mass flowrates from 0 to 30 kg/s increases the required
power from 0 to 6 MW, rejected heat from 0 to 25 MW, and a number of
stacks from O to 52, as shown in Fig. 8-a to increase hydrogen amount
from 1.66 mol/s to 43 mol/s. This decreases the AEC performance by
20% in thermal efficiency and 60% in exergetic efficiency through
changing the mass flowrates from O to 3kg/s, but after that the effi-
ciencies remain constant, as shown in Fig. 8-b.

Thirdly, 11 cases are selected to consider changing N1, N2, and Al
simultaneously, starting from 0.5 to 10 kg/s for N1 and N2 and 0.02 to
0.3kg/s for Al, as shown in Fig. 9. Increasing the mass flowrates in-
creases the required power of the AEC from 0.35 to 5.9 MW and its
number of stacks from 3 to 50 stacks, and generated power of the PEMFC
from 0.34 to 6.1 MW and its number of stacks from 3 to 54 stacks, as
shown in Fig. 9-a. The hydrogen amount increases from 2.5mol/s
(0.005 kg/s) in Case 1 to 42.5mol/s (0.083kg/s) in Case 11. The effi-
ciencies of the PEMFC and AEC are plateau as the mass flow rates in-
creases to be thermal efficiency of 90% and 76% for the PEMFC and
AEC, respectively, and exergetic efficiency of 65% and 50% for the
PEMFC and the AEC, respectively, as shown in Fig. 9-b.

The thermal and electrical efficiencies of the AEC do not change
because the mass flow rates of N1 and N2 have parallelly increased with
the same difference. Therefore, the AEC voltage loss remains unchang-
ing for all cases reflecting on the constant electrical efficiency. In
addition, the power and heat of the AEC vary as a straight line of con-
stant slope, which equals the slope of increasing mass flowrates of
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2 25 — Ns 100
B
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215 L 60~
1™
Q -
g 10 40
a 5 - 20

0 0

0 5 10 15 20 25 30

Mass flow rate of N1 [kg/s]
(a) Heat, power, and number of stacks of AEC

ammonia and potassium hydroxide solutions of N1 and N2. This con-
stant variation yields the constant thermal efficiency of the AEC for all
cases.

The hydrogen amount needed for the hybrid engine is much higher
and cannot fully account for the hydrogen production system since the
hydrogen amounts are 73, 106, 121, 113, 113 mol/s for RF1 to RF5,
respectively. To fully account for the hydrogen production, the AEC
should be 200 stacks of total area of 4500 m? to 124 mol/s with total
power of 17.7 MW, which is unrealistic to perform onboard a train to
provide such amount per second. However, this production can be
operated continuously during turn on and off of the engine to cover the
need for hydrogen production. According to Case 1 where the number of
stacks is 3 for each, the net power between the AEC and PEMEFC is
negative, meaning the power of the AEC requires more than the power of
the PEMFC to be covered. However, starting from Case 2, the number of
stacks for the PEMFC is higher than that of the AEC by 1 and increased to
4, resulting in increasing the power of the PEMFC more than the AEC so
that the net power is positive of 90 kW for Case 2 and increased to about
225 kW for Case 11. The best option is to use Case 2 where the number of
stacks is 6 for the PEMFC and 5 for the AEC and net power is 90 kW to
produce 4.2 mol/s of hydrogen by the AEC, and an amount of 3.6 mol/s
is used for the PEMFC and 0.6 mol/s (1.2 g/s or 4.32kg/h) is stored in
tanks.

4.2.4. Effect of current density of fuel cells

The current density of fuel cells is also considered in the study under
the same active stack areas of 64 m? for SOFC and 30 m? for the AEC, and
15 m? for the PEMFC, as shown in Fig. 10. Increasing the current density
from 0.1 to 1.0 A/cm? slightly affects the power of the AEC (about
428 kW) and PEMFC (about 243 kW), but it fluctuates the power of the
SOFC and drops down from 3000 kW to 2500 kW, as shown in Fig. 10-a.
The electric efficiencies of fuel cells decrease from 95% to 85% for the
PEMFC and 95% to 78% for the SOFC while remaining constant for the

100
N2 Constant
T 80
7
c 60
Q
©
E 40
o e AEC
w
< 20 | =7 M AEC
VAEC
0
0 5 10 15 20 25 30

Mass flow rate of N1 [kg/s]
(b) Overall efficiencies of AEC

Fig. 7. Effect of N1 (KOH + H,0) mass flowrates of AEC while N2 is constant: (a) heat, power, and number of stacks, and (b) overall efficiencies of AEC.
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Fig. 8. Effect of N2 (NH;3 + H>0) mass flowrates of the AEC while N1 is constant: (a) heat, power, and number of stacks, and (b) overall efficiencies of the AEC.
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Fig. 9. Different cases of changing mass flowrates of N1, N2, and Al: (a) Power and number of stacks of the PEMFC and AEC, and (b) efficiencies of the PEMFC

and AEC.

AEC. The thermal efficiencies behave as a sinusoidal wave since they are
increased for the AEC from 70 to 80%, for 42% to 56% for the PEMFC,
but they are decreased from 38% to 28% for the SOFC, as shown in
Fig. 10-b. The number of stacks for all fuel cells exponentially decays
from 26 to 3 for the AEC, 14 to 2 for PEMFC, and from 11 to 3 for the
SOFC, as shown in Fig. 10-c.

4.2.5. Effect of constant cell area of fuel cells

In this subsection, we considered constant current density of 0.5 A/
cmz, constant active area of 0.64 mz, and number of cells of 100 cells per
a stack. Then, the fuel cells showed the performance as listed in
Table 13. Therefore, the number of stacks will be 8 for the SOFC, 1 for
the PEMFC, and 3 for the AEC. Also, the power will be about 2.7 MW for
the SOFC, 0.3 MW for the PEMFC, and 0.5 MW for the AEC. These cases
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Fig. 10. Effect of current density on fuel cell performance: (a) electric power, (b) thermal and electric efficiencies, and (c) number of required stacks.
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Table 13

Fuel cell performances at equal current density and active cell area.
Parameter Ns A, Wee 1, cal MH; req
Unit — [m?] [kW] [mol/s] [mol/s]
SOFC 8 512 2713.3 13.27 12.95
PEMFC 1 64 324.2 1.66 1.02
AEC 3 192 482.4 3.32 2.55

can produce more hydrogen than needed about 13 mol/s for the SOFC,
2mol/s for the PEMFC, and 3 mol/s for the AEC. That results in a
negative net power (-158.2kW) of hydrogen production yielding to
lower the overall power of the engine from 7211.8 kW to 7053.6 kW for
RF1.

5. Conclusions

This paper proposed a hybrid locomotive engine to replace the EMD
16-710-G3 used for Canada’s rail transportation. The proposed hybrid
engine combines a gas turbine with a fuel cell system and an energy
recovery system. The engine counts on alternative fuels such as dimethyl
ether, ethanol, hydrogen, methanol, and methane in the forms of five
hydrogen-based fuel blends. The engine is simulated using Aspen Plus to
investigate its performance thermodynamically. Some parametric
studies are also conducted to understand the effects of different fuel
blends, mass flow rates of the AEC and current density of the fuel cells.
The following conclusions can be drawn from the study:.

The hybrid locomotive engine can produce a total power of
7211.8 kW with 48% thermal efficiency and 51% exergy efficiency
using RF1 (methane and hydrogen blend).

Excluding the hydrogen production system, the overall engine power
is a minimum of 6.8 MW using RF1 and a maximum of 7.9 MW using
RF5 (all fuel blend).

The energy recovery system includes the TG and ARS, which produce
925 kW of electrical power and 915 kW cooling load.

The SOFC generates a minimum power of 3 MW using RF1 and RF3
(ethanol and hydrogen fuel blend) and a maximum of 3.75 MW using
RFS.

e The CO, emissions are reduced by the designed system and fuel
utilization to more than 70% compared to a traditional gas turbine
with diesel fuel.

The onboard hydrogen production using 6 stacks of the PEMFC and 5
stacks of the AEC can generate a positive net power of 90 kW and
provide 4.32 kg/h hydrogen for storage.

Increasing the current density from 0.1 to 1 A/cm? negatively affects
the SOFC performance by reducing the power from 3000kW to
2500 kW, but does not affect the power of the AEC and PEMFC.
Increasing the current density from 0.1 to 1 A/cm? can reduce the
number of stacks for all the fuel cells to less than 10.
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