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A B S T R A C T   

Transportation research is critical in every domain of the transportation sector, including the rail sector. For 
sustainable rail transportation, alternative/cleaner powering options are badly needed which can only be 
possible with cleaner fuels. This paper presents a proposed hybrid combined engine system consisting of a gas 
turbine and a molten carbonate fuel cell combined with an internal combustion engine. The proposed system 
uses ecofriendly fuels in order to increase the engine performance and reduce carbon emissions. The hybrid 
combined engine is modeled using Aspen Plus and is thermodynamically analyzed. The alternative fuels chosen 
for this study are hydrogen, methanol, ethanol, and dimethyl ether. It was found that the proposed powering 
system can produce 4200 kW, which is doubled the power of the internal combustion engine, with 43% and 55% 
thermal and exergetic efficiencies, respectively. The cooling load of the absorption refrigeration system varies 
from 442 kW to 615 kW with maximum energetic and exergetic co-efficient of performances of 18.29% and 
9.54%, respectively. The CO2 emissions dropped by more than 60% using alternative fuels. In addition, para-
metric studies are conducted in the operating pressure of the molten carbonate fuel cell (MCFC) and gas turbine 
(GT). The best performance can be fulfilled at 200 kPa for the MCFC and 900 kPa for the GT. Therefore, the 
hybrid combined engine can provide high power with less CO2 emissions and high performance.   

1. Introduction 

The population of Canada is increasing at a rate of 1% and thus 
necessitating an increase in different transportation modes to facilitate 
the mobility of people, goods, and services across the country and the 
world [1]. Thus, transportation significantly impacts the economic, so-
cial, and political state of the country. Natural Resources Canada’s 
report of 2019 [2] stated that the total transportation energy use 
increased by 16% from 2000 to 2016 to a total of 2,683 PJ in 2016. The 
contributions of fuels to the total energy use are motor gasoline with 
58% and diesel fuel oil of 28%. The fuel consumption has a significant 
impact on the environment. The greenhouse gas (GHG) emissions from 
the transportation sector have increased by 39% from 131 to 182 Mt of 
CO2e as a consequence of the increase in population and the economy 
[2]. 

For rail transportation, the popular locomotive engine is an internal 
combustion engine operated by diesel fuel, which emits GHG emissions 
to the environment. Several studies have been conducted for alternative 
fuels and engines in order to reduce GHG emissions. For example, 
Hogerwaard and Dincer [3] have studied the effect of ammonia-ultra 
low sulfur diesel (NH3-ULSD) duel fuel as an alternative replacement 
to the diesel fuel in a locomotive engine. Also, hydrogen production was 
added onboard to reuse the heat recovery from ammonia decomposition 

to reduce the diesel fuel consumption. They have found that heat re-
covery has improved the energy and exergy efficiencies for the new 
locomotive system. The alternative fuel has reduced the GHG emissions 
by 53% and the air contaminant emissions. 

Marin et al. [4] conducted their research on the usage of hydrogen 
for passenger locomotives in the GO Transit Lakeshore corridor through 
Oshawa, Toronto, and Hamilton, in the province of Ontario in Canada. 
They compared three types of engines: diesel internal combustion en-
gine, electrification, and hydrogen fuel cell. They found that the 
hydrogen fuel cell increased the weight of the electric locomotives by 
30%, but it has higher flexibility and more economical than electrifi-
cation. Their study has been extended to include energy supply and 
distribution. Marin et al. [5] have investigated the economic impact and 
flexibility of hydrogen production and distribution on the Bombardier 
ALP-46A locomotives. Four hydrogen production processes are included 
in their study: proton exchange membrane fuel cell, thermochemical Cu- 
Cl cycle, electrolysis, and steam methane reforming. They reported that 
the usage of hydrogen fuel cells has some drawbacks. The life expec-
tancy of a fuel cell is one-third of that of diesel engines, and hydrogen 
storage at a higher energy density is less efficient than diesel on-board 
space utilization. Also, the implementation of fuel cells has an ex-
pected cost for high power transportation of 500 $/kW. Marin et al. [5] 
recommended internal combustion engines operating on hydrogen 
despite low efficiency to overcome the high operational cost of fuel cells. 
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In order to reduce hydrogen consumption and increase the efficiency 
of fuel cells in locomotive engines, Hong et al. [6] constructed a small- 
scale locomotive system. The prototype locomotive comprises a proton 
exchange membrane fuel cell and a battery pack. They simulated 
different driving cycles and investigated the performance of the hybrid 
engine. They found that maintaining the charge state of the battery can 
achieve self-adaption function to improve efficiency by 2% and reduce 
the hydrogen consumption by 0.86 g. Similarly, Meegahawatte et al. [7] 
analyzed a hybrid fuel cell of commuter railway vehicles by analyzing 
power flow models of a hydrogen fuel cell stack, battery pack, and 
hybrid drive controller based on a typical return journey between 
Stratford Upon Avon and Birmingham in the United Kingdom. In addi-
tion, fuel consumption was compared among different types of engines, 
such as diesel engines and hybrid engines. They found that pure fuel cell 
engines can consume 38 kg of hydrogen for a long journey with a power 
of 355 kWh. However, the diesel-battery hybrid engine can consume 82 
litres of diesel oil for a small journey with a power of 294 kWh. Also, the 
CO2 emission was obtained from the hybridized fuel cell with a battery 
of 148.5 kg CO2, which was the less amount compared to that of the 
diesel engine, diesel hybrid, and pure fuel cell engine. 

In addition, Shinde et al. [8] performed the life cycle assessment for 
Mumbai Suburban Railway in India to include the construction and 
maintenance of railway infrastructures such as power supply in-
stallations, bridges, and platforms. It was found that the main contri-
bution to the total environmental impact was the operation of the 
electric multiple units that feed the railway stations with electricity. The 
main reason for that was the dependence on power supply from con-
ventional sources, such as charcoal and fossil fuels. To reduce GHG 
emissions, renewable energy sources should be considered in the oper-
ation phase. Moreover, Zhang et al. [9] investigated the proportion limit 
of coal power consumption for rail transit in 18 cities in China from 2015 
to 2017. This investigation was performed in order to measure the 
carbon emission reduction in rail transit. They found that the environ-
mental impact of rail transits is decreased compared to other transit 
modes due to the application of different sustainable strategies. 

The specific objective of this paper is to propose a new powering 
system for locomotive transport, and investigate the performance of the 
proposed engine system based on thermodynamic analyses. In addition, 
the performance of the proposed engine system will be compared with 
traditional engines using alternative fuels. Furthermore, parametric 
studies for some operating conditions will be conducted. 

2. System Description 

The current rail-engine system is the R-Base, which is the baseline 
system as illustrated in Fig. 1. Air is compressed into the compressor of a 
turbocharger then flows to an aftercooled heat exchanger into the ICE at 
state point a3. A turbocharger turbine expands the exhaust of the ICE. It 
runs the compressor and delivers the remaining power to a starting 
generator. Other subsystems are included, which are the jacket water 
cooling and oil cooling subsystems. The fuel consumption is adjusted by 
the governor to control the engine speed. The current system is operated 
by ultra-low-sulfur diesel (ULSD) fuel. The ICE is connected to the 
generator to deliver the power to a traction motor, battery for storage, 
and auxiliary supplies. The engine model is selected based on the most 
common engine types in rail transportation sectors in the Canadian 
Provinces of Ontario and Quebec. It was found that the engine model, 
EMD 16–710-G3, is the most common engine that operates freight, 
passenger, and commuter trains in the two provinces. The specification 
and other technical details of the EMD 16–710-G3 are listed in Table 1. 

A hybrid combined engine (R-1) is proposed, which consists of the 
ICE with a turbocharger and the gas turbine cycle combined with the 
molten carbonate fuel cell (MCFC), as shown in Fig. 1. The ICE and gas 
turbine (GT) are separate engines. The air is compressed in the turbo-
charger compressor and cooled down by the aftercooler heat exchanger 
before entering the ICE. Also, the fuel blend of hydrogen and hydroxyl is 
pumped to the ICE to be burnt with the compressed air in the pistons. 
The exhaust gas is released from the ICE entering the turbocharger 
turbine and used in the gas turbine system. 

The GT consists of a compressor and a turbine is combined with a 
molten carbonate fuel cell (MCFC). Another amount of air is com-
pressed, then cooled, expanded in the GT cycle, and used in the MCFC 
system. In the MCFC, the fuel is blended with water and exhaust gas 
from the ICE system and heated by that exhaust gas before entering the 
steam reforming (SR), the water gas shift (WGS), and then entering the 
anode of the MCFC. 

Note that additional hydrogen gas may be added to the fuel stream 
before the MCFC. The anode flow exit enters a catalyst burner to burn 
the fuel with the expanded air from the turbine of GT, and the com-
bustion results will enter the cathode to extract the carbon monoxide 
and carbon dioxide gases. Therefore, the exhaust gas has fewer carbon 
emissions and providing electric power from the MCFC. The excessive 
heat of the exhaust gas is utilized to produce cooling by an ammonia 

Nomenclature 

Symbols 
Ėx Exergy rate 
h specific enthalpy 
ṁ Mass flow rate 
P pressure 
Q̇ Heat transfer 
r Compression ratio 
s specific entropy 
T temperature 
V voltage 
Ẇ Power 

Subscript 
ch chemical 
e electric 
en energetic 
eng engine 
ex exergetic 
ph physical 

th thermal 

Abbreviations 
AF Air-to-fuel ratio 
ARS Absorption refrigeration system 
DME Dimethyl ether 
GT gas turbine 
ICE Internal combustion engine 
MCFC molten carbonate fuel cell 
NG Natural gas 
SR Steam reforming 
ULSD ultra-low-sulfur diesel 
WGS Water gas shift 

Greek Letters 
η Thermal efficiency 
γ Specific heat ratio 
v Specific volume 
ψ Exergetic efficiency 
ω Specific fuel consumption  
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absorption refrigeration system. The net power is generated from the 
ICE, GT, and MCFC systems, which are connected to the generator to 
deliver the electric power to the traction motor and auxiliary systems. 
The excess electric power can also be stored in batteries. 

3. Methodology 

This chapter focuses on the thermodynamic analyses for the ICE, 
MCFC, GT, and ARS subsystems. The analyses are presented in detail 
below. 

3.1. Thermodynamic analysis 

The thermodynamic analysis is governed by the first and second law 
of thermodynamics and compare the developed system to the ideal case. 
The first law of thermodynamics is formulated by the conservation of 
mass and energy, while the second law of thermodynamics is formulated 
by the exergy balance equations. The used software programs in the 
analyses are the EES (Engineering Equation solver) and the Aspen-Plus 
software because of their reliable thermodynamic properties as well as 
the calculation methods and are extensively used by many researchers 
for thermodynamic analysis for several systems. 

The thermodynamic balance equations can be expressed in general 
forms since the processes of each component are at steady-state equi-
librium [12]. Therefore, the mass balance equation can be expressed as: 
∑

ṁin =
∑

ṁout (1) 

The general form of the energy balance equation in steady-state can 
be expressed as follows: 

∑

in
Q̇cv +

∑

in
Ẇcv +

∑

i
ṁi

(

hi +
1
2
V2

i + gZi

)

=
∑

out
Q̇cv +

∑

out
Ẇcv +

∑

e
ṁe

(

he +
1
2
V2

e + gZe

)

(2) 

where Q̇cv and Ẇcv represent the heat transfer and the work crossing 
the boundaries of a closed system of each component. The steady energy 

flow is expressed as 
(

h + 1
2V

2 + gZ
)

, which represents the internal en-

ergy of the media, the specific kinetic energy, and the specific potential 

Fig. 1. The configuration of the proposed hybrid combined engine (R-1) system.  

Table 1 
Specifications of the locomotive engine.  

Specifications Values [10,11] Units 

Engine Model (EMD) EMD 16-710G3 – 
Engine Horsepower, EHP 4,500 hp 
Engine Power, ẆE 3,355 kW 
Output power per cylinder, ẆE-cy 210 kW 
Engine Speed, NICE1 950 rpm 
Brake mean effective pressure, bmep 1,069 kPa 
Displacement Volume per cylinder, Vd 11.635 l 
Compression Ratio, r 15:1 — 
Bore 0.23019 m 
Stroke 0.2794 m 
Number of cylinders, ncyl 16 — 
Fuel Tank Volume, VRES1 8,410 l 
Turbocharger Pressure Boost, ϕTC 1.25 — 
Cooling water reservoir temperature, TRES3 49 ℃ 
Engine jacket cooling water outlet temp, T12 85 ℃ 
Maximum cylinder pressure, Pmax 10,800 kPa  
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energy, respectively. h is the specific enthalpy, V is the stream velocity of 
the working fluid, g is the gravitational acceleration, and Z is the 
elevation from the datum. 

The general form of the second law of thermodynamics can be rep-
resented by the exergy balance equation in a steady-state condition for 
each process, and can be written as follows: 
∑

i
ṁiexi +

∑

in
ĖxQ +

∑

in
ĖxW =

∑

e
ṁeexe +

∑

out
ĖxQ +

∑

out
ĖxW + ĖxD (3) 

where ĖxD refers to the exergy destruction rate, ĖxW denotes the 
work done or required by the process, and ĖxQ is thermal exergy due to 
the heat transfer within the boundaries (Q̇cv,i) and depends on the 
reference temperature To. They can be defined as follows: 

ĖxW = Ẇcv and ĖxQ,i =

(

1 −
To

Ts,i

)

Q̇cv,i (4) 

The specific exergy of each stream is comprised of specific physical 
exergy, exph,i, and specific chemical exergy, exch,i, and are described as 
follows: 

exi = exph,i + exch,i =
∑

i

[(
hi − ho

)
− To(si − so)

]
+
∑

i
ni

(
go

f + gTo
− go

)

(5) 

The physical specific exergy depends on the specific enthalpy and 
entropy for a substance at specific temperature and pressure, while the 
chemical exergy depends on the chemical changes of a component 
composition during the chemical reactions. It depends on the Gibbs 
function of a unit mole of a substance g, which consists of the Gibbs 
function of formation of each substance go

f , Gibbs function of a sub-
stance at a specific temperature gTo

, and Gibbs function at a reference 
temperature go. 

3.2. Modeling of internal combustion engine 

The prime locomotive mover is powered by a large two-stroke 
compression ignition (CI) diesel-fueled engine dual (limited pressure) 
cycle [13]. The ideal dual cycle consists of five processes: isentropic 
compression (1–2), heat addition (2–3) at constant volume, heat addi-
tion (3–4) at constant pressure, isentropic expansion (4–5), and constant 
volume heat rejection (5–1). The P-v diagram and T-s diagram for the 
ideal dual cycle without a turbocharger are illustrated in Fig. 2. The 
cycle model is developed according to the specification of the locomo-
tive engine geometry and operating conditions like the compression 
ratio (r), cylinder volumes (Vi), rated traction power, and maximum 
cylinder pressure (Pmax = P3). The mass flow rate of air, ṁa [13] drawn 
into the intake manifold is determined based on the engine geometry 
and rated operating conditions as: 

ṁa = ηv

(
Pin Vd NICE n

RaTin

)

(6) 

where Pin and Tin are the pressure and temperature of the intake air to 
the ICE engine after the turbocharger, Vd is the total volume displace-
ment of the ICE for all cylinders, Ra is the gas constant of air which is 
equivalent to 0.287 kJ/kg.K, NICE is the revolution of the engine speed 
[rpm] converted to [rev/s], n is the number of cylinders in the engine, 
and ηv is the volumetric efficiency, which is assumed to be 0.95. The 
equations describing the cycle processes are outlined in Table 2 for the 
ideal case with a constant specific heat ratio, γ = 1.4. 

The heat addition, Q̇A, to the engine and the heat rejection, Q̇R, from 
the engine can be determined as follows: 

Q̇A = Q̇2− 3 + Q̇3− 4 and Q̇R = Q̇5− 1 (7) 

The output power of the engine, including the turbocharger turbine 
and compressor, can be calculated as follows: 

ẆICE = Ẇ1− 2 + Ẇ3− 4 + Ẇ4− 5 + Ẇturbo,t − Ẇturbo,c (8) 

Fig. 2. The P-v and T-s diagrams for the dual cycle without turbocharger.  

Table 2 
The thermodynamic equations for the dual cycle processes.  

Process Description P/T Relationship Heat Equations Work Equations 

1 – 2 Isentropic compression P2 = P1rγ  

T2 = T1r(γ− 1)
Q̇1− 2 = 0  Ẇ1− 2 = ṁa

P1v1 − P2v2

(γ − 1)

2 – 3 Heat addition at constant volume T3

T2
=

P3

P2  

Q̇2− 3 = ṁexcv(T3 − T2) Ẇ2− 3 = 0  

3 – 4 Heat addition at constant pressure T4

T3
=

v4

v3  

Q̇3− 4 = ṁexcp(T4 − T3) Ẇ3− 4 = ṁexP3(v3 − v4)

4 – 5 Isentropic expansion 
P5 = P4

(
1
r

)γ  

T5 = T4

(
1
r

)(γ− 1)

Q̇4− 5 = 0  Ẇ4− 5 = ṁex
P4v4 − P5v5

(γ − 1)

5 – 1 Heat rejection at constant volume T5

T1
=

P5

P1  

Q̇5− 1 = ṁexcv(T5 − T1) Ẇ5− 1 = 0   
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The thermal efficiency, ηICE, and the exergy efficiency, ψ ICE of the 
internal combustion engine can be estimated as follows: 

ηICE =
ẆICE

Q̇ICE,add
and ψICE =

ẆICE(

1 − To
Ts

)

Q̇ICE,add

(9) 

The indicated specific fuel consumption can be defined as: 

ωf =
ṁf × 3600

ẆICE
(10) 

The chosen formula for ULSD is C12H24. The stoichiometric air–fuel 
(AF) ratio can be given according to the mass basis (AFm) to be 14.77 
kga/kgf and molar basis (AFM) to be 18 kmola/kmolf. 

3.3. Modeling of molten carbonate fuel cell 

The MCFC employs molten salt electrolytes, which are made of 
eutectic mixtures of Li2CO3, Na2CO3, and K2CO3 [14]. The Li2CO3 (62 
mol%) and K2CO3 (38 mol%) eutectic have been widely adopted [15]. 
These carbonates melt at approximately 500℃ to allow transferring ions 
by the molten carbonates. The operating temperature should be at 923 K 
(650℃) to avoid the volatilization or solidification of the electrolyte. 
Therefore, the electrothermal reactions of the MCFC create electricity. 
The steam reforming (SR) and water gas shift (WGS) reactions occur 
sequentially to produce H2 and CO in the MCFC stack [16]. The chemical 
reactions for SR, WGS, anode, and cathode are written as the followings: 

• SR : CH4 + H2O→CO + 3 H2

(
Δh0

298K

)
= 206 kJ/mol

• WGS : CO + H2O→CO2 + H2

(
Δh0

298K

)
= − 41 kJ/mol

• Anode : H2 + CO2-
3 ↔ CO2 + H2O + 2e−

CO + CO2-
3 ↔ 2 CO2 + 2e−

• Cathode : 0.5 O2 + CO2 + 2e− ↔ CO2-
3

• Overall : H2 + 0.5 O2 + CO2 ↔ H2O + CO2

(
Δh0

298K

)
= 242 kJ/mol 

Note that the reforming reaction is a highly intensive endothermic 
process, while others are exothermic processes. Other reactions may 
occur at the anode, such as CO hydrogenation, methanation, and Bou-
douard reaction, and others may occur at the cathode, such as poly-
carbonate, peroxide, and superoxide [15]. After the electrochemical 
reactions, some byproducts, such as water and CO2, whereas the excess 
air can be emitted from the cathode, as shown in Fig. 3. Here, CO2 is 
consumed to form molten carbonates. Any unreacted fuels flow to the 
catalytic burner to be combusted with air, and its exhaust of carbon and 
oxygen gas flows to the cathode. 

The electrochemical phenomenon of a unit fuel cell follows the 
governing equations. The cell voltage is estimated by the reversible 
potential taking into account the other losses: the Nernst loss, activation 
polarization, and concentration loss [17]. The cell voltage Vcell of the 
MCFC [V] can be expressed by: 

Vcell = V0 − VNernst − j(Ran +Rca +Rohm) (11) 

where V0 is the reversible potential at standard conditions [V] and 
VNernst is the Nernst loss [V]. The maximum Nernst potential through can 
be fulfilled when the summation of V0 and VNernst are considered through 
the electrochemical reaction. Also, the Nernst potential becomes the 
open-circuit voltage (OCV) when the current is zero. The j refers to the 
current density [mA/cm2]. Ran and Rca represent the activation losses of 
the anode and cathode [Ω − cm2], respectively, to break the chemical 
bonds of H2 and O2 molecules in the electrochemical reaction, and Rohm 
is the ohmic loss. The standard reversible potential is defined using the 
Gibbs free energy: 

V0 = −
Δg
nF

(12) 

Where V0is the Gibbs free energy [J/mol]; F is the Faraday constant, 
which is 96,485C/mol; and n is the molecular number of H2; and Δg is 
function of the MCFC stack temperature [K]. 

Δg = 0.002474T2 + 48.996T − 243730 (13) 

The Nernst loss is a function of the concentrations of the substituents 
of the reactants and products: 

VNernst =
RT
nF

ln

(
PH2 ,an PCO2 ,an

PH2 ,an
̅̅̅̅̅̅̅̅̅̅̅
PO2 ,ca

√
PCO2 ,ca

)

(14) 

where R is the molar gas constant, which is 8.314 J/mol.K, and P is 
the partial pressure at each electrode. The activation polarization losses 
that occurred in the anode and cathode are denoted as Ran and Rca, 
which are modeled by Koh et al. [18]. 

Ran = 2.27 × 10− 5 × exp

(
Δhan

RT

)

× P− 0.42
H2

P− 0.17
CO2

P− 1.0
H2O (15)  

Rca = 7.505 × 10− 6 × exp

(
Δhca

RT

)

× P− 0.43
O2

P− 0.09
CO2

(16) 

where Δhan and Δhca are the activation energy values in the anode 
and cathode, respectively. The ohmic loss [Ω − cm2] is the internal 
resistance due to the ionic and electronic conduction at the electrodes 
and the contacts. It can be calculated by the Arrhenius-type equation: 

Rohm = 0.5 × exp
[

3016
(

1
T
−

1
923

)]

(17) 

The net power output of an MCFC [W] is estimated as follows: 

ẆMCFC,AC = jAcellVcellNξDC− AC (18) 

where Acell is the active area [cm2], N is the number of the cells, 
ξDC− AC is the inverter efficiency to invert the direct current (DC) to 
alternating current (AC) and is equivalent to 0.95. The specifications of 
the MCFC are listed in Table 3. 

The electric efficiency of MCFC can be determined as Eq. (19), while 
the thermal energetic and exergetic efficiencies can be evaluated as Eq. 

Fig. 3. The MCFC diagram with steam reforming and water gas shift.  

Table 3 
The specifications of MCFC.  

Parameter Value Units 

Operating temperature 923 K 
Operating pressure 200 kPa 
Current density, j 150 mA/cm2 

Anode activation energy, Δhan  53,500 J/mol 

Cathode activation energy, Δhca  77,300 J/mol 

Acell 6700 cm2 

Ncell 400 cells — 
Nstack 3 stacks —  

S. Seyam et al.                                                                                                                                                                                                                                  



Fuel 296 (2021) 120529

6

(20 and 21). The added heat of the MCFC, Q̇MCFC,add, is considered as the 
summation of the added heat through the anode, cathode, and the cat-
alytic burner. 

ηMCFC,e =
ẆMCFC,AC

ẆMCFC,AC + ẆMCFC,loss
(19)  

ηMCFC,th =
ẆMCFC,AC

Q̇MCFC,add
(20)  

ψMCFC,th =
ẆMCFC,AC

ĖxQ
MCFC,add

(21)  

3.4. Modeling of the gas turbine cycle 

The gas turbine cycle consists of a compressor, heat exchanger, 
combustion chamber, and turbine. The net power of the gas turbine is 
determined to be: 

ẆGT = ẆT2 − ẆC2 (22) 

The heat addition to the combustion chamber can be written as 
follows: 

Q̇CCGAS = ṁB4hB4 − ṁFhF1 − ṁB3hB3 (23) 

The energetic and exergetic efficiencies are described as follows: 

ηGT =
ẆGT

Q̇CCGAS
and ψGT =

ẆGT

ĖxQ
CCGAS

(24)  

3.5. Modeling of the absorption refrigeration system 

The absorption refrigeration system is based on transferring the 
heating load into the cooling load [19]. It consists of a generator, 
condenser, evaporator, absorber, two expansion valves, and a pump. 
The working fluid is selected to be ammonia-water mixture. The mass 
balance, partial mass balance, and energy balance equations are pre-
sented in Table 4. The weak and strong solutions of ammonia are 
expressed by xws and xss, respectively. The pure solution of ammonia is 
expressed by xpure. The energetic and exergetic COP of the cycle are 
described as: 

COPen =
Q̇AEV

Q̇AGEN + ẆAP
and COPex =

ĖxQ
AEV

ĖxQ
AGEN + ẆAP

(25) 

The overall performance of the rail engine system can be expressed 
by energetic and exergetic efficiencies as Eqs. (26) and (27). The useful 
energy sources are the net electric power of the MCFC, ICE, GT, pump, 
and the cooling load, while the required energy sources in the engine are 
the added heat of the ICE, GT, and endothermic heat of the steam 
reformer and water gas shift. 

ηeng =
ẆMCFC,AC + ẆGT + ẆICE − Ẇp + Q̇cooling

Q̇ICE,add + Q̇GT,add + Q̇SR + Q̇WGS
(26)  

ηeng =
ẆMCFC,AC + ẆGT + ẆICE − Ẇp + ĖxQ

cooling

ĖxQ
ICE,add + ĖxQ

GT,add + ĖxQ
SR + ĖxQ

WSG

(27)  

3.6. Combustion modeling 

The baseline fuel for the baseline system is the ultra-low-sulfur diesel 
(ULSD). The alternative fuels selected are hydrogen, methanol, and 
ethanol from monohydric alcohols, dimethyl-ether (DME) from ethers, 
and natural gas which is considered from hydrocarbons and presented as 
pure methane. Their properties are listed in Table 5. They are environ-
mentally benign and have high ignition temperature, can be used in fuel 
cells and the ICE engines to provide power [20–23]. The Stoichiometric 
combustion reactions for the baseline fuels and alternative fuels are 
listed in Table 6. In this paper, five combinations of fuels are used in the 
study based on the mass fractions: F1 (75% natural gas and 25% 
hydrogen); F2 (75% methanol and 25% hydrogen); F3 (60% ethanol and 
40% hydrogen); F4 (60% DME and 40% hydrogen); and F5 (15% natural 
gas, 40% hydrogen, 15% methanol, 15% ethanol, and 15% DME). The 
steam reforming, water gas shift, and catalytic burner for the five 
combination fuels are listed in Table 7. 

4. Results and discussion 

The hybrid combined locomotive engine is modeled using the Aspen 
plus. The equation of state is chosen to be the Soave-Redlick-Kwong 
(SRK) for the thermodynamic properties because it is the most widely 
accepted equation for modern chemical processes and recommended for 
gas mixtures and electrolytes (such as carbonate electrolyte CO2-

3 ) at 
high temperature and pressure conditions [29–31]. Fig. 4 shows the 
Aspen flow chart for the ICE, MCFC, GT, and ARS subsystem. The MCFC 
subsystem is modeled using separate stoichiometric reactions for the 
anode and cathode, WGS, SR, and catalytic burner (CATBURN). 

The absorption refrigeration system is illustrated in Fig. 4-b. The 
equation of state is selected to be the Peng-Robinson model, which has 
been recommended and used for refrigeration and liquefaction processes 
[31]. The exhaust gas is released to the environment after cooling down 
to 130℃. The released heat is used in the generator of the absorption 
refrigeration system to produce pure ammonia to the condenser and 
then to the evaporator. The absorber is modeled as decanter and the 
generator is modeled as the flash to produce the weak solution to the 
pump and strong solution from the generator to the expansion valve. 

4.1. Thermodynamic analysis results 

The thermodynamic results of the state points are listed in Table 8 for 
the hybrid combined engine and Table 10 for the absorption refrigera-
tion system. Regarding the ICE system, the air mass flow rate enters the 
ICE at 3.26 kg/s, while the fuel mass flow rate is 0.15 kg/s. The air is 

Table 4 
The mass and energy balance equations for the absorption refrigeration system.  

Component Mass Balance Partial Mass Balance Energy Balance 

ACOND ṁA7 = ṁA8  xNH3 ,A7 = xNH3 ,A8 = xpure  Q̇ACOND = ṁA8(hA7 − hA8)

AEV ṁA9 = ṁA10  xNH3 ,A7 = xNH3 ,A8 = xpure  Q̇AEV = ṁA9(hA9 − hA10)

AGEN ṁA3 = ṁA4 + ṁA7  ṁA3xNH3 ,A3 = ṁA4xNH3 ,A4 + ṁA7xNH3 ,A7  Q̇AGEN = ṁA7hA7 + ṁA4hA4 − ṁA3hA3  

AHX ṁA2 = ṁA3ṁA4 = ṁA5  xNH3 ,A2 = xNH3 ,A3 = xssxNH3 ,A4 = xNH3 ,A5 = xws  Q̇AHX = ṁA4(hA4 − hA5)

ABS ṁA6 + ṁA10 = ṁA1  ṁA6xNH3 ,A6 + ṁA10xNH3 ,A10 = ṁA1xNH3 ,A1  Q̇ABS = ṁA6hA6 + ṁA10hA10 − ṁA1hA1  

AP ṁA1 = ṁA2  xNH3 ,A1 = xNH3 ,A2 = xss  ẆAP = ṁA1(hA2 − hA1)
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pressurized through the compressor of the turbocharger from 101.3 to 
126.63 kPa, then compressed by the piston to 4800 kPa. The air and fuel 
streams are heated in the combustion chamber at constant volume from 
540.33℃ to 1150℃ and 9000 kPa. The combustion continues under 
constant pressure to 1350℃. The air is then expanded to 500 kPa and 
cooled to 350℃ and 340 kPa. The exhaust gas is expanded by the turbine 
of the turbocharger to the atmospheric pressure and 206℃. Regarding 
the gas turbine system, the air and fuel flow at 2.85 and 0.1 kg/s, 
respectively. The air is compressed from 101.3 kPa to 1500 kPa. The 
compressed air has a temperature of 430 ℃ and is heated to 630℃ by 
the HX1 and combusted with the fuel in CCGAS to increase its temper-
ature to 980℃. The exhaust gas is expanded by the turbine to 100 kPa 
and 468℃. The exhaust gas is heated again by the heat exchanger HX2 
before entering the catalytic burner. Table 9 shows the molar fraction of 
all state points due to the chemical reactions in the process. 

For the MCFC system, the steam and the fuel enter the steam 
reformer (SR) and the water gas shift (WGS) at 0.06 kg/s and 0.1 kg/s, 
respectively. The SR has a temperature of 300℃, while the WGS has a 
temperature of 400℃. The anode, cathode, and CATBURN work at 
650℃ and 200 kPa. The exhaust of the MCFC is released starting from 
B7 to B10 to the atmosphere after is has been cooled trice through the 

HX1, HX2, then COOLING. That excessive heat in the exhaust gas from 
the MCFC is used for heat recovery and increases the overall efficiency of 
the system. 

The thermodynamic results of the absorption refrigeration system 
are shown in Table 10. The ammonia-water is pumped from A1 at 10℃ 
and 200 kPa to 2000 kPa. It is in a liquid state with a strong solution of 
52.4% ammonia. Then it is heated by the regenerator heat exchanger 
(AHX) to 72 ℃ before entering the generator AGEN, which is heated to 
125℃ to produce pure ammonia at state A7 (91.9% NH3) and a weak 
solution at A4 (32.4% NH3). The weak solution flows through the AHX 
then expanded through AEX2 to the absorber at 33 ℃ and 200 kPa. The 
pure ammonia is cooled down in the condenser at 60℃ then expanded 
by AEX1 to 200 kPa and heated through the evaporator AEV from 
− 6.51℃ to 28℃. 

The heat transfer and power of the components are presented in 
Table 11. The fuel used in this system is F1 (75% NG + 25% H2). For the 
ICE turbocharger, the power of the compressor (TUR-C) and turbine 
(TUR-T) are 82.0 and 592.3 kW, while the thermal load of the after-
cooling (AFTERCOOL) is 98.7 kW. The load of the ICE engine with the 
turbocharger is separately displayed in Table 12 to show the load of each 
process. The total net power of the ICE engine, including the turbo-
charger is 2569.2 kW and the added and rejected heat are 7833.5 and 
1007.6 kW, as shown in Table 13. That engine has energetic and exer-
getic efficiencies of 32.8% and 41.48%, respectively. The gas turbine has 
a compressor power of 1217.6 kW and a turbine power of 1865.6 kW to 
produce a net power of 648.0 kW. It also needs a heating load of 2160.9 
kW for the combustion of air and fuel, which has been reduced by using 
the heat exchanger recovery (HX1) with a duty of 631.8 kW. This GT 
system has energetic and exergetic efficiencies of about 30% and 40%, 
respectively. 

The MCFC system is modeled with separate steam reforming and 
water gas shift units. The net power produced by the MCFC is 939.6 kW 
with a required heat of 1758.7 kW, 626.4 kW of SR and 58.1 kW of WGS. 
The electric and thermal efficiencies of the MCFC are 78.71% and 

Table 5 
Specifications of alternative fuels for developed transportation systems.  

Specifications Hydrogen [24] Methanol[25] Ethanol[26] DME[27] NG[12] ULSD[28] 

Molecular formula H2 CH3OH CH3OHCH2 CH3OCH3 CH4 C12H24 

Molecular weight, Mi [kg/kmol] 2.016 46.069 46.07 46.07 16.043 168.3 
Adiabatic flame temperature [◦C] 2000 1949 2082 2100 1963 1977 
Auto-ignition temperature [◦C] 571 470 365 350 537  ~ 225 
Density at 40 ◦C [kg/m3] 0.0773 792 789 2.11 0.657 876 
Viscosity at 40 ◦C [mm2/s] 109 0.75 1.056 0.184 18.72 4.1 
High heating value [MJ/kg] 141.9 22.7 29.7 31.67 55.5 45.6 
Low heating value [MJ/kg] 119.0 18.1 26.7 28.87 50 43.3  

Table 6 
The stoichiometric combustion reactions for the fuels.  

Fuel Stoichiometric combustion 
reaction 

Heat of combustion (ΔHc) [kJ/ 
mol] 

ULSD C12H24 + 18 O2 → 12 CO2 + 12 
H2O 

− 7674.5 

Hydrogen 2 H2 + O2 → 2 H2O − 286 
Methanol CH3OH + 1.5 O2 → CO2 + 2 H2O − 726 
Ethanol CH3OHCH2 + 3 O2 → 2 CO2 + 3 

H2O 
− 1366.91 

DME CH3OCH3 + 3 O2 → 2 CO2 + 3 H2O − 2726.3 
NG CH4 + 2 O2 → CO2 + 2 H2O − 891  

Table 7 
The steam reforming, water gas shift and catalytic burner of MCFC system.  

Fuels SR WGS CB 

F1 CH4 + H2O → CO + 3H2 CO + H2O → CO2 + H2 CH4 + 2O2 → CO2 + 2H2O    
2H2 + O2 → 2H2O    
CO + O2 → 2CO2 

F2 CH3OH → CO + 2H2 CO + H2O → CO2 + H2 CH3OH + 1.5O2 → CO2 + 2H2O    
2H2 + O2 → 2H2O    
CO + O2 → 2CO2 

F3 CH3OHCH2 → CH4 + CO + H2 CO + H2O → CO2 + H2 CH3OHCH2 + 3O2 → 2CO2 + 3H2O  
CH4 + H2O → CO + 3H2  2H2 + O2 → 2H2O    

CO + O2 → 2CO2 

F4 CH3OCH3 → CH4 + CO + H2 CO + H2O → CO2 + H2 CH3OCH3 + 3O2 → 2CO2 + 3H2O  
CH4 + H2O → CO + 3H2  2H2 + O2 → 2H2O    

CO + O2 → 2CO2 

F5 CH4 + H2O → CO + 3H2 CO + H2O → CO2 + H2 CH4 + 2O2 → CO2 + 2 H2O  
CH3OH → CO + 2H2  CH3OH + 1.5O2 → CO2 + 2H2O  
CH3OHCH2 → CH4 + CO + H2  CH3OHCH2 + 3O2 → 2CO2 + 3H2O  
CH3OCH3 → CH4 + CO + H2  CH3OCH3 + 3O2 → 2CO2 + 3H2O    

2H2 + O2 → 2H2O    
CO + O2 → 2CO2  
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53.43%, respectively. The exergy efficiency of the MCFC is 78.9%. The 
SR and WGS have 90% of thermal efficiency and above 75% exergy 
efficiency. For the absorption refrigeration system, the condenser and 
evaporator have a thermal load of 1215 and 615.1 kW, while the 
generator and absorber have a thermal load of 3346 and 2763 kW, 
respectively. The pump power is significantly small at 17.3 kW. 

The performance of each subsystem and the overall system of the 
hybrid combined engine are presented in Table 13. The overall system 
has a net power of 4109.3 kW, which is composed of the ICE (2569.2 
kW), GS (648 kW), MCFC (939.6 kW), and ARS (17.3 kW). The required 
heat for the hybrid engine is 10678.9 kW, combining all the required 
heat of all subsystems. The rejected heat includes that from the ICE, GC, 
and MCFC which are rejected to the environment, while the cooling load 

(615.1 kW) is included in the useful energy to the hybrid combined 
system. The overall energetic and exergetic efficiencies are 44.5% and 
50.4%, respectively. As a result, combining the MCFC and GT with the 
ICE increases the overall net power by 61% and increases the overall 
heat required by 36% compared to that of the ICE. Also, the performance 
of the hybrid combined engine has been increased by 35% energetic 
efficiency and 25% exergetic efficiency compared to only the ICE 
engine. 

4.2. Parametric studies 

In this section, several parametric studies include the different fuels 
as mentioned in Section 3.1.3, the different operating pressures of the 

(a) The hybrid combined engine 

(b) The absorption refrigeration system. 

Fig. 4. The Aspen flow chart for the hybrid combine engine with a refrigeration system.  

S. Seyam et al.                                                                                                                                                                                                                                  



Fuel 296 (2021) 120529

9

MCFC, and the maximum pressure levels of the GT. 

4.2.1. Effect of different fuels 
In this paper, five fuels as natural gas as methane, methanol, ethanol, 

and dimethyl ether, and hydrogen are selected beside the ULSD diesel 

fuel. The fuels are combined with hydrogen in different ratios based on 
the molar fraction of CO2, O2, H2 and H2O in the anode and cathode in 
the MCFC, yielding to the partial pressure of these substituents to pro-
duce high power with maximum electric efficiency, which is discussed 
later. 

Table 8 
Thermodynamic properties of the state points for the hybrid combined engine using F1 (75%NG + 25%H2) fuel.  

State ṁ[kg/s]  T[C] P[kPa] h[kJ/kg] s [kJ/kg.K] exph [kJ/kg]  exch[kJ/kg]  Ėx[kW]  

B1  2.85 20 101.3 − 5.3  0.133  0.02  4.48  12.8 
B2  2.85 430.27 1500 421.9  0.262  388.82  4.48  1120.9 
B3  2.85 630.27 1500 643.6  0.539  527.89  4.48  1517.2 
B4  2.91 980 1500 − 184.7  0.937  899.52  154.35  3066.4 
B5  2.91 468.0 100 − 825.8  1.101  209.66  154.35  1059.3 
B6  2.91 568.0 100 − 706.0  1.252  284.24  154.35  1276.3 
B7  6.20 650 200 − 2372.8  0.928  515.62  78.46  3682.4 
B8  6.20 575.5 200 − 2474.8  0.813  448.01  78.46  3263.4 
B9  6.20 533.7 200 − 2531.0  0.745  412.04  78.46  3040.4 
B10  6.20 135 200 − 3040.4  − 0.121  160.94  78.46  1483.9 
E1  3.26 30 101.3 4.8  0.167  0.02  4.48  14.7 
E2  3.26 54.86 126.63 30.0  0.182  20.55  4.48  81.6 
E3  3.26 25 126.6 − 0.3  0.085  19.11  4.48  76.9 
E4  3.26 540.33 4800 545.0  0.085  564.38  4.48  1855.6 
E5  3.41 1150 9000 − 920.4  0.495  1310.68  46.44  4630.5 
E6  3.41 1350 9000 − 635.0  0.683  1540.13  46.44  5413.4 
E7  3.41 568.45 500 − 1708.9  0.683  466.19  46.44  1749.1 
E8  3.41 350 340 − 1978.3  0.432  271.77  46.44  1085.7 
E9  3.41 206.07 101.3 − 2147.5  0.496  83.38  46.44  442.9 
F1  0.15 20 1000 − 4441.3  − 6.769  688.59  50103.7  7618.8 
F2  0.1 20 101.3 − 4058.1  − 3.176  0.60  50103.7  5010.4 
F3  0.06 20 2000 − 4467.7  − 7.535  890.71  50103.7  3059.7 
M1  0.15 15.32 101.3 − 11099.8  − 6.364  − 6.15  33841.0  5075.2 
M2  0.15 300 200 − 6924.1  2.299  895.77  34491.0  5308.0 
M3  0.15 400 200 − 6536.5  2.987  1151.74  34386.0  5330.7 
M4  17.90 650 200 − 803.1  − 0.041  50.997  1528.65  28267.8 
M5  24.22 650 200 − 1020.4  0.360  153.0  1107.51  30525.7 
M6  24.22 650 200 − 642.1  0.233  130.83  1204.34  32333.9 
M7  18.02 650 200 − 46.9  − 0.178  7.31  1643.05  29737.2 
W1  0.1 20 101.3 − 16058.4  − 9.130  − 3.05  527.33  52.4  

Table 9 
The mole fraction of chemicals in the hybrid combined system using F1 (75%NG + 25%H2) fuel.  

State CO CO2 H2O H2 O2 N2 CH4 CO2-
3  

B1-B3 0 0 0 0 0.2166 0.7834 0 0 
B4-B6 0 0.0239 0.1112 0.0070 0.1229 0.7322 0.0027 0 
B7-B10 0 0.0247 0.2939 0 0 0.6814 0 0 
E1-E4 0 0 0 0 0.2166 0.7834 0 0 
E5-E9 0 0.0542 0.2524 0 0.0088 0.6846 0 0 
M1 0 0 0.2212 0.7487 0 0 0.0301 0 
M2 0.0257 0 0.1841 0.7873 0 0 0.0029 0 
M3 0.0026 0.0231 0.1610 0.8105 0 0 0.0029 0 
M4 0 0.0689 0.0798 0 0 0 0.0002 0.8511 
M5 0 0.0576 0.1285 0 0.0234 0.2979 0 0.4927 
M6 0 0.0111 0.1316 0 0 0.3050 0 0.5523 
M7 0 0 0 0 0 0 0 1 
W1 0 0 1 0 0 0 0 0  

Table 10 
Thermodynamic properties of the absorption refrigeration cycle.  

State ṁ[kg/s]  T[C] P[kPa] h [kJ/kg] s [kJ/kg.K] exph[kJ/kg]  xNH3  xH2O  Q 

A1  4.375 10 200 − 9903.9 − 10.494  44.61  0.524  0.476 0 
A2  4.375 10.31 2000 − 9900.6 − 10.491  47.10  0.524  0.476 0 
A3  4.375 72.31 2000 − 9608.1 − 9.559  61.72  0.524  0.476 0 
A4  2.903 125 2000 − 11747 − 8.509  71.58  0.324  0.676 0 
A5  2.903 32.92 2000 − 12187.8 − 9.767  5.38  0.324  0.676 0 
A6  2.903 33.23 200 − 12187.8 − 9.758  3.05  0.324  0.676 0.042 
A7  1.472 125 2000 − 3403.3 − 6.318  448.40  0.919  0.081 1 
A8  1.472 60 2000 − 4125.3 − 8.320  322.90  0.919  0.081 0.613 
A9  1.472 − 6.51 200 − 4125.3 − 7.594  106.61  0.919  0.081 0.766 
A10  1.472 28 200 − 3826.6 − 6.527  87.41  0.9189  0.081 0.917  
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The effect of fuels with the different combinations is studied in all 
systems. The ICE engine is the main prime mover in the trains and it 
works using fossil fuels, which have a negative impact on the environ-
ment. Therefore, the performance of the ICE engine is compared with 
respect to fuel types, as shown in Table 14. The net power of the ICE has 

been increased for all alternative fuels compared to ULSD (2172 kW). 
The added heat in the combustion is also increased using the alternative 
fuels compared to ULSD (4671.2 kW). The highest required heat is 
7833.5 kW for F1 (methane and hydrogen). The minimum required heat 
is used for combining methanol and hydrogen (4576.9 kW). Therefore, 
the thermal and exergy efficiency of the ULSD ICE engine are 46.5 and 
57%, respectively. The highest performance of the ICE engine under the 
same operating conditions and flow rates is using F2 (75% methanol and 
25% hydrogen). The remaining fuels (F1, F4, and F5) have similar 
thermal and exergy efficiency of about 35% and 41%, respectively, 
which are less than that of the ULSD. 

The effect of the fuels on the performance of the gas turbine system is 
studied, and the results are shown in Table 15. The maximum required 
heat in the combustion chamber is 2160.9 kW for F1 fuel, while the 
minimum required heat is 991.6 for F2. However, the maximum and 
minimum net power are 669.8 kW for F5 and 627.6 kW for F2. As a 
result, the maximum and minimum energetic and exergetic efficiencies 
are about 63% and 83% for F2 and 30% and 40% for F1, respectively. 

In addition, the effect of the fuels on the MCFC performance is 
investigated, as displayed in Table 16. The loss voltage is the summation 
of the activation losses of the anode and cathode and the ohmic loss. The 
cell voltage is the difference between the standard reversible potential 
and Nernst loss and activation. The highest loss voltage is 0.222 V for F1, 
while the minimum is 0.181 V for F2. Similarly, the maximum and 
minimum cell voltage is 0.851 and 0.818 V for F2 and F5, respectively. 
Hence, the cell power is the maximum of 939.6 kW for F1 and the 
minimum of 937.1 kW for F5. The required heat for the MCFC has a 
range of 1760 kW for F1 to 5215 kW for F2. Consequently, the maximum 
and minimum thermal and exergetic efficiencies are about 53% and 79% 

Table 11 
The energy loads and efficiencies of components using F1 (75%NG + 25%H2) 
fuel.  

Component Q̇[kW]  Ẇ[kW]  ĖxD[kW]  η [%] ψ [%] 

ICE-turbocharger 
TUR-C 0 82.0  15.0 80  81.68 
AFTRCOOL 98.7 0  3.1 100  34.71 
TUR-T 0 592.3  66.6 85  88.76 

GT System 
COMP1 0 1217.6  109.5 80  91.01 
HX1 631.8 0  23.2 100  99.54 
CCGAS 2160.9 0  4246.7 90  41.93 
TUR1 0 1865.6  141.9 85  92.39 

MCFC system 
MCFC 1758.7 939.6  1965.5 78.71e, 53.43th  78.90 
SR 626.4 0  67.8 90  77.44 
WGS 58.1 0  9.7 90  99.82 

Heat recovery heat exchangers 
COOLING 3358.7 0  787.9 100  52.62 
HX2 348.5 0  5.9 100  99.86 

ARS system 
ACOND 1215.0 0  83.5 100  88.94 
AEV 615.1 0  132.8 100  1.99 
AHX 1462.5 0  146.4 100  69.03 
AGEN 3346.0 0  157.4 100  81.28 
ABS 2763.0 0  170.0 100  21.72 
AP 0 17.3  4.2 70  75.97  

Table 12 
The ICE engine performance using F1 (75%NG + 25%H2) fuel.  

Description Aspen block 
name 

Q̇[kW]  Ẇ[kW]  

1–2 Isentropic compression COMP 0 1778.7 
2–3 Heat addition at constant volume ICE-CV 6812.2 0 
3–4 Heat addition at constant 

pressure 
CPHA 1021.4 63.0 

4–5 Isentropic expansion EXPAN 0 3774.5 
5–1 Heat rejection at constant volume COOL 1007.7 0  

Table 13 
The hybrid combined engine performance using F1 (75%NG + 25%H2) fuel.  

Subsystem Ẇ[kW]  Q̇add[kW]  Q̇rej[kW]  η [%] ψ [%] 

ICE  2569.2  7833.5  1106.4 32.8  40.17 
GC  648.0  2160.9  0.00 29.99  39.4 
MCFC  939.6  0.00  564.8 78.71e & 26.0th  78.9 
SR  0.00  626.4  0.00 90  77.44 
WGS  0.00  58.1  0.00 90  99.82 
ARS  17.3  0.00  615.1 18.29  9.54 
Entire System  4139.6  10678.9  615.1 44.52  50.4  

Table 14 
ICE performance with respect to different fuels.  

Parameter ULSD F1 F2 F3 F4 F5 

ẆICE[kW]  2172  2569.2  2477.4  2640.7  2640.7  2660.3 

Q̇ICE,add[kW]  4671.2  7833.5  4576.9  7276.7  7456.4  7672.0 

Q̇ICE,rej[kW]  968.9  1106.4  1004.1  1092.46  1092.5  1105.1 

ĖxICE,des[kW]  8033.3  13131.8  7325.8  12052.9  12169.3  12611.1 

ηICE[%]  46.5  32.80  54.13  36.29  35.42  34.68 
ψICE[%]  57.0  40.17  63.08  42.29  41.27  42.48  

Table 15 
Gas turbine performance with respect to different fuels.  

Parameter F1 F2 F3 F4 F5 

Q̇CCGAS[kW]   2160.9  991.6  1949.6  2018.9  2091.1 

ẆGT,net[kW]   648.0  627.6  665.2  665.2  669.8 

ηGT[%]   29.99  63.29  34.12  32.95  32.03 
ψGT[%]   39.35  83.04  44.77  43.83  42.61  

Table 16 
The MCFC performance with respect to different fuels.  

Parameter F1 F2 F3 F4 F5 

Vloss[V]   0.222  0.181  0.193  0.193  0.188 
Vcell[V]   0.820  0.851  0.822  0.824  0.818 

ẆMCFC,AC[kW]   939.6  974.9  942.0  943.7  937.1 

ẆMCFC,loss[kW]   254.2  207.5  221.0  221.2  214.8 

ηMCFC,e[%]   78.71  82.45  80.99  81.01  81.35 

Q̇MCFC,add[kW]   1758.7  5215.4  2414.3  2430.5  2460.7 

Q̇MCFC,loss[kW]   564.8  4033.0  1251.2  1265.7  1308.8 

ηMCFC,th[%]   53.43  18.69  39.02  38.83  38.08 
ψMCFC,th[%]   78.90  27.61  57.62  57.34  56.24  
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for F1 and 18% and 27%, respectively. 
The fuel and steam flow rates entering the MCFC are different for 

each fuel type as shown in Fig. 5. The S/C refers to the steam to carbon 
ratio, which is equivalent to the steam to fuel ratio. The steam flow rate 
at state point (W1) has two values of 0.1 kg/s for F1, F2, and F5 fuels and 
0.07 kg/s for F3 and 0.06 kg/s for F4. However, the fuel flow rates are 
0.05 kg/s for F1, 0.09 kg/s for F5, 0.1 kg/s for F3 and F4, and 0.22 kg/s 
for F2. Accordingly, the S/C is the highest of 0.2 for F2 and the lowest of 
0.04 for F2. These values of mass flow rates are chosen to avoid the 
resulting error in modeling the MCFC using Aspen Plus and to maintain 
the molar fraction of the substituents in the anode and cathode re-
actions, as shown in Table 17. The molar fraction of hydrogen in the 
anode should be above 0.8, while the carbon dioxide and steam are 
slightly above 0.1. however, the molar fraction of oxygen in the cathode 
is about 0.03 and above 0.05 to 0.08. These molar fraction values have a 
significant impact on Nernst loss potential, the activation loss in the 
anode and cathode since they are a function of partial pressures for H2, 
CO2, O2, and H2O in the anode and cathode plate. 

Furthermore, the effect of fuels on the absorption refrigeration sys-
tem is considered as illustrated in Table 18. The exhaust temperature 
should be cooled to 130℃ B10, and the heat rejected is used to increase 
the generator temperature to 125℃. The heating loads of the generator 
vary from 2917.8 kW for F5 to 3346 kW for F1. However, the cooling 
loads have a range from 439.8 kW for F5 to 615 kW for F1. The resulting 
COPen is about 15% except for F1 where it is 18%, while the COPex is 
about 7.8% and 9.5% for F1. The mass flow rates of ammonia pumped in 
State A1 are different to suit the generator load. 

The net power for the subsystems and overall system using different 
fuels are illustrated in Fig. 6-a. The overall net power is increased to 
more than 4000 kW for all fuels compared to 2000 kW of the traditional 
ICE. The specific fuel consumption is displayed in Fig. 6-b to show the 
ratio of the fuel mass flow rate to the net power of the system. The 
traditional ICE has 0.25 kg/kWh for ULSD fuel. However, the GT and 
MCFC have an average value of 0.32 and 0.35 kg/kWh using the ULSD 
fuel, respectively. The hybrid combined system has different values 
slightly changing from 0.25 and a maximum of 0.39 kg/kWh for F2 fuel. 
Using F1 fuel reduced the specific fuel consumption to 0.24 kg/kWh for 
the whole engine. The overall thermal and exergy efficiencies are similar 
in values of about 43% and 50%, respectively, for all fuels except F2 
(methanol and hydrogen) which has 68% thermal efficiency and 82% 
exergetic efficiency, as shown in Fig. 7-a. However, the CO2 emissions 
from the ICE using diesel fuel is the most significant of 0.45 kg/s. Using 
alternative fuels dropped this value by about 30% for F1 and 50% for 
fuels F2 to F5. The GT system produces less emissions of an average of 
0.05 kg/s, as shown in Fig. 7-b. The emissions from the MCFC is 
composed of the chemical reactions in the anode, cathode, SR, and WGS, 
as well as the emissions from the ICE and GT. Therefore, the emission of 
the MCFC has values of less than 0.1 kg/s for fuels F2 to F4, 0.15 kg/s for 
F5, and 0.27 kg/s for F1. That means a total reduction of 60% can be 
achieved using F2, while 65% F3 and F4 fuels. 

4.2.2. Effect of pressure on the MCFC performance 
The working pressure of the MCFC is studied with respect to the 

power and efficiency under a condition of maintaining the operating 
temperature at 650℃. Fig. 8 presented the change in output power and 
the electric efficiency. As observed, increasing the pressure from 100 to 
1000 kPa increases the output power from 800 kW to 1100 kW and 
correspondingly increases the electric efficiency from 75% to 90%. 
However, increasing the pressure raises the thermal efficiency to its 
maximum at 200 kPa then gradually decreases to the minimum value for 
each fuel type. In addition, the exergetic efficiency shows similar trends 
as the thermal efficiency shown in Fig. 9. The net power was gained by 
using F3 fuel, but the highest thermal and exergetic efficiency were 
obtained by F5 fuel. This is due to the increase in the required heat for 

Fig. 5. The fuel and steam mass flow rate entering the SR and the S/C ratio.  

Table 17 
Molar fraction of substituents on anode and cathode of MCFC.  

Substituent F1 F2 F3 F4 F5 

Anode      
xH2   0.8105  0.8618  0.8062  0.8229  0.8016 
xCO2   0.0689  0.1285  0.1200  0.1204  0.1429 
xH2O   0.0798  0.1181  0.1280  0.1255  0.1513 
Cathode      
xO2   0.0234  0.0419  0.0325  0.0326  0.0341 
xCO2   0.0576  0.0870  0.0699  0.0700  0.0757  

Table 18 
The absorption Refrigeration system performance with respect to fuels.  

Parameter F1 F2 F3 F4 F5 

Q̇AGEN[kW]  3346.0  3218.9  2944.5  2944.5  2927.8 

Q̇AEV[kW]  615.1  483.6  442.3  442.3  439.8 

Q̇ABS[kW]  2763.0  2549.3  2332.0  2332.0  2318.8 

Q̇ACON[kW]  1215.01  1168.8  1069.2  1069.2  1063.1 

ẆAP[kW]  17.26  15.73  14.39  14.39  14.30 

COPen[%]  18.29  14.95  14.95  14.95  14.95 
COPex[%]  9.54  7.80  7.8  7.8  7.8 
ṁABS[kg/s]  5  4.81  4.4  4.4  4.375 

. 
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Fig. 6. The net power and specific fuel consumption for the subsystems and overall system.  

Fig. 7. The overall efficiencies for the overall system and the CO2 emissions for the subsystems.  

Fig. 8. The output power and electric efficiency for the MCFC using different fuels.  
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chemical reactions in the anode, cathode, and catalytic burner. There-
fore, the best operating pressure is 200 kPa to produce high output 
power with high electric, thermal, and exergetic efficiencies for all 
alternative fuels. 

4.2.3. Effect of high pressure on the GT performance 
High pressure has an interesting role in the GT performance, as 

shown in Fig. 10. Two conditions hold for the analysis, including the 
output temperature of the heat exchanger (HX1) at B3 to be 630℃ 
because of the constant operating temperature of the MCFC as it is linked 
to the HX1 and the output temperature of combustion for the turbine 
safety at 980℃. Therefore, increasing the high pressure of the GT 
significantly decreases the net power of the system from 700 to 550 kW. 
Consequently, it slightly decreases the thermal efficiency from 35% to 
28% and exergetic efficiency from 45 to 40%. The maximum net power 
can be accomplished using the combination of all fuels as in F5, while 
the minimum power can be fulfilled using F2 of methanol and hydrogen 
fuel mixture for all the pressure range. The decrease in net power is due 
to the combination of a significant increase in the compressor power 
compared to a gentle increase in turbine power. 

In addition, the decrease in the efficiencies is because of increasing 
the combustion heat due to the increase of pressure, as shown in Fig. 10- 
b. At 900 kPa, the thermal and exergetic efficiencies are 31.9% and 
41.9% for F1, 67.9% and 89.1% for F2, 36.2% and 47.5% for F3, 34.9% 
and 45.8% for F4, and 33.9% and 44.5% for F5, respectively. At 2000 

kPa, the thermal and exergetic efficiencies decrease to 27.3% and 35.8% 
for F1, 57.3% to 75.1% for F2, 31.2% and 40.9% for F3, 30.1% and 
39.5% for F4, and 29.3% and 38.3% for F5, respectively. In previous 
analyses, the GT was modeled at a high pressure of 1500 kPa, which 
produced a net power of an average of 650 kW, which was not the best 
choice. Therefore, the best operating high pressure of the system is at 
900 kPa to increase the net power to 700 kW and increase the thermal 
efficiency to 35%. 

The hybrid combined locomotive engine has many components but it 
can be technically applied and compatible. According to the net power 
of each subsystem, the weight of the ICE is 18,000 kg, which is given in 
the specification of EMD 16–710-G3 in Table 1. The weight of the MCFC 
is estimated to be 10,330 kg, as 10 kg/kW [15], which is about 57% of 
the ICE. Also, the weight of the GT is evaluated to be 600 kg about 3% of 
the ICE [32]. In addition, the weight of ABS is 4816 kg about 27% of the 
ICE [33]. That means the weights of all subsystems are 33,746 kg which 
is doubled the weight of the ICE. The current hood unit has the ICE unit 
and fuel storage tank, but it can be modified and extended to include the 
subsystems. The MCFC stacks can be distributed at the rooftop of the 
hood unit, and the GT engine has the smaller weight and size to be 
placed as the behind the ICE. The ARS is placed at the end of hood unit 
since its generator is connected to the exhaust gases of the three sub-
systems. The condenser can be exposed to the outside of the unit which 
can be cooled by the outside, high-speed, moving air. The evaporators 
can be distributed at the top of other fleet units to provide the required 

Fig. 9. The energetic and exergetic efficiencies of the MCFC using different fuels.  

seicneiciffecitegrexednacitegrenE)b(rewopteN)a(

Fig. 10. The net power and energetic and exergetic efficiencies of GT using different fuels.  
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cooling loads. In addition, the fuel storage tanks can be located at the 
end of a hood unit and stacked. It is preferable to use liquid phases to 
reduce the tank sizes. 

5. Conclusions 

This paper presents an investigation of the performance of a pro-
posed hybrid combined locomotive engine using five alternative fuels 
with different combinations. The proposed locomotive engine system 
consists of the ICE, GT, and MCFC, in addition to an absorption system. 
Thus, the main output from this system are electric power and cooling 
loads for air conditioning the trains. The alternative fuels are natural 
gas, methanol, ethanol, hydrogen, and dimethyl ether, and different 
combinations of them. A number of points can be concluded from this 
study, as follows:  

• The utilization of alternative fuels increases theoutput power 
compared to the fossil fuel in the ICE engine by 25%. Also, the net 
power of the ICE using different fuels has increased fourfold of that of 
the GT and threefold of that of the MCFC.  

• The proposed hybrid combined engine system has doubled the net 
power of the GT to 4200 kW with less specific fuel consumption.  

• The overall efficiency of the hybrid combined system is about 43% 
and 55% thermal and exergetic efficiencies, respectively. The highest 
performance can be obtained using the fuel with the mass fractions of 
75% methanol and 25% hydrogen. The performance can reach 68% 
thermal efficiency and 82% exergetic efficiency.  

• The alternative fuels used produced 65% reduction in emissions., 
The minimum environmental impact can be achieved by the fuel 
with 75% methanol and 25% hydrogen at less than 0.08 kg/s.  

• Combining all the alternative fuels as in F5 produced slightly high 
emissions about 0.15 kg/sCO2 eq. However, it has less specific fuel 
consumption of 0.25 kg/kWh and produced high power of 4250 kW.  

• Increasing the operating pressure from 100 to 1000 kPa can increase 
the net power of the MCFC from 800 to 1100 kW and its electric 
efficiency from 70 to 90%. However, it decreases the thermal effi-
ciency from 38% to 20% and the exergetic efficiency from 40 to 30%. 
The best operating pressure is at 200 kPa because of the maximum 
thermal and exergetic efficiencies and high electric performance.  

• Increasing the high pressure of the GT system leads to a gradual 
decrease of the thermal and electric performances. The net power 
decreases from 700 kW to 550 kW with a gradual decline to 25% and 
40% in thermal and exergetic efficiencies, respectively. The best 
performance should be at 900 kPa to produce 700 kW. 

Finally, the proposed hybrid combined engine system reported in 
this paper provides clean rail transportation. It is considered an eco-
friendly approach to produce electric power using alternative fuels to 
enhance environmental sustainability. Further analyses will be per-
formed in the near future focusing on multi-objective optimization, 
exergoenvironmental, and exergoeconomic analyses for a more 
comprehensive assessment of the proposed system for practical 
applications. 
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