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A B S T R A C T   

Alternative and clean powering options are recognized as a crucial step in making rail transportation 
environmentally-benign, efficient and sustainable. This paper presents the exergetic, exergoeconomic and 
exergoenvironmental analyses of a new hybrid locomotive powering system, consisting of an internal combustion 
engine, molten carbonate fuel cell, gas turbine, and absorption refrigeration system. Five alternative fuels are 
selected and considered with different concentrations, such as natural gas, methanol, ethanol, dimethyl ether, 
and hydrogen. The entire system achieves a high exergetic efficiency of 83% with a total exergy destruction of 
17 MW. The system components have a total levelized capital cost of 32.15 $/h and component-related envi-
ronmental impact of 86 mPt/h. The entire system has a specific exergy cost and specific environmental impact of 
0.10$/GJ and 69.4 mPt/MJ, respectively. It has the total exergoeconomic and environmental impact factors of 
3.7% and 0.015%, and the relative cost and environmental impact differences of 21.9% and 19.4%, respectively. 
The fuel blend of 75% pure natural gas and 25% hydrogen is found to be the most cost effective option with the 
least environmental impact, compared to other alternative fuel blends.   

1. Introduction 

The different modes of transportation have increased due to popu-
lation growth to facilitate the services among cities and the world [1]. 
The total transportation energy of Canada has been increased by 17% 
from 2000 to 2018 to 2,717 PJ [2]. The primary fuels that contribute to 
transportation are gasoline (56%), diesel (28%), and then turbo-fuels 
(11%). This results in increasing greenhouse gases (GHG) emissions by 
27% to 182 Mt CO2eq from 2000 to 2018 [2]. 

Many studies have been implemented on locomotive engines. 
Hogerwaard and Dincer [3] developed the internal combustion engine 
(ICE) using ammonia-ultra low sulfur diesel (NH3-ULSD) to contain 
ammonia decomposition unit to produce hydrogen from ammonia on-
board by recovering heat losses. As a result, the performance of the 
locomotive engine has been slightly improved by 1%, but carbon 
emissions have significantly been increased by 53%. Also, Zenith et al. 
[4] studied the potential of electrification of two non-electrified railway 
lines in Norway and USA using batteries, hydrogen, or hydrogen-battery 
powering systems. The electrification has improved the overall train 
efficiency (60–85%) compared to diesel locomotives (25%), but it re-
quires overhead line equipment, which adds significant annual cost. To 

reduce this cost, hybridization of hydrogen fuel cell and batteries can be 
used to improve train performance under governmental economic sup-
port as occurred in Norway, and paid back by 2030 in USA. 

Alternative fuels have been utilized in numerous recent studies. 
Some of these have focused on a hybrid locomotive engines [5,6] which 
was comprised of a solid oxide fuel cell (SOFC) and an ammonia organic 
Rankine cycle (ORC). They used methane in the gas turbine and SOFC 
and ammonia in ORC. The total power increased from 87.4 to 239.2 kW 
with energetic and exergetic efficiencies of 74% and 72%, respectively. 
Also, Kumar et al. [7] studied the feasibility of 90% diesel substitute 
with methanol in ALCO-251 locomotive engines in Indian Railways. 
They conducted a simulation and experimental research. They found 
that the methanol with diesel pilot injection can improve a brake ther-
mal efficiency from 40% to 42% and decrease the nitrogen oxides 60%. 

Few studies have conducted exergoeconomic analysis and exer-
goenvironmental analysis to address engine systems economically and 
environmentally. Uysal and Keçebaş [8] performed an exergoeconomic 
analysis on a real gas turbine engine in order to reduce the exergy 
destruction cost rate of the system. In addition, Chitgar and Emadi [9] 
applied exergoeconomic analysis on a hybrid SOFC and gas turbine 
system combined with a desalination and organic flash cycle for a res-
idential building. The obtained costs were 3.4 ȼ/kWh for electricity, 
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37.8 ȼ/m3 for fresh water and 1.7 $/kg for hydrogen. Aghbashlo et al. 
[10] performed exergoeconomic analysis on a single-cylinder Recardo 
diesel engine using different biodiesel concentrations (B5) blended with 
diesel fuel. They found that the pure diesel decreased to the specific 
exergy cost 48.81 $/MJ for full load compared to 53 $/MJ for 3% 
emulsified water-biodiesel (B6W3m). However, the fuel blend of 
B5W3m had high exergetic efficiency of 28% to 33% according to the 
engine load percentage and higher exergoeconomic factor of 4% and the 
minimum relative cost difference of 1.6. That showed the fuel blend of 
B5W3m was exergetically and economically effective fuel. Cavalcanti 
et al. [11] performed exergoeconomic and exergoenvironmental anal-
ysis on different mixtures of biodiesel and diesel in a direct-injection 
engine of 27 kW. They found that low biodiesel concentration had a 
slightly higher exergy efficiency of 33% than pure diesel 32%. Also, the 
exergoeconomic factor was higher for 5% biodiesel (D95B5) of 0.36% 
than for pure biodiesel (B100) of 0.16%. However, biodiesel had a lower 
environmental impact of 55.8 mPt/kg than that 240 mPt/kg of diesel. 
Increasing the biodiesel concentration decreased the environmental 
impact from 33.7 mPt/MJ to 19.41 mPt/MJ. 

Furthermore, the ICE has been combined with cogeneration power 
plants in different applications. Hoang [12] reviewed a combined diesel 
engine and organic Rankine cycle (ORC) to utilize wast heat recovery. 
This combination can reduce fuel consumption by 10% and increase the 
overall efficiency to 60–90% according to the working fluid of (ORC). 
Zhang et al. [13] presented a hybrid system of proton membrane fuel 
cell and an Otto cycle for vehicles. They found that the efficiency and 
optimum power density varied with respect to the mole fraction of 
natural gas and the use of PEM increased the efficiency of the Otto cycle. 

Additionally, Cavalcanti [14] studied a trigeneration system driven by a 
dual-fuel marine engine using pure diesel and gas-diesel fuels. He per-
formed thermodynamic and exergoenvironmental analysis to investi-
gate the system performance. The diesel engine produces 6.9 MW of 
electricity, 28 kW of cooling water, and 280 and 590 kW of heating load. 
The engine performance enhanced for using pure diesel compared to the 
gas-diesel fuel. However, the dual fuel (gas-diesel) had less electricity 
environmental impact of 62 mPt/kWh than 72 mPt/kWh of diesel 
because of pollution formation of chemical reactions. The specific 
environmental impact of products was 62 mPt/kWh for electric power, 
31 mPt/MJ for chilled water, 13 mPt/MJ for heating services. 

Some related studies have been conducted for hybrid power plants. 
Lee et al. [15] developed a hybrid power generation system and per-
formed exergetic and exergoeconomic analysis. The hybrid system 
comprises solid oxide fuel cell (SOFC) and ICE, and other additional de-
vices such as heat exchangers and blowers. They used liquified natural 
gas (LNG). The unit exergy cost of LNG was $12.62/GJ. The researchers 
found that the extensive exergy destruction occurred in the ICE, followed 
by heat exchangers then SOFC. Also, the SOFC had the highest exer-
goeconomic factor of 93%. However, the heat exchanger had the lowest 
exergoeconomic factor of 7%. The ICE and SOFC produced a power of 
11.36 kW and 93 kW, respectively. The net power was 101 kW with an 
overall system efficiency of 62.1% and exergetic efficiency of 57.0%. In 
addition, the combination of SOFC and turbomachinery improved the 
thermal efficiency of overall cycle to reach to 65% [16,17]. 

As presented before, most of the research conducted on locomotive 
engines focused on thermodynamic analysis for traditional engines 
using different fuels and injection methods. There are similar studies 

Nomenclature 

Symbols 
A area [cm2] 
b specific exergoenvironmental impact [mpt/mj] 
Ḃ exergoenvironmental rate [mpt/h] 
c specific exergoeconomic rate [$/gj] 
C equipment cost [$] 
Ċ exergoeconomic rate [$/h] 
Ėx exergy [kw] 
f relative cost/exergoenvironmental difference 
F Faraday constant [c/mol] 
h specific enthalpy [kj/kg] 
i interest rate [%] 
j current density [ma/cm2] 
N number of cells/stacks 
m component mass [kg] 
ṁ mass flow rate [kg/s] 
P pressure [kpa] 
Q̇ heat rate [kw] 
r exergoeconomic/exergoenvironmental factor 
R resistive loss [ω − cm2] 
R molar gas constant [j/mol.k] 
s specific entropy [kj/kg.k] 
T temperature [k] 
v specific volume [m3/kg] 
V voltage [v] 
Ẇ power [kw] 
y exergy destruction ratio [%] 
y* irreversibility ratio [%] 
Ẏ component-related environmental impact [mpt/h] 
Z purchase equipment cost in 2020 [$] 
Ż total investment cost rate [$/h] 

Abbreviations 
ARS absorption refrigeration system 
BR catalytic burner 
C compressor 
CC combustion chamber 
CRF capital recovery factor 
DME dimethyl ether 
F alternative fuels 
GT gas turbine cycle 
HX heat exchanger 
ICE internal combustion engine 
MCFC molten carbonate fuel cell 
SR steam reforming 
T turbine 
WGS water gas shift 

Subscript 
an anode 
b environmental 
ca cathode 
D destruction 
F fuel 
in inflow 
j component number 
ohm ohmic 
out outflow 
P product 
t total 

Greek letters 
π compression ratio 
ε exergetic efficiency [%] 
ξ inverter efficiency [%] 
γ specific heat ratio  
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appeared, particularly for hybrid locomotive engines. However, the 
exergoeconomic and exergoenvironmental analyses have not been 
conducted on hybrid types of powering options for locomotives yet. The 
novelties of this paper are threefold: (a) The proposed system is an 
innovative and newly developed one, particularly for clean rail appli-
cations, comprising of three powering systems, such as ICE, MCFC and 
GT which are uniquely integrated and not considered before. (b) The 
proposed system uniquely deploys natural gas, methanol, ethanol, 
dimethyl ether and hydrogen with different blending ratio, and 
hydrogen is the common fuel, instead of traditional fossil fuels. (c) The 
proposed system is analyzed using three methods: exergetic analysis, 
exergoeconomic analysis, and exergoenvironmental analysis to investi-
gate the exergy, cost and emission values accordingly, which in this 
regard comprehensively evaluates it economically and environmentally. 
The system developed in this paper is a modified version of a previously 
developed hybrid combined locomotive engine system by the authors 
[18]. The specific objectives of this study are listed as follows: (i) to 
model the proposed system exegetically according to fuel and product 
exergy rates with various alternative fuels and their blends, (ii) to 
economically investigate the hybrid combined locomotive system using 
exergoeconomic analysis, (iii) to environmentally investigate the hybrid 
combined locomotive system using exergoenvironmental analysis, and 
(iv) to investigate the usage of alternative fuel blends from economic 
and environmental aspects. 

2. System description 

A hybrid combined locomotive engine consists of three subsystems: 

an internal combustion engine (ICE) with a turbocharger compressor 
(C1) and turbine (T1); a gas turbine (GT) consisting of a compressor (C2), 
a combustion chamber (CC) and a turbine (T2), and two heat exchangers 
(HX1 and HX2); a molten carbonate fuel cell (MCFC) combined with a 
steam reformer and a water gas shift reactors; and an absorption refrig-
eration system (ARS), as shown in Fig. 1. The ICE is selected to be EMD 
16-710-G3 because it is the most popular engine types in rail trans-
portation sectors in the provinces of Ontario and Quebec in Canada. Five 
fuel blends are used with different mass fractions as mentioned below:  

• F1 (75%wt natural gas and 25%wt hydrogen)  
• F2 (75%wt methanol and 25%wt hydrogen)  
• F3 (60%wt ethanol and 40%wt hydrogen)  
• F4 (60%wt DME and 40%wt hydrogen)  
• F5 (15%wt natural gas, 40%wt hydrogen, 15%wt methanol, 15%wt 

ethanol, and 15%wt DME). 

This system is a modified version of the hybrid combined locomotive 
powering system which was simulated using the Aspen Plus to design and 
evaluate the system thermodynamically by the authors elsewhere [18]. 

2.1. Locomotive engine 

The locomotive engine is internal combustion engine (ICE) which 
has the characteristics of dual fuel cycle with two-stroke compression 
ignition, which its specifications are reported in these references 
[19,20]. The ideal dual cycle comprises of five processes starting from 
isentropic compression, and followed by heat addition at constant 

Fig. 1. Configuration of the proposed hybrid combined locomotive system.  
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volume and heat addition at constant pressure, then isentropic expan-
sion, and finally constant volume heat rejection, as shown in Fig. 2 for T- 
s diagram. The thermodynamic equations are written for the five pro-
cesses in Table 1 for the ideal case including the pressure–temperature 
relationship, and heat and work formulas for each process. 

As listed in Table 1, π is the compression ratio (π = 15), γ is the 
specific heat ratio of air (γ = 1.4), v is the specific volume, and cp and cv 

are the specific heat at constant pressure and at constant volume, 
respectively. The heat addition, Q̇A, to the engine is the total required 
heat for process 2–4 as, and the heat rejection, Q̇R, is from process 5–1. 
The engine output power, ẆICE, consists of the net engine power and net 
power of turbocharger turbine (ẆT1) and compressor (ẆC1). These pa-
rameters are then written as: 

Q̇A = Q̇2− 3 + Q̇3− 4 (1a)  

Q̇R = Q̇5− 1 (1b)  

ẆICE = Ẇ1− 2 + Ẇ3− 4 + Ẇ4− 5 + ẆT1 − ẆC1 (1c) 

For the ICE system, air flows at 3.262 kg/s, 30 ◦C, and 101.3 kPa and 
is compressed to 127 kPa into the turbocharger compressor (C1). It then 
flows at 54.8 ◦C and 127 kPa to an aftercooled heat exchanger (AC) into 
the ICE at 25 ◦C. Also, the fuel blend is pumped at 0.15 kg/s to the ICE 
for combustion and added work to reach maximum operating condition 
of 9000 kPa and 1350 ◦C. Then, the exhaust gas is expanded to 580 ◦C 
and 500 kPa and cooled at constant volume at 350 ◦C and 340 kPa in the 
ICE. After that, the exhaust gas at 3.412 kg/s is rejected from the engine 
at a4 and expanded in the turbocharger turbine (T1) to 208 ◦C and 
101.3 kPa at a5. The final exhaust gas is used in the MCFC system. The 
ICE has a net power of 2570 kW, heat transfer of 7834 kW, a thermal 
efficiency of 33% and exergy efficiency of 40%, respectively. 

2.2. Gas turbine system 

The gas turbine (GT) cycle is a reheat-Brayton cycle comprising of a 
compressor, heat exchanger, combustion chamber, and turbine. The net 
power, ẆGT, and heat combustion, Q̇CC, are written below: 

ẆGT = ẆT2 − ẆC2 (2a)  

Q̇CC = ṁB4hB4 − ṁFhF1 − ṁB3hB3 (2b) 

Note that the air amount at 2.85 kg/s is compressed by (C2) from 
101.3 kPa to 1500 kPa, then heated by HX1 from 430 ◦C to 630  ◦C. The 
fuel blend flows at 0.06 kg/s entering the combustion chamber (CC) to 
heat the air mixture to 980 ◦C at b3. Then, the air mixture is expanded in 
the turbine (T2) to 200 kPa in the GT system then used in the MCFC 
system. The GT net power is 648 kW, and the added heat is 2161 kW. 
These results show that the performance of GT is 30% and 39% energetic 
and exergetic efficiency, respectively. The stoichiometric reactions of 
the fuels that occurred in the combustion chamber and piston chamber 
are listed below: 

•Hydrogen: 2H2 + O2 →2H2O, ΔHc = − 286kJ/mol
•Methanol: CH3OH+ 1.5O2 →CO2 + 2H2O, ΔHc = − 726kJ/mol
•Ethanol: CH3OHCH2 + 3O2 →2CO2 + 3H2O, ΔHc = − 1366.91kJ/mol
•DME: CH3OCH3 + 3O2 →2CO2 + 3H2O, ΔHc = − 2726.3kJ/mol
•NG: CH4 + 2O2 →CO2 + 2H2O, ΔHc = − 891kJ/mol 

Fig. 2. The T-s diagram of the ICE engine without a turbocharger (Updated from [18]).  

Table 1 
The detailed description of the dual cycle processes.  

Process Description P-T formulas Heat Work 

1–2 Isentropic 
compression 

P2 = P1πγ

T2 = T1π(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
π

)γ

T5 = T4

(
1
π

)(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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2.3. Molten carbonate fuel cell 

The molten carbonate fuel cell (MCFC) is manufactured by eutectic 
mixtures of Li2CO3, Na2CO3, and K2CO3 [21]. The operating tempera-
ture should be 923 K (650 ◦C) greater that the metling point of car-
bonates (500 ◦C) preventing electrolyte solidification or volatilization. 
The specifications of the MCFC are listed in Table 2. The electricity is 
generated by the electrothermal reactions of the MCFC in the anode and 
cathode layers as shown below: 

•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

)

This MCFC system required a steam reforming (SR) and water gas 
shift (WGS) units placed before the MCFC unit to yield H2 and CO from 
the fuel blends in the MCFC stack [22] in the anode layer, which have 
the chemical reactions as below. However, the CO2 from WGS is 
consumed by the electrolyte molten carbonates. Also, any unreacted 
fuels flow is completely combusted with air in the catalytic burner (BR) 
and used again in the cathode layer. 

• SR: CH4 + H2O → CO + 3 H2 Δh0
298K = 206 kJ/mol

• WGS: CO + H2O → CO2 + H2 Δh0
298K = − 41 kJ/mol 

The MCFC cell voltage, Vcell, is calculated by the reversible potential 
and reduced by the Nernst loss, concentration loss, and activation po-
larization [23], which is written as: 

Vcell = V0 − VNernst − j(Ran +Rca +Rohm) (3)  

where V0 and VNernst are the reversible voltage at standard conditions 
and the Nernst voltage loss [V], respectively. Those potentials are 
maximized at open-circuit conditions there is no current in the circuit. 
The j is the current density [mA/cm2]. Ran, Rca, and Rohm are the anodic 
and cathodic activation losses and the ohmic losses [Ω − cm2], respec-
tively. The activation losses occurs to breakdown the chemical bonds of 
hydrogen and oxygen molecules in the electrochemical reaction, while 
the ohmic losses occurs due to the ionic and electronic conduction at the 
electrodes and the contacts [24]. The detailed equations for each 
parameter are explained in Eqs. (4)–(8) 

V0 = −
Δg
nF

(4)  

VNernst =
RTc

nF
ln

(
PH2 ,anPCO2 ,an

PH2 ,an
̅̅̅̅̅̅̅̅̅̅̅
PO2 ,ca

√
PCO2 ,ca

)

(5)  

Ran = 2.27 × 10− 5 × exp

⎛

⎝Δhan

RTc

⎞

⎠× P− 0.42
H2

P− 0.17
CO2

P− 1.0
H2O (6)  

Rca = 7.505 × 10− 6 × exp

⎛

⎝Δhca

RTc

⎞

⎠× P− 0.43
O2

P− 0.09
CO2

(7)  

Rohm = 0.5 × exp
[

3016
(

1
Tc

−
1

923

)]

(8)  

where F is the Faraday constant (96,485 C/mol), n is the molecular 
number of H2, and Δg is the Gibbs free energy across the fuel cell. R is the 
molar gas constant (8.314 J/molK), and P is the partial pressure at each 
electrode. Δhan and Δhca are the activation energy values in the anode 
and cathode, respectively. The net power output of an MCFC [W] is 
estimated as follows: 

ẆMCFC,AC = (AcNcNs) j Vcell ξDC− AC (9)  

where Ac is the active area [cm2], Nc and Ns are the number of cells per 
stack and the number of stacks, respectively. ξDC− AC is the inverter ef-
ficiency to flip the direct current (DC) to alternating current (AC) and 
equals 0.95. 

Based on the results of Aspen Plus simulation for MCFC, the fuel 
flows at 0.05 kg/s is blended with water at 0.1 kg/s. The fuel mixture is 
heated by the heat exchangers (PR1 and PR2) and enters SR at 300  ◦C 
and 200 kPa, then WGS at 400 ◦C and 200 kPa to enter the MCFC anodic 
layers at 650 ◦C and 200 kPa, where the electrochemical reactions 
happen. Then, the anodic effluent enters a catalytic burner (BR) to 
combust any by-products with the exhausted air of GT system, where 
their product flows to the cathodic layer of MCFC to extract the carbon 
monoxide and carbon dioxide gases by the molten electrolytes. As a 
result, the exhaust gases has reduced their carbon emissions besides to 
the electricity generation from the fuel cell. The MCFC system has a net 
power of 939 kW, heating loss of 565 kW, electric efficiency of 79%, 
thermal efficiency of 53%, and exergy efficiency of 79%. The chemical 
reactions fuel combination in the SR, WGS, and CB are tabulated in 
Table 3. 

2.4. Absorption refrigeration system 

The absorption refrigeration system (ARS) is used to convert the 
heating load into the cooling load [25]. The ARS comprises of an 

Table 2 
The characteristics of MCFC unit.  

Elements Value Units 

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

Anode activation energy, Δhan  53,500 J/mol 

Cathode activation energy, Δhca  77,300 J/mol 

Ac  6700 cm2 

Nc  400 cells – 
Ns  3 stacks –  

Table 3 
The chemical reactions of fuel combination in SR, WGS, and CR.  

Fuels SR WGS BR 

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

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

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

CH3OH + 1.5O2 → CO2 +

2H2O 
2H2 + O2 → 2H2O 
2CO + O2 → 2 CO2 

F3 CH3OHCH2 → CH4 +

CO + H2 

CH4 + H2O → CO + 3H2 

CO + H2O → 
CO2 + H2 

CH3OHCH2 + 3O2 → 2CO2 

+ 3H2O     

2H2 + O2 → 2H2O    
2CO + O2 → 2CO2 

F4 CH3OCH3 → CH4 + CO 
+ H2 

CH4 + H2O → CO + 3H2 

CO + H2O → 
CO2 + H2 

CH3OCH3 + 3O2 → 2CO2 

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

F5 CH4 + H2O → CO + 3H2 

CH3OH → CO + 2H2 

CH3OHCH2 → CH4 +

CO + H2 

CH3OCH3 → CH4 + CO 
+ H2 

CO + H2O → 
CO2 + H2 

CH4 + 2O2 → CO2 + 2 H2O 
CH3OH + 1.5O2 → CO2 +

2H2O 
CH3OHCH2 + 3O2 → 2CO2 

+ 3H2O    

CH3OCH3 + 3O2 → 2CO2 

+ 3H2O    
2H2 + O2 → 2H2O    
2CO + O2 → 2CO2  
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evaporator (AEV), a condenser (ACN), a generator (AGN), an absorber 
(ABS), a regenerator heat exchanger (AHX), two expansion valves, and a 
pump (AP). The working fluid is an ammonia-water mixture. Table 4 
shows the mass balance and energy balance equations for the ARS 
components. 

For the ARS, the exhaust of MCFC (b7) flows at 6.20 kg/s, and 650 ◦C 
and 200 kPa and then is cooled to 575 ◦C after heating the entrance of 
combustion chamber, cooled to 534 ◦C after heating the turbine exit, 
and cooled to 135 ◦C after used in ARS. The ARS is operated using an 
ammonia-water mixture of 5 kg/s, and 10 ◦C, and 100 kPa at the pump 
entrance (AP) to be pumped to 2000 kPa. This cooling system uses a 
heating load of the generator (AGEN) of 3346 kW to provide a cooling 
load of 615 kW. Therefore, the energetic and exergetic COPs of the ARS 
are 18% and 10%, respectively. 

3. Analysis and assessment 

The present paper is primarily focussed on the economic and envi-
ronmental assessments. These assessments are based on exergetic anal-
ysis, which focuses on the second-law thermodynamic analysis and 
evaluates the irreversibility of the system, and its components. The 
exergetic analysis is a useful concept and can be associated with costs 
(so-called exergoeconomic analysis) and environmental impact (so- 
called exergoenvironmental analysis) to estimate the economic loses 
and environmental loses due to the irreversibility of the system 

components. Therefore, exergoeconomic and exergoenvironmental an-
alyses, which are based on exergetic analysis, are conducted to study the 
performance and hence efficiencies of the hybrid combined engine. 

The exergetic performance of the locomotive engine is considered in 
the analysis. The summation of input exergy rates, including the work 
exergy and thermal exergy, can be described as the fuel exergy rate 
(ĖxF,j), whereas the summation of output exergy rates can be described 
as the product exergy rate (ĖxP,j). The fuel and product exergy rates for 
the system components are listed in Table 5. The difference between the 
fuel exergy and product exergy is expressed as the destruction exergy 
rate, ĖxD,j. The irreversibility ratio (y*

j ) is the ratio of exergy destruction 
of a component to the total exergy destruction, while the exergy 
destruction ratio (yj) is defined as the ratio of exergy destruction to the 
total fuel exergy rate of the system. The exergetic efficiency of a 
component (εj) is expressed as the ratio of the product to the fuel exergy, 
whereas for the system (εt) is obtained as the ratio of total product 
exergy rate to the total component exergy rate as follows: 

ĖxD,j = ĖxF,j − ĖxP,j (10)  

yj =
ĖxD,j
∑

ĖxF,j
, y*

j =
ĖxD,j
∑

ĖxD,j
, εj =

ĖxP,j

ĖxF,j
, εt =

∑
ĖxP,j

∑
ĖxF,j

(11)  

3.1. Exergoeconomic analysis 

The specific exergy costing SPECO consists of three main steps [26]: 
identification of exergy streams, the definition of fuel and product, and 
implementation of cost equations. The exergy costing is defined as the 
cost rate associated with each exergy stream, including exergy entering 
and exiting stream matters, exergy power, and thermal exergy rate due 
to the heat transfer crossing the boundary of the system. Therefore, the 
cost rate Ċ of exergoeconomic analysis of the system can be summarized 
as follows: 

Ċin = cinĖxin (12a)  

Ċout = coutĖxout (12b)  

ĊW = cW Ẇ (12c)  

ĊQ = cQĖxQ (12d)  

where Ċ is the cost rate used for the exergoeconomic analysis, c denotes 
the cost per unit of exergy, and Ėx is the associated exergy transfer rate 
for the stream and the heat transfer. The cost balance can then be written 
as follows: 
∑

Ċout,j + ĊW,j =
∑

Ċin,j + ĊQ,j + ŻT
j (13)  

ŻT
j = ŻCI

j + ŻOM
j = ŻCI

j × φ =
Zj × CRF × φCO

τ (14)  

where ŻT
j is the total costs of the capital investment cost (ŻCI

j ) and 

operating-maintenance costs (ŻOM
j ) of each component (j). φCO refers to 

the factor of operation-maintenance cost, which is a function of the 
capital cost. The CRF is the capital recovery factor, which depends on 
the interest rate and estimated equipment lifetime, and can be estimated 
using the following equation: 

CRF =
i(1 + i)n

(1 + i)n
− 1

(15)  

where i, and n denote real interest rate and system lifetime (in years). 
The i is a function of the nominal interest rate (in) and inflation rate (rf ) 
and can be expressed as 1+i = (1 + in)/(1 + rf ). The Zj the purchase 

Table 4 
Mass balance and energy balance equations for ARS.  

Component Mass Balance Energy Balance 

AGN ṁA3 = ṁA4 + ṁA7  Q̇AGN = ṁA7hA7 + ṁA4hA4 − ṁA3hA3  

ACN ṁA7 = ṁA8  Q̇ACN = ṁA8(hA7 − hA8)

AEV ṁA9 = ṁA10  Q̇AEV = ṁA9(hA9 − hA10)

ABS ṁA6 + ṁA10 = ṁA1  Q̇ABS = ṁA6hA6 + ṁA10hA10 − ṁA1hA1  

AP ṁA1 = ṁA2  ẆAP = ṁA1(hA2 − hA1)

AHX ṁA2 = ṁA3 & ṁA4 = ṁA5  Q̇AHX = ṁA4(hA4 − hA5)

Table 5 
The fuel and product exergy for system components.  

Component F-Exergy P-Exergy 

Gas Turbine 
C2 ĖxW

C2 = ẆC2  ĖxB2 − ĖxB1  

HX-1 ĖxB7 − ĖxB8  ĖxB3 − ĖxB2  

CC ĖxB3 + ĖxF3 + ĖxQ
CC  

ĖxB4  

T2 ĖxB4 − ĖxB5  ĖxW
T2 = ẆT2  

HX-2 ĖxB8 − ĖxB9  ĖxB6 − ĖxB5  

Fuel Cell 
MX1 ĖxF2 + ĖxW1  ĖxM1  

SR ĖxM1 + ĖxQ
SR  

ĖxM2  

WGS ĖxM2 + ĖxQ
WGC  

ĖxM3  

MCFC ĖxM5 − ĖxB7  ĖxM4 − ĖxM3 + ẆMCFC + ĖxL
MCFC  

BR ĖxB6 + ĖxE9 + ĖxM4 + ĖxQ
BR  

ĖxM5  

ICE Engine 
ICE ĖxE1 + ĖxF1 − ĖxE9  ĖxW

ICE = ẆICE  

Absorption refrigeration cycle 
AGN ĖxB9 − ĖxB10 + ĖxA3  ĖxA7 + ĖxA4  

ACN ĖxA7 − ĖxA8  ĖxQ
CN  

AEV ĖxQ
EV  

ĖxA9 − ĖxA10  

ABS ĖxA10 + ĖxA6  ĖxQ
AB + ĖxA1  

AP ĖxW
P = ẆP  ĖxA2 − ĖxA1  

AHX ĖxA4 − ĖxA5  ĖxA3 − ĖxA2   
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equipment cost of the component in the year 2020, and it is estimated by 
the cost equation [27,28] of a component at a reference year and 
adjusted by the cost index (CEPCI), as follows: 

Zj = Cref
CEPCI2020

CEPCIref
(16) 

The number of unknown exergoeconomic costs is greater than the 
number of exergy cost equations, so it is required to formulate enough 
auxiliary equations based on the F and P principle of the SPECO method 
[26]. The F principle refers to the specific exergetic cost linked to the 
exergy of a fuel stream, which is supplied to the upstream component. 
Also, the P principle denotes that the specific exergetic cost linked to the 
exergy unit of the product stream from a component. Therefore, each 
exiting exergy stream is linked to fuel or a product, and the number of 
exiting streams (n) equals the total number of fuel streams and product 
streams. Consequently, the F and P principles offer (n − 1) auxiliary 
equations. So, specific exergetic cost of fuel, cF,j, specific exergetic cost of 
a product, cP,j, cost rate of exergy destruction, ĊD,j, cost rate of exergy 
loss, ĊL,j, and cost rate of a product, ĊP,j, are expressed as the following 
equations: 

cF,j =
ĊF,j

ĖxF,j
(17a)  

cP,j =
ĊP,j

ĖxP,j
(17b)  

ĊD,j = cF,jĖxD,j (18a)  

ĊL,j = cF,jĖxL,j (18b)  

ĊP,j = ĊF,j + ŻT
j (19)  

where the subscripts P, F, D, and L denote to the exergy product, exergy 
fuel, exergy destruction, and exergy loss of a component j, respectively. 
The total specific exergetic cost for fuel (cF,t) and for products (cP,t) can 
be defined as: 

cF,t =

∑
ĊF,j

∑
ĖxF,j

(20a)  

cP,t =

∑
ĊP,j

∑
ĖxP,j

(20b) 

In a particular exergoeconomic evaluation, two parameters are used: 
the relative cost difference (rj) and the exergoeconomic factor (fj). The 
former refers to the difference between the specific exergetic cost of 
product and fuel, while the latter refers to the total investment cost rate 
to the exergy destruction cost rate of a component. They are explained as 
the followings: 

rj =
cP,j − cF,j

cF,j
=

cF,jĖxD,j + ŻT
j

cF,jĖxP,j
(21)  

fj =
ŻT

j

ŻT
j + ĊD,j

=
ŻT

j

ŻT
j + cF,jĖxD,j

(22) 

The exergoeconomic balance equations are described for each 
component in the system and listed in Table 6. 

3.2. Exergoenvironmental analysis 

Exergoenvironmental analysis involves three stages: evaluating 
exergy of streams through the considered system, performing the life 
cycle analysis of components and their input streams, and assigning 
environmental impact from LCA to all streams. This analysis is a proper 
combination of exergy analysis and LCA since the former analysis as-
sesses the quality of a resource and any thermodynamic inefficiencies, 
while the latter analysis provides the environmental impacts associated 
with a component or an overall system during its entire useful life [29]. 

An environmental impact rate Ḃ is the environmental impact 
expressed in points per time unit (Pts/s). It is a weighting method used in 
the life cycle impact assessment phase to convert the overall environ-
mental impacts of a system to a single value for adequate observability. 
Therefore, Ḃ for an entering or exiting stream can be defined as follows: 

Ḃj = Ḃch
j + Ḃph

j = bch
j Ėxch

j + bph
j Ėxph

j = bjĖxj (23)  

where bj is an environmental impact per unit exergy. The environmental 
impact rate Ḃj may contain physical and chemical exergy depending on 
the system or component when a chemical reaction occurs. The envi-
ronmental impact rates associated with inlet and exit streams, electricity 
and heat flows may be written respectively as the followings: 

Ḃin = binĖxin (24a)  

Ḃout = boutĖxout (24b)  

ḂW = bW Ẇ (24c)  

ḂQ = bQĖxQ (24d) 

The component-related environmental impact is defined as Ẏj, which 
includes three life cycle phases of construction (including 
manufacturing, transport, and installation) ẎCO

j , operation and mainte-

nance (including pollutant formation)ẎOM
j and disposal ẎDI

j , as shown in 
the following equation: 

Table 6 
The exergoeconomic balance equations for the system components.  

Component Cost Balance Equation Auxiliary 
Equations 

Gas Turbine 
C2 ĊB1 + ĊW

C2 + ŻC1 = ĊB2  
cB1 = 0  

HX-1 ĊB7 − ĊB8 + ŻHX1 = ĊB3 − ĊB2  ĊB2

ĖxB2
=

ĊB3

ĖxB3  
CC ĊB3 + ĊF3 + ĊQ

CC + ŻCC = ĊB4  
cF3 = fuel cost  

T2 ĊB4 − ĊB5 + ŻT2 = ĊW
T2  

cB5 = cB4  

HX-2 ĊB8 − ĊB9 + ŻHX2 = ĊB6 − ĊB5  ĊB6

ĖxB6
=

ĊB5

ĖxB5  
Fuel Cell 
MX1 ĊF2 + ĊW1 + ŻMX1 = ĊM1  ŻMX1 = 0, cW1 = 0  
SR ĊM1 + ĊQ

SR + ŻSR = ĊM2   

WGS ĊM2 + ŻWGS + ĊQ
WGS = ĊM3   

MCFC ĊM5 − ĊB7 + ŻMCFC = ĊW
MCFC + ĊM4 − ĊM3 +

ĊL
MCFC  

cB7 = cM4  

BR ĊB6 + ĊE9 + ĊM4 + ŻBR + ĊQ
BR = ĊM5   

ICE Engine 
ICE ĊE1 + ĊF1 − ĊE9 + ŻICE = ĊW

ICE  
cF1 = fuel cost,cE1 =

0  
Absorption refrigeration cycle 
AGN ĊB9 − ĊB10 + ĊA3 + ŻAGN = ĊA7 + ĊA4  cA4 = 0, cB9 = cB10  

ACN ĊA7 − ĊA8 + ŻACN = ĊQ
CN  

cA7 = cA8  

AEV ĊQ
EV + ŻAEV = ĊA9 − ĊA10  

cA9 = cA10  

ABS ĊA10 + ĊA6 + ŻABS = ĊA1 + ĊQ
AB   

AP ĊW
P + ŻAP = ĊA2 − ĊA1   

AHX ĊA4 − ĊA5 + ŻAHX = ĊA3 − ĊA2  cA4 = cA5   
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Ẏ j = ẎCO
j + ẎOM

j + ẎDI
j (25) 

This can be described as Ẏj =

(

ẎCO
j +ẎDI

j

)

φen, where φen refers to the 

maintenance and operation factor and is equivalent to 1.2. The envi-
ronmental impact balance equation for each component states that the 
sum of the environmental impacts associated with the inlet streams plus 
the component-related environmental impact factor is equal to the 
environmental impacts associated with the outlet streams, as shown in 
the following equation: 

∑m

k=1
Ḃk,j,in + Ẏ j =

∑m

k=1
Ḃk,j,out (26) 

The formulated balance equations for all the streams and compo-
nents are not sufficient to solve for unknown variables. Therefore, 
auxiliary equations are obtained by applying the F and P principles from 
the exergoeconomic analysis, where F refers to the exergy fuel while P 
refers to the exergy product for a component (j). The exergoenvir-
onmental balance equations are written in Table 7 for each component 
in the hybrid combined locomotive engine. 

In order to account for pollutant formation, a new variable should be 
defined as ḂPF. Pollutant formation terms can be neglected if no pol-
lutants formed within the process, i.e., for a process without a chemical 
reaction. The value of ḂPF, for the components where a chemical reac-
tion occurs, is defined as 

ḂPF
=
∑

i
bi(mout − min) (27) 

where only pollutant streams emitted to the environment are 
considered, such as CO, CO2, CH4, N2O, NOx, and SOx. The average 
specific environmental impact of fuel (bF,j), product (bP,j), and exergy 
destruction (ḂD,j) for the jth component are given as follows: 

bF,j =
ḂF,j

ĖxF,j
(28a)  

bP,j =
ḂP,j

ĖxP,j
(28b)  

ḂD,j = bD,jĖxdes,j (28c) 

The total specific environmental impact of fuel (bF,t), product (bP,t) 
can be descriped as the following: 

bF,t =

∑
ḂF,j

∑
ĖxF,j

(29a)  

bP,t =

∑
ḂP,j

∑
ĖxP,j

(29b) 

The environmental impact rate balance can be written as: 

ḂP,j =
∑m

k=1
Ḃk,j,in +(Ẏ j + ḂPF

j ) (30) 

If ḂPF is not considered, the balance equation reduces to ḂP =
∑m

k=1Ḃk,j,in + Ẏj. Therefore, the total environmental impact associated 
with a component, ḂT,j, can be given as the following: 

ḂT,j = Ẏ j + ḂPF
j + ḂD,j (31) 

To identify the most critical components from the viewpoint of for-
mation of environmental impacts, the sum of environmental impacts 
(Ẏj +ḂPF

j +ḂD,j) is used. The exergoenvironmental factor fb is defined as: 

fb,j =
Ẏ j

ḂT,j
=

Ẏ j

Ẏ j + ḂPF
j + ḂD,j

(32) 

The relative difference of specific environmental impact rb is an in-
dicator of the potential for reducing the environmental impact associ-
ated with a component and is defined as: 

rb =
bP,j − bF,j

bF,j
(33) 

The specific exergy cost for the fuels, electricity and water are 
collected from different resources, as shown in Table 8. They are in 
different units, which have been changed to specific energy cost, cf,en in 
$/GJ, and specific exergy cost, cf,ex $/GJ. The specific exergy cost was 
estimated as cf,en divided by the exergetic factor of 1.06 [20,21]. The 
environmental impact bf is estimated based on three phases of fuels: 
mining, production, and transportation processes, as shown in Table 5. 
The life cycle of the fuels is performed using OpenLCA software. The 
results of the environmental impact for hydrogen and natural gas are 
compared to that in the TRACI v2.1 [32] and Eco-Indicator database 
[22,23] to verify the simulation results in the life cycle software. The 
total cost and environmental impact for the fuel combination are esti-
mated as the summation of mass fraction multiplied by its cost or 
environmental impact value, as shown in Table 9. 

Table 7 
The exergoenvironmental balance equations for the system components.  

Component Exergoenvironmental Balance Equation Auxiliary 
Equations 

Gas Turbine 
C2 ḂB1 + ḂW

C2 + ẎC1 = ḂB2  
bB1 = 0  

HX-1 ḂB7 − ḂB8 + ẎHX1 = ḂB3 − ḂB2  ḂB2

ĖxB2
=

ḂB3

ĖxB3  
CC ḂB3 + ḂF3 + ḂQ

CC + ẎCC + ḂPF
cc = ḂB4  

bF3 = fuel impact  

T2 ḂB4 − ḂB5 + ẎT2 = ḂW
T2  

bB5 = bB4  

HX-2 ḂB8 − ḂB9 + ḂHX2 = ḂB6 − ḂB5  ḂB6

ĖxB6
=

ḂB5

ĖxB5  
Fuel Cell 
MX1 ḂF2 + ḂW1 + ẎMX1 = ḂM1  ẎMX1 = 0, bW1 = 0  
SR ḂM1 + ḂQ

SR + ẎSR + ḂPF
SR = ḂM2   

WGS ḂM2 + ẎWGS + ḂQ
WGS + ḂPF

WGS = ḂM3   

MCFC ḂM5 − ḂB7 + ẎMCFC + ḂPF
MCFC = ḂW

MCFC +

ḂM4 − ḂM3 + ḂL
MCFC  

bB7 = bM4  

BR ḂB6 + ḂE9 + ḂM4 + ẎBR + ḂQ
BR + ḂPF

BR = ḂM5   

ICE Engine 
ICE ḂE1 + ḂF1 − ḂE9 + ẎICE + ḂPF

ICE = ḂW
ICE  

bF1 = fuel 
impact,bE1 = 0  

Absorption refrigeration cycle 
AGN ḂB9 − ḂB10 + ḂA3 + ẎAGN = ḂA7 + ḂA4  bA4 = 0, bB9 = bB10  

ACN ḂA7 − ḂA8 + ẎACN = ḂQ
CN  

bA7 = bA8  

AEV ḂQ
EV + ẎAEV = ḂA9 − ḂA10  

bA9 = bA10  

ABS ḂA10 + ḂA6 + ẎABS = ḂA1 + ḂQ
AB   

AP ḂW
P + ẎAP = ḂA2 − ḂA1   

AHX ḂA4 − ḂA5 + ẎAHX = ḂA3 − ḂA2  bA4 = bA5   
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4. Results and discussion 

The thermodynamic analysis is performed by Aspen Plus simulation 
for the hybrid combined locomotive engine. This step is necessary to 
contribute to exergy, exergoeconomic, and exergoenvironmental anal-
ysis, as discussed below. 

4.1. Exergy analysis results 

The exergy flow rates for streams are laid out in the Sankey diagram, 
including the work and thermal exergy rates for the components, as 
shown in Fig. 3. The thickness of exergy flow was chosen to be in a scale 
of 200 kW/1mm. Based on the exergy flow, the ICE has the highest 
exergy flow, then MCFC, then GT, and lastly ARS. The fuel exergy flow, 
which is represented in brown colour, of the ICE is the highest (10329 

Table 8 
The cost and environmental impact of fuels used in this study.  

Fuels Fuel cost Unit Ref. cf,en [$/GJ] cf,ex [$/GJ] bf Unit Ref. bf [mPt/MJ] 

Electricity 0.12 $/kWh [30] 33.3 31.45 27 mPt/kWh [34]  
Heating   [30] 2.20 2.08 5.3 mPt/MJ [34] 5.3 
Water    0.10 a 0.10 0.026 mPt/kg [34] 0.012 
Air    0b 0 0b mPt/kg  0 
Hydrogen 2.67 $/kg-H2 [35] 18.82 17.75 731.1c mPt/kg  6.14 
Methanol 0.85 $/gal [36] 8.33 7.86 153.0c mPt/kg  8.45 
Ethanol 2.28 $/gal [37] 25.4 23.96 155.4c mPt/kg  5.82 
DME 0.01 $/lit [38] 149.65 141.18 426.7c mPt/kg  14.78 
NG 15.5 $/MWh [31] 4.31 4.06 260.0c mPt/kg  5.2 
NH3 + H2O 26.5 $/GJ [39] 26.5 25 d 200.0c mPt/kg  10.58 
Emissions 
CO2   [40]  1.54 5.454 mPt/kg [34]  
CO 0    0 114.6 mPt/kg [34]  
CH4 0    0 8.364 mPt/kg [34]   

a assumed value, b air is free, c estimated using OpenLCA, d cost of NH3 + H2O at the pump entrance. 

Table 9 
The composition of fuels, the cost exergy and environmental impact.  

Fuels NG Hydrogen Methanol Ethanol DME cf bf 

Formulas CH4 H2 CH3OH CH3OHCH3 CH3OCH3 $/GJ mPt/MJ 

F1 0.75 0.25 0 0 0 7.48 5.44 
F2 0 0.25 0.75 0 0 10.33 7.88 
F3 0 0.4 0 0.6 0 21.48 5.95 
F4 0 0.4 0 0 0.6 91.81 11.33 
F5 0.15 0.4 0.15 0.15 0.15 33.66 7.6  

Fig. 3. Sankey Diagram for exergy flow rate in kW.  
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kW), followed by the MCFC subsystem entiring the mixture at MX1 
(5056.3 kW), followed by the combustion chamber (CC) (4149.3 kW). 
The highest exergy destruction represented in gray is for the ICE, then 
CC, then MCFC. The thickness of exergy flow increases as the conditions 
of that flow is far from the standard conditions, and more chemical 
exergy is added. 

In addition, Table 10 presents the heat transfer and power of the 
components as well as the fuel, product, destruction, and loss exergy 
flow for each component. The net power of the hybrid combined system 
is 4139.6 kW, which is estimated as the summation of the net power of 
gas turbine (648 kW), and the MCFC power (939.6 KW) and the ICE 
(2569 kW) subtracting the power of pump (17.3 kW). The exergetic 
efficiency reflects the ratio of exergy product to exergy fuel; as shown in 
Table 10, the compressor (C2), turbine (T2), heat exchangers (HX-1, HX- 
2), and reactors (SR, WGS, and BR) have a high exergetic efficiency, 
more than 90%, while other components like MCFC, ACN, AEV, and AP 
have moderate exergy efficiency between 60% and less than 90%, and 
around 50% and below for combustion chamber (CC), absorber (ABS) 
and generator (AGN). This is due to the high-temperature difference to 
the standard condition and the high heat of chemical reactions. The total 
exergetic efficiency, εt, is 82.68%. There is another parameter which is 
used to analyze the system exergetically is y, referring to the ratio of 
destruction exergy to the total fuel exergy rates. Most of the components 

have a low y value of less than 1%, whereas the ICE, CC, and MCFC have 
7.34%, 4.35%, and 3.04%, respectively. The total destruction ratio, yt, is 
17.3%. The system was operated using F1 (75% NG and 25% H2). 

The current hybrid combined system is compared according to 
different fuels. Fig. 4 shows the total exergy rates and exergetic effi-
ciency and destruction ratio with respect to fuels. The fuel (F2) has high 
total exergy fuel and product (107 and 90 MW, respectively) compared 
to that of F1 (fuel of 97.5 MW and product of 80.6 MW). Note that the 
minimum fuel and product exergy flow is for F5, about 71 and 54 MW, 
respectively. The total exergy destruction flow is about 17 MW for all 
fuels. This yields maximum εt and minimum yt for F2 about 84% and 
16%, respectively, whereas F5 has a minimum εt and maximum yt of 76 
and 24%, respectively. As presented in Fig. 4, the yt decreases when εt 
increases because the former counts for the exergy destruction, while the 
later counts for exergy product. The lower values for exergy fuel and 
product and higher values of exergy destruction give high value of yt and 
low value of εt . 

4.2. Exergoeconomic analysis results 

The exergoeconomic analysis for the hybrid combined locomotive 
engine is performed. Fig. 4 shows the exergy cost flow rates (Ċj) 
including the levelized capital cost (Żk), which are calculated based on 

Table 10 
The exergy flow analysis for the components.  

Components Q̇[Kw]  Ẇ [kW]  ĖxF [kW]  ĖxP [kW]  ĖxD [kW]  ĖxL [kW]  ε [%]  y [%]  y* [%]  

C2 0 1218 1218 1108 110 0  90.97  0.11 0.65 
HX-1 631.8 0 419.1 396.3 22.8 0  94.56  0.02 0.13 
CC 2161 0 7313 3067 4246 0  41.94  4.35 25.13 
T2 0 1866 2007 1866 141 0  92.97  0.14 0.83 
HX-2 348.5 0 223 217 6 0  97.31  0.01 0.04 
ICE 0 2569 9726 2569 7157 0  26.41  7.34 42.35 
MX1 0 0 5109 5075 34 0  99.33  0.03 0.20 
SR 626.4 0 5376 5308 68 0  98.74  0.07 0.40 
WGS 58.1 0 5340 5331 9 0  99.83  0.01 0.05 
MCFC 564.8 939.6 26,843 23,877 2966 1622  88.95  3.04 17.55 
BR 1750 0 31,346 30,526 820 0  97.38  0.84 4.85 
AGN 3346 0 1865 992 873 0  53.19  0.89 5.17 
ACN 1215 0 211.2 127.7 83.5 0  60.46  0.09 0.49 
AEV 615.1 0 81.9 50.95 30.9 0  62.24  0.03 0.18 
ABS 2763 0 227.6 47.2 180.5 0  20.72  0.18 1.07 
AP 0 17.3 17.26 13.1 4.2 0  75.96  0.00 0.02 
AHX 1463 0 219.6 73.2 146.4 0  33.32  0.15 0.87 
Total   97542.6 80644.4 16898.2 1622  82.68  17.3 100  

Fig. 4. The total exergy fuel, product, destruction, and loss (a). The total exergy efficiency (εt) and total destruction ratio (yt) (b).  
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cost equations from Table S-1 (Supplimentary data), power (ĊW
k ) and 

thermal exergetic cost rates (ĊQ
k ). Some assumptions are considered to 

perform the calculations of the exergoeconomic analysis, such as the 
nominal interest rate is 12%, the lifetime of the engine is 25 years, the 
annual operation time is 7300 h, the inflation rate is 3%, the mainte-
nance factor is 6%. In Fig. 5, the exergetic cost is drawn at a scale of 10 
$/h per 1 mm. The fuel exergy costs are 278.1 $/h for ICE, 136.1 $/h for 
MX1 entering the MCFC, and 111.7 $.h for CC. The component cost rate 
(Żk) is very small compared to the flow exergy costs of fuel, products, 

and input and output power. The exergetic cost of the exhaust air to the 
atmosphere after the generator (AGEN) is estimated to be 185.6 $/h. 

Table 11 tabulated the exergoeconomic analysis. The maximum 
levelized capital cost is for MCFC about 16.52 $/h followed by the ICE 
(8.29 $/h) then the evaporator AEV (2.00 $/h) then the catalytic burner 
BR (1.24 $/h). The total levelized capital cost is 32.15 $/h, as shown in 
Table 8. The total fuel and product exergetic cost rates are 7962.8 and 
7992.2 $/h, respectively. The destruction and loss of exergetic cost rates 
are 847.4 and 12 $/h, respectively. The exergoeconomic factor f for F1 
ranges from 0% for the mixer MX1 to 52% for the reactor WGS, while the 

Fig. 5. Sankey diagram for the cost exergy flow rates in [$/h]  

Table 11 
The results of exergoeconomic analysis of the system components.  

Components Żk [$/h]  ĊF [$/h]  ĊP [$/h]  ĊD [$/h]  ĊL [$/h]  cF [$/GJ]  cP [$/GJ]  f [%]  r[%]  

C2  0.74  52.6  53.3  4.8  0.0  12.00  13.37  13.51  11.47 
HX-1  0.09  18.8  18.9  1.0  0.0  12.44  13.22  7.96  6.26 
CC  0.57  196.1  196.7  113.9  0.0  7.45  17.82  0.50  139.17 
T2  0.58  80.0  80.6  5.6  0.0  11.08  12.00  9.32  8.32 
HX-2  0.08  23.8  23.9  0.6  0.0  29.67  30.61  11.65  3.15 
ICE  8.29  102.7  111.0  75.6  0.0  2.93  12.00  9.89  309.19 
MX1  0.00  136.2  136.2  0.9  0.0  7.41  7.45  0.00  0.67 
SR  0.86  138.4  139.3  1.8  0.0  7.15  7.29  32.81  1.94 
WGS  0.25  139.5  139.7  0.2  0.0  7.26  7.28  51.67  0.31 
MCFC  16.52  3100.0  3114.0  342.5  12.0  32.08  36.23  4.60  12.93 
BR  1.24  3515.0  3516.0  92.0  0.0  31.15  31.99  1.33  2.72 
AGN  0.07  219.8  219.9  102.9  0.0  32.74  61.58  0.06  88.09 
ACN  0.35  59.6  59.9  23.6  0.0  78.36  130.34  1.46  66.33 
AEV  2.00  143.6  145.6  54.2  0.0  487.29  793.81  3.56  62.91 
ABS  0.07  29.4  29.5  23.3  0.0  35.92  173.80  0.30  383.86 
AP  0.11  0.7  0.9  0.2  0.0  12.00  18.10  37.77  50.87 
AHX  0.34  6.5  6.9  4.3  0.0  8.25  26.03  7.23  215.69 
Total  32.15  7962.8  7992.2  847.4  12.0  22.68  27.53  3.66  21.89  
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relative cost difference r ranges from 0.3% for the water–gas shift to 
380% for the absorber in the absorption refrigeration cycle. If the spe-
cific exergetic cost for the product cP is higher than the specific exergetic 
cost for the fuel cF multiple times, then the relative cost difference r can 
be over 100% as calculated for CC (139%), ICE (309%), ABS (384%), 
and AHX (216%). That is because the product exergy flow rates for those 
components are less than of the fuel exergy flow rates. 

The total exergetic cost for fuel, product, and destruction is 
compared with respect to fuels F1 to F5, as shown in Fig. 6-a. The 
exergetic cost rates for fuel and product reach the maximum for F4 (60% 
DME and 40% H2) more than 80 K $/h followed by that of F5 (about 25 
K $/h), then F3 (18 K $/h $/h), then F2 (11 K $/h), and F1 (8 K $/h). The 
destruction exergetic cost rate ranges from 850 to 12,000 $/h. This 
yields to the total exergoeconomic factor, f, is the maximum value of 
3.7% for F1 and the minimum value of 0.3% for F4. The total fuel- 
specific exergetic costs (cF,t) are 22.68, 29.72, 65.24, 293.43, 96.87 
$/GJ for F1 to F5, respectively. Also, the total product-specific exergetic 
costs (cP,t) are 27.53, 35.48, 83.76, 374.28, 127.30 $/GJ for F1 to F5, 
respectively. Therefore, the minimum total relative cost difference is 
19.7% for F2, as shown in Fig. 5-b, while the maximum total relative 
cost difference is 31.6% for F5. Therefore, the exergoeconomic factor 
increases when exergy destruction decreases as well as cost exergy 
destruction decreases. It is clear that the best economic fuel for the 
system is pure natural gas, which was assumed as pure methane. In the 
case that there is no pure natural gas, then the economic fuel is F2, which 
is a mixture of methanol and hydrogen. In addition, the specific fuel 
costs mentioned in Table 8 have a significant impact on exergoeconomic 
analysis since the F1 has less price among them of 7.48 $/GJ. Nowadays, 
fuel prices are not stable because of COVID-19 holding oil production 
and businesses. They have a significant impact on the economic analysis. 

4.3. Exergoenvironmental analysis results 

The exergoenvironmental analysis is performed on the hybrid com-
bined locomotive engine. To estimate the component-related environ-
mental impact Ẏj that combines the life cycle of construction, operation 
and maintenance, and disposal. The life cycle of components for con-
struction phase consists of material production and material processing. 
The operation and maintenance phase is a factor by 1.2 of the con-

struction and disposal phase. The life cycle software used in the analysis 
is the open LCA, and the environmental impact method is selected to be 
the Eco-Indicator 99 (EI-99), which is an endpoint environmental 
impact assessment method of hierarchic perspective employed (it is 
defined as milipoints per kg [mPt/kg]) and is the summation of 
normalization of impact categories containing ecosystem quality, 
human health, and resources [33,34,41]. Table 12 presents the details of 
material production and the material percentage for each component in 
the system. The material percentage is assumed based on other literature 
for the gas turbine cycle [42,43] and estimated based on manufacturing 
for the fuel cell and absorption refrigeration cycle. The production 
processing is estimated for each component in Table S-2 (with some 
supplementary data provided). 

Table 13 shows the values of the environmental impact of material 
production, process, disposal and the total environmental impact as 
[mPt/kg]. The weights of the components are also listed in Table 13. The 
total Y is calculated as the total environmental impact multiplied by the 
component weight. The lifetime of the system is 25 years, and the 
operation time is 7300 h per year. The weight of the ICE engine is 
18,000 kg [44]. The MCFC system, including steam reforming, water gas 
shift, and catalytic burner, has a weight of 10,336 kg (10 kg/kW [45]). 
The gas turbine cycle has the least weight of 599 kW [46]. The ABS has a 
total weight of 4,816 kg (5 ton for 500 kW cooling [25,47,48]). There-
fore, the total weight of the hybrid combined locomotive engine is 
33,751 kg (~34 ton). The component-related environmental impact 
rate, Ẏ, reached the maximum value of 52 mPt/h for ICE, while the 
values of Ẏ for SR, WGS, MCFC, and BR are about 6.9, 3.3, 8.8, and 8.1 
mPt/h, respectively. The values of Ẏ are dependent on the environ-
mental impact method. However, they can be negligible compared to 
the environmental impact flow rates of fuel and products [49,50]. 

The Sankey diagram for exergoenvironmental impact flow rate, Ḃj is 
illustrated in Fig. 7 and for fuel F1 (75% NG and 25% H2). The scale of 
environmental impact flow is 5000 mPt/h per 1 mm. The pollution 
formation (ḂPF) and component-related environmental impact (Ẏk) are 
included in the figure in gray circle and green arrow, respectively. The 
fuel exergoenvironmental impact rates are 202,282 mPt/h entering the 
ICE, 99,022 mPt/h for MX1, and 81,259 mPt/h entering the CC. The 
exhaust gases for the entire system has an exergoenvironmental rate of 

Fig. 6. The total cost rate of exergy fuel ĊF , product ĊP, and destruction ĊD (a). The total exergoeconomic factor (f) and relative cost difference (r) (b).  
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129,000 mPt/h. In addition, the exergoenvironmental analysis is listed 
in Table 14. The total component-related environmental impact is 86.10 
mPt/h. the total fuel and product environmental impact flowrates are 
5,670,758 and 5,598,191 mPt/h, respectively. That means the hybrid 
combined system reduces the environmental impact. The total destruc-
tion environmental impact flowrates, ḂD, is 641,788 mPt/h. The total 
pollution factor, ḂPF, is − 65760 mPt/h, which is due to emissions of CO2, 

CO, NOx, and CH4 to the atmosphere. The specific exergy environment 
for fuel and product for the entire system are 568.6 and 926.5 mPt/MJ. 
Therefore, the exergoenvironmental factor, fb, which is defined as the 
ratio of the component environmental impact, Ẏk to the total environ-
mental impact associated with a component, ḂT . 

As shown in Table 14, the value of fb is very small from 0.003% for 
the absorber to 1.7% for the water–gas shift. The total fb for the entire 
locomotive engine is 0.015% which technically shows a negligible 

Table 13 
The component-related environmental impact results.  

Components Weight 
[kg] 

Material Production [mPt/ 
kg] 

Material Processing [mPt/ 
kg] 

Material disposal [mPt/ 
kg] 

Total [mPt/ 
kg] 

Total Y 
[mPt] 

Ẏ [mPt/ 
h]  

C2 250.8 131 11.78 24  166.5 41,748.9 0.275 
HX-1 67.8 91 12.05 24  127.0 8,610.3 0.057 
CC 15 638 20.00 24  682.1 10,231.2 0.067 
T2 265.8 104 11.76 24  139.8 37,149.0 0.244 
HX-2 12.05 12.05 12.05 24  127.0 347,966.3 2.288 
ICE 18,000 390 26.02 24  440.2 7,923,816.0 52.102 
MX1 0 86.0 0 24  110.0 0 0 
SR 1096 911 20.00 24  954.9 1,046,570.5 6.882 
WGS 578 811 20.00 24  855.1 494,268.7 3.250 
MCFC 4164 274 22.24 24  320.1 1,333,013.2 8.765 
BR 1758 656 20.00 24  699.6 1,229,875.9 8.087 
AGN 480 92 12.05 24  127.8 61,349.3 0.403 
ACN 1140 91 12.05 24  127.3 145,157.3 0.954 
AEV 2076 91 12.05 24  126.9 263,342.7 1.732 
ABS 360 91 12.05 24  126.9 45,666.4 0.300 
AP 100 186 16.87 24  227.0 22,697.0 0.149 
AHX 660 91 12.05 24  127.0 83,816.7 0.551  

Table 12 
The details of material production for each component.  

C# Material EI-99 [mPt/ 
kg] 

Material 
Percent. 

Total EI-99 [mPt/ 
kg] 

C# Material EI-99 [mPt/ 
kg] 

Material 
Percent. 

Total EI-99 [mPt/ 
kg] 

C2 Steel 86 33.0 28.4 ICE Steel 86 25 21.5 
Steel LA 110 45.0 49.5  Steel HA 910 22 200.2 
Cast iron 240 22.0 52.8  Aluminum 500 10 50.0   

100 131  Cast iron 240 36 86.4 
HX-1 Steel 86 79.4 68.3  Nickel 5200 0.3 15.6 

Steel LA 110 20.6 22.7  Chrome 970 1.7 16.5   
100 91    95 390 

CC Steel 86 33.0 28.4 MX1 Steel 86 100 86.0 
Steel HA 910 67.0 609.7 SR Steel HA 910 99 900.9   

100 638  Alumina 1,000 1 10.0 
T2 Steel 86 25 21.5    100 911 

Steel HA 110 75 82.5 WGS Steel HA 910 84.000 764.4   
100 104  Alumina 1,000 1.040 10.4 

HX-2 Steel 86 79.4 68.3  Cast iron 240 15.090 36.2 
Steel LA 110 20.6 22.7  Nickel 1,200 0.010 0.1   

100 91    100 811 
MCFC Steel 86 80 68.8 BR Steel 86 33.3 28.6 

Steel HA 910 12.07 109.8  steel HA 910 44.5 405.0 
Zinc 3,200 0.4 12.8  Alumina 1,000 22.2 222.0 
Nickel 5,200 0.3 15.6    100 656 
PS 60 0.01 0.0 AGN Steel 86 76 65.4 
Plastics 400 0.03 0.1  Steel LA 110 24 26.4 
Copper 1,400 0.3 4.2    100 92 
MAS 450 0.75 3.4 ACN Steel 86 78 67.1 
Alumina 1000 5.69 56.9  Steel LA 110 22 24.2 
Aluminum 500 0.45 2.3    100 91   

100 274 AEV Steel 86 80 68.8 
ABS Steel 86 80 68.8  Steel LA 110 20 22.0 

Steel LA 110 20 22.0    100 91   
100 91 LA … low alloy 

AP Steel 86 35 30.1 HL … High alloy 
Cast iron 240 65 156.0 MAS … microporous alumina-silica   

100 186 PS … Purified silica  

S. Seyam et al.                                                                                                                                                                                                                                  



Energy Conversion and Management 245 (2021) 114619

14

impact of the component-related environmental impact, Ẏk, compared 
to the destruction, ḂD, and pollution formation, ḂPF, of the system 
components. The relative difference of the specific environmental 
impact rb is 63%. 

A comparison of the hybrid locomotive engine is considered with 
respect to different fuels, as displayed in Fig. 7. The total fuel and 
product exergoenvironmental flow rates are the highest when using fuel 

F4 (9.15 × 106 and 9.11 × 106 mPt/h, respectively), while the lowest 
fuel and product exergoenvironmental flow rates are 5.39 × 106 and 
5.36 × 106 mPt/h, respectively). The destruction and total environ-
mental impact associated with the entire components have similar 
values ranging from 0.6 × 106 for F1 to 1.7 × 106 mPt/h for F2, 
respectively. Fig. 7-b graphs the total values of fb and rb, and shows the 
maximum value of fb is 0.015% for F1 and the minimum value is 0.005% 

Fig. 7. Sankey diagram for exergoenvironmental impact flow rate for streams [mPt/h].  

Table 14 
The exergoenvironmental analysis results of the components.  

Components Ẏ [mPt/h]  ḂF [mPt/h]  ḂP [mPt/h]  ḂD [mPt/h]  ḂPF [mPt/h]  bF [mPt/MJ]  bP [mPt/MJ]  f b [%]  rb [%]  

C2 0.275 32,875 32,875 3053 0  7.71  8.48 0.009  9.93 
HX-1 0.057 11,624 11,624 650 0  7.92  8.38 0.009  5.75 
CC 0.067 157,183 142,700 93,869 − 14483  6.14  13.29 0.000  116.47 
T2 0.244 50,371 50,371 3640 0  7.17  7.71 0.007  7.56 
HX-2 2.288 18,916 18,916 524 0  24.24  24.91 0.435  2.76 
ICE 52.102 109,558 69,368 82,923 − 40231  3.22  7.71 0.122  139.71 
MX1 0 99,025 99,025 678 0  5.54  5.57 0  0.67 
SR 6.882 104,762 100,853 1363 − 3915  5.57  5.43 0.270  2.50 
WGS 3.250 101,471 101,486 176 13  5.43  5.44 1.694  0.18 
MCFC 8.765 2.19E + 6 2.18E + 6 249,124 − 3936  23.33  26.10 0.004  11.86 
BR 8.087 2.49E + 6 2.49E + 6 66,999 − 3207  22.70  23.28 0.013  2.56 
AGN 0.403 147,019 147,019 70,785 0  22.52  42.34 0.0006  88.00 
ACN 0.954 40,306 40,306 16,391 0  54.53  90.18 0.006  65.39 
AEV 1.732 98,506 98,506 38,258 0  343.81  552.40 0.005  60.67 
ABS 0.300 13,899 13,899 11,334 0  17.45  84.22 0.003  382.71 
AP 0.149 466 466.1 115 0  7.71  10.16 0.129  31.68 
AHX 0.551 2777 2777 1904 0  3.61  10.84 0.029  200.08 
Total 86.10 5,670,758 5,598,191 641,788 ¡65760  58.14  69.42 0.015  19.41  
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for F2 and F3, while the minimum and maximum values of rb are 18.6% 
for F2 and 30.5% for F5. That is because the total specific environmental 
impact of fuel bF,t is 58.1, 85.3, 82.8, 126.4, and 75.9 mPt/MJ for F1 to 
F5, respectively, while the total specific environmental impact of 
product bP,t is 69.4, 101.2, 105.9, 160.9, and 99.0 mPt/MJ for F1 to F5, 
respectively. 

As shown in Fig. 8, lowering exergoenvironmental rates for 
destruction and pollution formation increases the exergoenvironmental 
impact factor. Therefore, using a mixture of methane and hydrogen has 
less environmental impact compared to other fuels by 40%. However, all 
the fuels have a low environmental impact factor of less than 0.015%, 
which means all the exergoenvironmental rates of pollution formation 
and destructions are substantially larger than that related to compo-
nents. This relationship also reflects on the relative exergoenvir-
onmental impact difference since increasing it means increasing the 
difference between the exergoenvironmental impact of product and fuel 
due to increasing environmental impact of destruction and losses. The 
lower this value, is better and has less impact on the environment. 

4.4. Comparison with other systems 

The current hybrid combined locomotive system has been compared 
to three systems as shown in Table 15 for exergoeconomic analysis. The 
two references have studied hybrid engines. Firstly, Lee et al. [15] 
studied two systems: SOFC with homogeneous charge compression 
ignition (HCCI) internal combustion engine and SOFC gas turbine (GT) 
engine. Both engines were operated using liquefied natural gas (LNG). 
The fuel specific exergetic cost is 12.05 $/GJ. The specific exergetic cost 
of electric power produced by fuel cell and HCCI engine are 53.47 and 

42.11 $/GJ, respectively. They also used a thermal recovery heat 
exchanger having a specific exergetic cost of 185.31. The exhaust stream 
has a specific exrgetic cost of 128.5 $/GJ. Secondly, Marques et al. [51] 
investigated the exergoeconomic analysis of ICE using natural gas 
combined with ARS cooling system. the specific exergetic cost of fuel 
was 17.60 $/GJ. The results of thi system are 29.54 $/GJ for electric 
power of ICE, 112.01 $/GJ for cooling load, 34.25 $/GJ thermal re-
covery, and 17.60 $/GJ for exhaust stream. 

The current hybrid system consists of four systems as beforemen-
tioned (MCFC-GT-ICE-ARS) and operates using five fuels F1 to F5, 
having specific exergetic costs of 7.48 $/GJ for F1, 10.33 $/GJ for F2, 
21.48 $/GJ for F3, 91.81 $/GJ for F4 and 33.66 $/GJ for F5. The electric 
exergetic costs are constant of 12 $/GJ for ICE and GT, while increasing 
according to the specific exergetic cost of fuels for electric power of 
MCFC, thermal recovery, cooling load, and exhaust stream. From this 
table, we found that the specific exergetic costs for ICE and GT of the 
current paper achieved minimum values, while the specific exergetic 
cost of electricity from fuel cell was achieved the minimum for using F1 
and F2. The exhaust specific exergetic cost was 34.07 $/GJ for F1 and 
49.47 $/GJ for F2, 125.9 $/GJ for F3 and 587.4 $/GJ for F5, which are 
lower than that of diesel engine alone 529.9 $/GJ. The increase in 
specific cost of electricity of MCFC results in its high capital cost rate 
(ŻMCFC) and the increase for the fuel cost for F3, F4 and F5. In addition, 
the specifc exergetic costs of cooling load are the highest values because 
of their highest exergy rates for ammonia and water in the evaporator. 
Furthermore, the increase in specific cost of exhaust stream results in the 
high values of the total cost rate of components and fuel cost as well. 

Limited studies have only conducted an exergoenvironmental anal-
ysis on combined systems as for a biodiesel engine [11] and an 

Fig. 8. The total exergoenvironmental impact rate of fuel ḂF , product ḂP, destruction ḂD, and total related to components ḂT (a). The total exergoenvironmental 
factor fb and the relative difference of specific environmental impact rb (b). 

Table 15 
Comparison the product specific exergetic cost (cP [$/GJ]) of the current system to other literature.  

Ref. [15] [51] Current paper 

System SOFC-HCCI SOFC-GT ICE-ARS MCFC-GT-ICE-ARS ICE* 
Fuel type LNG LNG NG F1 F2 F3 F4 F5 Diesel 
Fuel input 12.05 12.05 17.60 7.48 10.33 21.48 91.81 33.66 29.01 
Electricity by FC 53.47 57.3 0.00 36.23 62.06 155.80 706.24 257.96 0 
Electricity by ICE 42.11 0 29.54 12.00 12.00 12.00 12.00 12.00 12 
Electricity by GT 0 100.4 0.00 11.08 12.00 12.00 12.00 12.00 0 
Thermal recovery 185.31 87.52 34.25 32.74 46.78 111.14 504.34 175.06 0 
Cooling 0 0 112.01 793.81 496.30 924.37 4207.72 1490.60 0 
Exhaust stream 128.5 52.21 17.60 34.07 49.47 125.9 587.4 200.3 529.9  

* only locomotive ICE engine. 
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integrated combind system [43]. Cavalcanti et al. [11] studied the 
impact of using biodiesel fuel of 95% diesel and 5% biodiesel (D95B5) 
on the environmental impact, as shown in Table 16. The specific exer-
goenvironmental impact of fuel was 5.34 mPt/MJ resulting the specific 
exergoenvironmental impact of ICE of 33.7 mPt/MJ and of exhaust 
stream of 22.62 mPt/MJ. Also, Ghorbani et al. [43] studied an inte-
grated combined system consists of SOFC, GT, and organic Rankine 
cycle (ORC) using natural gas. The specific exergoenvironmental impact 
of fuel was 3 mPt/MJ (a conversion of 0.000003Pt/kJ) resulting the 
specific exergoenvironmental impact of electricity by GT of 780 mPt/ 
MJ, fuel cell (SOFC) of 1800 mPt/MJ and by exhaust stream of 358 mPt/ 
MJ. 

For our proposed system, the specific exergoenvironmental impact of 
fuels are 5.44, 7.88, 5.96, 11.33, and 7.60 mPt/MJ for F1 to F5, 
respectively, and 5.54 mPt/MJ for diesel fuel. The specific exer-
goenvironmental impact of electricity for ICE and GT are 7.72 mPt/MJ, 
while they varies from 26.10 t0 83.75 mPt/MJ for electricity of MCFC. 
The cooling load has highest environmental impact values. Also, the 
exhaust streams have specific environmental impact between 24 and 67 
mP/MJ. The proposed hybrid-combined locomotive engine has less 
environmental impact compared to only diesel engine other system as 
reported in [9,36]. 

5. Conclusions 

This paper presents both exergoeconomic and exergoenvironmental 
analyses and assessments of a proposed hybrid combined locomotive 
powering system, which particularly consists of an internal combustion 
engine, molten carbonate fuel cell with a steam reformer and water–gas 
shift, gas turbine cycle, and absorption refrigeration system. Based on 
these detailed analyses and assessments performed, we conclude some 
remarks as follows:  

• The total exergy destruction of the entire system is about 17 MW 
with 83% exergy efficiency for fuel F1.  

• The percentage of exergy destruction to the exergy fuel of the system 
using natural gas mixture (F1) is 17%.  

• The total levelized capital cost is 32.15 $/h, where the MCFC and ICE 
have the biggest contributions.  

• The MCFC and ICE have low exergoeconomic factors of 9.9% and 
4.6%, respectively, while the exergoeconomic factor of the system is 
3.7% for the F1 fuel (75% NG and 25% H2).  

• The F1 fuel achieves the highest exergoeconomic factor (3.7%) and 
least relative cost difference (21.9%), which becomes the most cost 
effective choice because of the least subsidized fuel price.  

• The total component-related environmental impact is 86 mPt/h, 
where the ICE has 52.1 mPt/h.  

• The entire system has an exergoenvironmental impact factor for F1 
of 0.015% and a relative environmental impact difference of 19.4%. 
The environmental impact of pollution formation is − 65760 mPt/h, 
which means pollution is removed by the proposed system.  

• The specific exergy cost and specific environmental impact of 
products are 0.1 $/GJ and 69.4 mPt/MJ, respectively.  

• The F1 fuel (75% NG and 25% H2) has the least economic and 
environmental impact compared to other fuels. 

Finally, the key contribution of the proposed hybrid combined 
locomotive system is to provide a clean rail transportation for the sectors 
to help improve environmental and economic performances. The inte-
grated system is also considered an ecofriendly approach to produce 
electric power using alternative fuels for enhancing environmental 
sustainability and advanced powering systems. With government sub-
sidies, alternative fuels become an economic choice. Further analyses 
will be performed in the near future with a key focus on multi-objective 
optimization for improving the economic and environmental impacts of 
the system. 
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