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Abstract
In this study, a thermal model for a turbojet engine is proposed. Besides the engine’s performance, the cost flow rate of each 
component is evaluated by performing the energetic, exergetic and exergoeconomic analyses. The compressor pressure ratio 
(πAC), flight Mach number (Ma) and turbine inlet temperature (TIT) are three operating variables, which affect the perfor-
mance of the whole system. Therefore, a sensitivity analysis is carried out to survey the effect of these variables on objective 
functions (i.e., energy efficiency, exergy efficiency, and exergy destruction). It is found that there are some contradictions 
between exergy efficiency and exergy destruction, which by increment in TIT energy efficiency increases, while the exergy 
destruction decreases. Therefore, an optimization should be applied on the presented system. The results show that the 
highest exergy destruction, unit exergy cost, and cost rate are 34.96 GJ h−1, 34.85 US$ GJ−1 and 437.37 US$ h−1 occur in 
the combustion chamber, compressor’s outlet flow and combustion chamber outlet stream, respectively. The energetic and 
exergetic optimization solution is obtained as the Pareto frontier. Final decision-making methods such as TOPSIS, LINMAP 
are employed for choosing the optimal solution. Design points of LINMAP and TOPSIS having 65.86%, 66.95% thermal 
efficiency and 12.51 GJ h−1, 12.65 GJ h−1 exergy destruction, respectively.
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List of symbols
ACC​	� Annual capital cost rate (US$ h−1)
c	� Unit exergy cost (US$ GJ−1)
c1	� Air inlet speed of system
cp	� Specific heat capacity (kJ kg−1 K−1)
C	� Cost rate (US$ h−1)
CRF	� Capital recovery factor
Ėx	� Exergy rate (GJ h−1)
IP	� Improvement potential
f	� Exergoeconomic factor
FĊ	� Fuel cost rate (US$ h−1)
h0	� Specific enthalpy at initial state (kJ kg−1)
h	� Specific enthalpy(kJ kg−1)

k	� Specific heat ratio
LHV	� Lower heating value of fuel (kJ kg−1)
m	� Mass flow rate (kg s−1)
n	� Lifetime of the system (year)
P	� Pressure (kPa)
PEC	� Purchased equipment cost (US$)
PR	� Fuel sell price (US$ kg−1)
PVF	� Present value factor
PW	� Present worth (US$)
Q̇	� Heat transfer rate (kW)
R	� Universal gas constant (kJ kg−1 K−1)
s	� Specific entropy (kJ kg−1 K−1)
s0	� Specific entropy at initial state (kJ kg−1 K−1)
SV	� Salvage value (US$)
T0	� Total temperature ratio
Ż	� Hourly levelized capital cost rate (US$ h−1)

Greek symbols
π	� Compression ratio
ψ	� Exergy efficiency
γ	� Fuel exergy rate
�th	� Thermal efficiency
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Subscripts
AC	� Air compressor
CC	� Combustion chamber
chem	� Chemical
D	� Destruction
f	� Fuel
GT	� Gas turbine
in	� Input
k	� The k’th component
kn	� Kinetic
out	� Output
P	� Product
ph	� Physical
pt	� Potential
a	� Dead (reference) state
d	� Consumption

Superscripts
OM	� Operating and maintenance
T	� Total
CIC	� Capital investment cost

Introduction

Gas turbines are employed widely in power generation and 
aeronautic applications in recent few years. This system is 
significantly applicable for aviation systems because of its 
ability to producing great power and high thrust to mass 
ratio for aircraft [1–3]. The simplest kind of gas turbines are 
called turbojet engine’s (TJE’s). It is the basis of other tur-
bojet engines. Turboshaft, turbofan, propfan, and turboprop 
engines are the advanced types of turbojets [4, 5]. In the past 
few decades, such advances are made in this regard; how-
ever, this technology can still be developed. The motion of 
the turbojet engine is caused by the acceleration of the work-
ing fluid, which typically air is used for this application. The 
accelerated fluid (i.e., Air) is moving in the reverse direction 
of the turbojet engine’s flight direction, which lead to motion 
of turbojet engine [6]. The performance of jet engines is the 
most important feature in the aircraft industries. These sys-
tems should be operated economically and efficiently while 
having the least impact on the environment [7–9]. To make 
the system compatible with the environment and being cost-
effective, system’s efficiency should be maximized while the 
exergy destruction should be decreased. Also the cost rate 
of systems should be minimized [10, 11]. In recent years, 
fuel consumption of such systems is increased that is led 
to entering not only pollutant but also greenhouse gases to 
the air. This process growing environmental problems. By 
betterment in the efficiency of fuel utilizing, the environ-
mental effect of emissions can be decreased [12, 13]. Ther-
modynamic analysis, which is including energy and exergy 

analyses can be employed for evaluating the economic and 
environmental sustainability. In other words, in order to 
achieve thermodynamics environmental and sustainability 
constraints, the energy (first law of thermodynamic), and 
exergy (second law of thermodynamic) analyses can be per-
formed [14–20].

By use of exergy analysis, thermodynamic inefficiencies 
of the system can be identified. Moreover, exergy destruction 
of every component of the system can be determined which 
results in improving the performance of the system or pro-
cess by decreasing the exergy loss of components [21–25]. 
According to what is said, exergy analysis is more beneficial 
than energy analysis. Also the exergy analysis can provide 
information to reach an ideal system [26]. Exergoeconomic 
or thermoeconomic evaluation is an engineering subsection 
that is a combination of economic principles and exergy 
analysis. Thermoeconomic analysis can provide a beneficial, 
cost-effective, and affordable information about the system, 
which cannot achieve by the use of typical energy or exergy 
or economic analyses separately [27–32]. The exergoeco-
nomic evaluation were applied to various systems to opti-
mize the overall performance of a system including costs 
and exergy calculations [11]. In the literature, many types of 
research were conducted for evaluating the exergoeconomic, 
exergy and energy performances of turbojet engines [33–36]. 
In [37] exergy analysis was performed on a turbofan engine 
with afterburner. Exergy destruction and exergy efficiency 
for each component in an altitude of 11000 meters and at sea 
level. The resulted exergy efficiency for the four components 
on the product/fuel basis were obtained 59.9%, 65.6%, 66.7% 
and 88.5%, meanwhile those for the whole engine at the sea 
level and an altitude of 11000 m are calculated to be 66.1% 
and 54.2%. In another study [38] the exergy performance 
of TJE was studied under various design parameters such 
as flight Mach number, turbine inlet temperature (TIT), the 
pressure ratio of compressor, etc. As a result, it was deduced 
that increasing the Mach number was related to the improve-
ment of exergy efficiency of components and TJE. Balli et al. 
[39] performed the exergoeconomic and exergy analyses on 
an aircraft jet engine. The exergy efficiency, unit exergy cost 
of the jet engine exhaust gases and exergy cost of the engine 
were calculated to be 34.8% for 2421.9 kW exhaust gases 
product, 70.96 US$ GW−1 and 618.6 US$ h−1, respectively. 
In the proposed model by Coban et al. [40], exergy and exer-
goeconomic analyses were applied to the components of the 
small-scale TJE, which was fueled with biofuel and con-
ventional aviation fuel. Furthermore, the exergy efficiency 
of components was calculated. The cost rate of thrust was 
obtained 79.08 US$ hkN−1 and 91.89 US$ hkN−1 for the 
conventional jet fuel and biofuel test case.

Many studies were performed on TJE’s to identify the 
optimal point for engine parameters that are mentioned in 
the literature [41–43]. In [44] a sensitivity analysis was 
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applied between some conflicting thermodynamic objective 
functions such as thermal efficiency, propulsive efficiency, 
specific fuel consumption. Moreover, a Pareto front solution 
is obtained for the objective function of TJE by employing 
Genetic algorithm optimization. The comparison results 
demonstrate the superiority of the new algorithm in preserv-
ing the diversity of non-dominated individuals and the qual-
ity of Pareto fronts in both two-objective and four-objective 
optimization processes. In another study [45] a sensitivity 
analysis was carried out to evaluate the influence of com-
pressor pressure ratio and turbine inlet temperature (TIT) on 
two-objective functions of study (i.e., specific fuel consump-
tion and specific thrust). Furthermore, a General Algebraic 
Modeling System was utilized to optimize and analyze the 
decision variables that aforementioned. The analysis shows 
that the specific thrust strongly depends on turbine inlet tem-
perature (TIT), where a 10% decrease in TIT results in 6.7% 
decrease in specific thrust and 6.8% decrease in SFC. Patel 
et al. [46] for evaluating the influence of some thermody-
namic parameters including turbine inlet temperature (TIT), 
flight Mach number and the pressure ratio of air compressor 
on the performance of the system, have performed an opti-
mization algorithm. Design points having 70.95% thermal 
efficiency, 60.23% propulsive efficiency, 0.0162 kgs−1 kN−1 
specific fuel consumption, and 1.1666 kN kg−1 s specific 
thrust are obtained during the optimization. Moreover, find-
ing the best solution for the proposed engine employed three 
decision-making including FUZZY, LINMAP and TOPSIS 
methods. In the literature, some different analyses, which 
have been applied on propulsion systems and aero gas tur-
bines, are listed in Table 1.

In the previous investigations, thermodynamic and ther-
moeconomic analyses and energy and exergy optimization 
are performed separately. In the presented investigation, 
the exergy, energy, and exergoeconomic analyses alongside 
an energy, exergy optimization are comprehensively exe-
cuted on a turbojet engine for the first time, simultaneously. 

Generally, the following evaluations are performed on a tur-
bojet engine: The thermodynamic and exergoeconomic anal-
yses are used to reveal the system’s efficiencies, inefficien-
cies and units cost rates. In addition, a detailed parametric 
analysis is applied to evaluate the influence of various deci-
sion variables on exergy and energy efficiencies and exergy 
destruction. Furthermore, the conflicting objective functions 
of study (i.e., Thermal efficiency and exergy destruction) 
are optimized by using a Genetic algorithm optimization 
approach and the conflict between these two functions is 
shown in the Pareto front figure. Moreover, LINMAP and 
TOPSIS decision-making methods are carried out to choose 
an optimal solution from the Pareto boundary optimal set.

Thermodynamic analysis

Assumptions

In this presented investigation, the following assumptions 
are made [1]:

•	 The system is working under steady state and steady flow 
conditions.

•	 The pressure and temperature of the air at the inlet of the 
system are 288.15 K and 101.3 kPa, respectively.

•	 Kerosene is the combustion chamber input fuel and the 
chemical formula of considered fuel for TJE (Kerosene), 
and its calorific value is C12H23 and 43370.596 kJ kg−1, 
respectively.

•	 Friction is negligible, thus pressure loss in the combus-
tion chamber is negligible.

•	 Kinetic and potential energy and exergy changes through 
the engine are ignored.

•	 Chemical exergy of the air is assumed to be close to 0.00.
•	 The isentropic efficiency of the turbine and compres-

sor, mechanical efficiency of shaft and efficiency of the 
burner are 0.9, 0.87, 0.98 and 0.8, respectively.

•	 The inlet air and the products of combustion are assumed 
to behave as ideal gas and the Specific heats are assumed 
to be constant.

Energy analysis

A conventional approach for assessment of jet engine sys-
tems is employing the first law of thermodynamics [10]. The 
inlet total temperature and inlet total pressure of jet engine 
can be defined by equations as given [47]:

(1)P0
a
=
(
1 +

k − 1

2
∗ Ma2

) k

k−1

Table 1   Some important studies on aircraft and propulsion systems

Aero-engine type Analysis method References

Aircraft jet Energy, exergy, and exergoeco-
nomic

[39]

Turboprop Exergo-sustainability [14]
Small-scale turbojet Energy, exergy, and exergoeco-

nomic
[40]

Turbojet Energy and exergy [33, 38]
Turbojet Exergy [35]
Turboprop Conventional and advanced 

exergy
[7]

Turboprop Exergy and exergoeconomic [36]
Turboprop Energy and exergy [9]
Turbojet Energy/optimization [41, 44, 46]
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And, k is the specific heat ratio calculated by,

cp is specific heat (kJ kg−1 K−1) and R is universal gas con-
stant (kJ kg−1 K−1)

And the air’s inlet speed of system is defined as follow-
ing [48],

Total pressure and temperature ratio of the compressor 
is calculated as [4]:

In the above equations, �AC is the pressure ratio of the 
air compressor and �AC is compressor isentropic efficiency.

Energy balance equation of combustion chamber can be 
achieved by using energy conservation.

The fuel–air ratio where ṁf and ṁa are fuel mass flow and 
air mass flow, is obtained as follows [49, 50];

where �b , cpc and cpt and LHV are the burner’s efficiency, 
specific heat capacity in compressor specific heat capacity in 
turbine and lower heating value of fuel, respectively.

The total temperature and the pressure ratio in a gas tur-
bine can be found by the following equations [51]:

where T0
i
 , Ti, �GT are the standard temperature ratio at point 

i, temperature at point i and turbine’s isentropic efficiency. 
The exhaust velocity of the nozzle is given by [48],

where is are nozzle exit Mach which can be defined as [4],

(2)T0
a
= 1 +

k − 1

2
∗ Ma2

(3)k =
cp

cp − R

(4)v1 = Ma1 ∗ c1&c1 =
√
k ∗ R ∗ T0

(5)P0
AC

= �AC

(6)T0
AC

= 1 +
�

k−1

k

AC
− 1

�AC

(7)f =
ṁf

ṁa

=

(
cpt ∗ T0

3
− cpc ∗ T0

2

)

𝜂b ∗ LHV − cpt ∗ T0
3

(9)T0
GT

= 1 −
1

T0
3

∗
cpc ∗

(
T0
2
− T0

1

)
(1 + f ) ∗ cpt ∗ �m

(10)P0
GT

=

⎡⎢⎢⎣
1 −

⎛⎜⎜⎝

1 −
T4

T3

�GT

⎞⎟⎟⎠

⎤⎥⎥⎦

kg

kg−1

(11)voutlet = Maoutlet ∗ coutlet

The thrust force (Ft) can be calculated by following equa-
tion [52]:

Furthermore the output power of the system is the result 
of the variation of kinetic energy at the inlet and outlet of 
the engine. Output power can be computed by the following 
equation [9]:

Exergy analysis

Figure 1 presents a simplified schematic of the turbojet 
engine. Exergy is included from physical, chemical, kinetic 
and potential exergy component that can be determined 
as follows [53]: 

For the ideal gas expression, specific physical flow exergy 
on a mass basis for air and combustion gaseous can be cal-
culated as:

The specific chemical exergy for liquid fuels with a chem-
ical formula of CxHyOzSn is given as [54]:

(12)Maoutlet =

������� 2

kg − 1
∗

⎡
⎢⎢⎢⎣

�
P0
outlet

Poutlet

� kg−1

kg

− 1

⎤
⎥⎥⎥⎦

(13)Ft = ṁa ∗
(
(1 + f ) ∗ v

outlet
−v

1

)

(14)Ẇoutput =
ṁa

2 ∗ 1000
∗
(
(1 + f ) ∗ v2

outlet
− v2

1

)

(16)ĖxD = ṁ ∗
(
exph + exch + exkn + expt

)

(17)

exph = h − h0 − T0 ∗
(
s − s0

)
or

exph = cp ∗
(
T − T0

)
− T0 ∗

[
cp ∗ ln

(
T
/
T0

)
− R ∗ ln

(
P
/
P0

)]

Fuel5

2

1

Combuster

3

TurbineAir compressor

Air

Exhaust gases 4

Fig. 1   Simplified schematic of the turbojet engine
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where γ is the fuel exergy rate and is given as [55, 56]:

Exergy efficiency and improvement potential are useful 
functions for appraising the exergic performance of a sys-
tem. Exergy efficiency can be calculated as [57, 58]:

where ĖxP and ĖxF are the exergy rate of the product and the 
exergy rate of fuel, respectively, and for each component are 
presented in Table 3. For total system the product and fuel 
exergy of the system is calculated by the following equation 
[52, 59, 60]:

where Ėxinlet is the system inlet exergy.
Improvement potential, which is the rate of exergy 

destruction minimization through the system, is given below:

Economic analysis

In this study, for obtaining economic parameters of the sys-
tem, the levelized cost approach is employed. Salvage value 
(S), present worth (PW) and present value factor (PVF) of 
the turbojet engine can be determined as following [40, 61]:

where i, j , n, and CIC are the interest rate, salvage rate, life-
time of the engine and capital investment cost, respectively.

Capital recovery factor (CRF) and annual capital cost of 
the system (ACIC) also can be written as:

(18)exch = � ∗ LHV

� = 1.0401 + 0.01728 ∗
y

x
+ 0.0432 ∗

z

x
+ 0.2196 ∗

n

x
∗
(
1 − 2.0628 ∗

y

x

)

(19)𝜓 =
ĖxP

ĖxF

(20)
ĖxP = Ft ∗ voutlet and

ĖxF = ṁ ∗ exch + Ėxinlet

(21)İP = ĖxD ∗ (1 − 𝜓)

(22)S = CIC ∗ j

(23)PW = CIC − S ∗ PWF(i, n)

(24)PVF =
1

(1 + i)n

(25)CRF =
i ∗ (1 + i)n

(1 + i)n − 1

(26)ACIC = PW ∗ CRF(i, n)

For every component of the system, the total cost rate can 
be defined as [62]:

Table 2   Required economic data for the exergoeconomic analysis 
[11, 64]

Item Unit Value

CIC (US$) 1,287,000
OM (US$ year−1) 99,000
i % 10
j % 15
N year 20
τ h year−1 800
PR US$ L−1 3

where ŻOM
k

 and ŻCIC
k

 are the hourly levelized operating, 
maintenance, and hourly levelized capital investment cost 
of each component that can be calculated as [61, 63]:

The levelized fuel cost rate in energy terms ( FĊe ) is cal-
culated as [64]:

where � , τ,  and PR are the density of fuel, the total annual 
number of hours of system operation at full load and fuel 
sale price, respectively. Ċf  is the hourly levelized fuel cost 
rate in the exergic term that is given as [64]:

The required economic data for the exergoeconomic 
analysis are represented in Table 2.

Exergoeconomic analysis

The exergoeconomic analysis is created by incorporating 
economic and exergy analyses. Between different approaches 
which are presented in the literature [65–70], the specific 
exergy costing approach (SPECO) is employed in this study 

(27)ŻT
k
= ŻOM

k
+ ŻCIC

k

(28)ŻOM
k

=
ĊOM

𝜏
∗

PECk∑
PEC

(29)ŻCIC
k

=
ACIC

𝜏
∗

PECk∑
PEC

(30)FĊe =
PR ∗ ṁf ∗ 3600 ∗ 𝜏

𝜌

(31)Ċf =
FĊe ∗ LHV

𝜏 ∗ exch
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due to being simple to apply. According to SPECO method, 
the cost balance for a given control volume is given as [71–73]:

where [71, 74],

where cin,k , cout,k and cW,k are the unit exergy cost for inlet, 
outlet, and power of k’th component of TJE, respectively.

The cost balance and auxiliary equation for components 
of TJE are mentioned in Table 3.

Exergoeconomic performance parameters including the 
unit exergy cost of the product (cp), the unit exergy cost of 
the fuel (cf), exergoeconomic factor ( fk ) and the cost rate 
of the exergy consumption rate ( Ċd ) of TJE and its main 
equipment are calculated and represented in Table 8. The fk 
parameter can be defined as [75, 76]:

Energetic and exergetic optimization

As discussed in the previous sections, there is a contrast 
between two considered objective functions and there is just 
not a unique solution to optimize two functions simultaneously. 
For this purpose, in this part, a genetic algorithm optimization 
approach is employed for optimizing target functions.

(or)
∑

Ċin,k + ŻT
k
=
∑

Ċout,k + Ċw,k

(32)Ċf,k + ŻT
k
= Ċp,k

(33)Ċin,k = cin,k ∗ Ėxin,k

(34)Ċout,k = cout,k ∗ Ėxout,k

(35)ĊW,k = cW,k ∗ ĖxW,k

(45)fk =
ŻT
k

ŻT
k
+ Ċd

Multi-objective optimization or multi-criteria optimiza-
tion is defined as acquiring a vector of decision variables 
that can be shown X∗ =

[
x∗
1
, x∗

2
,… , x∗

n

]T
∈ R

n to fulfill the 
constraints [44, 77]. The target functions are:

Which each should be maximized or minimized under m 
inequality constraints [44, 77]:

p equality constraints:

In this between thermal efficiency and the exergy destruc-
tion of the system are the conflicting objective functions, 
which the first should be maximized while the later should 
be minimized.

In multi-objective optimization, there is a set of optimal 
solutions instead of a single optimal solution, which is called 
the Pareto optimal boundary. Pareto approach can be pre-
sented by some definition [78].

Definition Pareto dominance

The vector U =
[
u1, u2,… , uk

]
∈ R

k is dominant for vector 
V =

[
v1, v2, ...., vk

]
∈ R

k if and only if [44, 77]:

Definition of optimal Pareto

A point like X∗ ∈ � (which Ω is an acceptable area in Rk 
that can satisfy 36 and 37 equations) is called Pareto optimal 
if and only if [44, 77]:

(36)F(X) =
[
f1(X), f2(X),… , fk(X)

]T
∈ R

k

(37)gi(x) ≤ 0, i = 1, 2,… ,m

(38)hj(x) = 0, j = 1, 2,… , p

(39)
∀i ∈ {1, 2,… , k}, ui ≤ vi ∧ ∃j ∈ {1, 2,… , k} ∶ ui < vi

Table 3   Energy, exergy and 
exergoeconomic balance 
equations of the engine’s 
components

Component Energy and exergy balance Cost balance and auxiliary equations

Air compressor ẆAC + Ėx1 − Ėx2 = ĖxDAC

ẆAC = ṁ ∗ (h2 − h1)

ĖxP = Ėx2 − Ėx1&ĖxF = ẆAC

𝜓AC =
Ėx2−Ėx1
ẆAC

Ċw,Ac + Ċ1 − Ċ2 + Ż
T

AC
= 0

c1 = 0

Combustion chamber Ėx2 + Ėx5 − Ėx3 = ĖxDCC

Ėx
P
= Ėx3&Ėx

F
= Ėx2 + Ėx5

𝜓CC =
Ėx3

Ėx2+Ėx5

Ċ5 + Ċ2 − Ċ3 + Ż
T

CC
= 0

Gas turbine Ėx3 − Ėx4 − ẆGT = ĖxDGT

ẆGT = ṁ ∗ (h3 − h4)

ĖxP = ẆGT&ĖxF = Ėx3 − Ėx4

𝜓GT =
ẆGT

Ėx3−Ėx4

Ċw,GT + Ċ3 − Ċ4 + Ż
T

GT
= 0

c3 = c2
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Or in other words:

Definition of a Pareto set

In such optimization problems, a Pareto set (Θ*) is consist-
ing of all design vectors of optimum Pareto. In other words 
[44, 77]:

Definition of Pareto front

For a given multi-objective optimization problem (MOP), 
Pareto front or Pareto boundary is a collection of the objec-
tive function’s vectors that are made from �∗ and results 
have no excellence to each other [44, 77].

Non‑dominated Sorting Genetic Algorithm (NSGAII)

At the First step of this method, the primary population (N) 
is generated randomly (Rt) and the number of members of 
the population should be constant. After that, the population 
will be classified and vectors, that can comply with the terms 
of Eq. (36), will be classified in lower levels. Between these 
populations, a new random population will be chosen for 
crossover and mutation. The sum of the newly created popu-
lation (by applying crossover and mutation) (Qt) and pri-
mary population will make the new population and the total 
new population will be categorized again. As said earlier, 
the base of NSGAII is that the number of members of the 
population should be constant while reproduction is ongo-
ing; therefore, in the end, there is an improved population 

(40)F(X∗) < F(X)

(41)
∀i ∈ {1, 2,… , k},∀X ∈ 𝛺 − {X∗} f1(X

∗) < f1(X)

∧ ∃j ∈ {1, 2,… , k} ∶ fj(X
∗) < fj(X)

(42)𝛩∗ =
{
X ∈ 𝛺|∄X� ∈ 𝛺 ∶ F

(
X�
)
< F(X)

}

in higher levels [44, 77]. Figure 2 shows the basic procedure 
of NSGAII.

To sum up, a flow diagram of Genetic algorithm is pre-
sented as following to get a better view about the applied 
optimization method (Fig. 3).

Decision‑making approaches

For choosing the final best answers along boundaries, two 
robust decision-making approaches are used. These methods 
are included in LINMAP and TOPSIS that are defined by the 
distance from the ideal and non-ideal point on Pareto front 
[79, 80]. The ideal point is specified as the point which every 
objective is optimized separately, irrespective the other ones. 
The non-ideal point is the point that each objective function 
has its worst value. The final solution in LINMAP approach, 
the point with the lowest distance from the ideal point is 
achieved as the optimum solution. In the TOPSIS approach, 
the final solution is the point with the farthest distance from 
the non-ideal point and nethermost distance from the ideal 
point simultaneously [81–83].

The optimal Pareto boundary for the presented scenario is 
provided in Fig. 11 and optimal results by applying TOPSIS 
and LINMAP decision-making approaches are presented in 
Tables 9 and 10.

Functions and parameters

In this study, three operating variables are proposed for opti-
mizing purpose. These parameters including turbine inlet 
temperature (TIT), the pressure ratio of air compressor πc 
and flight Mach number. These variables vary from 1100 K 
to 1800 K, 5 to 25 and 0 to 1, respectively.
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The energetic and exergetic optimization is employed 
among the conflicting objective functions. For this aim, 
Exergy destruction of TJE must be minimized while thermal 
efficiency must have the maximum value. The output power 
of the system is the result of the variation of kinetic energy 
at the inlet and outlet of the engine.

Therefore by dividing the power to net heat, thermal effi-
ciency can be calculated [4],

In addition, ĖxD is the exergy destruction of the TJE that 
is expressed as below,

Results and discussion

In this section, the Table 4 is presented which are included 
from the temperature, the pressure and the mass flow of 
every state of turbojet engine. These specification are 
resulted from running the whole cycle with specifying some 
initial states.

Exergy analysis

Exergy parameters of engine’s components, which is includ-
ing product and fuel exergy, exergy destruction, improve-
ment potential, and exergy efficiency, are presented in 
Table 5. As shown in Table 5, the air compressor has the 

(43)𝜂th =
ṁa ∗

(
(1 + f ) ∗ v2

outlet
− v2

1

)
2 ∗ 1000 ∗ ṁf ∗ LHV ∗ 𝜂b

(44)ĖxD = ĖxDAC + ĖxDCC + ĖxCGT
highest exergy efficiency that is 92.32%. The next rank 
belongs to the gas turbine and combustion chamber with 
92.25% and 57.94%. The total exergy efficiency of the sys-
tem is obtained 65.55%. In this between combustion cham-
ber has the highest improvement potential, which is 14.71 
GJ h−1. These all show that the air compressor has the lowest 
exergy loss and operate in the best condition between differ-
ent components. In other word, the air compressor converts 
most the fuel exergy to the product, which is the system’s 
desire. Also the combustor has the highest loss between dif-
ferent components. This high loss could be result of inap-
propriate utilization of fuel.

Furthermore, the contribution of exergy destruction of 
each component is shown in Fig. 4. As can be found from the 
pie chart (Fig. 4), the combustion chamber has the highest 
exergy destruction with 95% of total exergy destruction of 
turbojet engine. For minimizing the overall irreversibility, 
exergy destruction of this component should be decreased.

Table 4   Turbojet engine 
thermodynamic values

State no. Component Mass flow/kg s−1 Temperature/K Pressure/kPa

0 Air 14.75 298.15 93.6
1 Compressor inlet 14.75 313.05 111.02
2 Combustor inlet 14.75 487.93 555.14
3 Combustor outlet 15.17 1300.15 555.14
4 Turbine outlet 15.17 1148.50 273.23
5 Fuel 0.42 298.15 93.6

Table 5   Exergy parameters of 
the engine’s components

Component Parameters

EẋF/GJ h−1
EẋP/GJ h−1

EẋD/GJ h−1
İP/GJ h−1 ψ/%

Air compressor 11.21 10.35 0.83 0.064 92.32
Combustion chamber 83.11 48.15 34.96 14.71 57.94
Gas Turbine 12.39 11.43 0.96 0.074 92.25
Total 106.71 69.93 36.78 – 65.55

Air compressor

combustion chamber

Gas turbine

3%

2%

95%

Fig. 4   The exergy destruction contribution of components
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Sensitivity analysis per inlet Mach number

Variation of inlet Mach causes a change in the inlet air’s 
speed of the system, therefore the outlet speed of products 
changes and it generally increases. This variation is bigger 
than the inlet velocity increment. As given in the methodol-
ogy section, total work is defined in proportion of the dif-
ference between inlet and outlet velocity squared. Therefore 
total work increases.

Moreover, by variation in the inlet velocity, the fuel–air 
ratio and as a consequence the system’s input heat decreas-
ing. As shown in Fig. 5 and according to what is aforemen-
tioned thermal efficiency is increased because of the incre-
ment in total work and decrement of input heat with the 
enhancement of the inlet Mach number.

Moreover, by raising pressure ratio, thermal efficiency 
firstly increases then decreases. It happens because the tur-
bine inlet pressure and temperature should be proportional 
to each other. Since the TIT is constant, inlet pressure incre-
ment is possible up to a certain value to thermal efficiency 
increases. After that point, due to low TIT, the kinetic energy 
of the turbine’s inlet compensate lack of this thermal energy. 
Consequently, outlet speed decreases. So thermal efficiency 
decreases.

Figure 6 shows curves of the total exergy efficiency of 
the system, which have an upward trend. By increasing inlet 
velocity, product exergy of components (such as turbine’s 
work) are increasing. In addition, this increase is more than 
the increase in the fuel exergy of the components (such as 
compressor’s work) of the system, which is led to increment 
in exergy efficiency.

Given what is said earlier, by raising Mach number 
increment in exergy of product is higher than exergy of 
fuel. Therefore, exergy destruction, which is the difference 

between these two parameters, generally decreases and is 
shown in Fig. 7.

Sensitivity analysis per turbine inlet temperature

First law efficiency increases with rising TIT. This incre-
ment happens owing to producing more power in constant 
compressor’s pressure ratio.

As shown in Fig. 8 by an increment in �c the first law 
efficiency of the system increases firstly. As mentioned ear-
lier, since TIT and �AC should be proportional to each other. 
Therefore, by increasing the pressure ratio of the compressor 
up to 20 and 25, in low TIT values, thermal efficiency drops 
down. Because low inlet temperature is compensated by the 
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turbine’s inlet kinetic energy and causes decrement in outlet 
speed, as a result, thermal efficiency of system decreases.

The higher pressure ratio is led to higher turbine inlet 
pressure that causes more power production. Then by an 
increase in TIT for a pressure ratio of 20 and 25, thermal 
efficiency value goes higher than lower pressure ratio’s ther-
mal efficiency system.

As shown in Fig. 9, exergy efficiency curves generally 
have a downward trend for the same pressure ratio. For 
higher compression ratio exergy efficiency increases just 
like [52]. Exergy efficiency is function of outlet speed, 
thrust force, inlet exergy rate of system and exergy of sys-
tem. By variation of turbine’s inlet temperature these param-
eters change differently and in this between the increment 

in product exergy is lower than increment in fuel exergy. 
Therefore by increasing TIT in this system exergy efficiency 
decreasing.

As presented in Fig. 10, the exergy destruction of TJE 
cycle is increasing with an increment in TIT in the same 
compression ratio. Due to augmentation of TIT the irre-
versibility in the combustion chamber and gas turbine. As 
a result, exergy destruction increases. By augmentation of 
compression ratio from 5 to 25, exergy destruction of turbo-
jet engine decreases. As the entropy generation be lower, the 
input power causes a more pressure ratio in the compressor.

Exergoeconomic results

Economic parameters of the turbojet engine and its equip-
ment including purchased equipment cost (PEC), cost rate of 
the operating and maintenance ( ŻOM

k
 ), the hourly levelized 

total capital investment ( ŻCIC
k

 ) and total cost rate ( ŻT ) are 
calculated and presented in Table 6. The ŻOM

k
,ŻCIC

k
 and ŻT 

of system are obtained 123.74 US$ h−1, 184.74 US$ h−1 and 
314.68 US$ h−1, respectively.

In Table 7, the calculated cost rate and unit exergy cost of 
every exergy stream and shaft’s work are reported. Accord-
ing to results, the highest cost rate between streams is 437.37 
US$ h−1 and belongs to the outlet stream of the combustion 
chamber (stream 3). Furthermore, the outlet stream of the 
compressor has the highest unit exergy cost with value of 
34.85 US$ GJ−1.

The highest value of exergoeconomic factor (fk) belongs 
to gas turbine and air compressor with a value of 93.36% 
and 87.19%. These high values reveal that the reason for 
the high costs is the total cost rate, which is the sum of the 
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operating and maintenance and the capital investment costs. 
The lowest value of exergoeconomic factor (fk) is 4.11% and 
belongs to the combustion chamber. This shows that the 
exergy consumption (that is including exergy destructions 
and exergy losses) is the result of inappropriate utilization 
of fuel (Table 8).

Optimization results

In this section output results of optimization are proposed. In 
Fig. 11 Pareto front of two conflicting objective functions is 
shown. As discussed in previous sections and can be seen in 
the Pareto front curve, with increment in thermal efficiency 
exergy destruction increases which generally is not suitable 
for the system. Therefore with respect to designers target-
ing, an optimum solution can be chosen from the Pareto 
front solution.

In this Figure, ideal and non-ideal points are shown. 
These points have the maximum thermal efficiency with 
minimum exergy destruction, and minimum thermal effi-
ciency with maximum exergy destruction, respectively. 
These are applicable for finding decision-making approaches 
(i.e., LINMAP and TOPSIS) solutions. TOPSIS and LIN-
MAP solutions are defined by the distance from ideal and 
non-ideal points. As presented in Table 9, LINMAP and 
TOPSIS solutions are taking place at the point with Y1 
(i.e., thermal efficiency and) value of 0.6589 and 0.6695 
and Y2 (i.e., exergy destruction) value of 12.51 GJ h−1 and 
12.65 GJ h−1, respectively. The operating variables (which 
are TIT, πAC and Mach number) are 1241.72 K, 22.91 kPa 
and 0.792 for LINMAP and 1250.28 K, 22.94 kPa and 0.798 
for TOPSIS.

Also, Table 10 shows the Mean and Maximum value of 
Y1 and Y2 for LINMAP and TOPSIS approaches.

Table 6   Economic parameters 
for engine components

Component PEC/US$ [11] Ż
CIC

k
/US$ h−1

Ż
OM

k
/US$ h−1

ŻT/US$ h−1

Air compressor 577500 78.95 55.52 134.48
Combustion chamber 231000 31.58 22.21 53.79
Gas turbine 542850 74.21 52.19 126.41
Total system 1351350 184.74 129.93 314.68

Table 7   Cost rate and unit exergy cost of exergy streams

State no. Fluid type/
work

Ėx /W/GJ h−1
Ċ/US$ h−1 c/US$ GJ−1

0 Air 0 0 0
1 Air 0.79 0 0
2 Air 11.15 388.58 34.85
3 Combustion 

gases
46.43 437.37 9.42

4 Combustion 
gases

34.04 320.65 9.42

5 Fuel 71.95 12.27 0.17
– Compressor 

work
11.21 256.82 22.91

– Turbine work 11.43 240.49 21.04

Table 8   Performance 
parameters exergoeconomic 
analysis

Component Ėxdes/GJ h−1
ŻT/US$ h−1 cf/US$ GJ−1 cp/US$ GJ−1

Ċd/US$ h−1 fk/%

Air compressor 0.83 134.48 22.91 38.03 19.57 87.19
Combustion chamber 34.96 53.79 35.94 9.42 1256.8 4.11
Gas turbine 0.96 126.41 9.42 21.04 8.98 93.36
Total system 36.78 314.68 68.28 68.49 1285.33 –
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Conclusions

In the present study, energy, exergy, and exergoeconomic 
analyses are applied to a turbojet engine’s components. 
These components are consistent with an air compressor, 
gas turbine, and a combustion chamber. A sensitivity analy-
sis is carried out to reveal the influence of operating vari-
ables (i.e., compressor pressure ratio, flight Mach number, 
and turbine inlet temperature) on objective functions (i.e., 
energy efficiency, exergy efficiency, and exergy destruction). 
The variation range of operating variables is between 5 to 
25, 0 to 1 and 1100 K to 1800 K. Finally, an energetic and 
exergetic optimization is performed for finding the optimal 
points for two of the conflicting objective function (i.e., 
energy efficiency and exergy destruction). Also by use of 
LINMAP and TOPSIS decision-making approach, a final 
optimal solution is chosen.

Some of the main conclusions, which are obtained, are 
listed as given below:

•	 The maximum exergy destruction is taking place in the 
combustion chamber that is 34.96 GJ h−1. In addition, 
the combustion chamber has the highest improvement 
potential (IP) with a value of 14.71 GJ h−1.

•	 The maximum exergy efficiency between components of 
the system belongs to an air compressor with a value of 
93.39%. The total system exergy efficiency is reached to 
65.56%.

•	 The sensitivity analysis showed that by raising the tur-
bine inlet temperature, exergy destruction and energy 
efficiency of turbojet engine increases and exergy effi-
ciency decreases.

•	 The maximum exergy cost and unit exergy cost occurs in 
the turbine inlet flow and compressor outlet flow.

•	 The results showed that the final optimal solution of 
TOPSIS and LINMAP method are 66.95% and 65.89% 
for thermal efficiency and 12.65 GJ h−1 and 12.51 GJ h−1 
for exergy destruction, respectively.

The above mentioned results show for improving the 
function of the proposed TJE, there should be enhancement 
on combustor efficiency. Because it has the best improve-
ment potential between other components. For instance, 
the fuel utilization on this component should be improved. 
Furthermore, the analyses indicate that high turbine’s inlet 
turbine in not proper for system’s function. However in 
increases the thermal efficiency of system, But it increases 
the exergy destruction that has bad effects on system’s 
performance.
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