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Abstract: A comprehensive energy and exergoeconomic analysis of a novel transcritical refrigeration
cycle (NTRC) is presented. A second ejector is introduced into the conventional refrigeration system
for the utilization of the gas-cooler waste heat. The thermodynamic properties of the working fluid
are estimated by the database of REFPROP 9, and a FORTRAN program is used to solve the system
governing equations. Exergy, energy, and exergoeconomic analyses of the two cycles are carried
out to predict the exergetic destruction rate and efficiency of the systems. The optimum gas cooler
working pressure will be determined for both cycles. A comprehensive comparison is made between
the obtained results of the conventional and the new cycles. An enhancement of approximately 30%
in the coefficient of performance (COP) of the new cycle was found in comparison to the value of the
conventional cycle. In addition, the results of the analysis indicated a reduction in the overall exergy
destruction rate and the total cost of the final product by 22.25% and 6%, respectively. The final
product cost of the proposed NTRC was found to be 6% less than that of the conventional ejector
refrigeration cycle (CERC), whereas the optimum value of the gas cooler pressure was 10.8 MPa, and
11.4 MPa for the NTRC and CERC, respectively.

Keywords: carbon dioxide; transcritical cycle; refrigeration; economic and exergy analysis; ejector
refrigeration cycle; waste heat

1. Introduction

The International Energy Agency considers the Middle East region as one of the fastest-growing
regions for energy demand over the period 2006–2030. Additionally, a profound increase in energy
demand and economic growth has been experienced in the Middle East region, and it has been an
exciting subject for researchers to investigate. It is estimated that 65% of the total energy produced
is consumed by air conditioning (AC) applications in this region, due to hot climates [1]. In hot
climates, the environmental conditions are the main challenge for AC and refrigeration units. Higher
ambient temperatures lead to an increase in the condensation pressure, and that causes higher electrical
consumption [2].

According to Salahuddin and Gow [3], a relationship exists between carbon dioxide (CO2)
emission and energy consumption for long and short terms. Therefore, utilizing a natural refrigerant
for refrigeration has been the focus of research and development to replace the environmentally
non-friendly refrigerants Chlorofluorocarbon (CFC) and hydrofluorocarbon (HFC), which have high
global warming potential (GWP).
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CO2 is an excellent alternative refrigerant, which enables the reduction of negative impact
on the GWP. It is a natural fluid, non-flammable, inexpensive, non-toxic, and offers advantageous
thermophysical and transport properties, and has zero ozone depletion potential (ODP) with GWP = 1.
A propane mechanical subcooling system with a two-stage transcritical carbon dioxide refrigerating
machine was studied to evaluate the best system coefficient of performance (COP) for different
subcooling systems [4,5].

The properties of CO2 are unique, with a low critical temperature of 31.2 ◦C. Kauf [6]
thermodynamically analyzed a CO2 refrigeration system and presented correlations of the system
optimum values at high pressure. More detailed correlations were found for refrigeration systems
without and with internal heat exchangers [7,8]. Later, refrigeration systems with internal heat
exchangers were experimentally studied, and an enhancement of 10% in the COP of the system
was found [9–11]. Transcritical carbon dioxide refrigeration systems with multiple ejectors were
thermodynamically investigated. Some disadvantages of the carbon dioxide refrigeration cycles were
reported when high pressure and temperature conditions prevailed, which led to a decrease in the
system performance. New technologies and modifications of the cycle were implemented to overcome
these drawbacks and enhance the cycle energy efficiency and system performance. The Rankine power
cycle was integrated into the ejector cooling cycle, and the new system was mathematically analyzed
to evaluate the effect of major parameters on the performance of the system [12,13].

A thermodynamic analysis of a CO2 conventional refrigeration system and R134a as working
fluids was conducted. The results showed that CO2 presents a lower performance in comparison to
R134a [14,15]. Thermodynamic analysis of a transcritical refrigeration cycle with CO2 and ethane as the
working fluids were investigated. The results showed the superiority of ethane over carbon dioxide
in terms of second law efficiency and compressor discharge temperature [16]. New arrangements of
refrigeration cycles that utilize low-grade heat sources such as solar energy were investigated and
studied [17–20].

Several working fluids were investigated and studied as the best replacement in refrigeration cycles
based on their environmental impact and characteristics performance [21–23]. Different combinations
of transcritical refrigeration cycles with carbon dioxide as the working fluid were studied [24–26].

Sarkar and Agrawal [27] proposed different configurations of parallel compression, which resulted
in an enhancement of 47% of COP in the conditions of a high-temperature difference between the
condenser and the evaporator. Another two-stage refrigeration transcritical CO2 cycle was presented,
and an 80% improvement in the system COP was registered in comparison with the conventional
system [28]. Furthermore, the implementation of parallel compression systems was found of great
value in refrigeration systems, and an enhancement of 30% in the COP was found in comparison with
the normal cycle [29,30].

Megdouli et al. [31] found that for improving the COP, the most efficient method is the use of the
waste heat in the gas cooler (GC), with a 12% enhancement in the system COP. A thermo-economic
investigation was conducted to study the operating parameters’ effects in a new power and cooling
system. The results found a highly efficient system in comparison with the already existing combined
systems [32]. Fazelpour and Morosuk [33] showed that the use of an economizer led to a 4–5% increase
in the equipment purchased cost and a decrease in the final product total cost by 13–14%.

The economic and configuration optimization of the combined cycles were extensively studied
in the literature. It was deduced that several combined heating, cooling, and power generation
systems with low-grade heat source were efficient [34–37]. The use of ejector in cooling systems has
been extensively studied over the past decade. New refrigerants were proposed to achieve higher
system COP and advance the technology of ejector cooling systems to be compact and efficient.
New refrigeration cycles with the combination of ejector and Rankine cycle for the combined cooling
and power generation had been investigated. Researchers found that the use of the ejector decreased
the power consumed by the compressor and enhanced the system COP. The exergetic efficiency was
found to be increased by 155% for the combined cycle with the ejector [38,39].
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It is a well-known fact that any throttling valve operates as an isenthalpic device. Such a
thermodynamic process causes a reduction in the refrigerating effect since the refrigerant kinetic energy
generated by the pressure drop is converted into friction. An ejector, which is cheap, able to handle the
two-phase flow, and has no moving parts, is used to recover part of energy content. An enhancement
of 26% in the cycle COP could be achieved when utilizing the ejector [40,41].

It was concluded that the transcritical refrigeration cycle with ejector had better performance
than that of parallel compression in industrial applications. A one-dimensional model of a constant
pressure mixing ejector in which the conventional components performed ideally was implemented
in several research works [42–45]. The outcomes underlined that the diffuser efficiency has the most
substantial influence on the increase in COP. Furthermore, an optimal mixing pressure, which can be
ascribed to a tradeoff between the mixing process irreversibilities and the inefficiencies occurring in the
nozzle and the diffuser, has to be identified [46]. Bilir and Ersoy [47] claimed that this technology could
perform much better for refrigerating plants in hot climates. High potentials of enhancement could be
attained on the part of a transcritical ejector refrigeration cycle operating at high outdoor temperatures.
Enhanced ejector technology was recently developed and utilized in engineering applications with
transcritical refrigeration cycle to enhance its performance characteristics [48,49].

The literature review highlighted the existence of different strategies for the improvement of
the CO2 transcritical cycle performance. Different types and configurations of air conditioning and
refrigeration systems are used in industrial, residential, and commercial applications to maintain
comfort conditions. In the case of the application of these systems in places and areas without reliable
power supply, the low-grade heat source can be utilized in refrigerating machines, which makes them
promising technologies. In addition, the utilization of the cycle waste heat had gained the interest
of researchers over the past decades. The introduction of the ejector into the transcritical cycle had
been proved to be an excellent approach to harvest low grade heat and enhance the cycle performance.
Therefore, the present study introduces the design of a novel transcritical refrigeration cycle (NTRC)
with an ejector. The governing equations are solved using a FORTRAN program, and the code is
validated by experimentally obtained and published data. A comprehensive comparison of energy
and exergy parameters is conducted for the conventional ejector refrigeration cycle (CERC) and the
NTRC. The waste energy rejected by the GC in the ejector expansion refrigeration cycle is utilized as
the driving source heat temperature for the ejectors. A thermo-economical study will be carried out to
evaluate the performance of both cycles. The simulation results of the new proposed cycle will be
compared with those of the CERC operating at the same conditions and cooling capacity. The optimum
gas cooler working pressure will be determined for the cycles. The exergy, energy, and exergoeconomic
analysis of the systems are conducted using a FORTRAN program with the REFPROP database for the
working fluid properties.

2. The Description of the Cycles

The components of the CERC, as shown in Figure 1, are a compressor, a separator, an expansion
valve, a GC, an evaporator, and an ejector. The working refrigerant splits into saturated vapor (state 5),
and saturated liquid (state 6) in the phase separator. The compressor raises the saturated vapor pressure
to (state 2), and then its temperature is reduced to state 3 in the GC. Due to the significant pressure
drop, at the converging-diverging nozzle exit in the ejector, the refrigerant vapor is liquefied at (state n).
The low-pressure flow creates a vacuum effect that forces the refrigerant vapor to be entrained from the
evaporator (state 1). The mixed flow passes through the diffuser section of the ejector with a pressure
buildup at the ejector exit (state 4). A cooling effect is generated in the evaporator during the phase
change of refrigerant from liquid to saturated vapor (state 7). The refrigerant, at a two-phase state,
leaves the ejector and enters the separator. In this way, the CERC is completed. The vapor leaves the
compressor at high temperature and pressure and is discharged to the GC, and a cooling process of the
refrigerant takes place in the GC.
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superheated state conditions (states 12 and 8, respectively). The refrigerant at superheated conditions 
enters the second ejector’s nozzle as a primary flow, and it gains more speed in the converging-
diverging nozzle and thus creating a suction effect at state 9. A booster raises the refrigerant pressure 
from state 5″ to state 9. The high-pressure flow is mixed with the entrained refrigerant and continues 
to the ejector’s diffuser section, where the velocity is reduced, and pressure is increased (state 10). 
The working fluid refrigerant condenses to a liquid at state 11 in the condenser, and the liquid 
refrigerant splits into two parts; the first one is pumped back to state 11′, and the second stream enters 
the expansion valve (EV2) through an isenthalpic process to state 11′’. In this configuration, 
additional cooling capacity is provided, and the system performance is improved. 

Figure 1. Schematic of the conventional ejector refrigeration cycle (CERC).

The transcritical ejector expansion refrigeration system is combined with an ERC to utilize the
wasted energy in the GC, which will improve the system performance. The NTRC p-h and schematic
diagrams are shown in Figure 2.

The processes of NTRC are described by selecting a starting point and returning to this point
in the system. The compressed high-temperature CO2 refrigerant, at state 2, is discharged to the
GC, and it exists at state 3 and passes through the first ejector’s nozzle, where it accelerates and
creates a low-pressure region that will entrain the evaporator vapor (state 1). The total flow exits
the ejector diffuser (state 4) and, later, it leaves the ejector to the separator, where it is split into two
saturation states; liquid (state 6) and vapor (state 5). The refrigerant saturated liquid passes through an
expansion device and reaches low pressure in the evaporator (state 7), and the compressor compresses
the refrigerant vapor to the condenser pressure.

The dissipated heat by the GC is supplied to the refrigerant, which enters and leaves at superheated
state conditions (states 12 and 8, respectively). The refrigerant at superheated conditions enters the
second ejector’s nozzle as a primary flow, and it gains more speed in the converging-diverging nozzle
and thus creating a suction effect at state 9. A booster raises the refrigerant pressure from state 5” to
state 9. The high-pressure flow is mixed with the entrained refrigerant and continues to the ejector’s
diffuser section, where the velocity is reduced, and pressure is increased (state 10). The working fluid
refrigerant condenses to a liquid at state 11 in the condenser, and the liquid refrigerant splits into
two parts; the first one is pumped back to state 11′, and the second stream enters the expansion valve
(EV2) through an isenthalpic process to state 11′’. In this configuration, additional cooling capacity is
provided, and the system performance is improved.
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3. System Mathematical Modeling

The proposed systems are analyzed under the following assumptions:

1. The flow in the cycle is frictionless.
2. The ejector process is adiabatic.
3. The losses in the ejector sections are accounted for by their efficiencies [32], as listed in Table 1.
4. The drop in the secondary flow pressure in the ejector nozzle (P1 − Pm) is assumed 0.3 bar [32].
5. Saturated states of liquid and vapor are assumed at the exit of the evaporator, condenser, and

the separator.
6. The expansion valve process is isenthalpic.
7. The pump and booster isentropic efficiencies are 90% and 85%, respectively [50].
8. The isentropic efficiency of the compressor is equal to 0.8 [33].
9. The system cooling capacity is 100 kW.
10. The GC temperature difference is five degrees (∆T = T2 − T8) [51].
11. The ambient reference conditions are Ta = 25 ◦C and Pa = 1 bar, respectively [33].

Table 1. The reference parameters and operating conditions of the cycle’s performance analysis.

Parameter Value

Evaporation temperature, Te (◦C) −30 to −5 ◦C
The temperature at the exit of the GC, Tgc (◦C) 32 to 50

The pressure of the GC, Pgc (MPa) 9 to 15
Isentropic pump efficiency, ηis,p (%) 90

Booster isentropic efficiency, ηis,b (%) 85
Compressor isentropic efficiency, ηis,c (%) 80

Diffuser efficiency, ηd (%) 75
Primary flow isentropic efficiency, ηp % 90

Secondary flow isentropic efficiency, ηs % 90
The reference temperature of state, T0 (◦C) 25

The reference pressure, P0 (MPa) 0.1
System cooling capacity (kW) 100

3.1. Ejector Model

The main components of the ejector are the primary nozzle, mixing chamber, and diffuser.
The schematic diagram of the constant pressure mixing ejector model used in this analysis is shown in
Figure 3. The primary flow enters the nozzle and accelerates with a decrease in the static pressure.
The decrease in pressure creates an entrainment effect of the secondary flow from the evaporator.
The primary and secondary flows mix in the mixing chamber and continue their way to the diffuser,
where a pressure build-up occurs. The stream pressure increases to the backpressure, which is the
condenser pressure.

The ejector’s entrainment ratio ω is:

ω =

.
ms f
.

mp f
(1)

where
.

ms f is the secondary mass flowrate, and
.

mp f is the primary flow’s mass flowrate, kg.s−1.
The primary stream velocity is calculated as:

Vp =
√

2ηn(h3 − hn,is)1000 (2)

where, hn,is—specific isentropic enthalpy, (kJ.kg−1).
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The isentropic efficiency ηn of the nozzle is:

ηn =
h3 − hn

h3 − hn,is
(3)Processes 2020, 8, x FOR PEER REVIEW 8 of 30 
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The momentum conservation principle is applied to the ejector mixing chamber as follows [52,53]:

.
mpVp +

.
mpVs =

( .
mp +

.
ms

)
Vm (4a)

where Vm is the exit velocity of the mixed flow, m.s−1.
For the simplicity of analysis, the secondary flow velocity is negligible in comparison to the

primary flow velocity, then Vm is evaluated as:

Vm =
Vp

1 +ω
(4b)

The mixing chamber efficiency is calculated as [53]:

ηm =
Vm

2

Vm s2 (5)

where Vm s is the ideal isentropic velocity at the exit of the mixer.

Vm = Vm s
√
ηm (6)
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The mixed flow enthalpies are:

hm =
h3 +ωh1

1 +ω
− (

1
2

Vm)
2
/1000 (7)

h4 = hm + (
1
2

Vm)
2
/1000 (8)

The isentropic enthalpy is:
h4,is = ηd(h4 − hm) + hm (9)

3.2. Energy Analysis

The principle of energy conservation is applied to the cycles’ components, and the equations of
the thermodynamic model are derived. The steady mass and energy equations are:∑ .

min −
∑ .

mout = 0 (10)

∑
(

.
mh)in −

∑
(

.
mh)out +

∑ .
Qin −

∑ .
Qout +

.
W = 0 (11)

The component’s model equation is presented in Table 2.

Table 2. Thermodynamic and energy balance equations for CERC and NTRC.

(a) CERC

Component Equation
Evaporator

.
Qe =

.
m1(h1 − h7)

Compressor
.

Wcom =
.

m2(h2 − h5)

Gas cooler
.

Qgc =
.

m2(h2 − h3)

Expansion valve h6 = h7
Ejector m4h4 = m3h3 + m1h1

Coefficient of performance (COP) COP =
.

Qe/
.

Wcom

(b) NTRC

Component Equation
Evaporator

.
Qe =

.
m1(h1 − h1′ )

Compressor
.

Wcom =
.

m2(h2 − h5′ )
Expansion valve 1 h6 = h7

Gas cooler
.

m2(h2 − h3) =
.

m8(h8 − h12)
Ejector 1 m4h4 = m3h3 + m1h1

Condenser
.

Qcd =
.

m10(h10 − h11)

Pump
.

Wp =
.

m12(h12 − h11′′ )
Ejector 2 m10h10 = m8h8 + m9h9
Booster

.
Wb =

.
m9(h9 − h5′′ )

Expansion valve 2 h13 = h11′′

Coefficient of performance (COP) COP =
( .
Qe

)
/
( .
Wnet

)
,

.
Wnet =

.
Wcom +

.
Wb +

.
Wp

3.3. Exergy Analysis

The main components of the rate of system total exergy (
.
Etotal) are the physical, kinetic, chemical,

and potential exergy rates (
.
Ekn,

.
Eph,

.
Ech,

.
Ept). The magnetic, nuclear, electrical, and other less

predominant effects are neglected [54]:

.
Etotal =

.
Eph +

.
Ekn +

.
Ept +

.
Ech (12)
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For any closed system, the physical exergy rate is defined in terms of the refrigerant’s entropy
and enthalpy differences at a Po and T0:

.
Eph =

.
m[(h− h0) − T0(s− s0)] (13)

where h and s are the refrigerant specific enthalpy and entropy.
The system exergy balance equation of each component is [33]:

.
EF,k =

.
EP,k +

.
ED,k (14)

in which
.
EF,

.
Ep, and

.
ED are the rates of exergy of fuel, product, and destruction, respectively.

Exergy loss to the environment
.
EL,tot is added to the system rate of exergy balance as follows:

.
EF,tot =

.
EP,tot +

∑
k

.
ED,k +

.
EL,tot (15)

The exergy destruction of the system’s component is:

.
ED,k =

.
EF,k −

.
EP,k (16)

The destruction of exergy ratio is defined as:

.
yD,k =

.
ED,k
.
ED,tot

(17)

The exergy efficiency is:

ε =

.
EP,tot
.
EF,tot

(18)

The equations of system components’ exergy rates of the cycles are shown in Table 3.

Table 3. Balance equations of the exergy rate of CERC and NTRC.

(a) CERC

Component Exergy Product Rate (
.
EP,k) Exergy Fuel Rate (

.
EF,k) Exergy Destruction Rate (

.
ED,k)

Evaporator
.
EP,e =

.
E9 −

.
E8

.
EF,e =

.
E7 −

.
E1 .

ED,e =
.
EF,e −

.
EP,e (19)

Compressor
.
EP,com =

.
E2 −

.
E5

.
EF,com =

.
Wcom .

ED,com =
.
EF,com −

.
EP,com (20)

Gas cooler
.
EP,gc =

.
E11 −

.
E10

.
EF,gc =

.
E2 −

.
E3 .

ED,gc =
.
EF,gc −

.
EP,gc (21)

Expansion valve
.
EP,ev =

.
E7

.
EF,ev =

.
E6 .

ED,ev =
.
EF,ev −

.
EP,ev (22)

Ejector
.
EP,ej =

.
E4

.
EF,ej =

.
E3 +

.
E1 .

ED,ej =
.
EF,ej −

.
EP,ej (23)

Separator
.
EP,sp =

.
E5 +

.
E6

.
EF,sp =

.
E4 .

ED,sp =
.
EF,sp −

.
EP,sp (24)

Total system
.
EP,tot =

.
EP,e

.
EF,total =.

EP,total +
∑
k

.
ED,k +

.
EP,gc .

ED,tot =
6∑

k=1

.
ED,k (25)
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Table 3. Cont.

(a) CERC

Component Exergy Product Rate (
.
EP,k) Exergy Fuel Rate (

.
EF,k) Exergy Destruction Rate (

.
ED,k)

(b) NTRC

Evaporator
.
EP,e =

.
E15 −

.
E14

.
EF,e =

.
E1
′ −

.
E1 .

ED,e =
.
EF,e −

.
EP,e (26)

Compressor EP,com =
.
E2 −

.
E5′

.
EF,com =

.
Wcom .

ED,com =
.
EF,com −

.
EP,com (27)

Expansion valve 1
.
EP,ev1 =

.
E7

.
EF,ev1 =

.
E6 .

ED,ev1 =
.
EF,ev1 −

.
EP,ev1 (28)

Gas cooler
.
EP,gc =

.
E8 −

.
E12

.
EF,gc =

.
E2 −

.
E3 .

ED,gc =
.
EF,gc −

.
EP,gc (29)

Ejector 1
.
EP,ej1 =

.
E4

.
EF,ej1 =

.
E3 +

.
E1 .

ED,ej1 =
.
EF,ej1 −

.
EP,ej1 (30)

Condenser
.
EP,cd =

.
E17 −

.
E16

.
EF,cd =

.
E10 −

.
E11 .

ED,cd =
.
EF,cd −

.
EP,cd (31)

Pump
.
EP,p =

.
E12 −

.
E11′

.
EF,p =

.
Wp .

ED,p =
.
EF,p −

.
EP,p (32)

Ejector 2
.
EP,ej2 =

.
E10

.
EF,ej2 =

.
E8 +

.
E9 .

ED,ej2 =
.
EF,ej2 −

.
EP,ej2 (33)

Expansion valve 2
.
EP,ev2 =

.
E13

.
EF,ev2 =

.
E11′′ .

ED,ev2 =
.
EF,ev2 −

.
EP,ev2 (34)

Booster
.
EP,b =

.
E9 −

.
E5′′

.
EF,b =

.
Wb .

ED,b =
.
EF,b −

.
EP,b (35)

Separator
.
EP,sp =

.
E5 +

.
E6

.
EF,sp =

.
E4 .

ED,sp =
.
EF,sp −

.
EP,sp (36)

Total system
.
EP,tot =

.
EP,e

.
EF,total =.

EP,total +
∑
k

.
ED,k +

.
EP,cd .

ED,tot =
11∑

k=1

.
ED,k (37)

3.4. The System’s Economical Analysis

In the present work, the total revenue requirement (TRR) method is implemented to carry out the
economic analysis of the proposed cycles.

The levelized value of annual CCL is evaluated:
CCL = (the capital total investment) * CRF
CRF is the capital recovery factor defined as:

CRF =
i(i + 1)n

(1 + i)n
− 1

(38)

The interest rate i is 10%, and the lifetime number of years is n = 15 years [33].
The levelized value of annual fuel cost (FCL) can be obtained by:

FCL = FC0 ×
kFC(1− (kFC)

n)

(1− kFC)
×CRF (39)

with kFC =
1+rFC

1+i , where rFC is the operating and maintenance cost rate of escalation (rFC = 2.5%) [33].
The levelized annual operating and maintenance cost (OMCL) is:

OMCL = OMC0 ×
kOMC(1− (kOMC)

n)

(1− kOMC)
×CRF (40)

kOMC =
1+rOMC

1+i , where rOMC is the nominal rate of escalation of the costs of operations and
maintenance (rOMC = 2.5%).
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TRRL, which is the total revenue requirement, is:

TRRL = CCL + FCL + OMCL (41)

The rate of the kth component’s total cost is:

.
Zk =

.
Zk

CI +
.
Zk

OM (42)

where,
.
Zk

CI and
.
Zk

OM can be calculated as follows:

.
Zk

CI =
CCL

τ

PECk∑
n PECn

(43)

.
Zk

OM =
OMCL

τ

PECk∑
n PECn

(44)

where; τ is 6000 h of the system operating at full load per year. PECk denotes the kth component
purchased cost. The fuel price is assumed to equal to 0.12 $.kWh−1.

3.5. Exergoeconomic Analysis of the System

The exergoeconomic analysis method used in this work is the specific exergy costing method [55].
The unit cost of exergy, as well as specific components exergy and efficiency with the corresponding
auxiliary equations of the energy component system, is applied [33]. The economic analysis is evaluated
on the assumptions that the associated costs with the equipment and the installation costs at 15% of the
investment capital cost and the purchased equipment cost (PEC) of all expansion devices and that of
the receiver were taken from the catalog of the manufacturer at 100 € and 1000 €, respectively [29,33];

The exergoeconomic analysis is a useful tool for studying and evaluating the component’s cost in
refrigeration systems. The relationship between the total costs and product cost of the system can be
written as follows [33,55]: ∑

out

.
Cout,k =

∑
in

.
Cin,k +

.
Z

k
(45)

The following, Equations (46) and (47), can also be used:

.
CP,k =

.
CF,k +

.
Zk (46)

Or
cP,k

.
EP,k = cF,k

.
EF,k +

.
Zk (47)

.
CP,k and

.
CF,k are the product, and fuel cost rates; cP,k and cF,k are the product and fuel costs per

unit of exergy.
The exergy destruction’ cost rate of a component is:

.
CD,k = cF,k

.
ED,k (48)

The relative cost difference rk and the exergoeconomic factor fk are:

rk =

(
cP,k − cF,k

)
cF,k

(49)

fk =

.
Zk

.
Zk +

.
CD,k

(50)
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The total product unit cost cp,tot can be calculated as:

cp,tot =

.
CP,e +

.
CL,tot

.
EP,tot

(51)

For comparison purposes, the summations of the total cost rates of exergy destruction and capital
investment

.
Ztot +

.
CD,tot are used.

where,
.
CD,tot = cF,tot

∑ .
Ek,D (52)

The exergoeconomic factor is evaluated as:

ftot =

.
Ztot

.
Ztot +

.
CD,tot

(53)

The cost balance equations, as well as the corresponding auxiliary equations, are presented
in Table 4. A system of linear algebraic equations will result from the application of the balance
equations on the system components. The solution of the system is obtained to identify the cost rates
and exergy of the system’s components.

Table 4. Equations of CERC and NTRC cost balance for the analysis.

(a) CERC

System Component Equation of Cost Balance Auxiliary Equation Estimation of PEC (US$2015) [29,55]

Evaporator
.
C1 +

.
C9 =

.
C7 +

.
C8 +

.
Ze c8 = 0, c1 = c7

PECe = 130(
Ae

0.093
)

0.78
(54)

Compressor
.
C2 =

.
C5 +

.
Cw,com +

.
Zcom -

PECcom = 9624.2
.

Wcom
0.46 (55)

Expansion valve
.
C7 =

.
C6 +

.
Zev -

PECev = 114.5
.

m6 (56)

Gas cooler
.
C11 +

.
C3 =

.
C2 +

.
C10 +

.
Zgc c2 = c3, c10 = 0

PECgc = 130(
Agc

0.093
)

0.78

(57)

Ejector
.
C4 =

.
C1 +

.
C3 +

.
Zej -

PECej = 2000 (58)

Separator
.
C5 +

.
C6 =

.
C4 +

.
Zsp c5 = c6

PECsp = 3000 (59)
(b) NTRC

Evaporator
.

C1 +
.

C15 =
.

C14 +
.

C1
′ +

.
Ze c14 = 0, c1 = c1

′

PECe = 130(
Ae

0.093
)

0.78
(60)

Compressor
.
C2 =

.
C5′ +

.
Cw,com +

.
Zcom -

PECcom = 9624.2
.

Wcom
0.46 (61)

Expansion valve 1
.
C7 =

.
C6 +

.
Zev1 -

PECev1 = 114.5
.

m7 (62)

Gas cooler c2 = c3

PECgc = 130(
Agc

0.093
)

0.78

(63)

Ejector 1
.
C4 =

.
C3 +

.
C1 +

.
Zej1 -

PECej1 = 2000 (64)

Condenser
.
C11 +

.
C17 =

.
C10 +

.
C16 +

.
Zcd c16 = 0, c11 = c10

PECcd = 130(
Acd

0.093
)

0.78
(65)

Pump
.
C12 =

.
C11” +

.
Cw,p +

.
Zp -

Zp = 2100(

.
Wp

10
)

0.26

(
1− ηis,p

ηis,p
)

0.5

(66)

Ejector 2
.
C10 =

.
C8 +

.
C9 +

.
Zej2 -

PECej2 = 2000 (67)

Expansion valve 2
.
C13 =

.
C11′′ +

.
Zev2 -

PECev2 = 114.5
.

m13 (68)
Division point 1 - c5 = c5′ = c5′′ -

Booster
.
C9 =

.
C5′′ +

.
Cw,b +

.
Zb - PECb = 2100(

.
Wb
10 )

0.26
(

1−ηis,b
ηis,b

)
0.5

(69)

Separator
.
C5 +

.
C6 =

.
C4 +

.
Zsp -

PECsp = 3000 (70)
Division point 2 - c7 = c13 = c1′ -
Division point 3 - c11 = c11′ = c11′′
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4. Discussion of Results

4.1. Validation of the Proposed Model and Verification

The governing equations were solved using a FORTRAN computer program is developed for the
calculation of the cycle performance. Several iterations were made to converge at a specific value of
the entrainment ratio that satisfies the Kornhauser criterion. A comparative analysis is established
with the experimental data of the two-phase ejector reported by the published literature [56], and the
validation results are presented in Table 5. A good agreement was observed for the proposed model.
Furthermore, the computer program and model used for the calculation of the cycle parameters and
economic analysis were validated in a previously published work by the authors [26].

Table 5. Simulation results validation with the published data.

Secondary Flow
Pressure (Bar)

Mass Entrainment Ratio
Error (%)

Present Model Experimental [56]

34 0.483 0.48 −0.625
35 0.493 0.5 1.4
36 0.502 0.49 −2.44
37 0.51 0.495 −3.03
38 0.514 0.5 −2.8
39 0.517 0.51 −1.37

Working fluid: CO2, Pgc = 95 bar

In the published article of Ersoy and Bilir 2010, an ejector model of two-phase flow with the
refrigerant R134a as the working fluid, and a constant mixing area type was presented. The operating
conditions were the evaporator temperature, Te = −25 ◦C, and the condenser temperature, Tc = 40 ◦C.
The environmental temperature of 27 ◦C was adopted as the reference state. A comparison of the
values of exergy destruction rates per component, of the present model, was carried out with the
theoretically obtained results by Ersoy and Bilir, 2010. The comparison shows an excellent agreement
between the results, as shown in Table 6.

Table 6. Comparison of the exergy destruction rates with published data.

Exergy Destruction Rate kJ.kg−1

Present Study Published Work [57] Percentage Error, %

Compressor 6.263 6.4 −2.1
Condenser 4.837 5 −3.26
Evaporator 1.879 1.95 −1.1

Ejector 3.258 3.1 5.2
Expansion valve 0.189 0.2 −1.1

4.2. Energy Results

The thermodynamic calculated values of the properties for the considered cycles are shown
in Table 7.

The results of the energetic analysis of the two cycles are presented in Table 8. For comparison
purposes, the cooling capacity of both cycles is fixed at 100 kW. The results show that the minimum COP
of the CERC is equal to 1.55, while the value of the COP of the NTRC is increased by 29%. This increase
in the performance indicates a better performance of the new proposed system in comparison to the
conventional cycle from the viewpoint of energy-savings.
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Table 7. CERC and NTRC points’ properties and rates of cost.

(a) CERC

Point T (K) P (MPa) h (kJ.kg−1) s (kJ.kg−1.K−1)
.

m (kg.s−1)
.
E (kW)

.
C($.h−1) c

(
$.GJ−1

)
1 258.15 2.29 436.27 1.92 0.405 70.31 19.88 78.55
2 375.6 11 499.85 1.9 0.964 234 59.96 71.17
3 318.15 11 325.46 1.39 0.964 213.87 54.8 71.17
4 268.72 3.093 358.23 1.59 1.37 266.82 74.73 77.8
5 268.72 3.093 433.14 1.87 0.964 180 50.55 78
6 268.72 3.093 189.39 0.962 0.405 86.4 24.264 78
7 258.15 2.29 189.39 0.967 0.405 85.8 24.265 78.55
8 268.15 0.1 394.26 3.77 19 31.05 0 0
9 263.15 0.1 389.23 3.75 19 42.74 4.41 28.66

10 298.15 0.1 104.91 0.367 2 0 0 0
11 316.15 0.1 180.15 0.61 2 4.36 5.428 345.82

(b) NTRC

Cycle
Point T (K) P (MPa) h (kJ.kg−1) s (kJ.kg−1.K−1)

.
m (kg.s−1)

.
E (kW)

.
C
(
$.h−1

)
c
(
$.GJ−1

)
1 258.15 2.29 436.27 1.92 0.523 91 38.05 116.14
1′ 258.15 2.29 245.51 1.184 0.523 106.5 44.53 116.14
2 375.6 11 499.85 1.9 0.64 155.25 48.42 86.63
3 318.15 11 325.46 1.39 0.64 141.9 44.26 86.63
4 268.72 3.09 358.23 1.59 1.163 226.8 82.36 100.87
5 268.72 3.09 433.14 1.87 0.895 167.1 58.63 97.46
5′ 268.72 3.09 433.14 1.87 0.64 119.42 41.9 97.46
5′’ 268.72 3.09 433.14 1.87 0.255 47.68 16.73 97.46
6 268.72 3.09 189.39 0.962 0.268 57.33 23.8 115.31
7 258.15 2.29 189.39 0.967 0.268 56.93 23.8 116.14
8 370.6 11 491.7 1.88 0.618 149.03 55.95 104.28
9 289.26 4.08 445.37 1.875 0.255 50.32 17.12 94.5

10 338.9 7.213 478.15 1.9 0.873 193.73 73.12 104.84
11 303.15 7.213 304.55 1.343 0.873 187.77 70.87 104.84
11′ 303.15 7.213 304.55 1.343 0.618 132.87 50.15 104.84
11′’ 303.15 7.213 304.55 1.343 0.255 54.9 20.72 104.84
12 315.02 11 311.24 1.345 0.618 136.62 50.66 103
13 258.15 2.29 304.55 1.413 0.255 49.56 20.72 116.14
14 268.15 0.1 394.26 3.77 19 31.05 0 0
15 263.15 0.1 389.23 3.75 19 42.74 6.512 42.32
16 298.15 0.1 104.91 0.367 12 0 0 0
17 301.15 0.1 117.46 0.409 12 0.738 2.71 1020.02

Te=−15 ◦C, Tgc=45 ◦C, Pgc=11 MPa

Table 8. CERC and NTRC energy performance characteristics.

Parameter CERC NTRC

The net power rate (kW) 64.34 49.95
The produced cooling rate (kW) 100 100

COP 1.55 2.002
Te = −15 ◦C, Tgc = 45 ◦C, Pgc = 11 MPa

4.3. Exergy Results

The results of the exergy analysis of the refrigeration systems with fixed cooling capacity are
presented in Figure 4. These results show that the CERC exergy efficiency is 18.17%, while it is higher
by 28.9% for the NTRC at a value of 23.4%. Moreover, a reduction in the overall exergy destruction
in the NTRC by 22.25% is recorded in comparison to the CERC, as illustrated in Table 9. Figure 4
provided the shares of the components in the overall amount of exergy destruction of the proposed
refrigeration cycles.

Figure 4a illustrates that for the CERC, the highest rate of exergy destruction is in the ejector,
the GC, and the compressor, with values of 17.36, 15.77, and 10.32 kW, respectively. These values
represent 36%, 32.66%, and 21.37%, respectively, of the CERC overall rate of exergy destruction.
Therefore, it is worth investigating to apply new methods to reduce these irreversibilities. Efforts



Processes 2020, 8, 758 15 of 26

are made to enhance the CERC performance by the reduction of the destruction of exergy in the GC
and compressor. The introduction of the proposed NTRC indicates a significant reduction in the
exergy destruction rate of the GC and compressor, as shown in Figure 4b. It can be concluded that the
proposed NTRC is more favorable given exergy analysis results.
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Table 9. CERC and NTRC exergy destruction and efficiency.

Parameter CERC NTRC

Exergy destruction rate (kW) 48.28 37.535
Second law efficiency (%) 18.17 23.4

Te1 = −15 ◦C, Tgc = 45 ◦C, Pgc = 11 [MPa]

4.4. The Economic Analysis Results

The parameters of the exergoeconomic analysis for different components of the two investigated
refrigeration cycles are presented in Table 10. The amount of

.
CD +

.
Z for the GC in the CERC is 4.31 $.h−1,

which is 54.5% of the overall
.
CD +

.
Z of the CERC. Therefore, the GC component is to be investigated

further to achieve better performance of the refrigeration cycles. Besides, the exergoeconomic factor,
f, of the GC component is only 6.26%, which indicates the domination of the cost rate of exergy
destruction over the capital cost rate.

Table 10. CERC and NTRC components’ exergoeconomic parameters.

(a) CERC

Component
.
CP,k ($.h−1)

.
CF,k ($.h−1)

.
Zk+

.
CD,k ($.h−1) fk (%) rk

Evaporator 4.41 4.38 1.105 2.78 0.33
Compressor 9.4 7.72 2.92 57.63 0.45
Gas cooler 5.42 5.15 4.31 6.26 3.85

Expansion valve 24.265 24.264 0.17 0.7 0.007
Ejector 74.73 74.68 4.61 1.11 0.065

Separator 74.81 74.737 0.195 39.7 0.0026
Total system 4.41 7.72 7.91 26.77 2.144

(b) NTRC

Component
.
CP,k

(
$.h−1

) .
CF,k

(
$.h−1

) .
Zk +

.
CD,k

(
$.h−1

)
fk (%) rk

Evaporator 6.512 6.48 1.623 1.9 0.33
Compressor 6.52 5.122 2.22 62.93 0.51

Expansion valve 1 23.805 23.804 0.166 0.47 0.007
Gas cooler 5.28 4.164 1.41 79.24 0.36
Condenser 2.718 2.252 2.44 19.13 8.75

Pump 0.51 0.496 0.061 23.4 0.13
Ejector 1 82.36 82.31 2.2 2.34 0.027

Expansion valve 2 20.723 20.722 2.016 0.037 0.107
Booster 0.39 0.37 0.074 22.5 0.23
Ejector 2 73.126 73.075 2.11 2.44 0.03
Separator 82.44 82.36 0.93 8.25 0.011

Total system 6.512 5.99 7.735 47.76 3.64
Te = −15 ◦C, Tgc = 45 ◦C, Pgc = 11 [MPa]

As shown in Table 11, the overall
.
CD +

.
Z of the NTRC is decreased by 2.2% in comparison to the

CERC, while the exergoeconomic factor, f, is higher by 56%. The capital cost of investment is found to
be the predominant factor in comparison to the exergy destruction cost. Therefore, cheaper components
are to be used in the NTRC. Additionally, for the case of the CERC, the low exergoeconomic factor
value shows the profound effect of the cost of exergy destruction on the exergoeconomic performance
of the cycle. The final product cost of the proposed NTRC is 6% less than that of the CERC.

Table 11. CERC and NTRC exergoeconomic results.

Parameter CERC NTRC
.

CD,tot+
.
Ztot ($.h−1) 7.91 7.735

Exergoeconomic factor (%) 26.77 41.765
cp,tot ($.GJ−1) 233.38 219.32
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4.5. Parametric Sensitivity Analysis

The variation of the cycle parameters profoundly affects the performance of the system. The effect
of the variation in some of the cycle parameters on its thermodynamic and exergoeconomic performance
is studied. The parameters that are considered in this analysis are Pgc, Tgc, and Te.

4.5.1. The Gas Cooler Pressure Effect

For comparison purposes, the cooling capacity of both cycles is fixed as 100 kW with Tgc, and Te

are kept equal to 45 and −15 ◦C, respectively, and the working fluid is CO2. The best cycle performance
is obtained at the optimum Pgc.

The variation of power consumption Wtot and the COP of the CERC and NTRC with Pgc are
shown in Figure 5. The power consumption decreases and reaches a minimum at a specific value of
Pgc. The NTRC consumed about 25% less power compared with the CERC. Besides, a maximum COP
of the two cycles was achieved at the corresponding value of Pgc. In the NTRC, the optimum value
Pgc is lower than that of the CERC, which is more favorable for system lifetime and safety. It can be
noted that the COP of the NTRC and CERC is 2.01 and 1.574, respectively. These values correspond to
optimum GC pressure of 10.8 MPa, and 11.4 MPa, for the NTRC and CERC, respectively.
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The dependence of the overall rate of exergy destruction and the 2nd law efficiency of NTRC and
CERC on Pgc is shown in Figure 6. The minimum exergy destruction rate occurs at Pgc, opt. The 2nd
law efficiency shows an increase of 27.7%, and the destruction of the exergy rate is 22% less for the
NTRC than that of the CERC.

It can be concluded that the NTRC has the best energetic and exergetic performance in comparison
to the CERC.
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.
ED,tot as a function

of Pgc.

The variation of the summation of the exergy destruction and the investment cost rates
.
CD +

.
Z,

the final cost of the product cp,tot, and the exergoeconomic factor of both cycles with Pgc are shown in
Figure 7. According to Figure 7, it is worth noting that in low GC pressure, the overall exergoeconomic
factor f of both cycles increases. As Pgc increases above 11 MPa, a constant value of the overall
exergoeconomic factor f is maintained. It is noted that it is much lower for the CERC in comparison to
that of the NTRC.
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Besides, the cp,tot is directly related to the total mechanical work consumption Wtot, this means the
higher mechanical work consumption Wtot leads to higher cost of the product. However, the cp,tot of
NTRC is 7% lower in comparison to the CERC at optimum Pgc.
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The Pgc has a profound effect on the cycle performance, and it has been shown that it has an
optimum value where the performance has the highest value. Therefore, in the analysis of the effect of
other operating parameters, the optimum value of Pgc will be assumed.

4.5.2. Effect of the Exit Temperature in the Gas Cooler

The Tgc effect on the system COP and Wtot of both cycles is presented in Figure 8. An increase in
power consumption is noticed while Tgc increases, which leads to a decrease in the COP of the system.
The NTRC has higher COP values by more than 30% in comparison to the values of the CERC.
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The effect of exit Tgc on the 2nd law efficiency and exergy destruction rate is shown in Figure 9.
As Tgc increases, more energy is pertained by the GC. Hence an increase in the destruction rate of
exergy is anticipated, as shown in Figure 9, and the NTRC second law efficiency is higher than that for
the CERC for the whole range of Tgc.
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The variation of the summation of the exergy and capital costs
.
CD +

.
Z, the exergoeconomic factor

f, and the product cost cp,tot with Tgc is presented in Figure 10. The summation of
.
CD +

.
Z undergoes

an increase as Tgc increases. The increase in
.
CD +

.
Z for ten degrees increase in Tgc is found to be

30.43% and 17% for the CERC and the NTRC, respectively. Furthermore, increasing Pgc will decrease
the exergoeconomic factor of both cycles, showing a higher increase in the exergy destruction cost
increases more with Tgc in comparison with the increase in the capital investment cost.
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As Tgc increases, the final cost of the product cp,tot of both cycles increases, which is not a
desirable matter.

4.5.3. The Evaporator Temperature Effect on System Performance

The dependence of the COP and Wtot on evaporator temperature is shown in Figure 11 for both
cycles. The range of evaporator temperature studied is from −30 to 5 ◦C with Tgc = 45 ◦C and Pgc =

11 MPa. The increase in the evaporator temperature leads to a decrease in the compressor pressure
ratio, and this decrease will result in a power consumption reduction and a cycle COP increase. Besides,
the performance of the NTRC is higher than that of the CERC by an average of 23%.

The effect of Te on the 2nd law exergy efficiency and the overall exergy destruction is presented in
Figure 12. As Te increases, a reduction in compressor power consumption is noticed, which reduces the
total exergy destruction. A higher total exergy destruction rate of the CERC is noticed in comparison
with the NTRC. The 2nd law efficiency versus Te is illustrated in Figure 12. The 2nd law efficiency of
the NTRC is higher than that of the CERC. The difference between the 2nd law efficiency ε of the two
cycles increases as the temperature of the evaporator increases.
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The effect of Te on the capital and the exergy destruction cost rates
.
CD +

.
Z, the product’s final

cost rate cp,tot, and the exergoeconomic factor is shown in Figure 13. The increase in Te increases the

exergoeconomic factor f and decreases the summation
.
CD +

.
Z. At higher Te, the compressor pressure

ratio is reduced, which results in a reduction of power requirement for compressor operation.
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5. Conclusions 

A novel transcritical refrigeration cycle is presented to improve the operational characteristics 
of a conventional ejector refrigeration cycle. Comprehensive exergy, energy, and exergoeconomic 
comparison of these two cycles are conducted. It was noted that the 2nd law efficiency shows an 
increase of 27.7%, and the destruction of the exergy rate is 22.25% less for the NTRC than that of the 
CERC. In addition, the COP of the NTRC is higher than that of CERC by 29%, and the 2nd law 
efficiency of the NTRC is higher than that of the CERC. A decrease of 6% in the final product’s cost ,  of the NTRC is found in comparison to that of the CERC. The overall cost rates of exergy 
destruction and capital investment ( + ) is 7.735 and 7.91 $.h−1 for the NTRC and the CERC, 
respectively. It is found that the capital cost of investment is the predominant factor in comparison 
to the exergy destruction cost, which results in cheaper components that can be used in the NTRC. 
The final product cost of the proposed NTRC was found to be 6% less than that of the CERC, whereas 
the optimum value of the gas cooler pressure was 10.8 MPa, and 11.4 MPa for the NTRC and CERC, 
respectively. As mentioned in Table 6, NTRC has lower exergy destruction of the components in 
comparison to already published data. Finally, it is noted that the optimum Pgc of the NTRC is 
lowered by 0.6 MPa, which results in a longer lifetime and better safety of the system. As Pgc increases 
above 11 MPa, a constant value of the overall exergoeconomic factor f is maintained, and it is much 
lower for the CERC in comparison to that of the NTRC. 

The proposed design of the NTRC has better performance in terms of COP and 2nd law 
efficiency in comparison to the traditional CERC. Therefore, the application of the NTRC is highly 
recommended to enhance the cycle performance and lower the optimum pressure. The outcome of 
the present work provides an excellent platform and basis for future works on the experimental work 
and design of a carbon dioxide transcritical refrigeration cycle with ejector. 
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5. Conclusions

A novel transcritical refrigeration cycle is presented to improve the operational characteristics
of a conventional ejector refrigeration cycle. Comprehensive exergy, energy, and exergoeconomic
comparison of these two cycles are conducted. It was noted that the 2nd law efficiency shows an
increase of 27.7%, and the destruction of the exergy rate is 22.25% less for the NTRC than that of
the CERC. In addition, the COP of the NTRC is higher than that of CERC by 29%, and the 2nd law
efficiency of the NTRC is higher than that of the CERC. A decrease of 6% in the final product’s cost cp,tot

of the NTRC is found in comparison to that of the CERC. The overall cost rates of exergy destruction
and capital investment (

.
CD +

.
Z) is 7.735 and 7.91 $.h−1 for the NTRC and the CERC, respectively.

It is found that the capital cost of investment is the predominant factor in comparison to the exergy
destruction cost, which results in cheaper components that can be used in the NTRC. The final product
cost of the proposed NTRC was found to be 6% less than that of the CERC, whereas the optimum
value of the gas cooler pressure was 10.8 MPa, and 11.4 MPa for the NTRC and CERC, respectively.
As mentioned in Table 6, NTRC has lower exergy destruction of the components in comparison to
already published data. Finally, it is noted that the optimum Pgc of the NTRC is lowered by 0.6 MPa,
which results in a longer lifetime and better safety of the system. As Pgc increases above 11 MPa,
a constant value of the overall exergoeconomic factor f is maintained, and it is much lower for the
CERC in comparison to that of the NTRC.

The proposed design of the NTRC has better performance in terms of COP and 2nd law efficiency
in comparison to the traditional CERC. Therefore, the application of the NTRC is highly recommended
to enhance the cycle performance and lower the optimum pressure. The outcome of the present work
provides an excellent platform and basis for future works on the experimental work and design of a
carbon dioxide transcritical refrigeration cycle with ejector.
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Nomenclature

Symbols
c Specific cost of exergy ($GJ−1)
.
C Rate of cost
CRF The capital recovery factor
.
E The exergy rate (kW)
.
ED,tot The total destruction rate of cost in exergy (kW)
f Factor of exergoeconomic
h The specific enthalpy, (kJ.kg−1)
i The rate of interest
LMTD The log mean temperature difference (K)
.

m The rate of mass flow, (kg.s−1)
N Hours in the year (hr)
P pressure (MPa)
.

Q The rate of heat transfer (kW)
r The difference in relative cost
s The specific entropy (kJ.kg−1.k−1)
T temperature (K)

.
W The electrical power (kW)
Z The components of investment, cost ($)
.
Z The components of investment cost rate ($/h)
.
Ztot Total capital cost rate ($/h)
η The efficiency (%)
Abbreviations
comp Compressor
cond Condenser
evap Evaporator
EV Expansion valve
GC Gas cooler
Ejet Ejector
tot Total value
Subscripts
0 State of environment
1,2,3, Cycle locations
F The fuel
in The inlet
is The isentropic
k Component
out The outlet
p The product
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