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Abstract

Conserving energy is an important factor in industry which could lead to reduce the operating costs of the system. Improv-
ing energy efficiency is a serious concern to many researchers and numerous studies have been conducted on this goal. A
valuable method to locate the inefficient system components is the conventional exergy analysis. Furthermore, to estimate
the cost efficiency of a thermodynamic system, exergo-economic analysis is indispensable. This study evaluates the ejector
trans-critical CO, refrigeration cycle from exergo-economic viewpoint. The thermodynamic system was modeled using
Engineering Equation Solver (EES) software. In order to utilize the waste heat of the gas cooler, a thermo-electric generator
is introduced. Energy, exergy, and exergo-economic (3E) analysis has been performed. A parametric study was conducted
of gas cooler pressure, low-pressure compressor outlet pressure, and evaporator pressure. Multi-criteria optimization has
been conducted to optimize COP and refrigeration cost rate using NSGA-II (non-dominated sorting genetic algorithm).
The results showed the system could provide a COP of 1.593 for the base case of the cycle operation. The high-priority
components to improve were expansion valve, thermo-electric generator, and low-pressure compressor which had the high-
est exergy destruction ratio as 0.211, 0.180, and 0.158 respectively. The refrigeration cost rate was 2.898 $ h™! for the base
case of the system. Optimization results showed that the exergy efficiency and the exergy destruction ratio of the optimum
design point are 0.284 and 0.574.

Keywords Trans-critical CO, refrigeration system - Ejector - Exergo-economic analysis - Multi-objective optimization
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Introduction

Using CO, as a refrigerant has the benefit of low global
warming potential (GWP). Another advantage of CO, refrig-
erant is its ozone depletion potential (ODP) which is zero
and it has no negative impact on the ozone layer. Striking
features of CO, refrigerant such as non-flammability, inex-
pensiveness, and availability increases its practical applica-
tion in industry [1, 2]. Hydrofluorocarbons such as R134a
are detrimental to environment due to their high GWP index
in contrast to CO, refrigerant [3]. To increase the perfor-
mance of refrigeration systems, numerous strategies such as
applying an expander [4, 5], vortex tube [6], mechanical sub-
cooling [7, 8], and cascade CO, — NH; refrigeration cycle
[9, 10] has been implemented. Due to distinguishing features
such as simple geometry, and lack of intricate parts, the ejec-
tor refrigeration systems received the attention of designers
[11, 12]. Ejector could assist the compressor and decreases
compressor work accordingly [13]. The ejector increases the
inlet pressure of the following compressor, consequently, it
reduces the compressor input work [14]. The ejector could
improve the flow rate, evaporator heat exchange, and the
exergy efficiency [15].

Wang et al. [16] studied a trans-critical CO, ejector heat
pump. Their study evaluated the CO, heat pump system
which includes an ejector device. In their study, the system
was investigated from exergy and sensitivity analyses view-
points. According to their results, the COP of the cycle with
ejector and internal heat exchanger increased by 7.38% at
15 °C ambient temperature and the pressure ratio reduced
to 2.66. Their results showed the exergy destruction rate of
throttling valve was decreased when ejector was applied to
the heat pump system.

Casi et al. [17] evaluated the performance of a CO,
refrigeration plant using a thermo-electric subcooler experi-
mentally. Their study utilizes internal heat exchanger and
thermo-electric subcooler together. The experiments have
been conducted at different ambient temperature and ambi-
ent relative humidity. The optimum pressure of the gas
cooler was 71 bar and optimum voltage of thermo-electric
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devices was 2 V. The experiments reports stated that 22.4%
increase in COP was achieved at 35 °C ambient temperature
and 75% relative humidity.

Eskandari and Cheraghi [13] investigated a refrigera-
tion cycle with two ejectors. The ejector was modeled using
a one-dimensional method. Their proposed new system
includes two ejectors and two separators. According to the
results, the power consumption for compressor decreased
and as a result the gas cooler waste heat decreased. The
optimum gas cooler working pressure was 10,000 kPa. The
results demonstrated that the exergy destruction rates for
each of the components in the proposed cycle decreased in
comparison to conventional ejector cycle.

Liu et al. [12] performed a study on a system using two
evaporators and two ejectors for supermarkets application.
Their cycle utilizes a flash tank. The first ejector increases
the main flow of the other one and consequently lift the
inlet pressure of the compressor. According to the results,
up to 19.1% reduction in pressure ratio was obtained, and
COP could improve to 27.1% in comparison to the conven-
tional cycle which includes two evaporators. The optimum
pressure of gas cooler for the proposed cycle was around
8.15 MPa.

Santini et al. [18] conducted an experimental and theo-
retical investigation on trans-critical CO, cycle. The experi-
mental system utilizes one compressor and it doesn’t use
ejectors. According to their reports, there was a consider-
able exergy destruction in high pressure expansion valve
which was 27.19% of total irreversibility in the experimental
operating cycle. In order to overcome this drawback, the
expansion valve was replaced by an ejector in a theoretical
thermodynamic model. It was obtained that COP is highly
dependent on the entrainment ratio and higher COP could
be achieved as entrainment ratio rises higher than 0.6. The
ejector assisted the cycle in decreasing the temperature of
compressor outlet and also it decreased the power consump-
tion of compressor.

Aranguren et al. [19] conducted an experimental test of
trans-critical single stage CO, refrigeration plant including
a thermo-electric subcooler. The tests are done on experi-
mental system under relative humidity of 55%. The thermo-
electric was placed at the outflow of the gas cooler and they
were in series configuration. The capacity of cooling was
about 280 W. The applied thermo-electric had four copper
blocks. The results demonstrated the optimum COP was 1.15
for the overall system. At this optimal working condition
there was a 15.3% rise in cooling capacity compared to the
cycle without thermo-electric subcooler.

In this paper, the ejector two-stage trans critical refrig-
eration cycle is analyzed from energy, exergy, and exergo-
economic viewpoints. The cycle was modeled by Engineer-
ing Equation Solver (EES). A parametric study has been
performed to evaluate the effects of gas cooler pressure,
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evaporator pressure (saturation temperature), and low-pres-
sure compressor discharge pressure on the COP. Energy,
exergy, and exergo-economic analyses were conducted to
determine the inefficiencies in cycle operation. In addition,
a multi-objective optimization using genetic algorithm, has
been conducted to achieve a balance between the coefficient
of performance and refrigeration cost rate. A thermo-electric
generator (TEG) was applied for converting waste heat to
electricity. Studying components under different operating
conditions such as different operating pressures is essen-
tial to enhance the efficiency of the refrigeration cycle [20].
Applying a thermo-electric generator is a method to utilize
waste heat from an industrial component, it also has no mov-
ing parts and has a low maintenance cost [21].

System properties and assumptions

The components and property diagram of the introduced
cycle are depicted in Figs. 1 and 2, respectively. The CO,
refrigerant first comes from the intercooler in the saturated
vapor phase (state 1) then the high-pressure compressor is
conducting a pressure raise and the refrigerant reaches a
high pressure (state 2). The gas then transfers heat to the
cooling water (state 3) and then is used for preheating the
evaporator output flow, through the heat exchanger (state
4). Then it enters the primary nozzle and is mixed in the
mixing chamber with the outflow of the low-pressure com-
pressor, and finally passes the diffuser to be pressurized
(state 5). In the intercooler, input flows which are ejec-
tor output (state 5) and medium pressure expansion valve
output (state 11), exchange heat. Then saturated vapor and
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Fig.1 Schematic diagram of the refrigeration cycle
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Fig.2 Phase diagram of the studied refrigeration cycle

saturated liquid flow and enter the compressor and the
expansion valve, respectively (state 1 and state 6).

After throttling by low-pressure expansion valve (state
7), the refrigerant enters the evaporator and performs cool-
ing and exchanging heat with the air stream. After the
evaporator (state 8), refrigerant passes through the inter-
nal heat exchanger and enters the compressor (state 9).
Then one part of the refrigerant enters the ejector and the
other part is throttled through the medium-pressure expan-
sion valve and enters the intercooler. Two separate water
streams are used to transfer the excess heat from the gas
cooler. For simplicity of simulation some assumptions are
considered as follows [20]:

e The adiabatic non-isentropic compression processes
occur in the refrigeration cycle.

¢ Fluid mixing in the mixing chamber takes place at con-
stant pressure.

e The pressure and temperature of the atmospheric state
are P, = 101.325kPa and T;) = 25°C respectively.

e Pressure drops and heat loss of internal heat exchanger,
evaporator, gas cooler, pipes, and intercooler are
ignored.

e The temperature of the inlet water and outlet water of
the gas cooler and inlet air and outlet air of the evapo-
rator and inlet water and outlet of the thermo-electric
generator cold side (state 12) remain fixed during the
cycle.

e The kinetic energy of the inlet flow of the ejector is
ignored.

e The state points of flowing air through the evaporator
(states 16 and 17) are fixed, i.e., refrigeration capacity
is constant [20].

e The inlet and output states of internal heat exchanger,
are remained fixed (Fig. 3).

@ Springer
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Energy and exergy analysis
Energy model
According to previous assumptions, the energy model was

obtained using mass and energy conservations.
For compressors:

Wlpc = mlpc(hlo = hg) (1)

Whpc = mhpc (hZ - hl) )
thAis - h‘)

Mpe = Ty — Ty 3
h2.is - hl

Mhpe = Ty =ty 4

where W, Wy, and h;; are the low-pressure compressor
input power, high-pressure compressor input power, and
isentropic enthalpy of the compressors outlet, respectively.
According to Ref. [22], the compressors adiabatic efficien-
cies are:

2 3
_ Py Py Py
e = 0.8154+0.022( — ) —0.0041( — ) +0.0001{ —
tpe Py Py Py

®

=0.815 +0.022 Py 0.0041 Py 2+00001 P\’
nhpc_ . . Pl . Pl . Pl

(6)
where 7 is the adiabatic efficiency and could be calculated
using the inlet and outlet pressure of each compressor. For
evaporator refrigeration capacity:

Qevaporator = mlow(hS - h7) 7)

where 'Qevapormor is the heat transfer rate in evaporator. The
outflow of the internal exchanger enters the ejector primary
inlet and the outflow of the compressor enters the ejector’s
secondary inlet. Finally, after mixing process, the mixture
is expanded and flows toward the intercooler. The govern-
ing equations for ejector are as follows [23]. Using the first
law of thermodynamics, the velocity out of the nozzle can
be derived as:

Vp = \/Znn(hn.in - hn.out.is) x 1000 (®)

where h,,;, is the specific enthalpy of the ejector’s primary
inlet and A, ; 1s the exit isentropic specific enthalpy in
the nozzle with constant pressure which is equal to low-
pressure compressor discharge. Considering momentum
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conservation, velocity of the mixture in mixing chamber v,
can be derived as:

1%

'
-V g

where o is the entrainment ratio of the ejector. Applying the
first law of thermodynamics, the specific enthalpy of mixed
refrigerant A, is calculated as:

Vm

2

ho = hn.in + whsec.in _ Vi (10)
" l+w 2 x 1000
where .. ;, in the specific enthalpy of the secondary inlet.

By applying the diffuser efficiency, the enthalpy at the
ejector outlet could be derived as:

Ry outis — 1
hd — hm + d.out.is m (11)
Ha
where h ;s 1S the diffuser exit isentropic specific enthalpy.
Using energy conservation, the velocity at the outlet of
the ejector is derived as:

vy = \/vgn — 2(hy — h,) X 1000 (12)

The entrainment ratio is obtained by an iteration based
on Fig. 4. Applying a mass balance through the two-phase
ejector, the quality x,, is derived as a function of entrain-
ment ratio i.e.:

1
Xdo = T 13)

- l+w
A tolerance of 0.01 is used for convergence. Applying the
first law of thermodynamics to ejector:

V2
h4+a)h10:(1+a))-(h5+ﬁgo> (14)

The assumptions for the iterative process to calculate
entrainment ratio are pressures and temperatures of pri-
mary and secondary inlets, the outlet pressure of ejectors,
and mixing chamber, diffuser, and nozzle efficiencies. These
parameters are used to calculate the velocities and enthalpies
of the ejector different parts. Finally, the calculated entrain-
ment ratio is used to calculate the mass flow rate of high-
pressure stage of the cycle (Table 1).

For thermo-electric generators according to Ref. [24] the
equations are as follows:

Oh1EG = Ttater(P1a = hi3) s)
where Q) tx¢ is the heat received from gas cooler water.

Preg = Onrtec X iteG (16)
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Fig.3 Schematic diagram of two-phase ejector

where Pryg is the generated power of the thermo-electric
generator.

The thermo-electric generator efficiency (7pgg) is defined
as a function of Carnot efficiency (1¢yq0)> WOrking tempera-
tures, and material properties.

V 1+ ZTaverage -1

NTEG = HCarnot X T (17)
\/ 1 + ZTaverage T_;
Th B Tc
Hcarmot = (18)
Th
assumptions :Mm, Nd , n
de rP4 /TA ;PIO rTl[)
calculate vy v, |
m out :hd out »Vd »Xdo |
adjust w assume w
t o

Calculate Msecondary USINg W

Fig.4 Flowchart of ejector entrainment ratio calculations

Table 1 Parameters and assumptions for ejector [20]

Parameters Value
Nozzle efficiency/n, 0.75
Mixing chamber efficiency/n,, 0.9
Diffuser efficiency/n, 0.9

ZT yyerage 1 the non-dimensional figure of merit of the

semiconductor and is defined as:

atxo (T +T)
ZTaverage = ) X ) (19)

where T, T, and T, are the average temperature of hot
side, the average temperature of the cold side, and the aver-
age operating temperature of the thermo-electric generator,
respectively. The properties of thermo-electric are listed in
Table 2.

For calculating the high-stage refrigerant mass flow rate,
the following mass balance at low-pressure compressor node

is written:
Moy = litye + 1y (20)

Which i, could be calculated using energy balance
across the evaporator. The COP of the system was calcu-
lated as follows:

Q.
COP = 1)
W]pc + Whpc - PTEG
Exergy analysis

The ability of a system to produce work during a set of pro-
cesses to reach equilibrium with the environment is defined
as exergy. Conventional exergy analysis (CEA) is a usual
method for measuring irreversibility of components [25].
The CEA, can determine the position and size of the exergy
destruction in system components [26]. The Flow exergy of
each state point was calculated as [20]:

[ (B = ho)

where subscript j indicates the 1-17 state points in the cycle
property diagram (Fig. 2) and subscript O indicates the refer-
ence state point. For k™ component of the system, the con-
ventional exergy balance can be written as:

E=ii-e =m-

j j — To(sj — So)] 22)

Egy = Epy + Ep, (23)

The flow exergy of each line can be separated into ther-
mal and mechanical exergy i.e.:

Table 2 Thermo-electric material properties [24]

Coefficient Full name value

a Seebeck coefficient 22x 1074V K™
c electrical conductivity 1x10°(Sm™)

y thermal conductivity 1LS(Wm K™

@ Springer
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Table 3 Fuel and product exergy equation for each system component

Component Fuel exergy Product exergy Exergy destruction

Gas cooler Ep = riyign(e; — €3) Ep =rivz(e — €13) Ey = mhigh<e2 - ‘«’3) —ys(ey —e3)

Internal heat exchanger Eg = tiyign(e3 — e4) Ep = 1y, (€9 — e5) Epy = tinigy (€5 = e4) =ty (€0 — 5)

Ejector Ep = mhigh(e4 - 95) Ep = oy, (310 - es) Ep = rityigy [(94 - 35) - w(el() - es)]

Intercooler Ep = iises + 11 e Ep =1me; +ringeg Epy = [rhses + 1y e,,] — e + rgeq)
i P M _ M T — LT P M_ M, ,T_,T

Expansion valve 1 Ep =1, (eg — €7 +e;) = Moy € Ep = ring, (e — e +eg —e7)

Evaporator Egp =1y, (e; — eg)
Low-pressure compressor — Ep = Wy,
High-pressure compressor  Ep = W,

. b . M _ M T
Expansion valve 2 Ep = (g, — 0riy,) - (6] — €] +e))

Thermo-electric generator  Ep = rir (€14 — €13)

Ep = 1ivjg(e17 — e6)
Ep = ity (€10 — €5)
EP = mhigh(eZ —e)
EP = (g, — wmhigh)er]

EP=PTEG

ED = mlow(e7 - es) - m|6(€17 - 316)

ED = Wlpc — ity (€19 — €9)

ED = Whpc - mhigh(e2 —e)

ED = (mlow —wmhigh) . (ellv(') —eM 4t elTl)

1110~
Ep = n'114(e14 - 313) — Prgg

Table 4 Exergo-economic data
[27]

Parameter Value

Table 5 The investment costs of components [29-31]

System life,n 20 years

Maintenance factor,p 1.06

Interest rate,i; 10%
System operating 7446 h
hours in a year,N
e=ey ey =|(hanm) ~Ta(s = som ), .
- (24)
+[<hv —h)—T(s_ —s)]
P.T, — 0 o\ S “So0 )|
The total exergy balance is:
Eg ot = Epgoral + Z Epk + Ep o (25)

E} 1 is the exergy that cannot be used in the system
and can be calculated using Eq. (22). In the CEA method,
to assess component and overall system performance, the
following parameters are defined:

Epy
M= — (26)

EF.k

EPlotal
lex = ——— 27
¢ EF.total

Ep),

Z EDk
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Component Equation

T = (2250 ) (2 Yin( 2
hpe 0.9=1ppc Py P,
7 = ( TSty )(Pour)h,I(Pam)
Tpe 0«9—’7|pc Py, Py

High-pressure compressor

Low—pressure compressor

Expansion valve 1 Zy =0
Expansion valve 2 Zor =0
Ejector Zgjeetor =0
Intercooler Zinercooler = 0
Gas cooler Zgas covler = 2143 Ag.csm
Internal exchanger Zint. beat exchanger = 2143A&i1:ex
0.6
Evaporator Zevapommr = 16000(A€vaporalor/100)
Thermo-electric generator Zy = 2000P,
Y by
Oex = (29)

E, F.total

n, and 7, are the exergy efficiency of each component
and the exergy efficiency of the overall system, and 6, and
0. are the exergy destruction ratios of each component
and overall system, respectively [20] (Table 3, 4, 5 and 6).

Exergo-economic analysis

Economy factor is an indispensable part in engineering
applications. In order to calculate the cost for the exergy
of streams, exergo-economic analysis complements the
exergy analysis [27]. Exergo-economic analysis is a
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Table 6 Cost balance equation
for exergo-economic analysis

Component

Cost rate balance equation

Auxiliary equation

High-pressure compressor
Gas cooler

Internal heat exchanger

Cl + thc + Cw.hpc = CZ
Co+Cp+2Z,=Ci+Cyy
Co+Cy+ 72y = Cu+ Gy

¢y = 0.093$/kWh[32]
Cy = C3C13 = Cy

C3 =0y

Low—pressure compressor

Ejector
Expansion valve 2

Intercooler
Expansion valve 1
Evaporator

Thermo-electric generator

Co + Zipe + Cyipe = Cig ¢y = 0.093$/kWh
C4 + (%)Clo + Zejector = CS -
(%)Cm*'zevzzcn -
10
C5+C11+ch=C1+C'6 ¢ =¢q
Co+Zo = G -
Cr+Cio+Zeyyy =Cs +Cyy €7 =0Cg, Cig =Cy7, €1 =0
Ciyt+tCpp+Z=Ci3+Ci5+Cy Cpieg = Ci5

powerful technique for specifying cost- effectiveness of a
thermodynamic system [28]. For each component, the cost
balance is written as [27]:

Z+C+ Y. C=) C.+C,

where Z,, Cq, C;, C., and C,, are the total investment, heat
transfer, inlet stream, exit stream, and work cost rate for each
component in the system.

The ratio of cost rate to exergy rate is defined as specific
exergy cost:

(30)

€29

Total investment cost rate could be calculated using the
component’s investment cost as follows [27]:

. CRF x
zo=— 22z
N %3600
where Z, is the total investment cost rate for each compo-
nent,p is the system maintenance factor, N is the system
operating hour in the year, and Z, is the component’s invest-

ment cost.
The capital recovery factor is calculated as:

(32)

i(1+1i,)"

CRF = :
(1+i) -1

(33)

where i, is an interest rate that compensates for investment
in equipment and 7 is the system life.

Optimization method

There are different evolutionary optimization algorithms
such as differential evolution algorithms (DE) [33, 34],
harmony search algorithm (HS) [35, 36] and genetic algo-
rithm (GA) [37]. The evolutionary algorithms are based
on Darwinian evolution which are well-known and are
employed to optimize complex engineering problems
such as fluid dynamics optimization [38], metallurgical
problems [39] and thermodynamic systems [40]. Genetic
algorithms are global optimization methods that search
for optimums through the imitation of the natural evo-
lution of biological organisms [41]. The optimization
was done by NSGA-II (non-dominated sorting genetic
algorithm). NSGA-II algorithm optimize the function by
keeping elites of each population. Elites are fine results of
the previous populations [42]. Multi-objective optimiza-
tion has been conducted to maximize COP and minimize
the refrigeration cost rate using MATLAB genetic algo-
rithm. Multi-objective optimization is used when there
is a conflict between the objectives [43]. In refrigeration
systems, by increasing COP, the cost rate increases which
is a conflict. Indeed, there is a trade-off between COP
and cost rate.

@ Springer
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Table 7 Exergy and exergo-economic results for each stream

State Fluid rin/kg s~ T/°C P/kPa h/kJ kg™! s/kJ kg™' K e/kd kg™! C/$h™!
1 R744 0.0882 9.077 4400 423.8 1.791 200.1 3.584
2 R744 0.0882 68.18 9300 456.3 1.806 228.1 3.852
3 R744 0.0882 35 9300 295.4 1.303 217.1 3.668
4 R744 0.0882 25 9300 258.3 1.181 216.4 3.658
5 R744 0.1297 9.077 4400 356.1 1.551 203.9 5.393
6 R744 0.0675 9.077 4400 2232 1.08 211.4 2.898
7 R744 0.0675 —35.06 1200 2232 1.129 196.8 2.898
8 R744 0.0675 —35.06 1200 436.2 2.023 143.1 2.107
9 R744 0.0675 14 1200 484.7 2209 136.3 2235
10 R744 0.0675 130.5 4600 577.5 2.245 218.3 2.826
11 R744 0.0261 129.5 4400 577.5 2253 216 1.090
12 water 0.2246 25 100 104.9 0.3672 0.00 0.000
13 water 0.1171 32 100 1342 0.4642 0.3369 0.013
14 water 0.1171 61 100 255.4 0.8438 8.416 0316
15 water 0.2246 40 100 167.6 0.5724 1.525 0.233
16 air 2.86 25 100 248.1 6.678 3.63 2.898
17 air 2.86 -30 100 243.1 6.657 4704 3.755

Results and discussion
Base cycle result

The results of the base cycle analysis are presented in
Table 7 and 8. It was discovered that ejector outlet flow
has the highest cost rate (5.393 $ h™). The refrigeration
cost rate (C,) is 2.898 $ h™!. The water mass flow rate of
the gas cooler was calculated as 0.1171 kg s~!. The low
compressor discharge temperature is 130.5 °C which is the

Table 8 Exergy results for each component of the cycle

Component e 8y E/XW  EJKW  Ep/kW
Gas cooler 0.971 0.006 0.9736 0.9457 0.02793
Internal heat exchanger  0.125 0.087 0.4616 0.0579 0.4037
Ejector 0.540 0.110 1.106  0.5968 0.5092
Intercooler 0.995 0.032 32.06 3192 0.1463
Expansion valve 1 0.807 0.211 5.083 4.102 0.9809
Evaporator 0.847 0.119 3.627 3.074 0.5533
Low-pressure compressor 0.883 0.158  6.266  5.536 0.7308
High-pressure compres-  0.863 0.084 2.867 2475 0.3917
sor
Expansion valve 2 0.879 0.013  0.4979 0.4378 0.06004
Thermo-electric genera-  0.116 0.180  0.9457 0.1093 0.8364

tor
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highest temperature in the refrigeration cycle. The COP of
the base cycle is calculated as 1.593 which has increased
by 27.24% in comparison to Ref. [20]. The ejector entrain-
ment ratio was calculated as 0.47. The exergy efficiency
and exergy destruction ratio of the cycle, are 7., = 0.3485,
Oex = 0.5081

According to Table 8, expansion valve 1, thermo-elec-
tric generator, and low-pressure compressor have the high-
est exergy destruction rate as 0.9809 kW, 0.8364 kW, and
0.7308 kW respectively. The intercooler, gas cooler, and
low-pressure compressor have the highest exergy efficiency
which are 0.995, 0.971, and 0.883. Expansion valve 1,
thermo-electric generator, and low-pressure compressor
have the highest exergy destruction ratio as 0.211, 0.180,
and 0.158 respectively; which are the high priorities for sys-
tem improvement.

Parametric study results

To achieve a comprehensive view about performance of sug-
gested system a parametric study has been conducted on the
gas cooler, low-pressure compressor discharge pressure, and
evaporator pressure for pressure ranges of 8800-20000 kPa,
4500-5500 kPa, and 800-1200 kPa, respectively (Fig. 5).
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Fig.5 a Efficiency and b
exergy destruction ratio of each
component

High-pressure compressor

Low-pressure compressor

High-pressure compressor

Low-pressure compressor

Thermoelectric generator

Expansion valve 2 Internal heat exchanger Legend
*—0o 1N
Gas cooler
00 100
Ejector
Evaporator Intercooler
Expansion valve 1
(a)
Thermoelectric generator
Expansion valve 2 Internal heat exchanger Legend
*—0 5
Gas cooler
20
16
Ejector
Evaporator Intercooler

Gas cooler pressure effects

Figure 6a depicts the effect of gas cooler pressure on COP
and C,. It was discovered by increasing gas cooler pres-
sure, the COP of the cycle drops from 1.693 to 0.8289.
Also, by increasing gas cooler pressure, the refrigeration
cost rate (C,) is approximately constant and it is roughly

Expansion valve 1

(b)

2.864 $ h™!. According to Fig. 6b, it can be deduced that
by increasing gas cooler pressure, total fuel exergy rate,
exergy destruction ratio, and total exergy destruction rate,
rise steadily but exergy efficiency of the cycle drops from
0.3686 to 0.1899. Figure 6¢ demonstrated how system
components are affected by gas cooler pressure. As pres-
sure rises, exergy destruction of the gas cooler, ejector, and
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Fig.6 a Effect of gas cooler pressure on refrigeration cost rate and
COP b Effect of gas cooler pressure on cycle exergy destruction
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Fig.8 a Effect of discharge pressure of low-pressure compressor on »

refrigeration cost rate and COP. b Effect of discharge pressure of
low-pressure compressor on cycle exergy destruction ratio, cycle effi-
ciency, total exergy destruction, and total fuel exergy. ¢ Effect of dis-
charge pressure of low-pressure compressor on exergy destruction of
components

thermo-electric generator, increased. Gas cooler exergy
destruction rate increased from 0.2113 kW to 3.243 kW
which suggested reducing gas cooler pressure in order to
reduce the exergy destruction rate of gas cooler to enhance
system operation. The higher pressure of gas cooler could
increase the input power of the compressor and also it
could increase the outlet temperature of high-pressure
compressor. Finally, it increased the exergy destruction of
the compressor and gas cooler.

Evaporator pressure effects

Figure 7a demonstrated the effect of evaporator pressure on
the COP and refrigeration cost rate. As depicted, by the rise
of evaporator pressure, COP increased from 1.174 to 1.593
and the refrigeration cost rate decreased from 3.0528 $ h™!
to 2.898 $ h™'. Based on Fig. 7b by the rise of evaporator
pressure, total fuel exergy rate, exergy destruction ratio, and
total exergy destruction rate, decreased and exergy efficiency
of the cycle increased by 34.82% (from 0.2585 to 0.3485).
Figure 7c demonstrated the effect of evaporator pressure on
exergy destruction of components. As evaporator pressure
increased, the exergy destruction of the evaporator, expan-
sion valve 1, and intercooler, decreased and exergy destruc-
tion of the ejector increased from 0.1122 kW to 0.5092 kW.

Discharge pressure of low-pressure compressor
effects

According to Fig. 8a by increasing in discharge pressure
of low-pressure compressor, COP decreased from 1.615 to
1.432 and the refrigeration cost rate increased from 2.863 $
h™'t03.189 $ h~!. Figure 8b depicts the effect of discharge
pressure on total fuel exergy rate, exergy destruction ratio,
total exergy destruction rate, and exergy efficiency. It can
be seen that by increasing discharge pressure, total fuel
exergy rate increased; and total exergy destruction rate,
exergy destruction ratio and exergy efficiency of the over-
all system decreased. Figure 8c demonstrated the effect of
discharge pressure on exergy destruction of components.
As discharge pressure increased, exergy destruction rate
of low-pressure compressor, expansion valve 2, and inter-
cooler increased and exergy destruction rate of the ejector
decreased due to higher secondary inlet exergy based on
exergy balance for ejector.
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Fig.9 Flowchart of multi-objective optimization

Table 9 Genetic algorithm options and parameter ranges for optimi-
zation

Property Value
Population size 120
Maximum number of generations 18
Crossover fraction 0.8
Mutation fraction 0.2

8800-20000 kPa
800-1200 kPa
4500- 5500 kPa

Gas cooler pressure
Evaporator pressure
Low-pressure compressor discharge pressure

Multi-objective optimization results

As depicted in Fig. 9 firstly, the fitness function, number of
variables, and the range of each variable was determined.
Then the size of population was set. By using fitness func-
tion, the value of each individual was calculated. The new
population was generated considering crossover and muta-
tion fractions based on Table 9. The convergence criterion
was the maximum number of generations. It was 15 for
this process. Figure 10 is the Pareto frontier of optimiza-
tion. Table 10 is the list of parameters for the correspond-
ing points in Pareto frontier. According to the optimization
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Fig. 10 Multi-objective optimization result (Pareto frontier)

Table 10 Multi-objective optimization results

point Decision variables Decision Decision variables

variables
C;($h~Y) COP P,/ kPa P,/ kPa P,y kPa
A 2.871 1.442 10,402.41 1197.82 4521.45
B 2.859 1.281 11,869.52 1197.44 4518.70
C 2.848 1.125 13,814.26 1197.00 4518.05

outputs, the optimum design point, could provide the COP of
1.281. The exergy efficiency and the exergy destruction ratio
of the optimum design point are 0.284 and 0.574, respec-
tively and the exergy destruction rate of the optimum point
is 6.544 kW.

Conclusions

A study on ejector two-stage trans-critical CO, refrigera-
tion cycle which is equipped with a thermo-electric genera-
tor was conducted. The cycle modeled using Engineering
Equation Solver (EES) and the optimization was done using
MATLAB multi-objective optimization utility. One of the
main purposes of this study was to evaluate the effect of
thermo-electric generator in the cycle. Thermo-electric gen-
erator, recovers energy from waste heat of gas cooler thus it
could reduce the inlet work of compressors and consequently
increase the COP. The refrigeration system was assessed
from energy, exergy, and exergo-economic viewpoints.
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The China business electricity price [32] was used for the
value of compressors specific exergy cost (c,,). According
to exergy analysis result, low-pressure expansion valve,
low-pressure compressor, and evaporator have the highest
exergy destruction rate. The coefficient of performance was
obtained as 1.593. The ejector entrainment ratio was 0.47.
The exergy efficiency and exergy destruction ratio of the
system, were 0.3485 and 0.5081, respectively. The results of
the simulation show expansion valve 1, thermo-electric gen-
erator, and low-pressure compressor have the highest exergy
destruction rate as 0.9809 kW, 0.8364 kW, and 0.7308 kW,
respectively. The important results were obtained are:

e ., Increases by increasing the gas cooler pressure.

e 6., Decreases by increasing the evaporator pressure.

e According to optimization outputs, the optimum pres-
sures for low-pressure compressor outlet and evaporator
are about 4518.70 kPa and 1197.44 kPa, respectively.

e Expansion valve 2 acts as a control valve and it transfers
the excess part of the low-pressure compressor outflow
to the intercooler.

e The optimum COP of the system was 1.281.

e The total exergy destruction rate varies from 5.48 kW to
7.916 kW based on optimization results.

e The exergy efficiency and the exergy destruction ratio of
the optimum design point are 0.284 and 0.574.

Further work is needed to assess the impact of different
refrigerant on system performance. Another important anal-
ysis could be exergo-environmental analysis which could
be combined with exergy and exergo-economic analysis to
improve the environmental impact of the system. Further-
more, a renewable energy source could be used to supply
the cycle. Solar photovoltaic panel could be employed to
produce power and supply the compressors.
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