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Abstract: An LNG-based combined cooling and power (CCP) system and the energy recovery from the waste
heat were proposed to be used in a GAX cycle and cooling generation. Modeling the cycle was carried out in
EES Software. In order to ensure the precision of the obtained results of the simulation, the LNG-based
power generation system and the GAX cycle, was validated by comparing them with the results of the
technical Iiterature. The intended combined cycle was reviewed from the first and second laws of
thermodynamics " perspective. Furthermore, the capacity of the refrigeration cycle, net generated power of the
cycle, energy efficiency, exergy efficiency, and total exergy destruction, as well as the exergy destruction of
each component of the cycle have been evaluated. The exergy analysis results showed the great amount of
exergy destructs in the combustion chamber and heat exchanger number two, respectively. Also, it was
concluded that the use of the GAX refrigeration cycle and energy recovery from the waste heat of the
mentioned cycle have been very effective to enhance the overall efficiency of the cycle.
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INTRODUCTION

In most industries, a great amount of thermal energy is generated by the combustion of fossil fuels to
generate steam and heat for various uses. Anyhow, we face a significant amount of generated heat as a waste
heat that is entered into the environment, and we can use an absorption refrigeration cycle to produce cooling
by the lost heat. Environmental issues could be reduced using this energy and converting it into cooling.
Considering the provided reasons, it seems that absorption systems have many advantages in comparison to
compression systems. However, compression systems still have the major part of the market. In order to
enhance the applying of absorption systems, improving efficiency and reducing the prices of these systems
must be considered in future studies. Although, different methods have been developed to improve the
absorption refrigeration cycles in recent years, such as the two effect absorption refrigeration and the GAX
cycles. The energy contained in the absorber is transmitted by the working fluid to the generator in the GAX
cycle, thus, some of the thermal energy of the cycle is supplied by the cycle itself, and the thermal energy
required by the cycle and the input to the generator decreases through the external low-temperature thermal
source and cycle efficiency increases.

On the other hand, by the year 2020, electricity demand is expected to increase by 1% and by 3% for
developing countries and industrialized countries respectively (Tsatsaronis and Morosuk, 2010; International
energy outlook, 2004). Natural gas (NG) has the utmost importance as an energy source in the 10th century
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AD, while LNG technology has been considered by researchers since 1692. In particular, over the past 20
years, due to improvements in liquefaction processes, the LNG technology cost has dropped by 32%. Liquefied
Natural Gas (LNG) plays a major role in the globalization and extension of natural gas use (Gas, 2006; Foss,
2003).

A great amount of energy is used to produce LNG at a low temperature (approximately -160° C), which is, in
fact, a huge source of refrigeration energy and exergy (Sugiyama et al., 1998). Therefore, the effective use of
cooling energy released by LNG evaporation is very important. Greipentrog et al. conducted the integration
of a closed gas cycle with LNG energy recovery for the first time (Greipentrog and Sackarendt, 1976). Chiesa
described four power plants using LNG energy recovery (Chiesa, 1997). Desideri et al. (2000) presented a
cycle that, LNG was utilized to chill the steam turbine output as well as the heat recovery of the HRSG.
Hanawa (2000) suggested an Ericsson closed cycle to recover LNG energy.

Some researchers (Karellas, 2013; Shi and Che, 2009) have proposed and developed water- and ammonia —
based power generation systems using LNG as a thermal sink. John Szargut et al. (2009) studied combined
production system based on energy recovery from LNG. Liu et al. (2009) examined the CCP system with zero
pollution based on LNG gasification from the second law of thermodynamics and economic perspective. In
another study, Xue et al. (2015), examined the two-stage Organic Rankin Cycle (ORC), (Rankine cycle which
its working fluid is organic matter), from the perspective of the first and second laws of thermodynamics in
order to gasify the LNG and recover the released energy.

On the other hand, the recovery of refrigeration exergy in the LNG gasification process, that can be carried
out by coupling this process with power generation cycles in various ways, has attracted the consideration of
many researchers (Karashima and Akutsu, 1982; Velautham, Ito and Takata, 2001). In some of these studies,
power generation cycles is Brighton cycle and in some cases, the Rankin cycle or a combination of these two
types of cycles is used to generate power.

Wang et al. (2014) suggested a dual cycle using geothermal energy for electricity generation. Besides, they
used natural gas as a heat sink. Sun et al. (2012) developed a supercritical cycle for hydrogen production.
Likewise, they used natural gas to condense carbon dioxide. Several studies have been conducted over years
in a field of power generation systems in which carbon dioxide and LNG have been used as a working fluid to
reduce condensation temperature respectively (Song et al., 2012; Emmanuel, Nicolas and Martin, 2009).
Furthermore, several studies have been conducted on GAX absorption refrigeration cycles in recent years,
including Ramesh Kumar et al. (2008). Altenkirch (1913) proposed ideal GAX cycle in 1611. Garimella et al.
(1996), reviewed the GAX heat pump cycle for the use of heating and cooling and examined the effect of
ambient temperature on the performance of the cycle, and reported that the ambient temperature of 8 and 32
degrees Celsius, the cycle efficiency for heating and cooling is 1.12 and 2.602, respectively. Ng et al. (1998),
studied GAX 2 TR gas-fired cycle experimentally and reported that the cycle efficiency is 2.8 in a condition
that each component including generator, condenser, evaporator, and absorber are at 220, 44, 2, and 41
degree of Celsius, respectively. In the present research, a thermodynamic cycle of co-generation for the
purpose of electricity generation and gasification of LNG has been simulated using the EES software and
analyzed from the perspective of the first and second laws of thermodynamics. It is worth noting that the
waste heat of the upstream cycle has been recovered and used to run the GAX refrigeration cycle.

Methods and Material

Figure 1 shows the schematic view of the combined cycle of an LNG-based co-generation and its waste heat
recovery in the GAX cycle. As shown in Fig. 1, the upstream cycle consisted of two Brighton cycles that were
related in a cascade order. In the upstream cycle, at first the air was compressed via compressor and then
entered the middle chiller to increase its density and, as a result, reduced the consumed work in the cycle.
Afterward, it was entered into the second compressor and the pressure raised to the combustion chamber
pressure level. In the combustion chamber, methane reacted with air as fuel and accordingly, combustion took
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place. Hot gases were exhausted from the combustion chamber then entered the turbine, and consequently
generated power. The heat wasted by the relatively hot gases out of the turbine of the upstream cycle entered
the heat exchanger and acted as a hot source for the Brighton downstream cycle. N2 acted as a working fluid
in the downstream cycle that after compressing in the compressor, it entered the heat exchanger and then
entered the turbine and generated the desired power of the cycle. The output N2 from the turbine was entered
into a heat exchanger and acted as a heat source for a designed LNG gasification cycle. Finally, the Brighton
upstream cycle used the thermal energy released from the compressor middle chiller output to run the GAX

cycle.
wl |na 4T|‘I J“ Generator ”
WA WAV 36 =
Condensor 18 Rectifier GAXD _
FL %
!3 37 asL 7 u
9
l T “ (
3 5
a3 l/ L
£t
Precooler Qe g{ v " )
- o
| n -
- 13-
EV-2 1
a1 42 o
31 v
Evaporato & u

. »! Absorber GAXA (I _
1 | al B
50 51 52 53
QIM-O

Figure 1. Schematics of co-generation cycle based on LNG and GAX cycle

Energy analysis of the combined cycle of co-generation based on LNG and GAX cycle
Having neglected the kinetic and potential energy of the fluid in the input and output of the control volume,
the first law of thermodynamics has been defined as follows:

Q—W=Zmihi—2mehe (1)

Which Q and W represent the input and output thermal energy of control volume, respectively. Also, r and h
represent mass flow and specific enthalpy of the flow, respectively.

Table 1. The governing thermodynamic equation based on the conservation of energy for different components
of the LNG-based co-generation GAX cycl

Components Energy relations Auxiliary equations
Generator Qgen,tot = Mgghse + Maghzs — Mazhgs — Mg hsy
GAXD qu = M3eh3e + Mysy g5, — Mazhaz — Mazhzy — Mysyhysy
GAXA Qau = MyqrNgar — MaavRagy — Mashss
Absorber Qabs,tot = Mgzhz3 + M3 hgy — Myzhyz — Mzshys — M3z hs;
Evaporator Qeva = mMyq(haz — ha1)
Condenser Qcona = M3o(hze — h3g)
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Exergy analysis of the combined cycle of co-generation based on LNG and GAX cycle

In technical literature, the sum of physical, kinetic and potential exergy is known as thermomechanical
exergy. Therefore, the exergy of a thermodynamic system can be divided into two distinct parts:
thermomechanical and chemical exergy. The present study aimed to obtain both thermomechanical and
chemical exergy for fluids at different points in the cycle due to the importance of chemical exergy in
calculating the unit cost of fuel and products of the thermodynamic cycle components.

The relation of thermomechanical exergy can be presented as follows:

E™ = (h; —hy) + To(s; — So) @)

The present work considers the chemical exergy of the exhaust gas from the engine as diffusive exergy, which
only includes gases that exist both in the system and ambient. In the present study, these mentioned gases
included N2, CO2, O2 and H20. For this case, it was essential to determine the temperature and pressure of
the actual dead state (ambient). In the present work, the ambient temperature and pressure was TO = 298k
PO = 1bar, respectively. Furthermore, the share of a mixture of these gases in the ambient state has been
presented according to the Table (2).
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Table 2. Mixture of gases in ambient condition

By volume %

component N2 02 H20 CcO2

77.48 20.59 1.9 0.03

The chemical exergy can be obtained via the following equation:

EH = —RT, Z yiln Yok
Yk

Where y and y,x are the molar fracture of limited and actual dead state, respectively.

(3

Exergy destruction can also be obtained for each component of the cycle by the following equation:

Epx = Epx — Epx — ELk

@)

Table 3. Exergy balance according to the second law of thermodynamic for each component of LNG-based

combined co-generation and GAX cycles

Components Exergy balance
lgesgabs = To(M34S34 + M36S36 + M35S35 — M34S34 — M37S37 — MygSs3 — M3S32
Generator . .
+ mg(sout,gen - Sin,gen) + mabs(sout,abs - Sin,abs))
lgesgabs = To(M34S34 + M36S36 + M35S35 — M34S34 — M37S37 — My3S,3 — M32S32
GAXD , _
+ mg(sout,gen - Sin,gen) + mabs(sout,abs - Sin,abs))
lgesgabs = To(M34S34 + M36S36 + M35S35 — M34S34 — M37S37 — My3S,3 — M32S32
GAXA ) .
+ mg(sout,gen - Sin,gen) + mabs(sout,abs - Sin,abs))
lgesgabs = To(M34834 + M3gS36 + M35S35 — M34S34 — M37S37 — My3Ss3 — M33S3;
Absorber ) )
+ mg(sout,gen - Sin,gen) + mabs(sout,abs - Sin,abs))
Evaporator leva = To(MypS4y — MyySe; + me(sout,eva - Sin,eva))
Condenser Iconda = To (Ii’139539 - r.n38538 + Iillconcl(sout,cond - Sin,cond))
Rectifier lrec = TO(Ih37S37 + M3gS3g — M36S36 + 1'hrec(sout,rec - Sin,rec))
Pump 1 Iy = To(rg,S3, — M3yS31)
Expansion Valve 1 [gy1 = To(MzsS35 — M34S34)
Expansion Valve 2 Igvz = To(thaoSa0 — MMa1Ss1)
Pre- Cooler Irux = To (40840 + My3S43 — M39S39 — My2S42)
Compressor 1 Ep,comp1 = E21 + Weomp1 — E22
Compressor 2 Ep comp2 = E23 + Weompz — E2s
Compressor 3 Ep comps = E11 + Weomps — E12
Turbine 1 Ep turb1 = E26 + Wiurb1 — E27
Turbine 2 Epturbz = E13 + Wiurb2 — E1a
Turbine 3 Ep turbs = Ez + Weurbs — Es
Heat exchanger 1 Epnxz = Ez7 + E1p — Ezg — Eg3
Heat exchanger 2 ED,HX3 =Eyq +E; — By — E3
Pump 2 ED,pump =E; + Wpump —E;
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Combustion chamber Epcc = Eza + Ezs — Epe

The evaluation of the combined cycle from the perspective of the first and second laws of the thermodynamics
of equation (5) stated the efficiency of the first law as:

_ Qevap + V.vnet (5)
Mgye) X LHVep,

Which g, shows the mass flow of fuel consumption in the cycle and represents the low heat value of the
fuel. Furthermore, Qevap is the amount of heat absorbed from the chilled fluid in the GAX cycle and W, is the

net value of the work of the combined cycle and follows the following relationships:
Qeva = 1y (hyy —hyy) (6)
Wnet = Wturbl + WturbZ + Wturb3 - Wcompl - wcompz _Wcomp3_wpump1_wpump2 (7)

The second law efficiency has been determined as:

Qeva

Ihfuel- Ech,fuel + El

T .
1-=2[+W,
Tb| net (8

M =

Which T, is the chiller temperature in contact with the chiller body and is estimated as T,; + 5. Likewise,

Ech fuel 18 the chemical exergy of methane that is equal to 51521.75K]/Kg.

Findings

In the present study, the gas turbine cascade cycle has been combined with GAX refrigeration cycle based on
the Liquefied Natural Gas in order to generate power and has been reviewed from the first and second laws of
thermodynamics perspective. Primary, power generation cycle based on LNG has been validated as an
upstream cycle hand with the results in the technical literature. Then the results of the thermodynamic
analysis of the GAX refrigeration cycle have been verified in comparison to the results in the technical
literature. Finally, the mentioned combined cycle has been analyzed from the perspective of energy and
exergy. Accordingly, the effects of the evaporator temperature, the pressure ratio of the compressor of
Brighton cycle with methane fuel, the pressure ratio of the compressor of Brighton cycle with N2 working
fluid on the net power of the cycle, the refrigeration capacity, Energy efficiency, and exergy efficiency and
exergy destruction in different cycle components have been evaluated.

1. Modeling and validating the obtained results of the analysis of the LNG-based power generation cycle

The performance results of the LNG-based power generation cycle have been evaluated with the results
presented by Morosuk et al. (2011). Table 4 represents the obtained results of the present study and Morosuk
et al.(2011). These results were well matched so the present modeling was reliable.

Table 4. Comparison of the results of the present study and the study conducted by Morosuk et al.

State | Material | . . o/c) T(C)o P(bar) h(kJ/kg) e(kd/ke)
point steam
Morosuk | Present |Morosuk | Present | Morosuk | Present |Morosuk | Present
et al study et al study et al study et al study
1 LNG 65.03 -160 -160 10 10 -904.5 -904.5 1009 | 1019.6
2 LNG 65.03 -144 -143.8 272 272 -812.4 810.9 1029 [1038.46
3 NG 65.03 86 85.12 270 270 -5.4 -9.057 803 811.8
4 NG 65.03 2 2.177 80 80 -150.2 -153.9 631 637.8
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Figure 2. Comparison of each component exergy of the present study to the study conducted by Morosuk et al.
(2011)

As shown in the bar graph of Fig. 2, the amount of exergy obtained through the simulation performed in the
present study was well consistent with the results of the Morosuk et al. of various components of the cycle. It

200
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can be claimed that the second law analysis of the present cycle has been carried out with great precision.
2. Validation of the GAX refrigeration cycle with the models in the technical literature

The results of the performance of the GAX absorption refrigeration cycle have been compared with the results
presented by Ramesh Kumar. As shown in Figure 3, the results were consistent. For the validation of the B-

model hybrid cycle, the results presented by Kong were used (see Figure 4).
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Figure 4. Variation of the first law efficiency with the increase in generator pressure for Hybrid GAX A-model
cycle

3. The effects of the functional temperature of the evaporator, generator, No. 1 compressor pressure ratio, and
pressure ratio of the Brighton mid-cycle compressor with an N2 working fluid on cycle performance

Figures 5-9, show the effects of evaporator temperatures on refrigeration capacity, power generation, energy
efficiency, exergy efficiency, and exergy destruction of the cycle. The pressure ratio of Compressor No. 1 has
been assumed to be 6.575 and the pressure ratio in the Brighton cycle with an N2 working fluid was 15.
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Figure 5. Variation of refrigeration capacity in terms of evaporator temperature
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Figure 6. Variation of net power generation in terms of evaporator temperature
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Figure 7. Variation of energy efficiency in terms of evaporator temperature
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Figure 8. Variation of exergy efficiency in terms of evaporator temperature
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Figure 9. Variation of exergy destruction in terms of evaporator temperature

Figures 10-14, show the effects of pressure ration of compressor No.l on refrigeration capacity, power
generation, energy efficiency, exergy efficiency, and exergy destruction of the cycle. The evaporator
temperature was assumed to be 2 degrees Celsius and the pressure ratio in the Brighton cycle with an N2
working fluid was 12.
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Figure 10. Variation of refrigeration capacity in terms of compressor No.1 pressure ratio
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Figure 11. Variation of cycle net power generation in terms of compressor No.1 pressure ratio

According to figure (11), with the increase of the compressor No.1 pressure ratio, the net power of the cycle
decreased due to the fact that with the increase in the compressor pressure, the consumption work increases
and this caused the net power of the cycle to be reduced.

Given that, the energy efficiency of the cycle was affected by changes in refrigeration capacity and the net
power of the cycle. It was expected that the energy efficiency of the cycle increasing in a range and decreasing
in another range as the pressure ratio of compressor No.1 would increase. According to the chart, due to these
changes, the refrigeration capacity should have an extremum point. Figure 10 illustrates the energy efficiency
variation diagram in terms of compressor No.1 pressure ratio.

Figures 13 and 14 illustrate the changes in exergy efficiency and the total exergy destruction of the cycle in
terms of the compressor No. 1 pressure ratio.
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Figure 12. Variation of cycle energy efficiency in terms of compressor No.1 pressure ratio
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Figure 13. Variation of cycle exergy efficiency in terms of compressor No.1 pressure ratio
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Figure 14. Variation of cycle total exergy destruction in terms of compressor No.1 pressure ratio

Figures 15-19, show the effects of pressure ratio of compressor No.l on refrigeration capacity, power
generation, energy efficiency, exergy efficiency, and exergy destruction of the cycle. The evaporator
temperature has been assumed to be 5 degrees Celsius and the pressure ratio in the Brighton cycle with an
N2 working fluid was 15.
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Figure 15. Variation of cycle refrigeration capacity in terms of the pressure ratio in the Brighton cycle with an
N2 working fluid
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Figure 16. Variation of cycle net power generation in terms of the pressure ratio in the Brighton cycle with an
N2 working fluid
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Figure 17. Variation of energy efficiency in terms of the pressure ratio in the Brighton cycle with an N2
working fluid
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Figure 18. Variation of exergy efficiency in terms of the pressure ratio in the Brighton cycle with an N2
working fluid
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Figure 19. Variation of exergy destruction in terms of the pressure ratio in the Brighton cycle with an N2
working fluid

Figures 20 and 21 show the effect of the generator temperature on the refrigeration capacity and net power
generation of the cycle, respectively. It is evident that, as the generator temperature increased, the amount of
refrigeration capacity and the net power generation of the cycle decreased, which led to a decrease in cycle
energy efficiency as shown in Fig.22.

Furthermore, by increasing the generator temperature, as shown in Fig. 23, unlike the energy efficiency, the
exergy efficiency of the combined cycle increased. These results can be justified by the fact that an increase in
generator temperature reduces the total exergy destruction of the cycle that is shown in Fig. 24, thus the

efficiency of the second law of thermodynamics increased.
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Figure 20. Variation of refrigeration capacity of combined cycle in terms of the generator temperature
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Figure 21.Variation of net power generation of combined cycle in terms of the generator temperature
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Figure 22. Variation of energy efficiency of combined cycle in terms of the generator temperature
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Figure 23. Variation of exergy efficiency of combined cycle in terms of the generator temperature
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Figure 24. Variation of exergy destruction of combined cycle in terms of the generator temperature

Figures 25-29 illustrate the effect of pressure ratio of points 24 to 21, namely Pgr on the performance of

combined cycle.
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Figure 25. Variation of refrigeration capacity of combined cycle in terms of the pressure ratio between 21 and

Wet [KW]

24 points

700 |

680

660 -

640

620

EN

20

10
PR

Figure 26. Variation of net power generation of combined cycle in terms of the pressure ratio between 21 and

24 points
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Figure 27. Variation of energy efficiency of combined cycle in terms of the pressure ratio between 21 and 24

points
46 - —
— - /-/-’- -‘-\-"‘ﬁ-
Nexesgycycle ™
L]
45 <
]
e

44 /
3 u
L
? /
g
& 42 -

41

40

-
39 =
0 20 40 60
Pgr:

Figure 28. Variation of exergy efficiency of combined cycle in terms of the pressure ratio between 21 and 24
points of combined cycle in terms of the pressure ratio between 21 and 24 points
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Figure 29. Variation of exergy destruction of combined cycle in terms of the pressure ratio between 21 and 24
points

In order to further elucidate the LNG-based power generation cycle in Figures 30-38, the effect of parameters
such as compressor No. 1 pressure ratio, Brighton compressor pressure ratio, and pressure ratio between
points 21 and 24 on power generation of the cycle, energy efficiency and exergy efficiency of the cycle have
been investigated.
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Figure 30. Variation of net power generation of LNG-based cycle in terms of the compressor No.1 pressure
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Figure 31. Variation of energy efficiency of LNG-based cycle in terms of the compressor No.1 pressure ratio
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Figure 32. Variation of exergy efficiency of LNG-based cycle in terms of the compressor No.1 pressure ratio

According to Fig. 33, it is evident that by increasing the pressure ratio, the working generation of the cycle of
increased primarily and then decreased. The reason can be explained that by increasing the pressure ratio,
first, the generated work by turbine No.1 was increasing. On the other hand, the amount of consumed work
by the compressor was also increasing. However, increasing the generated work by the turbine overcame the
increase in the consumed work by the compressor and therefore increased the output power. In a range of
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pressure ratios greater than 18, an increase in consumed work by the compressor overcame the increase in
generated work by the turbine, which resulted in a decrease in net output power of the cycle.
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Figure 33. Variation of net power generation of LNG-based cycle in terms of the pressure ratio between 21
and 24 points
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Figure 34. Variation of energy efficiency of LNG-based cycle in terms of the pressure ratio between 21 and 24
points
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Figure 35. Variation of exergy efficiency of LNG-based cycle in terms of the pressure ratio between 21 and 24
points
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According to Fig. 36, it is evident that by increasing the pressure ratio of Brighton mid-cycle with N2 fuel, the
working generation of the cycle primarily increased and then decreased. The reason can be explained that by
increasing the pressure ratio, the generated work by turbine No.2 was increasing at first. On the other hand,
the amount of consumed work by the compressor was also increasing. However, increasing the generated
work by the turbine overcame the increase consumed work by the compressor and therefore increases the
output power. In a range of pressure ratios greater than 18, an increase in consumed work by the compressor
overcame the increase in generated work by the turbine, which resulted in a decrease in the net output power

of the cycle.
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Figure 36. Variation of net power generation of LNG-based cycle in terms of the compressor pressure ratio in

Brighton mid-cycle
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Figure 37. Variation of energy efficiency of LNG-based cycle in terms of the compressor pressure ratio in

Brighton mid-cycle
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Figure 38. Variation of exergy efficiency of LNG-based cycle in terms of the compressor pressure ratio in
Brighton mid-cycle

In order to review the performance of the cycle from the second law of thermodynamic perspective, the
amount of exergy destruction for each component for the evaporator temperature was 5 ° C, the compressor
No.1 pressure ratio of 6.575, and Brighton mid-cycle pressure ratio of 7 with N2 working fluid have been
calculated and presented in Fig. 39.
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Figure 39. Comparison of exergy destruction in each component of the cycle for determined thermomechanical
condition

Conclusion

An LNG-based CCP system and the energy recovery from the waste heat were proposed to be used in a GAX
cycle and cooling generation. Modeling the cycle was carried out in EES Software. In order to ensure the
precision of the obtained results of the LNG-based power generation system and the GAX cycle modeling,
validation was carried out by comparing it with the results of the technical literature. The considered
combined cycle was reviewed from the first and second laws of thermodynamics perspective. Furthermore, the
evaluation of the some parameters was performed including the capacity of the refrigeration cycle, net
generated power of the cycle, energy efficiency, exergy efficiency, and total exergy destruction, as well as the
exergy destruction of each component of the cycle.

111



Specialty J. Eng. Appl. Sci., 2019, Vol, 4 (3): 91-113

The overall and significant results obtained in the research were as follows:

1.

According to the exergy analysis, the most exergy destruction occured in the combustion chamber and
heat exchanger No. 2, respectively.

The use of the GAX refrigeration cycle and the recovery of energy from the waste heat of the upstream
cycle have been very effective in improving the overall cycle efficiency.

There 1s definitely a need for similar work and appropriate approaches to increase the efficiency of energy

convers
studies:
1.

ion systems from different perspectives. Therefore, the following suggestions were presented for future

Use other refrigeration systems for energy recovery and evaluate the performance of the cycle.

2. It is suggested to investigate the combined cycle proposed in the present study from the economic
perspective in order to determine the cost of refrigeration and power generation in the cycle and using
evolutionary algorithms such as the genetic algorithm to determine the best operating point of the
cycle.
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