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This research develops and analyses three combinations of a solar driven cascade organic
Rankine cycle (CORC) with ejector refrigeration loop (ERL) to produce power and liquefied
natural gas (LNG) using exergy, exergoeconomic and exergoenvironmental concepts. In Case
I, the extracted streams from turbines are used as ejectors primary fluids, in Case |1, the ejector
in high temperature (HT) loop is inserted after turbine and in Case 111 both ejectors are installed
before the turbines. A comparative study is conducted to evaluate the performances of the
proposed layouts. The simulation results demonstrate that Case 111 gives the lowest total product
cost rate of 78.372 $/h and Case Il causes the maximum energy and exergy efficiencies of 14.3%
and 7.101%, respectively. Moreover, in this layout, the cost and environmental impact (EI) per
exergy unit of LNG are improved by about 0.003 $/GJ and 17 mPts/GJ, respectively in relation
to Case I. Finally, the ultimate solution of Case Il as the best layout is ascertained and compared
with Case | by applying Non-dominated Sorting Genetic Algorithm 1l (NSGA-II) and three
decision makers, namely LINMAP, TOPSIS and Shannon Entropy. According to the
optimization results, the maximum improvements in product cost rates are achieved within
1.2% and 2.2% for cases | and |1, respectively and the maximum reduction in El rate for Case |
is obtained within 1.05% through LINMAP method.

© 2019 Published by University of Tehran Press. All rights reserved.

1. Introduction

ORC is a technology converting low-grade heat
sources such as industrial waste heat, solar energy,
biomass and geothermal energy into high-grade power
energy by applying a low-boiling temperature organic
material as the working fluid [1]. To enhance the
performance of the traditional ORC, a new ORC
configuration called cascade ORC (CORC) was
developed in which the coolant waste heat in HT ORC
loop was utilized to drive low temperature (LT) ORC
loop in order to produce additional power [2-6]. To
achieve a better thermodynamic performance of
CORC, aregenerator was applied in the HT ORC loop

[71.
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In recent years, many researches have been devoted to
study ORC-based combined cycles in order to satisfy both
cooling and power needs. Regarding to the traditional ORC
combined cooling and power (CCP) cycle, cooling effect
can be produced using an absorption refrigeration cycle [8-
11] or ejector refrigeration loop (ERL). An ERL is a
promising way of producing cooling effect because an
ejector with simple and no moving parts has several
advantages such as: improving the coefficient of
performance, low operational and maintenance costs and
ability to operate with various refrigerants [12-16].

Several studies on ORC CCP with special place for
insulation of the ejector have been reported in the literature.
For instance, Wang et al. [17] proposed and analyzed
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thermodynamically an ORC CCP with R123 as working fluid.

In this design, the extracted vapor from the turbine acted as the

primary fluid of the ejector and the room space got cooled by

cooling effect produced in evaporator. Similar configuration for

the ejector location was constructed by Habibzadeh et al. [18].

In this research, the effects of various organic working fluids

were evaluated on the performance of the system. Zheng and

Weng [19] designed an ORC CCP at which the expanded fluid

exiting turbine entered the ejector as primary fluid and water got

cooled in the evaporator. The thermodynamic performances of
the proposed system were studied by applying different organic
fluids.

Ahmadzadeh et al. [20] investigated an ORC CCP integrated
with evacuated tube solar collectors. Partially expanded working fluid
exiting the turbine was applied as the ejector primary fluid.
Thermodynamic performance of the proposed system was evaluated
and a thermo-economic analysis was conducted using the SPECO
(specific exergy costing) method. Rostamzadeh et al. [21] proposed
and compared the performances of four appropriate combination of
ORCswithadistinct ERL at which the energy of ejector primary fluid
was provided from the stream leaving turbine via a heat exchanger.
Rostamzadeh et al. [22] designed two ORC CCPs in which ERL was
used to produce cooling load at three and two[23] temperature levels
for freezing, refrigeration and air-conditioning usages and power was
produced using an ORC and recuperative ORC with turbine bleeding.
In all layouts, ERL was cascaded with the condenser of ORC. The
proposed cycles were analyzed and optimized by applying
thermodynamic and exergoeconomic concepts. All configurations
provided the space cooling for domestic applications.

For industrial application, a combination of CORC instead
of traditional ORC with ERLS was proposed to liquefy the NG.
In this research, solar energy was employed using linear Fresnel
collector (LFC) and two ERLs were installed in HT and LT
ORC loops. The primary fluids of EJCs were provided by
streams extracted from turbines [24].

To the best of our knowledge and surveying the mentioned
literature review, the combination of ORC or CORC CCP with
various ERLSs has not been performed so far. The novelty of
this work is to design new locations for ERLs by combining all
possible cases for driving ERLs, i.e. using stream before
turbines, extracted stream of turbines or stream exiting turbines,
in an existing solar driven CORC CCP based LNG cycle [24]
(Case 1) for an industrial application. The main objectives of
this study are pinpointed as follows:

a) To conduct the energy, exergy, exergoeconomic and
exergoenvironmental concepts for all cases.

b) To determine and compare the thermodynamic, economic
and EI performances of the desired cases during a year.

c) To identify the superiority of each case from the energy,
exergy, exergoeconomic and exergoenvironmental
perspectives.

d) To select the best layout by considering the aforementioned
perspectives.To assess and compare the performances of the
selected case in comparison with Case | by conducting a
parametric study.

e)To optimize and compare the performances of the selected cases

by applying LINMAP, TOPSIS and Shannon entropy decision
makers from the Pareto frontier obtained by NSGA-II.
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2. Cycle description

Figure 1 illustrates the schematic diagram of a solar
power/LNG production system with various ERL
configurations and with various cases and their T-s
diagrams. The desired systems consist of an LFC field as
more cost effective concentrating collector [25-30], three
TSTs, a CORC, two ERLs placed in LT and HT cycles and
NG process line. In the basic configuration denoted as Case
I, the primary flow of the ejectors are provided from the
streams extracted from TURs [24] while in Case I, EJC-1
is installed at the exit of TUR-1 and in Case I1l, both ejector
are placed before TURs and the primary flow is the fraction
of TURs entrance flows. In this study, R227ea and R32
with zero ozone depletion potential (ODP) and non-toxin
organic fluids are selected for HT and LT loops [31],
respectively.

The detailed operations of the systems are described as
follows: The R227ea saturated liquid in HT ORC cycle is
pressurized through P-1 (states 1 and 2) and then enters
PRC-1 to cool the high pressure NG (states G1 and G2).
The warm working fluid passes through HHE-2 and HHE-
1 where it gets super-heated (states 3-5) by absorbing the
thermal energy of hot Therminol-PV1 flowing inside the
solar subsystem (states E1-E3). The high pressure and
superheated R227ea flows into TUR-1 to produce power.
The two-phase flow thermal energy leaving TUR-1 (state
7) is used to preheat the working fluid inside the LT ORC
loop via CHE and R227ea gets liquid saturated via CON-1
by rejecting heat to NG (states G9 and G10). Then stream
reenters P-1 to complete the HT ORC loop. In LT ORC
loop, the pressure of R32 saturated liquid increases by P-2
(states 15 and 16) and it is preheated by cooling NG via
PRC-2 and by absorbing the heat of two-phase flow exiting
TURs via REG and CHE and then it is superheated by
receiving thermal energy from Therminol-PV1 (states E3
and E4) inside LHE-1 (states 15-20). The superheated R32
produces power when passing through TUR-2 and gets
liquid saturated (states 22-24) by losing heat inside REG
and CON-2 by rejecting heat to LNG (states G8 and G9).
On the other hand, to liquefy the precooled NG, each ORC
cycle is equipped by ERL. In Case I, a part of stream
passing through TURs is extracted and enters the drive
nozzle of EJCs as primary fluid (states 14 and 29). The
primary stream jetting from ejector nozzle (state a) sucks
the low temperature and pressure vapor fluid leaving EVAS
(states 12 and 27) with a pressure reduction (state b). The
two stream are mixed in the ejector at constant pressure
(state c) as shown in Figure 2. Then, the mixed flow leaves
the ejector diffuser with a pressure rise (states 13 and 28).
The precooled NG is discharged into EVA-1, PRC-2 and
EVA-2 and gets liquid completely (states G2- G6). A
portion of LNG is extracted to produce cooling medium for
CONs (states G8-G10) and then returned to EVP-2. In Case
I, EJC-1 is placed after TUR-1. In this way, the leaving
two-phase fluid is sent to EJC-1 as primary fluid and in
Case Il both EJCs are installed before TURs and a portion
of stream entering TURs flows into EJCs as primary fluid.
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2. Energy methods

Energy analysis is performed by considering several

assumptions:

o All components operate under the steady state condition.

o The kinetic energy is negligible for all components except
ejectors.

o The potential energy is neglected for all components.

e The pressure drops inside pipelines and all components
except LFC are negligible.

e No heat transfer with environment occurs for the pipelines
and all components except LFC and TST.

e The process through the TV is isenthalpic.

e The environmental temperature and pressure are taken to be
298.15 K and 101.325 kPa, respectively.

o The isentropic efficiencies for TURs and Ps are taken to be
0.85 and 0.95, respectively.

e P-1 and P-2 entrance streams are considered as saturated
liquid and EVAs outlet streams are saturated vapor.

For steady flow components, the mass rate balance can be
written as:

z min = Z mout (l)

and the energy rate balance can be written as:

Qm +W + zmm in Quut out T zmout out (2)

In Egs. (1) and (2), M is mass flow rate, Q is heat transfer

rate, W is power and h is enthalpy. The indexes “in” and “out”
indicate the input and output streams.

The energy rate balance for LFC, EJCs and TST can be written
in different ways as follows:

1.1. Ejector simulation

The ejectors can be classified into constant-pressure and
constant-area types. According to the studies reported in the
literature, the performance of the constant-pressure mixing
ejector is better than that of the constant-area one [12, 32, 33].
Figure 2 indicates the constant-pressure mixing ejector
containing the motive nozzle, suction chamber, constant area
section and diffuser section. By neglecting the velocities of inlet
and outlet streams of the ejector and considering the friction
losses inside nozzle, mixing and diffuser sections in terms of
efficiencies, the mathematical model is established for the one-
dimensional constant-pressure ejector by Eqgs. (3) to (16):

1.1.1. At the motive nozzle outlet

hjs =h(Pa.s1) 3)
hy =My =175 (hl - ha,is) 4)

Here, 7., is the isentropic efficiency of the motive nozzle, set
to be 0.85.

2(h—hy) ®)
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where V indicates the stream velocity.

Ay = ——

-_ 6
A ©

In Eq. (6), g is the entrainment ratio defined as the
ejector suction mass flow rate to motive mass flow and o
refers to the fluid density.

1.1.1. At the suction nozzle outlet
hy js =h(Pb’52) (M
hy =hy =1, (hz - hb,is) 8

Here, 77, is the isentropic efficiency of the suction nozzle,
given to be 0.85.

1
NETr] ©

1.1.2. In the mixing section

V. = [1+ va+—v,,] (10)

1+u

Here, 77, is the isentropic efficiency of the mixing section,

given to be 0.95.
2 2 2
1+u 2 1+u 2 2
=s(R,.h) (12)
1.1.3. At the diffuser outlet
V2
hy=h, +— 5 (13)
hajs =he =114 (s — ) (14)

where 77, is the isentropic efficiency of the diffuser outlet
with value of 0.85.
Py = P(h.5;) (15)

The entrainment ratio of the ejector can be calculated by

iteration with known values of P1, P2, AP and efficiencies
until the quality of fluid (x) at the exit of ejector is valid.
1
X3=—" (16)
1+ u
1.2.LFC simulation
An LFC mainly contains long, thin and flat segments
of mirror as the first flat reflectors, a fixed tubular receiver
enveloped by the vacuumed glass cover and a parabolic
cavity as the second reflector. The mirrors sloped with tilt
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Figure 1. Schematic assembly of solar driven NG
liquefaction plant with various configurations of ERL[24]
and their T-s diagrams a) Case I, b) Case Il and c) Case IlI

angle of 6 can track the position of the sun in the sky from East to
West to concentrate the solar energy onto the fixed receiver located
at the focal point of the reflectors [34].

The useful heat energy gain Qu by Therminol-PV1 can be
determined using Egs. (17) to (19) [34]:

Qu = r’huiICF' (Tout _Tin ) = Aap |:S _%(Tr _Tair ):| (17)

Here, M is mass flow rate, CP is specific heat, T is temperature, Aap
represents the aperture area, the subscript oil indicates Therminol-
PV1. U _ refers to the overall heat
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loss coefficient from the receiver to the environment which can
be calculated using the correlations expressed in [34]. In Eq.
(17), the subscripts, r and air are the receiver and air,
respectively. S and C indicate the absorbed solar heat and the
concentration ratio expressed by Egs. (18) and (19),
respectively.

S= Gbylyzrgarr (18)

Where Gb is beam radiation falling on a horizontal surface,

7, is the reflectivity of the first flat reflector, y,is the
reflectivity of the second parabolic reflector (given to be 0.93),
7, refers to the transitivity of the glass envelope (set to be
0.95), « is the absorptivity of the receiver (set to be 0.95)
and r is shading factor.

Czﬁzzxiwcosﬁn 19)
Ar n=1 ”Di

In Eq. (19), A, is the receiver area. w refers to the width of the

constituent mirror elements, @, is the tilt angle of mirrors, D,

is the inner diameter of receiver and n indicates the mirror
number.

A TST is mounted in solar subsystem to operate as a buffer
between LFC field and CORC subsystem. The temperature of
Therminol-PV1 at the exit of TST can be calculated by
assuming the well-mixed model and correlations expressed by
Wang et al. [35].

3. Exergy-based methods

An exergy analysis is a convenient tool to identify the
location, magnitude and causes of thermodynamic
rreversibilities within the kth component of energy conversion
system and the exergy loss due to the exergy
transfer to the environment. The exergy associated with each
stream of the overall system can be calculated using the exergy
balance with concepts of fuel and product for the kth
component as follows [36]:

EXF ,k = E.XP,k + EXD,k + EXL,k (20)
Here, EX(= meX)indicates the physical and chemical

exergy streams divided into the thermal component ( exT )and

mechanical component (EXNI ) for stream that its temperature
is lower than dead state [36]. The indexes F, P, D and L denote
the fuel, product, destruction and losses, respectively.

The exergy destruction ratio of the each component, y, | , can

be calculated using Eq. (21):
= — (21)

Exergoeconomic analysis is the combination of exergy and
cost concepts providing the designer or operator of a system
with information crucial to the design or operation of a cost
effective system [36, 37]. A cost balance applied to the kth
system components shows that the sum of cost



Journal of Solar Energy Research Vol 4 No 2 Spring (2019) 107-127

EJC1 [t
141_:533: || """""

Solar subsystem

Stabilizer subsystem
High tempreature ORC
Low tempreature ORC
Liquifaction process

ST |

111

i ——— -

3

1

. :

TUR-1 :
!_ EJC-1

- > ERIJHIIE 7 » :

S— :

1

12 :

1

1

[ S —————— o
Case 11

1

1

|

1

i

29 1

20 i
sl 21 | 22 ;
S i
TUR-2 1
______________________ Jd

Case [11



Journal of Solar Energy Research Vol 4 No 2 Spring (2019) 107-127

Suction
Chamber

Constant Pressure

Mixing Chamber Diffuser

Motive Nozzle

]

2

rates associated with all existing exergy stream equals the
sum of cost rates of all entering exergy streams plus the
appropriate charges due to capital investment and operating
and maintenance expenses[38]. The cost balance of the kth
component can be written based on the specific exergy
costing approach as follows:

Zcout,k + C.w = C-q,k +z c-:in,k + Z.k (22)
out in

C.:in = Cin E'Xin (23)
Cout = Cou EXoue (24)
C,=cW (25)
C, =C,Ex, (26)

where c is the average cost per unit of exergy. C
denotes the cost stream associated with the corresponding
exergy stream. The indexes in and out refer to the entering
and exiting streams of matter. The indexes w and q refer to
the power and heat transfer rates.

The Z appeared in Eq. (22) is the cost rate associated
with the capital investment and operating and maintenance
expenses, which can be written as:

_Z, xpxCRF

Z, . (27)
Here, @ is the maintenance factor and CRF refers to the

capital recovery factor being expressed by [36]:

IR(1+IR)"
F=——"7+— (28)
(1+IR)" -1
Z,
) S 31
o Z, +Cp, )
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In Eq. (28), IR and N are respectively the interest rate and the
system life. Table 1 indicates the values of economic
parameters and the purchased equipment costs of components
are presented in Appendix A.

In exergoeconomic analysis, it is assumed that the average cost
per unit of entering exergy streams are known for all entering
streams. Consequently, the unknown variables to be calculated
from a cost balance for the kth component are the costs per
exergy unit of the exiting material streams. Therefore, n-1
auxiliary relations are required for components with n exiting
exergy streams. These relations

can be written using Fuel and Product rules detailed in[36].
Table 2 indicates the cost balance with corresponding auxiliary
equations of each component. By solving the cost balances and
auxiliary equations, simultaneously, all average cost per unit
of exergy streams of a system can be calculated.

The evaluation of each component from the
exergoeconomic viewpoint can be carried out by applying Egs.
(29), (31) and (32).

CD,k =Cey EXD,k (29)

In Eq. (29), CD indicates the cost associated with the exergy

destruction in a component or process and cr is the cost per
exergy of fuel which can be calculated by:

_Ceu

Cry == 30
" Ex,, (30)

Here, CF,k is the cost rate associated with the fuel which is

obtained by replacing the exergy ( EX) by cost rate C in the
fuel exergy of the each component.

By, = by EXp, (35)
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Here, fcxis the exergoeconomic factor indicating the contribution
of the component-related investment cost rate, Z, , to the total

cost of the component,Z, +Cy, A low value of the

exergoeconomic factor calculated for a major component
suggests that cost saving in the entire system might be achieved
by improving the component efficiency. A high value of this
factor suggests a decrease in the investment costs of this
component at the expense of its exergetic efficiency [36].

Cp, —C
o == (32)

F k

where, rck is the relative cost difference. This variable express
the relative increase in the average cost per exergy unit between

fuel and product of the component (C,, ). The relative cost

difference represents the cost reduction potential within the kth
component. The value of C,, can be estimated by following

relation:

Co :ngL:k (33)
In Eq. (33), prk is the cost rate associated with the product
which is obtained by replacing the exergy ( Ex ) by cost rate
C in the product exergy of the each component.

Table 1. Economic parameters [39].

Parameter Value
(1)) 1.06

IR 10%

N 20 year

An exergoenvironmental analysis
combines the exergy analysis and life cycle assessment (LCA) to
identify the El of exergy streams. The El balances for the kth
component can be written as [40]:

Z B.in,k +Yk = Z B.out,k (34)
in

out
Here, B (= bEx) is the El rate associated with the exergy
stream, b is the average EI per unit of exergy.

The Yk appeared in Eq. (34), indicates the component-related El

of the kth component comprising the construction, operation and
maintenance and the disposal of the component identified by
LCA based on based on Eco-indicator 99. Table 2 indicates the
El balance with corresponding auxiliary equations of each
component.

To assess the system components El, three criteria are defined as
follows:
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where, BD is the El of exergy destruction rate within the kth
component and br indicates the El per exergy of fuel.
Y,

=k (36)
"N, + By,

Here, fox is the exergoenvironmental factor within the kth
component expressing the contribution of the component-related

El, Y, , to the total EI of the component, Yk + Bka .
)= Ak @7

In Eq. (37), ok is the relative El difference, indicating the El
reduction potential within the kth component and be is the EI per
exergy of product.

4. Performances

The average annual energy efficiency of the system is
defined as:

_ Whet +Qunc
Aapr

The average annual power efficiency of the system is defined as:

TTen (38)

— Wnet (39)
Aap Gb

The average annual exergy efficiency of the system can be
calculated by:

en

W, + M | X3, —ext.
]7Ex = t LNG|: 7 l] (40)

; M M
EXF,LFC Mg |:exG—l - exeq:'

The total product cost rate associated with power and LNG
production can be calculated by:

ot A . .
(:P0 = CP,LNG + C:P,TUR—l + CP,TUR—Z (41)
The El rates of system can be written as:

BltDOt = BP,LNG + BP,TUR—l + BP,TUR—Z (42)
5. Multi-objective Optimization procedure

In this investigation, NSGA-II evolutionary algorithm
proposed by Deb [41] is employed to find the optimum annual

performances and design parameters of the proposed systems.
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The flow chart of NSGA-II algorithm is illustrated in Figure 3.

The energy efficiency and exergy efficiency, cost and El
rates of the systems which are assessed by Eqgs. (38) to (40) are
considered as four objective functions. In this regard, ten and
nine major design parameters respectively for Case | and Case Il
listed in Table 3 with corresponding boundaries are selected as
decision variables. Meanwhile, tuning parameters of genetic
algorithm used for convergence of the results are listed in Table
4.

To find the optimum solution from the Pareto frontier, the
most recognized decision makings including Shannon Entropy,
LINMAP and TOPSIS procedures are employed in parallel.

Detail descriptions of the Shannon Entropy, LINMAP and
TOPSIS decision makers can be found in Refs. [42-45].

2. Results and discussion

According to the assumptions made in section 2 and input
parameters listed in Table 5, simulations of the proposed systems
are performed by developing codes in Engineering Equation
Solver (EES) software to solve the governing equations and
R227ea and R32 properties. A parametric study is also carried
out to determine the positive effects of varying several important
parameters on the thermodynamic, economic and environmental
performances of all cases.

The results of various ERLs on the performances of the
system are tabulated accordingly in Table 6. The outcomes show
that mounting the ejector at the exit of TUR-1, i.e. Case II,
improves the produced cooling load of liquefaction within 1.9
times in relation to Case | due to increase of LNG capacity.

Moreover, the produced LNG exergy gets 1.82 times while
these values are lower in other cases. In this manner, the mass
flow rate of produced LNG gets within 4 kg/s and energy and
exergy efficiencies increase by about 43.3% and 9.5%,
respectively.

Obviously, Case | gives the maximum power efficiency of
4.11% followed by cases Il and |1, respectively. The amount of
total product cost rate of Case Il is lower than that of other cases.
Indeed, when the primary streams for EJCs are provided from
the streams before TURS, the cost per exergy of TURs drops. The

highest value of Bﬁ? t belongs to Case Il because the LNG exergy

rate is higher than that of other cases. On the other hand, when
EJC is installed at the exit of TUR, an effective cooling load is
produced consequently the required heat exchangers area reduce
leading to the lower cost and EI per exergy unit of LNG. This
valuable result makes Case Il as a convenient configuration for
LNG production as compared with Case Ill. In order to show the
advantages of the proposed system, the amounts of produced
power and cooling load in the present

Exergoeconomic analysis indicates that 71.0%, 73.5% and

74.21% of the total Z are related to LFC in Case I, Case I
and Case 111, respectively followed by TUR-2 with value of
5.713 $/h, 5.357 $/h and 4.831 $/h in cases | and Il and 3.57%

in Case Ill. In most components, the value of Cpis
dominant. Therefore, the large portion of the cost rates, i.e.
C, +Z, is due to the exergy destruction cost rate of the

system. According to the results, the maximum CD and

consequently cost rates belong to TST involving 36.45%,
30.59% and 28.76% of total cost rates of the system for Case
I, Case Il and Case Ill, respectively. As can be seen, the

114

layouts are compared with those reported in the
literature and listed in Table 7. As can be seen,
designing the proper configuration for ORC and
selecting of suitable refrigerants can improve the
amounts of outputs. The cooling load produced in cases
I, I1'and 111 are 743.1 kJ/s, 1419 kJ/s and 721.3 kJ/s,
respectively which are 639.06 kJ/s, 1314.96 kJ/s and
617.26 kJ/s higher than the maximum value reported in
[23]. Moreover, the produced power in cases I, Il and
111 are 406.1 kW, 276.5 kW and 293.6 kW higher than
the maximum produced power reported by Wang et
al.[17]. Tables 8 to 10 present the exergy based results
obtained for Case I, Case Il and Case Il respectively.
According to the results, the highest exergy destruction
rate belongs to LFC destroying 74.27%, 75.22% and
74.28% of the input exergy in Case I, Case Il and Case
111, respectively while P-2 has the lowest contribution
for destroying the exergy in all cases. The total exergy
destruction rate of the system in Case | is 13,588.7 kW
while it is about 14,169.6 kW and 13,805 kW in Cases
I1 and 111, respectively.

Figure 3. Flow chart of NSGA-11 algorithm employed in this
research.
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infinite value of 1, in LFC for all cases which is due to the

zero value of cr shows the high potential of this component
for reducing the cost rates. The low values of fc are due to the
significant values of CD in components. Comparing the El
results of all cases implies that the maximum component-
related El rate belongs to LFC with values of 4.817 Pts/h for.
For this component, El associated with exergy destruction is
zero. Further results show that the remaining components

have higher BD in comparison with Y and the value of EI
rates, i.e.Y + By , is affect by B, . Among the components,

CON-2 with highest value of Bphas the maximum
contribution in EIl rates so that it may dominate 31.6%,
28.33% and 22.08% of total El rates of the system for Case I,
Case Il and Case IlI, respectively. Therefore, this component
has a constitutional role in EI formation. The high value of ry
indicate the reducing potential of El in components. In this
manner, LFC has the maximum potential followed by CON-

1 for all cases. Due to the high contribution of BD in most

components, the value of fy is little. Therefore, focus should
be put on decreasing the irreversibilities.

2.1. Sensitivity study
In this section, the influences of the substantial design
parameters, namely mass flow rate of HT ORC loop (', ),

stabilizer subsystem mass flow rate (mg ), LNG extracted
mass flow rate (Mg ), P-1 inlet pressure (P1), TUR-1 inlet

pressure (Ps), TUR-2 inlet pressure (P20), P-2 inlet pressure
(P15), EJC-2 primary pressure (P29) as well as solar
irradiation are studied and compared on the performances of
the system for Case | and the improved Case II.

2.1.1. Effects of solar irradiation on the performance of the
cycles

Figs. 4 and 5 illustrate the influences of the monthly average
solar irradiation respectively on the energy and exergy
efficiencies of the system for all cases. As a result, the
increase of solar irradiation over the first six month causes
the reduction in energy and exergy efficiencies because of the
slight increase in the outputs so that the cooling effect
produced may drop within 2.15% for Case I, 1.66% for Case
11, and 2.2% for Case 111 although the net power increases by
about 6.14%, 6.81% and 7.38% for cases I, Il and IlI,
respectively. For this manner, the energy efficiency reduces
in average 7.9% in Case I, 8.57% in Case Il and 7.74% in
Case I11. As can be seen in Figure 4 and according Figure 5,
to, the exergy efficiency of the system drops within 6.7%, 7.65%
and 6.35%, respectively, for cases I, Il and Ill. These variations
are reversed when the solar irradiation lessens during the second
six months. The 42% reduction in solar radiation causes the
5.25% reduction of power produced in Case |, 6.4% decrement
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in Case Il and 6.87% reduction in Case Il while the cooling
effects increases slightly within 1.99%, 1.69% and 2.2% in cases
I, 11 and Il respectively. Referring to Figure 4, the energy
efficiency grows by about 17.8%, 9.4% and 15.66% in cases I, 11
and I11, respe ctively and the exergy efficiency increases within
16.6%, 15.4% and 13.96% in cases I, Il and Ill, respectively as
shown in Figure 5.

Outcomes indicate that the maximum thermodynamic
efficiencies are related to October for all cases so that the energy
and exergy efficiencies may increase respectively within 10.48%
and 6.421% for Case |, 16.44% and 8.101% for Case Il and
8.91% and 5.403% for Case Ill, respectively. Similar variation
trend can be observed for power efficiency of all cases as solar
radiation varies during a year. October gives the highest values
of power efficiency for all cases so that it may be reaches 3.88%,

3.55% and 3.34% for cases Il, 11l and I, respectively.

18.0
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Figure 4. The effects of solar radiation on the energy

efficiencies of all cases.

Figure 6 depicts the variations of total product cost rate versus
solar irradiation changes. According to the results, the increase of
solar radiation reduces the product cost rate of the system for all
studied cases. As can be seen, Case Il leads to the lowest total
cost rate followed by Case Il and Case I, respectively. In this
manner, the 43% increment in solar radiation from January to
June causes 1.08% reduction in TUR-1 product cost rate for Case
I and consequently the total product cost rate of system drops

9

I Case 1l Case II[__| Case ITI

®

~

Monthly exergy efficiency, an(%)

1 2 3 4 5 6 T 8 9 10 11 12
Months

Figure 5. The effects of solar radiation on the exergy
efficiencies of all cases



Journal of Solar Energy Research Vol 4 No 2 Spring (2019) 107-127

Table 2. Cost and EI balances with corresponding auxiliary equations

Components Exergocconomic relations Exergoenvironmental relations
Cost rate balance Auxiliary EI rate balance Auxiliary
cquation cquation
LFC Cs3 E.xss + Coum Exmn i ‘.LFC = Cy Ex.ﬂ ) bss Exss +bsun Exmn i+ )}I_F(‘ = hSl Ex.&‘l B
i CP—3W P-3 +cszEst +Z.P43 = (:S3ExS3 ) bP~3WP~3 +bS2ExS2 % Yp_3 = bxsExsz 3
st cmExm +"‘st:’(5| +ZTST = cszExsz +CEIEXEI Cn =Cs mexm +bSIExSl +Yrsr = bszExsz +bEIExEI bEl = h3'2
FREAL Cor Fxm +"2F*X2 + ZPRC—] = cczﬁxm +6‘3F% G =8 Dey Exm +b2F.x2 i Ypmtl =bs, I::xaz + b31'.'.x3 b, =b,
HiE] CEIEXEI +04Ex4+zwi5-l =C£2Exzz +05Ex5 Ce1 =Ck buExm +b4Exw+YuH£-1 =b£2Ex£z+b5£k5 by = b,
T2 CEZExﬁz +czExa + Zlﬂm 5 cmExm +¢,Ex, Cr2=%m bﬁzExﬁz +byEx, + YII"F 4= mexm +b, Ex4 bey = by,
P-1 CP—lWP—l +L‘1EX1 +Z oy = czl::xZ ‘ h},_ll'f/},_1 +bIEx‘ + YP_I = szxz =
CON-1 C{)Ex‘, +cc‘>Eroo +Zrav = clExl +cmoExmo C69 = Ca boExo +mexm g Yco,v 1= blbx] +bgy0 7 Glo by =bero
LS CGzExez + cloExlo + ZEVH = CGsExsa +C|3Ex12 G0 =G bGzExaz +wax10 + YEW’—I = bGzExcs +bl'll::xlz blo = hlz
PRC:2 CG.ll:‘:xG3 +016EXI6 + ZPRC—2 = 0171;;‘717 * CGAExGJ G =G bes }:‘:"63 +bls}':x16 i YPRC—Z = bnExn +bczl€ka4 bg=b,
P2 cp Wy o +6sBhs +Zp , = 6B ) by Wy, +B5Exs + Y, =beFxg B
CON-Z CGX E'xGS + (;23 ’::xl:i o ZC().‘V~Z = clSF:xls + CG9 ﬁ"xGQ CGS = CG‘) bGS Exﬁﬂ o b'_73 F‘x23 A ).’('(7‘\"‘2 = blsﬁxl.ﬁ + bG9 I::x(;‘? bGs = bcg
REG CnE"n +szExzz +ZREG = czzExzs +ClsEx1a Cyy = Cig b”Ex” +bu£"zz + Ym’o = bstxzz +blsExls b, =by
g Gl Cvl::x7 +C|xl::xm +Zrlm = CxExx +c|9Ex|9 Cy =Cp b,Ex, +bIBEx18 + chn = bexx +b19Ex19 b =by
é EHE-] cfzﬁxm +("19}5“7"19 +ZIHE—1 = (:“FJCH +czoﬁxzo €20 = Crq bESF‘xES +”1~JF.:J‘7|9 ks YI_HE—I =bE4F‘xE4 +hzoﬁxzo bZO = hEA
% | EBVE2 ccsEx(;s +cstxzs + ZEVP—Z = CzoExzs g cz7Exz7 G5 =Cn baiExus + bz5Exzs e nguz = bzoExzs F bz7Exz7 by =by,
TR C.sExs +an—| a CsExs +6 |Exm +Cnm—|Wn/R4 Cs =Cs =€y bsExs + Ynmfl = bﬁE'\”s +bl-1ExM +b7'l;‘Rf|W77«'R—l by =bs=b,
HEl Clexlz +C|4Ex|4 +ZﬂC~l = CISExIS ) blZEXIZ +me“"m g YEIC—] = bIBExIS B
= TuR2 Czo’:-‘xzo + zrwz-z =Cryp Wruzz-z +czli':le + 029,:er9 Gog = Cay=iCyy bzo’:"xzo + Ynm—: = bTUR—lWTLvR—Z + bzli;:xn +bz~;l::ng by =by =by
5 HC2 Cx Fxn +029Ex29 + Z-m‘»z i C2RF'xzx ) b27F.x27 +b29f::x29 o+ Yr./r-z = bsz..ng }
TUR-1 CsExs i Z.I'Ukvl = c(,Ex(, i cnm-lwwx—l G =G bsExs ik YlL-’R—l = béExé ik bZ'LFl(-lu./lLskvl by =b;
ElG:L clexn +c6Ex6 +zﬁ/r Vi c7Ex7 ) blexlz +b6£:x6 + me‘ = b7Ex7 B
% 1UR2 Canxzo +Z‘nm > =Cnp IWTUR 5 +CIIEX’.’I +C29Exzo Cogi=C1="C9 bzaExzo i Ynm 2 =bng IWTUR ) +b2|Ex2| +b29£"29 by =by =by,
é EJC-Z C'27 E“xz7 + c29Ex39 & Z.El(‘fz = cstxzs - b27}:k:27 +b29ExZ? =+ YEIC*Z = bstst -
TUR-] CS‘EXS' +Z"rUlH = csfjxﬁ +CTUR4W7U/H G =S bs‘Exs' + Y.rwu = bbExb +br —IWTUR—I by =b;
_ BIC- CIZEXIZ +C|4Exu £ ZHC—I =Gy Exli ) blexiz +bl4Exl4 + YEIC—I = blSExIS 3
?3 v Czu'Exzu' + Z.runfz = CTUR*IWTUR—Z +('21Ex21 Copr =G b:o'Exzo' ik kafz = bTUR—lWTL’R—l +b21Ex21 bZD' = b’l
S |BEIC2 Cxn Ex27 +(:2.?E.x29 + ZF:I(‘—Z = Cstxzx ) by, Exﬁ +b2->E.x29 + YE/(“—E = bzxsvzs }

Table 3. Optimization constraints and their reasons.

Decision variable Case I Case 11 Rationale
Lower | Upper | Lower | Upper

Both cases
HT loop mass flow rate, 7, (kg/s) 10 12 10 12 P-1 required power limitation
Stabilizer subsystem mass flow rate, 71, 30 32 312 33 Input energy limitation
(kg/s) .
LNG extracted mass flow rate, 7114 (kg/s) 17 18.5 22 288 CONs ‘rcqulrcd encrgy

limitation
P-1 inlet pressure, P (kPa) 120 250 120 250 TUR-1 commercial availability
EJC-1 suction pressure, P> (kPa) 15 20 15 20 EJC-1 operating limit
TUR-1 inlet pressure, Ps (kPa) 1100 2000 1792 2900 | TUR-1 commercial availability
EJC-2 primary pressure, P9 (kPa) 500 900 500 900 EJC-2 operating limit
P-2 inlet pressure, Pis (kPa) 120 174 70 135 TUR-2 commercial availability
TUR-2 inlet pressure, Py (kPa) 765 850 765 850 TUR-2 commercial availability
Case |
EJC-1 primary pressure, P14 (kPa) [400 T1100 |- [ = | EJC-1 operating limit
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Table 4. Genetic algorithm parameters.

Table 6. The results obtained at the design point for

Parameter Value all studied cases
Population size 200 Performance Case | Case Il Case 11
Generation size 100 y
Crossover fraction 0.8 Net power output, Wnet (kw) 520.2 3906 407.7
Mutation rate 0.01
Selection process Tournament Power efficiency, UPOWEF (kW) 4.11% 3.09% 3.22%
Table 5. Input data for all cases. Annual energy efficiency, 77En (%) 9.984 14.3 8.922
- o
Value Annual exergy efficiency, 7], (%) 6.482 7.101 5.411
Term Case Case Case A tot
| I n Total product cost rate, CP ($/h) 80.82 79.92 78372
I 2 5 tot
Annual solar irradiation, H (kWh/m?.day) 7.35 7.35 7.35 Total El rate, BP (Ptsih) 78.228 96.912 79272
TUR-1 inlet pressure, R (kPa) 2400 2400 2400 :
5 Mass flow rate of LNG, mLNG 2 4 ’
TUR-2 inlet pressure, on (kPa) 800 800 800 (kgls)
Cost per exergy unit of LNG,
TUR-1 outlet pressure, P (kPal 150 150 150 0.429 0.426 0.435
P 6 (kPa) Cing (6/6)
TUR-2 outlet pressure, P21(kPa) 120 120 120 ] b
El per exergy unit of LNG, LNG 7.367 7.35 7.373
Solar subsystem pressure, PE (kPa) 105 105 105 (Pts/GJ)
Inlet temperature of solar subsystem, Tes (K) | 325 325 325
ST mass flow rate, mE (kg/s) 30 32.8 30
EJC-2 outlet pressure, P28 (kPa) 100 100 100
EJC-1 primary pressure, PlZ (kPa) 16 16 16
EJC-2 primary pressure, P27 (kPa) 8 8 8
NG pressure, PGl (kPa) 3500 3500 3500
NG inlet temperature , TGl (K) 300 300 300
Mass flow rate of NG, My (kg/s) 2 4 2
HT loop mass flow rate, M, (kg/s) 12 12 12
P-3 outlet pressure, PS3 (kPa) 500 500 500
Mass flow rate of bottom cycle, r‘l"]16 (kals) 7.3 9 7.3

Table 7. Comparison of present configurations with those reported in the literature.

ORC type Cooling load Produced power

Cycle proposed Single/refrigerant | Cascade/refrigerant | (kJ/s) (kW)

Case | - R227ea, R32 743.1 520.2
Inpresentwork  Meaeenr | - R227ea, R32 1419 390.6

Case Il - R227ea, R32 721.3 407.7
by Wang et al.[17] R123 - 21.01 114.1
by Zheng and Weng [46] R245fa - 19.39 27.9
by Ahmadzadeh et al.[20] R141b - 9.35 49.9
by Ahmadzadeh et al. [20] R123 - 15.74 21.43
by Rostamzadeh et al.[22] Butene - 98.49 53.44
by Ebadollaet al.[23] R113 - 104.04 49.82
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Figure 6. The effects of solar radiation on the total product cost rate of all cases

within 1.14%. The same trend is observed for Cases Il and

111 with 0.8% and 0.91% decrements in the total product cost
rate. During the last six months of the year as the solar radiation
increases the total product cost rate increases within 0.94% for
Case |, by about 0.18% and 0.63 % for Case Il and Case Il due
to the negative impact of TUR-1 product cost rate. On the
contrary, when solar radiation increases during the first six
months, the temperature of point E1 increases improving the
operation of HTH and reducing its area. Therefore, the total
investment cost of the system lessens. According to these
variations and exergy reduction of G7, the cost per exergy unit
of LNG drops. This trend is reversed over June to December. In
this manner, the required heat transfer area for providing TURs
entrance energies increases which causes the increment in the
total investment cost rate of the system.

According to Figure 6, these changes increase the cost per exergy
unit of LNG within 0.9% for Case I, 0.4% for Case Il and 0.9%
for Case Il1. Although Case 111 gives the lowest total cost rate,
the cost per unit exergy of LNG gets maximum in this layout
while it is the lowest value in Case Il as can be seen in Figure 7.
Figure 8 implies the effects of solar irradiation on the total El
rate of the system for all cases. According to the results, the
increase of solar irradiation from January to June affects the total
El of the system, negatively due to increases of TURs product EI
rates. In this case, the total El
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Figure 7. The effects of solar radiation on the cost per exergy unit of
LNG for all cases
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rate of the system increases within 1.9% for Case I, 1.8% for
Case Il and 2.08% for Case Ill. The reduction of solar
irradiation from June to December reduces the total El rate of
the system by about 1.9% for Case I, 1.7% for Case Il and
2.04% for Case Ill. Although the El rate of Case Il is higher
than that of Case |, the EI per exergy unit of LNG in Case Il
is lower than that of Case | within 0.01 Pts/GJ while it is
almost the same in Case | and Ill. As can be seen, Moreover,
the solar irradiation does not have a drastic influence on the
El per exergy unit of LNG for all cases.
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Figure 8. The effects of solar radiation on the product El rate
of all cases

2.1.2. Effects of major parameters on the annual energy and
exergy efficiencies

Sensitivity analysis shows that P1, Pis, P12, P29 affect the
efficiencies of all cases, negatively and the increase of P2g
from 500 kPa to 900 kPa has the maximum reduction effects
so that energy and exergy efficiencies of system may reduce
within 7.34% and 11.7% for Case |, about 6.4% and 12.3%
for Case Il and 6.98% and 8.96% for Case Ill, respectively.
These decrements are due the decrease of TUR-2 power
output caused by the EJC-2 primary pressure increment. The
thermodynamic performances of the system in Case | and
Case 11 depend on P variation, as P1 increases from 120 kPa
to 250 kPa, the energy and exergy efficiencies lessen slightly
within 2.3% and 3.67% for Case | and 3.1% and 4.12% for
Case IlI, respectively while the efficiencies of the system for
Case Il are not affected by the increase of P1. The negative
influence of P15 on efficiencies of the system for cases I and
Il are lower than 2% while the energy and exergy of Case Il
reduce 3.95% and 5.28%, respectively. Moreover, P12 with
the lowest decrements on efficiencies (lower than 1%) is in
the last ranking.

The remaining parameters affect the efficiencies, positively.

Figs. 9 and 10 show the effects of M, and megon the
efficiencies of the system for all cases. According to the
results, the increase of ml from 10 kg/s

to 12 kg/s rises the power produced by HT ORC loop for all
cases. Therefore, the energy efficiency increases for all cases.
Case | gives the maximum range of 3.95%-4.11% followed
by cases Il and I, respectively with ranges of 3.1%-3.22%
and 2.97%-3.08%, respectively. Moreover, the energy
efficiencies of the system increase respectively
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Table 8. Thermodynamic, exergy, exergoeconomic, exergoenvironmental impact analyses for the material streams for Case 11.

‘Thermodynamic data Exergy analysis Exergoeconomic Exergoenvironment
State Fluid = e rorron - ) k—y—".ml 1L = " ar'wlysis -
T P m h K3 Exl h Exl Ex"" Exm CPlv C"' ¢ Bl’h Bm b
Ky | (kPa) | (kp/s) (kikg) | (kIkeK) | (nvrwy MW) | MW) | oWy | sm) | my | B/GD | sy | (Pish) | (PsiG)
EL Therminol_VPL [ 391.6 105 328 178.5 0.5288 0.6641 2 E = 57.69 = 24.13 7.719 s 3.229
F2 Therminol VPI | 3772 105 328 152.2 0.4604 04749 - - - 41.25 - 24.13 5.520 - 3.229
L3 ‘Therminol_VPL 105 328 113.1 0.3538 0.2428 = - 5 21.09 5 24.13 2.822 3 3.229
F4 Therminol _VPI 105 328 56.72 0.188 0.0242 - - - 2.01 - 23.03 2.014 - 23.13
Sl Therminol VP1 328 440.4 1.104 - - - 1109 - 8.566 13.41 - 1.036
82 Thermmol_VPL 32.8 178.5 0.5288 0.6641 - - - 57.69 - 24.13 7.719 - 3.229
§3 Therminol VPI 32.8 178.9 0.5299 0.6673 - - - 59.67 - 24.84 8.604 - 3.582
G1 NG 4 -3037 -1.907 2.168 0 2.168 06,1 3.083 293 0.395 56.90 5409.3 7.291
G2 NG 4 -86.23 2177 0.0089 2168 206.1 294 0.3965 57.16 S411.5 7.294
G3 NG 4 2.243 0.0755 2.167 206.1 309 04167 59.09 54301 7319
G4 NG 4 2154 2615 2.278 0.1100 | 2168 206.1 310 04175 60.03 5430.8 7.32
a3 NG 26 -350.1 16 - - 1340 2050 0.4245 42313 35437.1 7.346
G6 NG 26 -385.2 -3.464 17 2919 14.08 1340 2050 | 04258 | 44982 | 354564 7.35
G7 NG 4 -385.2 -3.464 2617 0.4491 2.168 206.1 316 04258 69.25 5453.1 7.35
G8 NG 22 -612.8 -4.715 18 5.720 12.28 1133 1740 | 04258 | 47628 | 299792 7.35
GY NG 22 4024 15 2.715 12.28 1133 1740 | 04258 3969 | 299792 7.35
GIO NG 22 -374.6 -3.405 15 2319 12,68 1133 1740 | 04258 3969 | 29979.2 7.35
1 R227¢a 12 1242 0.04761 0.2782 02115 | 0.0668 - - 1117 24.88 - 24.84
2 R227ea 12 14.01 0.04792 02962 - - - - 13.02 26.10 - 2448
3 R227¢a 12 32.63 0.1155 02764 - - - - 13.02 2436 - 24.48
4 R227ca 12 1393 0.4431 03777 = s = E 24.73 27.19 B
s R227ea 12 2112 0.6385 05362 - - - - 2631 29.59 -
6 R227ca 12 198.7 0.6449 03637 - - - - 2631 20.07 -
7 R227ca 2031 1629 0.6079 0.1136 - - - - 65.07 9.411 -
8 R227ea 2031 6337 0.2388 0.3409 02279 | 0113 2 B 14.57 2436 5
9 R227¢a 12 6337 0.2388 0.2014 0.1346 | 0.0667 - - 14.57 14.39 -
10 R227ea 8315 63.37 0.2388 0.1395 0.0933 | 0.0462 - - 14.57 9.969 -
i R227ca 8315 6337 0.2978 -0.0076 02147 | 02224 - - - - - -
12 R227¢a 8315 1112 0514 -0.1492 0.0732_| -0.2224 B -7.83 - 14.57 -10.66 -
s [ 120 6805 295 - - B - 58 69.37 -
[ 120.6 6805 300 0.445. 544 = E a5 69.96 =
7 1338 7383 264 0.409 544 - - 75 68.03 -
8 146.7 8902 233 0.378: 544 E - 63 86 S
9 9 3714 629 0.9980 0.1436 544 - 52. - 14.57 7132 -
20 9 577 362 0.8680 - - - 21 - 23.03 72. -
21 45 5762 653 0.0378 5 g - ENE - 23.03 315 -
22 .S 11.58 5299 2.493 0.1170 0.0247 | 00927 - 3943 - 93.37 27.55 =
23 32 250.4 120 11.58 519.8 2.454 0.1370 0.0445 | 0.0927 - 47.58 - 96.34 9.572 -
24 32 224. 120 115 120 0.6805 1.667 1223 | 0.4440 - 9.51 - 1.584 89.29 - 14.88
25 32 224, 120 258 120 0.6805 03710 - - - 2.12 - 1,584 19.89 - 1488
26 32 180. 8 258 120 0.7191 03410 0.6543 | -0.3128 - - - - - - -
27 32 180, s 258 4738 2.665 -0.2520 00611 | 03128 = 143 = 1584 -13.48 - 14.88
28 R32 120 7.081 500.5 2.401 0.0596 - - - 36.29 - 169.1 2441 - 11.37
29 R32 900 4.5 5158 2443 04550 - - - 31.73 - 23.03 37.89 - 2313
Table 9. Thermody exergy, exerg vi 1i analyses for the material streams for Case I11,
Thermodynamic data Exergy analysis Exergoeconomic Exergoenvironment
State Fluid = = 7 o=y = —f % 7 a—y—l.w,,} o =
(IK) :k vy | T ke | Gomkery | BX Ex" | Ex’ Ex¢ won | B | BD o
(kg/s) SR8 4 (MW) MW) | (MW) | (MW) ($/h) ' (Pis/h) | (Pis/h) | (PGl
EL Iherminol_VP1 105 30 179.7 0.532 0.616 - - - 57.74 - 26.06 7.74 - 3.491
E2 Therminol_VP1 105 30 150.6 0.456 0424 s Z B 39.81 = 26.06 5.33 2 3.491
E3 Therminol_\P1 105 30 104.2 0.329 0.181 : £ - 16.99 < 26.06 2.28 B 3.491
E4 herminol_VP1 105 30 56.6 0.188 0.021 . - - 2.029 = 26.54 E 26.19
SL herminol_VP1 105 30 4687 1.157 3.660 - - - 110 - 8.425 - 1.022
s2 Therminol_VP1 105 30 179.7 0.532 0.616 = = = 57.74 = 26.06 - 3.491
s3 Therminol_VP1 | 3024 | 500 30 180.1 0.533 0.619 e = E 59.76 = 26.84 z 3.885
Gl NG 300 | 3500 2 304 -1.907 LO83 E 1083 103 1.540 147 0.395 2705 7.291
G2 NG 2773 | 3500 2 862 -2.100 1.088 0.004 1.084 103 1.555 147 | 03971 2706 7.294
G3 NG 2414 | 3500 2 -177.0 2451 L117 0033 1084 103 1.688 156 | 04197 2716 7.321
G NG 2301 | 3500 2 -207.2 2579 1133 0,050 1083 103 1714 156 | 04203 2717 7.323
GS NG 1868 3500 20 -352.3 -3.285 13.00 1030 2031 1609 0.4339 27321 7.368
G6 NG 1819 | 3500 20 -391.0 -3.496 14.00 2321 | 11679 1030 | 2194 | 1614 | 04354 27339 7373
G7 NG 1819 | 3500 2 -391.0 -3.496 1315 0.232 1.083 103 2.061 162 | 04354 2735 7373
G8 NG 1819 | 3500 18 6128 4715 1443 4680 | 0754 927 2262 | 1454 | 04354 24616 7373
GY NG 181.9 3500 18 -402.4 -3.558 11.98 2.222 9.754 927 18.77 1454 0.4354 24616 7.373
Glo NG 184.1 | 3500 3684 3372 1158 1828 | 0754 927 1815 | 1454 | 04354 24616 7.373
1 R227ea 266 4 150 124 0048 0278 0212 0067 - 13.63 - - 26 98
2 R227ea 2673 2400 14.0 0.048 0.296 - - - 1661 - - 26.63
3 R227ea 758 | 2400 233 0,082 0284 - - - 1595 - - 26.63
4 R227ea 365.1 | 2400 12 .443 378 - - - 39.28 - - 22.40
5 Tea 3802 | 2400 12 641 E - E 57.97 = - 17.07
5 Tea 380 2400 6 64l - - 2899 - 17.07
6 Tea 314 150 6 660 035 - - - 3772 - - 17.07
7 Tea 310 150 IS8 s 648 .090. - - - 28.37 - - 4043
8 R227¢u 660 .4 150 158 634 0.239 0.265 0177 0088 - 17.09 - - 2281
9 R227ca 664|150 2 634 239 0201 135 | 0067 - 12.99 - - 22381
R227ca 66 150 634 239 064 043 | 0.021 - 4.106 = Z = 2281
27cu 21 16 298 -0.003 s | 0102 - - - -
21 16 S1 -0.068 033 -0.102 - -69.12 - 282 - 2.8
3069 | 150 ) 65, 24 E = - 609 = 991 B 25.6
3802 | 2400 00 64 69 - - - 663 - 716 - 7
24 120 30 20. 68 363 9 373 E 432 = 716 - EX
G 25, 800 30 20, 68 055 36 693 - 190 893 5
7 303 | 800 30 28 71 035 4 693 - 053 - 893 - 507 |
8 72. 800 .30 38, 890 015 .32, .693 - 39.94 - 0.93 - 20.37
19 272.6 800 7.30 380.5 1.662 803 0110 0.693 - 51.76 - 17.91 - 2281
20 3301 | 800 7.30 576 35 03 - - - 721 - 265 - 6.1
20" 330. 800 3.08 576. 54 352 - - - 33.60 - 20.5. - 6.19
21 237, 120 3.65 509. a1 1052 - = = 4.975 N 26.5 B 6.1
22 258, 120 9.49 526. a8 101 0025 | 0076 - 727 - 102. - 33
23 249 120 9.49 519.; 45 14 0.038 0.076 - 4.406 - 10.93 - 0.3
24 2249 120 9.49 120.0 0.681 0.114 - - - 4.466 - 10.93 - 20.37
25 R32 2249 120 2.19 120.0 0.681 0.315 - - - 1.944 - 1.716 - 15.00
26 R32 181.9 8 2.19 1200 0.289 - - < = 5 B E
27 R32 181.9 8 2.19 4738 -0.213 - -1.318 - 1.716 -11.52 - 15.00
28 R32 2713 120 5.84 537.7 0.003 - - - 32.28 - 2568 21.65 - 1722
29 R32 330.1 800 3.65 576.1 0.352 - - - 33.60 - 26.54 33.16 - 26.19
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Table 10. Comparison of present configurations with those reported in the literature.

Cooling load | Produced power
Cycle proposed ORC type kJ/s) (kW)
Single/refrigerant | Cascade/refrigerant
Case I - R227ea, R32 743.1 520.2
In present work Case II - R227ea, R32 1419 390.6
Case I1I - R227ea, R32 721.3 407.7
by Wang et al.[17] R123 - 21.01 114.1
by Zheng and Weng [45] R245fa - 19.39 27.9
by Ahmadzadeh et al.[20] R141b - 9.35 499
by Ahmadzadeh et al. [20] R123 - 15.74 2143
by Rostamzadeh et al.[22] Butene - 98.49 53.44
by Ebadollahi et al.[23] R113 - 104.04 49.82
about 1.76%, 1% and 1.66% for Cases I, Il and Ill, respectively as efficiency is related to Case | with value of 3% while the
shown in Figure 9 and according to Figure 10, their exergy maximum exergy efficiency belongs to Case Il by 2.17%. The
efficiencies increase within 2.86%, 1.94% and 2.88%, respectively. power efficiency of the cases does not affected by variation of this
A 1.5 kg/s increment of Mg affects the efficiencies positively due parameter.

to the exergy destruction reduction. The highest increment of energy
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Figs. 11 and 12 illustrate the impacts of Ps and P20 increments
on the energy and exergy efficiencies, respectively of the
system for all cases studied. According to the results, the
variations of P20 from 785 kPa to 850 kPa on the efficiencies
are higher than Ps due to the increase of power produced and
the exergy efficiencies are improved more than energy
efficiencies for all cases as Ps and P20 grow. According to Figure
11, the increase trend of energy efficiency of Case | with a value
of 1.35% is higher than that of Case Il and Case 11 with values
of 1.2% and 0.11% as Ps grows while the increase of energy
efficiencies are the same for cases | and Il and it is about 0.77%
for Case Ill as P20 increases. Moreover, the highest range of
power efficiency is related to Case | by 3.99%-4.11% while its
maximum increment belongs to Case Il by 5% as Ps increases.
Similar increment trend can be obtained for power efficiencies
when Pis increases. In this manner, the maximum increase in
power efficiency with a value of 8.5% is obtained for Case |
with the highest range of 4.03%-4.22% followed by cases | and
Il with values of 4.7% and 2.5%, respectively. Figure 12
implies that in Case 1l exergy efficiencies are improved better
than those of Case | and Case Il when Ps and P20 grow so that
the exergy efficiency of Case Il can increase within 4.42% with
P20 increment.

Among the parameters, the slight variation of mg from 31.2

ka/s to 32 kg/s has the lowest positive effect on the efficiencies
due to the little increase in TUR-1 inlet temperature.

2.1.3.Effects of major parameters on the total product cost
rate of cycle

Parametric study indicates that P2o, Ps, ml and mG g cause the

increments in total product cost rate for all cases so that mG8

growth may have the highest negative effect on the cost rate of Case
| within 3.23% followed by Case Il with 2.65% while Ps affects
the cost rate of Case Il drastically by about 1.5% among the
parameters with negative effects due to the cost rate of produced
power. The lowest increments for Case | (<0.5%) and Case Il

(0.36%) are obtained when Ps and mGB grow, respectively. P2o

has the lowest negative effect of the cost rate of Case 111 (<0.37%).
Outcomes also indicate that P12, P2g and P1s increments lead to the
improvements in total product cost rates of all cases. P12 has a little
positive effect on the total product cost rate of all cases within
0.09% because of the slight reduction in the exergy destruction cost
rate of the system.

Figure 13 shows the effects of P1 and Mg on the total product

cost rate of the system for all cases. As clarity observed, increase of
P1 from 140 kPa to 150 kPa improves Case | and Case IlI
economically within 0.108 $/h and 0.18 $/h due to the decrement in
exergy destruction while it affects the economic criterion of Case
11, negatively (about 0.216 $/h).

On the contrary, the 0.8 kg/s growth of M increases the economic

performance of Case | by about 0.85% while the total On the contrary, the
0.8 kg/s growth of M increases the economic performance of Case | by

about 0.85% while the total product cost reduces in Case Il and Case 11l
within 0.396 $/h and 0.216 $/h due to the exergy destruction decrement.
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Figure 13. The effects of TST feed mass flow rate and P-1 inlet
pressure on the total product cost rate
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Figure 14. The effects of EJC-2 primary pressure and P-2 inlet
pressure on the total product cost rate.

2.1.4.The effect of major parameters on the total product
El rate

According to the results, all parameters expect P2 have
incremental trends on the total product El rate. The increase
of mGSfrom 17 kg/s to 18.5 kg/s, leads to the highest

negative effect on the El within 3.03% for Case I, 2.2% for
Case Il and 2.65% for Case Il due to the increase of El rate
associated with the exergy destruction. In the next rank, P29
increment from 500 kPa to 900 kPa affects the El rate of
products negatively within 1.7% for cases | and Il and 1.6%
for Case Il while remaining parameters have slight
influence lower than 1%.

Figure 15 illustrates the effects of P, growth on the
total EIl rate of the system. When Py is supposed to
change from 765 kPa to 850 kPa, the El associated with
the total exergy destruction rate reduces and since this
decrement in Case Il is higher than that of Case I, the
total product El rate is improved within 0.44% and
0.28% in cases Il and I, respectively and it remains
almost constant in Case Il1.
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Optimization results

Figure 16 indicates the 3D Pareto frontier obtained

from NSGA-II algorithm and the final optimum
solutions identified by LINMAP, TOPSIS and Shannon
Entropy decision makers for objectives of cases | and II.
The corresponding specified options of Figure 16 are
tabulated in Tables 10 and 11.
To identify the reasonable status of different answers
obtained through the decision makers, the deviation
index (DI) of each answer from the ideal one is
calculated using Eq. (43) [45].

\/24_1 Fi _ fidea )2 )
\/ZI l I F Ideal \/Z 71 I F et )

Here, F is the ith objective function. The superscripts

“ideal” and “nadir” refer to the single objective
optimization for ideal and non-ideal cases, respectively.
According to Tables 11 and 12, the lowest DI with
values of 0.1318 and 0.2032 for Case | and Case II,
respectively, are related to the LINMAP procedure
indicating the highest reliability for the final optimum
solutions. In this manner, the maximum improvements
in total product cost and El rates for Case | are calculated
within 1.2% and 1.05%, respectively as compared with the
base point. For this configuration, the maximum
improvements for energy and exergy efficiencies are obtained
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within 7.37% and 12.63, respectively through Shannon
Entropy solution which leads to the lowest reliability.

Based upon this, P12 and M with values of 120.1 kPa,

4085 kPa, 17.56 kPa and 31.53 kg/s, respectively in
comparison with other methods are required.

In Case Il, although the reliable solution belongs to

the LINMAP decision making, the highest
improvements of objective functions is only related to
the total product cost rate with a value of 2.2%. In this
regard, lower P, P15, Ps and P; with values of 488.6
kPa, 70 kPa, 2031 kPa and 120 kPa, respectively are
needed.
For this configuration, the lowest total product El rate
with value of 94.068 (Pts/h) is achieved using Shannon
Entropy procedure and the best energy and exergy
efficiencies with the maximum increments of 11.67%
and 24.02%, respectively are obtained through TOPSIS
decision maker.

Table 13 shows the specified options of the system for
both configurations. Comparing the results at optimum
solutions shows that the power produced in Case |
increases within 20.45% leading to the maximum power
efficiency of 4.95% through LINMAP procedure while
it increases by about 47.31% though TOPSIS for Case
I1. Although the produced power in Case Il is lower than
that of Case | about 129.6 kW, the twice mass flow rate
of LNG makes it more effective. Moreover, at optimum
conditions, the total product cost rate of Case Il is
worsened so that the maximum increment may be
obtained within 2.5% through TOPSIS decision making.

As is clear, the values of cost and EI per exergy
unit of LNG at the base point for Case Il are improved
within 0.7% and 0.23%, respectively. According to
the results, the highest decrements in the cost and El
per exergy unit of LNG for Case Il are obtained using
Shannon Entropy and LINMAP methods by about
0.014 $/GJ and 0.033 Pts/GJ in relation to the base
case.
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4. Conclusion:

A solar driven CCP based on CORC with three
configurations of ERL is studied using thermodynamic,

economic and EI analyses in the present work. The

performances of the system are evaluated during a year

and the impacts of design parameters are conducted on
the annual performances of the system for various cases.
Finally, the optimum operations of systems are found

using NSGA-II and three decision makings. The major

results are written here as follows:

The highest improvement in product cost rate occurs
in Case |11 within 2.448 $/s in relation to Case .

o The amount of LNG produced in Case Il gets 2 times
in comparison with cases | and Ill leading to
improvements in energy efficiency, exergy
efficiency and economic performance of the system
by about 43.2%, 8.23% and 1.1%, respectively.
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Case Il leads to the minimum cost and EI per exergy
unit of LNG within 0.03 $/GJ and 17 mPts/GJ,
respectively and Case Il gives the maximum total
cost rate of 78.372 $/h.

The increase of LNG mass flow rate extraction has
the highest positive effect on the energy efficiency of
Case | within 3%.

The TUR-2 inlet pressure growth has the substantial
influence on the exergy efficiency of Case Il by about
4.42%.

The total product cost rates of system are improved
by about 1.78%, 1.94% and 1.96% respectively for
Case I, Case Il and Case Il as the EJC-2 primary
pressure increases.

LINMAP decision making causes the maximum
reduction in total product cost rates within 1.2% and
2.2%, respectively and improves the El rates of cases

I and Il respectively up to 16 mPts/GJ and 7 mPts/GJ,
respectively.
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Tables 11. Results obtained from the exergy, exer ic and exergoenvir lyses for Case I
Exergy analysis Exergoeconomic analysis Exergoenvironmental analysis
Ex, Yo cr [ i o Z+rCp My | r x® by by Y B, Yp + By n A
Components | ur | (%) | /GD | GGD | smy | (sm) %) | PS/GD | (PSGI) | (Prs/h) (Pts/h) (Pts/h) (%)
LFC 8.783.0 | 74.27 | 4.679 0 51.23 0 51.23 o 100 1.584 0 4.817 0 4.817 @ 100
TST 2,450.0 | 20.72 | 25.77 | 8431 | 2468 | 74.38 76.85 2.056 3.2 11.61 3.881 0.003 9.51 9.513 1.991 | 0.03
CON-2 1170.0 | 9.894 | 1.618 | 0429 | 0.127 | 1.809 1.94 2.767 6.5 58.25 26.52 0.175 31.02 3119 1.197 | 0.56
CON-1 319.7 2.703 | 2.303 | 0.429 | 0.024 | 0.494 0.518 4.361 4.0 137.2 26.52 0.022 8.478 8.5 4.172 | 0.26
LHE-1 2068.1 2268 | 19.70 | 14.24 | 0.434 13.75 14.18 0.384 3.1 7135 52.20 0.109 13.99 14.09 0375 | 0.77
HHE-2 150.0 1.268 | 68.70 | 25.80 | 0.504 | 1391 14.41 1.666 3.5 31.69 11.61 0.132 1.741 1.873 1.730 | 7.06
EVP-1 1044 0.883 | 53.02 11.65 | 0.044 4.38 442 3.549 1.0 277.1 63.04 0.016 6.397 6413 3.520 | 0.25
EJC-1 94.4 0.031 | 92.66 | 36.2 | 0.000 1231 12.31 3371 00.0 153.1 143.7 0.000 4.561 4.561 3.371 | 00.00
TUR-2 81.2 0.687 | 30.18 | 19.70 | 5.713 5.76 11.47 0.532 | 49.8 90.97 71.75 0.020 5.825 5.845 0.268 | 0.35
TUR-1 47.5 0.402 | 37.94 | 27.33 | 4.957 | 4.676 9.63 0.388 | 51.5 63.04 5299 0.020 2.517 2.537 0.189 | 0.80
EVP-2 32.7 0.277 | 3.886 | 1.451 | 4.363 0.171 4.53 1.679 96.2 61.16 52.24 2.90 1710 4.610 0.171 | 62.93
HHE-1 30.5 0.258 | 31.97 | 25.77 | 0.755 2.831 3.59 0.241 21.1 15.20 11.61 0.222 0.354 0.576 0.309 | 38.56
CHE 30.0 0.254 | 11.65 | 11.19 | 0.588 1.21 1.79 0.042 | 327 61.27 59.47 0.161 1.784 1.945 0.031 | 829
P-3 9.7 0.082 | 1774 | 3794 | 0.158 1.328 1.486 3.677 10.6 270.4 63.04 0.001 0.613 0.614 3.290 | 0.09
PRC-1 73 0.061 | 36.64 | 11.14 | 0.118 | 0.291 0.409 2289 | 288 218.4 81.32 0.021 0.590 0.611 1.686 | 3.37
EJC-2 3.685 0.799 | 158.2 | 86.99 | 0.000 1.154 1.15 0.065 00.0 211.1 143.7 0.000 0.529 0.529 0.065 | 00.00
REG 2.6 0.022 | 6.540 | 6.484 | 0.175 | 0.062 0.237 0.009 | 739 56.41 56.27 0.034 0.149 0.183 0.003 | 18.63
PRC-2 25 0.021 | 4.088 | 1.596 | 0.126 | 0.014 0.140 1.561 89.8 62.21 52.42 0.022 0.131 0.153 0.187 | 14.61
P-1 1.1 0.009 | 43.20 | 37.94 | 0.186 0.153 0.339 0.139 549 65.74 63.04 0.001 0.071 0.072 0.063 | 0.79
P-2 0.3 0.002 | 39.32 | 30.18 | 0.102 0.032 0.134 0.302 76.3 97.67 90.97 0.001 0.026 0.027 0.073 | 2.09
| System 13,588.7 = 72.00 - 72.07 | 138.720 210.790 - - 215.17 - 8.677 89.996 98.673 - -
Tables 12. Results obtained from the exergy, exerg ic and exergoenvir yses for Case 11
Exergy analysis Exergoeconomic analysis Exergoenvironmental analysis
Ex, | w | & | o | 2 |G| Z+6 [z | £ | o | b 7 B, Y.+B, | 5 | %
Components kW) (Ye) | (S/G)) | ($/G)) Sm) | ($m) (Sh) (%) (P1s/GJ) | (Ps/GI) (Pis/h) (Pis’h) (Pts/h) (%)
LFC 8.894 62.77 | 4.858 0 51.23 0 51.23 - 100 0.457 0 4817 0 4817 - 100
TST 2.293 16.18 | 24.13 | 8.662 | 2.468 | 71.50 73.96 1.786 | 3.337 3.229 1.184 0.003 9.774 9.777 1.727 | 0.027
CON-2 1475 10.41 | 1.726 | 0.426 | 0.138 | 2.262 2.400 3.053 | 5.766 16.22 7.350 0.195 39.06 39.25 1.206 | 0.496
LHE-1 348.6 2.460 | 23.03 | 1644 | 0.552 | 20.63 21.18 0.401 | 2.605 23.13 16.60 0.149 20.83 20,98 0.394 | 0.709
CON-1 318.7 2249 | 2279 | 0426 | 0.024 | 0.489 0.512 4352 | 4.650 37.93 3334 0.022 8435 8.456 4.160 | 0.256
EVP-1 222.2 1.568 | 63.55 | 14.57 | 0.092 | 11.65 11.74 3.363 | 0.783 86.24 19.85 0.036 15.88 1591 3.345 | 0.227
EJC-1 143.8 1.015 | 169.1 | 49.57 0 25.66 25.66 2412 0 113.7 33.34 0.000 17.25 17.25 2412 0
HHE-2 130.8 0.923 | 56.69 | 24.13 | 0.505 | 11.37 11.87 1.349 | 4258 7.763 3.229 0.133 1.521 1.654 1.404 | 8.037
EIC-2 100.8 0.711 | 65.07 | 3448 0 12.51 12.51 0.887 0 23.01 12.19 0.000 4424 4.424 0.887 0
TUR-2 95.75 0.676 | 36.26 | 23.03 | 5.357 | 7.938 13.29 0.574 | 40.29 31.08 23.13 0.020 7.974 7.994 0344 | 0.256
EVP-2 49.82 0.352 | 3.356 | 1.584 |3.374 | 0.284 3.658 1.119 | 9223 17.22 14.88 0.000 2.669 2.669 0.158 | 4481
HHE-1 30.63 0.216 | 30.07 | 24.13 | 0.727 | 2.661 3.388 0.246 | 21.46 4.224 3.229 0.133 0.356 0.489 0.308 | 37.30
TUR-1 22.97 0.162 | 36.55 | 26.31 | 3.340 | 2.176 5.516 0.389 | 60.55 17.73 15.33 0.020 1.268 1.289 0.156 | 1.586
REG 10.97 0.077 | 9.634 | 9.536 | 0.107 | 0.377 0.484 0.010 | 22.13 19.38 19.23 0.018 0.760 0.778 0.008 | 2.336
PRC-1 10.82 0.076 | 36.41 13.02 | 0.063 | 0.507 0.570 1.796 | 32.39 55.82 2448 0.052 0.954 1.006 128 | 5.168
P-3 10.64 0.075 | 171.3 | 36.55 | 0.163 | 1.400 1.563 3.687 | 10.45 76.30 17.73 0.001 0.679 0.680 3.305 | 0.083
CHE 7.417 0.052 | 14.57 | 14.31 | 0.832 | 0.382 1.215 0.018 | 68.53 19.85 19.69 0.252 0.526 0.777 0.008 | 32.38
PRC-2 2217 0.016 | 5.391 1.750 | 0.438 | 0.014 0.452 2.080 | 96.91 16.8 14.95 0.111 0.119 0.230 0.124 | 48.12
P-1 1.122 0.008 | 41.72 | 36.55 | 0.186 | 0.148 0.334 0.142 | 55.78 18.84 17.73 0.001 0.072 0.072 0.063 | 0.782
P-2 0.359 0.003 | 45.02 | 36.26 | 0.111 | 0.047 0.157 0.242 | 70.26 33.34 31.08 0.001 0.040 0.041 0.073 | 1.386
System 14,169.6 - 76.166 - 69.71 172 241.7 - - 66.03 3285 5.96 132.6 138.5 - -
Tables 13. Results obtained from the exergy, exergoeconomic and exergoenvironmental analyses for Case 111
Exergy Exergoeconomic analysis Exergoenvironmental analysis
analysis
Components | fox, Vb cp cr Z & Z 4+ Cp ($h) r, 1 bp by Yy B, Y, + B, r B
kW) | (%) | (S/IGD) | (S/GD | ($m) | ($m) @) | PG | (PG | (Ps/m) (Pts/h) (Pts/h) (%)
LFC 8783 | 7428 | 4.68 0 51.23 | 0.000 51.23 * 100.0 0.440 0 4.817 0.000 4.817 o 100
TST 2450 [20.72 | 26.1 8.53 | 2.468 | 75.24 77.71 2.056 | 3.177 3.491 1.167 0.003 10.30 10.30 1.991 | 0.026
CON-2 1206 | 10.20 | 1.87 | 0.435 | 0.117 | 1.891 2.008 3.299 | 5.848 16.36 7373 0.159 32.01 32.17 1.219 | 0.493
CON-1 317 2.68 232 | 0.435 | 0.024 | 0.498 0.521 4.329 | 4.590 37.90 7.373 0.022 8.420 8.442 4.141 | 0.257
LHE-1 259 | 219 | 265 | 19.41 | 0477 | 18.12 18.59 0.367 | 2.566 | 26.19 19.25 0.123 17.97 18.09 0.360 | 0.682
EJC-2 177 1.50 282 33.98 | 0.000 | 21.64 21.64 7.301 | 0.000 125.6 15.13 0.000 9.634 9.634 7.301 | 0.000
HHE-2 150 1.27 69.5 | 26.06 | 0.504 | 14.07 14.58 1.665 | 3.457 9.499 3491 0.132 1.885 2,018 1.721 | 6.559
EJC-1 135 1.14 | 2568 | 64.80 | 0.000 | 31.47 31.47 38.63 | 0.000 1722 43.44 0.000 21.10 21.10 38.63 | 0.000
EVP-1 103 0.87 82.0 17.91 | 0.043 | 6.631 6.674 3.579 | 0.648 104.1 22.81 0.015 8.446 8.461 3.562 | 0.181
TUR-2 559 0.47 38.1 57.69 | 4.831 | 11.61 16.44 0.339 | 29.39 3222 56.93 0.020 11.46 11.48 0.434 | 0.178
EVP-2 38.7 0.33 3.60 1.716 | 3.087 | 0.239 3.326 1.100 | 92.81 17.30 15.00 1.959 2.090 4.049 0.153 | 48.39
CHE 37.1 0.31 17.9 17.17 | 0.572 | 2.293 2.865 0.043 | 19.97 22.81 22.00 0.156 2.939 3.095 0.037 | 5.035
TUR-1 34.1 0.29 408 | 2991 | 4.162 | 3.672 7.834 0.364 | 53.13 20.01 17.07 0.020 2.095 2.115 0.172 | 0.966
HHE-1 30.5 | 026 | 323 | 26.06 | 0.755 | 2.864 3.619 0.240 | 20.87 | 4.539 3.491 0.222 0.384 0.606 0.300 | 36.69
P-3 9.73 | 0.08 190 | 40.79 | 0.158 | 1.428 1.586 3.649 | 9938 | 858l 20.01 0.001 0.701 0.701 3.289 | 0.080
REG 7.57 0.06 109 10.84 | 0.068 | 0.295 0.364 0.008 | 18.74 20.37 20.23 0.010 0.552 0.562 0.007 | 1.812
PRC-1 7.26 0.06 483 15.58 | 0.118 | 0.407 0.525 2.101 | 22.46 71.30 26.63 0.021 0.696 0.716 1.677 | 2.871
PRC-2 2.70 0.02 440 1.893 | 0.130 | 0.018 0.149 1.322 | 87.62 17.94 15.07 0.023 0.146 0.170 0.190 | 13.74
P-1 1.12 0.01 46.2 | 40.79 | 0.186 | 0.165 0.351 0.133 | 53.06 21.27 20.01 0.001 0.081 0.081 0.063 | 0.693
P-2 0.29 |0.001 | 478 38.13 | 0.102 | 0.040 0.141 0.255 | 71.76 34.57 32.22 0.001 0.034 0.034 0.073 | 1.644
System 13805 - 3543 | 452.1 | 69.03 | 192.6 261.6 - - 2393.7 368.7 7.705 130.9 138.636 - -
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Appendix A. The cost functions of main components
of the system components are as follows:

Table Al. Equipment cost functions

Component | Cost function Reference
TURSs Zri = 4750(Why ) +60(Wy )™ | 147]
TST Zrr =0.4(1380x V) [47]
Ps z, =3500(W, )" [47]
CONs Zeon =150( Aoy )™* [47]
HEX Z,. =130( A, /0.093)"" [47]
EVPs Zeun = 276( Aga )™ [47]
LFC Zc =200x A, [48]

Nomenclature:

A area, m?

B environmental impact rate associated with an exergy
stream, Pt/s

b specific environmental impact per unit of exergy,
Pts/J

C concentration ratio

C cost rate of exergy stream, $/s

c cost per unit of exergy, $/J

Cp specific heat of fluid, kJ/kg.K

D diameter, m

Ex total exergy rate, KW

ex specific exergy, ki/kg

fo exergoenvironmental factor

fe exergoeconomic factor

Gp beam radiation falling on the horizontal surface,
W/m?

h specific enthalpy, kJ/kg

IR interest rate, %

m mass of fluid flow rate, kg/s

N system life, year

P pressure, kPa

Q heat transfer rate, kW

r shading factor

I'b relative environmental impact difference
re relative cost difference

S specific entropy, kJ/kg .K

S absorbed solar heat, W/m?

t time, s

T temperature, K

U overall heat transfer coefficient, W/m2.K
\ velocity, m/s

w mirror width, m

W power rate, W

X quality

125

The capital investment cost functions

Z  cost rate associated with investment expenditures,

$/s

Abbreviation

CHE cascade heat exchanger
CON condenser

CORC cascade organic Rankine cycle
CRF capital recovery factor
El environmental impact
EJC ejector

ERL ejector refrigeration loop
EVP evaporator

HHE high temperature heat exchanger
LFC linear Fresnel solar collector
LHE low temperature heat exchanger
LNG liquefied natural gas
NG natural gas

ORC organic Rankine cycle
P pump

PRC precooler

REG regenerator

TST thermal storage tank
TUR turbine

TV throttling valve
Subscript

0 dead state

air air

ap aperture

D destruction

d diffuser

En energy

Ex exergy

F fuel

g glass cover

i inner

in input

inlet inlet

is isentropic

k kth component

L loss

load load

mn motive nozzle

ms mixing section

net net

oil Therminol-PV1

outlet  outlet

P product

q heat transfer

r receiver

sn suction nozzle

u useful

w power

Superscript

ch chemical

M mechanical



Y
z
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component-related environmental impact rate, Pt/s

cost associated with investment expenditures, $

Greek letter

N QT MM Q

absorptivity

refelectivity

emissivity of the surface

density, kg/m?

Stefan—Boltzman constant, W/m2.K*
transitivity
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