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Abstract: The thermal energy conversion of natural gas (NG) using appropriate configuration cycles
represents one of the best nonrenewable energy resources because of its high heating value and
low environmental effects. The natural gas can be converted to liquefied natural gas (LNG), via the
liquefaction process, which is used as a heat source and sink in various multigeneration cycles. In this
paper, a new configuration cycle is proposed using LNG as a heat source and heat sink. This new
proposed cycle includes the CO, cycle, the organic Rankine cycle (ORC), a heater, a cooler, an NaClO
plant, and reverse osmosis. This cycle generates electrical power, heating and cooling energy, potable
water (PW), hydrogen, and salt all at the same time. For this purpose, one computer program is
provided in an engineering equation solver for energy, exergy, and thermo-economic analyses. The
results for each subsystem are validated by previous researches in this field. This system produces
10.53 GWh electrical energy, 276.4 GWh cooling energy, 1783 GWh heating energy, 17,280 m? potable
water, 739.56 tons of hydrogen, and 383.78 tons of salt in a year. The proposed system energy
efficiency is 54.3%, while the exergy efficiency is equal to 13.1%. The economic evaluation showed
that the payback period, the simple payback period, the net present value, and internal rate of return
are equal to 7.9 years, 6.9 years, 908.9 million USD, and 0.138, respectively.

Keywords: energy; exergy; thermo-economic; CO; cycle; organic Rankine cycle; reverse osmosis

1. Introduction

Energy demand is envisaged to increase by approximately 50% by 2070 [1]. Whilst
renewable energy sources are exponentially growing, the stable high-power generation
of nonrenewable methods is still required for industrialization. Due to the shortage and
the environmental impacts of nonrenewable energy resources, the development of new
methods of energy utilization is necessary [2]. For achieving this target, the use of natural
gas (NG) is a prime candidate due to its high lower heating value (LHV), high H/C
ratio (hydrogen/carbon), and low environmental pollution, making it the cleanest fossil
fuel [3,4]. For easier transportation and storage, NG liquefaction is an appropriate approach,
especially for remote regions.

LNG is a liquid state of natural gas which has a maximum amount of methane (CHy),
with other components such as ethane (C,Hg) and propane (CsHg). This mixture is cooled
to below 113.1 K, changing its state from gas to liquid through a cryogenic process, thereby
facilitating shipping and storage. The volume of LNG is 600 times smaller than that of
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natural gas. Upon reaching its destination, LNG is reverted to natural gas and distributed
via pipelines to the final consumers, comprising industries, residential buildings, and
commercial buildings [5].

Today, LNG can be used in a variety of ways, e.g., air separation [6,7], food freezing [8],
potable water production [9], air conditioning [10,11], petrochemical power production [12,13],
and electrical power production [14].

LNG can be used for electrical power production as a heat source or sink. For heat
source applications, it can be used as fuel upon conversion to NG. Moreover, it can be used
as a heat sink to absorb the cycle’s heat dissipation via a condenser [15].

Most thermodynamic cycles can use LNG, such as the direct expansion cycle (DEC) [16],
organic Rankine cycle (ORC) [17,18], Kalina cycle [19], Brayton cycle [20,21], combined
cycle [22], and CO, cycle [23].

Literature Review

The thermodynamic performance of the hybrid integration of a two-stage ORC with
R116 and R227ea as the working fluid, driven by low-grade heat and LNG as the cryogenic
energy storage, was studied. The results of this study stated that a two-stage ORC system
was able to produce 1776.44 kW of power with 25.64% thermal efficiency and 31.02% exergy
efficiency. Moreover, the cost of power production for this system was 6.3 USD/W, since
the LNG temperature was about 283.15 K [24].

The CO; cryogenic flue gas capture of an LNG power generation system was investi-
gated. In this system, the flue gas was compressed to remove CO; from the exhaust gas.
The results of this study showed that this system could obtain a 90% CO; recovery rate [25].

The performance of a combined gas system coupled with cold energy released during
the regasification process of LNG was investigated. The results showed that the electrical
efficiency of this system could be increased by about 8% [26].

The performance of an advanced thermal power plant was compared with a conven-
tional combined power plant. In this comparison, the usage of intercooling and inlet air
cooling was investigated. Furthermore, the latent heat of steam from a steam turbine and
the heat rejected from compressed air were used for power generation and to heat the LNG.
The results showed that the overall output work and electrical efficiency of the combined
cycle increased by 2.8% up to 76.8 MW [27,28].

An ammonia/water-based combined power cooling cycle with LNG as cold storage,
driven by low-temperature waste heat, was employed for electrical generation and as a
district cooling system in coastal hot climate regions. At 70 °C heat source temperature,
the system’s energy efficiency was 39% and the system’s exergy efficiency was 36% [29].

A novel system comprising a combination of biomass-based gas and steam cycles, a
cascade ORC, an absorption refrigeration system, a PEM fuel cell, and LNG as a thermal
sink was applied for power, cooling, and hydrogen production. The results showed that
the mass flow rate of the fuel was the most important factor affecting the energy efficiency
and the total cost. As a result, an increase of 4 kg-s~! to 10 kg-s~! in the mass flow rate of
the fuel caused a decrease of 8.5% in the total cost and an increase of 122.8% in the system’s
energy efficiency [30].

A mathematical model for the integration of a solid oxide fuel cell, gas and CO,
cycles, and ORC using LNG cold energy storage was applied to achieve cascade energy
exploitation and CO; capture. The results showed that an energy efficiency of 79.48% and
an exergy efficiency of 62.3% were obtained [31].

A summary of the studies related to LNG-powered multigeneration systems is pre-
sented in Table 1.
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Table 1. Studies related to multigeneration systems.

LNG

Components Products Results Ref
No. Energy Resource Heat Heat
Source Sink
The exergy destruction rate was
. Solar . RCOO%\] ?alg F%jai’t Electrical, NaCl, decreased from 16.7% to 8.8% upon [32]
St’irlin on pine ¢ hydrogen, PW replacement of the condenser by a ’
& eng Stirling engine
- The system net output power was
5 Solar . Té‘ar;lsec rgf)%l EC()) 2 Electrical, NaCl, increased by increasing the inlet
}I]\IaC,lO lant hydrogen, PW temperature of the boiler
b and turbine
The system exergy efficiency was
. equal to 20.5%
3 Geothermal . CO; cycle Electrical The product cost rate was equal to [14]
263,592.15 USD/year
The energy and exergy efficiencies
4 o]fzzg;ltsi;}elgtcgisle . Two-stage ORC Electrical were 25.64% and 31.02%
o4 CPP was equal to 6.3 USD/W
The maximum amount of net
5 LNG . RC, ASU, LAES Electrical, clean air output power ranged from [23]
85.7-94.8 k] /kg LNG
6 LNG . Céflcjé }iﬁ;e Electrical, CO, 90% CO, recovery
RC, direct . The maximum exergy efficiency
7 NG ¢ expander Electrical was obtained by 302.8 k] /kg LNG [24]
CCGT, LNG . -
8 LNG . . regasification Electrical . The electrical eff1C10ency Wai
process increased from 6.32% to 9.09%
CCPP, IAC, . The electrical efficiency was
9 LNG U b intercooling Electrical improved by 2.8% [15]
This system produced 3.36 MW and
10 LNG . . ccrp Electrical 21 MW of electrical power
and cooling
Absorption The system energy and exergy
11 Geothermal . power/cooling Electrical efficiencies were equal to 39% and [25]
cycle 36%, respectively
Upon increasing the fuel mass flow
. . rate from 4 to 10 kg /s, the system
12 Biomass . ARS’P(];E%;[ IEICQ’CORC’ Electrical, cooling, energy efficiency decreased by 8.5%
and hydrogen :
and the cost rate increased
by 122.8%
13 ING . . S()CF(c:feGSi{%OZ Electrical, cooling, The system exergy efficiency was 133]
C%z C,apturé heating, and CO, equal to 62.3% -
The system energy efficiency was
equal to 36%
KC, ORC, . The system exergy efficiency was
14 Exhaust gas . CO, capture Electrical, CO, equal to 41.4%
The net electrical power output was
equal to 394,658 kW
The system thermal efficiency was
15 Ambient air . CO, Rankine cycle Electrical equal to 6.75% [26]

The net output power was 108.7 kW

The novelty of this study, with respect to the references discussed in Table 1, is
the investigation of a system that includes the ORC, the CO, cycle, RO, and an NaClO
plant using LNG as a heat source and sink. Furthermore, the proposed cycle has various
products, i.e., electrical power, heating and cooling, potable water (PW), hydrogen, and
sodium chloride (NaCl), which are produced simultaneously when the system operates.

In this paper, integration of the CO, cycle and ORC is proposed using LNG as a heat
source and heat sink. The LNG absorbs the dissipated heat of condensers of both cycles
(heat sink). Then, it expands in turbine IlII for electrical production. Moreover, it is used
in the cooler for cooling load production. At this stage, the LNG is converted to NG, and
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it reacts with air in the boiler to warm the water and convert it to steam. The produced
steam is used in the steam generator and evaporator of the CO; cycle and ORC to meet the
heat needs of both cycles. Additionally, it produces heating load in the heater. Some of the
electrical power in both cycles is consumed in the RO and NaClO plants to simultaneously
produce potable water (PW), hydrogen, and NaCl.

The novelties of this paper are as follows:

A new multigeneration system is proposed using LNG as a heat source and sink;
Energy, exergy, and economic investigations of the new configuration system are
carried out;

e  Various products are generated, i.e., electrical power, heating and cooling loads, PW,
hydrogen, and NaCl.

2. Materials and Methods

Figure 1 shows a schematic diagram of the cycle. The working fluids in the CO, cycle
and the organic Rankine cycle are carbon dioxide and R134a, respectively. The physical
and thermodynamic properties of tetrafluoroethene (R134a) are similar to R12 with lower
ozone depletion. This cycle is powered by LNG. Furthermore, the LNG is used as a heat
sink. The LNG, after pressurizing in pump I (points 5, 6), absorbs the dissipated heat from
the condensers of the CO, cycle and ORC (points 6, 7, 8). Then, it is expanded in turbine III
and the generator to produce electricity (points 8, 9), while it is used as a coolant fluid in
the cooler (points 9, 10), where it is also converted to NG (point 10). The NG is burned in
the boiler to warm the water and convert it to steam (points 16, 17). The steam provides
the heat for the steam generator (CO, cycle) and the evaporator of the ORC (points 17, 18,
36, 37). Some of the steam is used in the heater to produce heating energy (points 19, 20).
The exhaust hot water of the ORC evaporator and heater is mixed, and it is transferred
and pressurized in pump IV (points 15, 16, 20, 37). Some of the electricity produced in
this system is consumed in the RO system to produce PW. In the RO system, seawater
goes throughout pumps V and VI, and it is pressurized (points 21, 22, 23, 24, 25). The
pressurized seawater is transferred to membranes I and II, and it is separated into brain
water (points 27, 29) and potable water (points 26, 28, 30, 31). The brain water rotates the
recovery turbine to recover energy and produce electrical power. Then, it is transferred to
the NaClO plant, where it produces NaCl and hydrogen.

In the CO; cycle, the working fluid (CO,) is pressurized in pump II (points 1, 2).
Then, it exchanges energy with steam in a steam generator (points 2, 3, 17, 18), becoming
superheated steam (point 3). Turbine I and the generator are operated by this superheated
steam to produce electricity (points 3, 4). The turbine’s exhaust steam changes to liquid
by dissipating heat to LNG (points 1, 4, 6, 7). In the ORC, the working fluid (R134a) is
pressurized in pump III (points 11, 12). The pressurized working fluid exchanges heat with
steam in the evaporator (points 12, 13, 36, 37). Turbine II is rotated by the superheated
steam (points 13, 14). Then, the working fluid transfers heat to LNG (points 7, 8, 11, 14).

In summary, in this cycle, four components produce electricity (turbines I, II, III, and
the recovery turbine), while six components (pumps I to VI) and the NaClO plant consume
electricity. Figure 2 shows the energy flow between the subsystems of the proposed system.
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Figure 1. Schematic diagram of the system.
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Figure 2. Energy flow between the subsystems.

The following assumptions are made in this study [14,21,32-34]:

(@) The system works in steady-state conditions;

(b) The ambient pressure and temperature are 288 K and 1 bar, respectively;
(c) Pressure loss in the heat exchanger is assumed to be 2%;

(d) The kinetic and potential energies are ignored;

(e) The pressure loss in the cycles is ignored;
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(f)  The turbine and pump polythrophic efficiencies are assumed to be 80%;
(g) The heat exchanger effectiveness factor is assumed to be 80%;

(h) The salt concentration in the electrolyzer is assumed constant;

(i) Theinlet CO; and LNG of the pump are in a liquid state;

()  The RO recovery ratio is 0.3.

2.1. Mathematical Modeling Approach
2.1.1. Mass and Energy Balance

In general, the mass and energy balance equations are described as shown below [35].

) =
in

S, M)

Q—W:;rh(hf—i—(h—ho))—%r’n(hfnh(h—ho)), 2)

where W and Q are the power and heat transfer rate, while m and & are the mass flow rate
and enthalpy, respectively. Subscripts R, f, P, and 0 denote reactant, formation, product,

and dead state, respectively.

The mass and energy balance relationships for the CO, cycle, ORC, LNG and water

loops, and boiler are shown in Table 2 [23,36,37].

Table 2. Mass and energy balance relationships for the CO, cycle, ORC, LNG and water loops, and boiler.

No. Components Mass Balance Energy Equation
CO; cycle
1 Pump II (P) my = My Wprr = my(hy —hy)
2 Steam generator My = mg, My = Mg my(hs — hp) = nyxmyz(hyy — hig)
3 Turbine I (T) My = 1y wry = mz(hg — hy)
4 Condenser My = My, Mg = My my(hy — he)ngx = my(hgy — hy)
ORC
5 Pump III (P) My = My wprr = my(ha — hy)
6 Steam generator My = M3, Mize = Mgy mia(hi3 — h12) = nrxmae(hae — haz)
7 Turbine II (T) M3 = gy wrp = myz(hiz — hg)
8 Condenser My = My, My = 1mg mz(hg — h7)npx = mi1(hg — h11)
LNG loop
9 Pump I (P) s = 1ig Wy = ms(he — hs)
10 Turbine III (T) mg = My wryrp = mg(hg — ho)
11 Cooler mg = myg Quooler = ngxmg(hyg — hg)
Boiler
12 Boiler myy = g HeemoLHV = tiyg(hi7 — hig)
Water loop
13 Pump IV (P) mys = Mg wWpry = 1i15(h1g — his)
14 Heater Mg = 1Mo Qtreater = NHx"119(h19 — o)

The mass balance equations in the RO system are shown below [14,38,39].

Mgy = mpw + Mpy, 3)

MswXsw = MpwXpw + MpuXpw, “4)
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where x is the salt concentration. Subscripts PW, SW, and BW denote potable water,
seawater, and brain water, respectively.
The sea and potable water relationship is shown below [14,38].

mpw = RRmgy, 5)

where RR denotes the recovery ratio.
The osmosis pressure for the sea, potable, and brain water streams is shown below [14,38].

tsw = RuTxswy, (6)
ipw = RuTxpw, ()
igw = RuTxpw, 8)

where R defines the universal gas constant.
The membrane net pressure equation is shown below [14,38].

AT = (W) - )

The water permeability coefficient is shown below [14,38].

_ 6.84 x 1078(18.68 — 0.177xpy)

R . 10
w Tere (10)
The RO pump net pressure is calculated as shown below [14,38].
_ Mmpw
AP = g - T Am, (11)

where Ay, is the membrane area.
The power consumption of the RO pump can be calculated as shown below [14,38].

APrirgyy

Wpro = (12)

7!
PswWMp,RO

where p is the density.
The mass, energy, and concentration balance relationships for the RO system are
shown in the Table 3.

Table 3. Mass, energy, and concentration balance relationships for the RO system.

No. Components Mass Balance Energy Equation X
1 Pump V Moy = 1oy Wpy =t (g — ha) Xo4 = X2
2 Pump VI 1y3 = fitys Wp[v = ﬁ123(h25 — h23) X23 = X25
3 Membrane I Mgy = Mg + 1iy7 toghoy = Mghoe + tiazhay Moy Xoy = MoeXog + Moz X7
4 Membrane II Mos = Mgg + Tiing moshas = taghas + Maghag My5X05 = a8 X28 + 1M29X29
5 Recovery turbine M3y = 33 WRecovery turbine:mSZ(hSZ - h33) X32 = X33

The following reaction can be considered in the NaClO plant:
NaCl + H,O — NaClO + H,. (13)
In the NaClO plant, the following relationships can be considered [14,38]:

Tnacio = Tpw + 14, (14)
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1
XNaCIO = £ XBW- (15)

The NaClO plant power consumption is as follows [14,38]:

: 1072(5.9 x 3600 X 1inacio X XNacIO
Wacio = ( 105 £ £ ) (16)

The NaClO plant concentration, mass, and energy balance relationships are shown in
Table 4.

Table 4. Mass, energy, and concentration balance relationships for the NaClO plant.

Mass Balance fi3g = M3y + M35
Concentration Balance M3gX3g = M34X34 + M35X35
Energy Balance maghsg + Wnacio = Maghzg + mzshss

The electrical power production of the system is calculated as follows:
. 3. . ‘ 6, . .
Wnet,sys = Z WT,i + Wrecovery turbine — Z WP,i - WNuClO- (17)
i=1 i=1

The system energy efficiency is expressed as

Th31h31 =+ ﬁ134h34 + Th35h35 + WHEf,SyS + Qheater + Qcooler
tig1hoy +mgLHV '

Hen,sys =

(18)

2.1.2. Exergy Analysis
The specific exergy is expressed below, neglecting the kinetic and potential exergies [40,41].

e= inexchi + (h—ho) — To(s —sp) + Tp le-Ri Iny;, (19)

where x and e are the mass fractions and specific exergy, respectively, T, h, and s are the
temperature, specific enthalpy, and specific entropy, respectively, and y denotes the mole
fraction. Subscript ch denotes chemical. Abbreviations i and 0 represent the species and the
dead state condition.

Table 5 shows the exergy destruction rates and exergy efficiencies for the system
components [23,42,43].

The system exergy efficiency is expressed below.

: - : : ' T : T
maies1 + masess + masess + Whet,sys + Qneater (1 — 75) + Qeooter (1= 72)

my1ep1 + Mses

Hex,sys = (20)

2.1.3. Thermo-Economic Analysis
The multigeneration annual income and outcome are calculated as follows [44,45]:
Cr = ApowerCpower + AcoolingCeooling T APWCPW + ANaciCNacl + AH2CH2 — ALNGCLNG, (21)

where c is the specific cost, and A is the annual capacity of system production. The costs of
products are shown in Table 6.
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Table 5. The exergy destruction rates and exergy efficiencies for system components.

No. Components Exergy Efficiency Exergy Destruction Rate (kW)
CO; cycle
1 Pump II (P) _Wpn fiye — tes + Wpjg
ny (ex—ey)
2 Steam generator _a(esea) maey + —zes + nyzery — niigeis
71117(617*318)
3 Turbine I (T) Wr; Mae3 — Myey — WTI
m3(e3—e4)
4 Condenser i (ey—e1) Myey — Myeq + Meeg — Myey
116 (e7—es)
ORC
5 Pump III (P) —Wenr finent — fitipers + Wiy
m1(€12—€11)
6 Evaporator Ima(er3—er2) myge1y — mize1s + Maeese — Mszesy
11117 (e3s—e37)
7 Turbine II (T) L ﬁ’l13€13 — Th14€14 — WT]H
ny3(e13—e1a)
8 Condenser i (ers—en) 1M14€14 — M11€11 + Hiyey — Higeg
g (es—ez)
LNG loop
9 Pump I (P) _Wpr mses — mgeg + Wpj
7"5(1’6*65)
10 Turbine III (T) _ W thigeg — titgeg — W
113 (es—eg)
; o ' ' -
11 Cooler Q”_"“’" (1 Ll) figeg — 110€10 — Qeooler (1 — %)
g (e10—e9) 0
Boiler
12 Boiler s (€17 —¢16) f16€16 — M17€17 + M10e10
MmM10€10
Water loop
13 Pump IV (P) _ Wew isers — tgens + Wopry
W715(€16*€15)
- _T . R .
14 Heater Rreater 1= 15) M19€19 — 120620 — Qpeater (1 — 72)
fit19 (e19—e20) "
RO
15 Pump V —Wey oy (ean — eaa) + Wpy
i1y (e24—e€22)
16 Pump VI —Wevr__ 113 (e23 — e25) + Wpy
1123 (e25—e€23)
17 Membrane I Iitg6e% figgeoq — Mp7€27 — 2626
Mp4€24
18 Membrane II Iitggess 1Mp5e05 — Mi29€29 — Mogeng
M25€25
19 Recovery turbine Wrecovery turbine tit3e32 — 1133633 — Wrecovery turbine
m32(€32—€33)
NaClO
20 NaClO plant M34€34+1M35035 msgess + Wnacio — M35€35 — M34€34

Wiacio
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Table 6. The specific costs of fuel and products.

Specific Cost Value Ref
Cpower 0.21 USD/kWh [46]
CPW 0.0004 USD/kg [47]
Ccooling/Cheating 0.07 USD/kWh [48]
CNaCl 10.47 USD/kg [49]
CH2 13.96 USD/kg [50]
CLNG 0.025 USD/kWh [48]

The system investment cost can be calculated as shown below [44,45].

Co = Corc + Ccon cycle + CinG loop + Cwater loop + Cro + Cnacio (22)

where C is the investment cost of each component, as shown in Table 7. The operation and
maintenance cost is assumed to be 3% of the initial cost [51-54].

Table 7. Values of investment and installation costs for different components.

No. Components Cost Function Ref

CO; cycle
1 Pump 103A3892+0A05361103W+0‘1538(logW)z [23]
2 Steam generator (A/0.093)°78 (23]
3 Turbine 102.6259+1,43981logw—0.1776(10gW)2 [23]
4 Condenser (A/0.093)°7 (23]

ORC
. 025

5 Pump 1026 x (W/300) [55]
6 Evaporator 216.6 +353.4 x A [55]
7 Turbine 2037 x W [56]
8 Condenser 338.6 x A [55]

LNG loop
9 LNG turbine 479.34 (ﬁ) In (5)(1— exp(0.036T; — 54.4)) [57]

. . 2
10 LNG pump 3 x exp (8.833 — 0.60191n (Q /H ) + 0.06019(In (QV/H))") (58]
. -2

11 LNG cooler 1.218 x exp (0.4692 4 0.1203In (Q) + 0.0931(In (Q))") (58]

Water loop
12 Pump 3540 x W [59]
13 Boiler 33,600,000 [60]

Mheater 1-218 X fg X fp X ¢y
f1 = exp(—1.1156 + 0.0906 In(10.76A))
14 Heater fp = 0.7771 + 0.04981 x In(10.76A) [58]
cp = exp( 8.821 — 0.30863 % In (10.76A) + 0.0681x In (10.76A)
x In (10.76A))
RO
. 08
15 Pump 996 x (864.00 x Q) 611
16 Membrane 50 [62]
17 Storage Tank 1.14 x (158.62 X Vi + 18,321) [63]
18 Recovery turbine 52 x (864.00 x QxA Pos8) [61]
NaCIlO

19 NaClO (HD:6000) 45,000 [14]
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In Table 7, A, H, D, and V denote the surface area, head of pump or turbine, diameter,
and volume, respectively.

The logarithmic method is applied to calculate the surface area of the heat exchanger,
as shown below [51].

Q = UAFATy, (23)

where Q is the heat transfer rate, ATy, is the logarithmic mean temperature difference, A
and U denote the surface area and overall heat transfer coefficient, respectively, and F is

the correction factor. The overall heat transfer coefficient values for components are shown
in Table 8 [52].

Table 8. The overall heat transfer coefficient values for components.

No. Components u (m"sz)
2 Boiler 500
Heat exchanger 700
4 Condenser 800

The effect of inflation can be seen in the following relationship [64]:
Cpn=Co(1+1)", (24)

where i and # are the inflation rate (3%) and the number of years, respectively [65].
The simple payback period (SPP) can be calculated as shown below [44,45].

Cn
PP = —. 2
S CF (25)

The payback period (PP) can be calculated as shown below [44,45,66].

C
In(er=fes Ca )

PP = In(1+7r) ' (26)
where 7 is the discount factor (3%).
The net present value (NPV) can be obtained as follows [44,45]:
N
vy =cPIt 1 o (27)
r(l1+4r)
where N is the project lifetime (25 years) [44,45].
The internal rate of return (IRR) can be calculated as follows [55,67,68]:
IRR:Q 1—;]\]. (28)
Cn (14 IRR)

3. Results and Discussion
3.1. Simulation Method Description

For the simulation, a computer code provided in the engineering equation solver (EES)
software was used. The computer code input information is shown in Table 9.
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Table 9. Input information of the simulation code.

Parameter Unit Value Ref
my kg/s 6.73 [41]
Ty K 220 [41]
T, K 2249 [41]
T3 K 493.1 [41]
Pq kPa 600 [41]
P, kPa 12,490 [41]
X21 mg/L 40,200 [69]
X30 mg/L 150 [69]
Ap m? 35.3 [70]
RR - 0.3 [14]

Ty kg/s 2 -

3.2. Model Validation

Since the proposed plant had a new configuration, its complete validation was not
achievable. Hence, each subsystem was considered. To validate the CO; cycle and LNG
loop, the results in [32] were considered. Four key parameters (CO, and LNG turbine power
production and pump power production) were compared. Table 10 shows a comparison
between the present work and the results in [32]. The source of error was related to the
calculation of thermodynamic properties, which features slight differences in each software.

Table 10. The comparison of key parameters in the present work and in [32].

Present

No. Parameter Unit Work Ref [32] Error (%)
1 Wr.coz kW 14.2 14.66 3.1
2 Wp con kW 4.98 4.778 4.2
3 Wr NG kw 7.19 7.464 3.6
4 Wp NG kW 3.81 3.693 3.1

To validate the ORC results, Figure 2 in [56] was considered. R600a was selected as
the working fluid. The data for the ORC presented in [56] were used. Figure 3 shows
a comparison between the net output power of this work and the results in [56]. The
maximum error was 3.5%, which is compatible with engineering calculations. The source
of error was similar to that of the CO; cycle.

For RO validation, the results in [14] were used. Table 11 shows the comparison. The
error ranged from 0.7% to 7% due to some information about membrane performance not
being exactly clarified in [14] For NaClO plant validation, the results in [57] were used.
The electrical power consumption of the NaClO plant was found to be 4 kW, while this
value was theoretically calculated as 3.78 kW by the computer code. The error of 5.5% was
related to the type and model of the NaClO plant.
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Figure 3. Comparison of the net output power in the present work with that in [14] versus the evaporator temperature of

the ORC.

Table 11. Validation results of the RO system.

No. Parameter Model Ref [14] Error (%)
10 tprain (58) 1.092 1.104 0.7
2 Titbpain () 0.468 0.456 2.6
3 itprain (52) 3.45 3.711 7
4 Titbpain () 8.42 8.96 6

3.3. Energy and Exergy Analyses

Table 12 shows the thermodynamic properties at every point of the system. Table 13
shows the values of the system products. This system produces 10.53 GWh of electrical
energy, 276.4 GWh of cooling energy, 1783 GWh of heating energy, 17,280 m? of potable
water, 739.56 tons of hydrogen, and 383.78 tons of salt in a year. The ratios of cooling and
heating energies to electrical energy are 26.25 and 169.33, respectively. Figure 4 shows
the system energy and exergy efficiencies. According to the figure, the energy and exergy
efficiencies are 54.3% and 13.1%, respectively. The system energy efficiency is much higher
than the system exergy efficiency, as, in the exergy efficiency equation (Equation (20)),
both the heat and the cooling production rates are multiplied by the ratios, which are
lower than the unit. The variation in RO and NaClO plant power consumption and in
recovery turbine and system power productions versus seawater inlet mass flow rate (rit21)
is shown in Figure 5. Upon increasing the mj; from 1 to 5 kg/s, the power consumption of
the RO and NaClO plant can be increased from 1.486 and 134.8 kW to 35.7 and 673.9 kW,
respectively. According to the equations presented in Table 3, the power consumption of
the RO pumps has a linear relationship with the mass flow rate of feed water. According to
Equation (16), the power consumption of the NaClO plant also has a linear relationship
with feed brain water.
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Table 12. The thermodynamic properties at every point of the system.

No T (K) P (kPa) ni1 (kg/s) X ) h (kJ/kg) e (kJ/kg)
1 220.0 600 6.73 - —420 210.7
2 2249 12,490 6.73 - —407.2 220.1
3 493.2 12,490 6.73 - 141 288.3
4 220.5 610 6.73 - —74.91 104.7
5 111.5 101.4 9.547 - -911.7 1015
6 115.3 6580 9.547 - —889 1019
7 210.5 6440 9.547 - -372.5 655.8
8 283.2 6310 9.547 - —104.5 599.4
9 255.3 4000 9.547 - —148.7 542.9
10 288.2 4000 9.547 - —4672 548.9
11 271.9 280 10.26 - 50.18 35.22
12 295.3 709.1 10.26 - 89.45 35.27
13 403.2 709.1 10.26 - 369.2 60.63
14 272.9 280 10.26 - 249.7 23.31
15 303.2 101.3 115.5 - 125.8 1.579
16 303.2 150 115.5 - 125.8 1.627

17 513.2 150 115.5 - 2952 705

18 493.2 150 115.5 - 2912 687.9

19 493.2 150 114.3 - 2912 687.9

20 303.2 101.3 114.3 - 125.8 1.579

21 288.2 101.3 2 40,020 59.45 13.46

22 288.2 101.3 1 40,020 59.45 13.46

23 288.2 101.3 1 40,020 59.45 13.46

24 288.2 4767 1 40,020 63.69 17.98

25 288.2 4767 1 40,020 63.69 17.98

26 288.2 4767 0.3 150 67.49 4.659

27 288.2 4767 0.7 57,107 61.83 6.596

28 288.2 4767 0.3 150 67.49 4.659

29 288.2 4767 0.7 57,107 61.83 6.596

30 288.2 4767 0.6 150 67.49 4.659

31 288.2 101.3 0.6 150 63.05 0.000242

32 288.2 4767 1.4 57,107 61.83 6.596

33 288.2 303.9 1.4 57,107 57.84 2.323

34 507.2 101.3 0.01333 - 205.9 156.5

35 298.2 101.3 0.02568 - 7885 1226

36 493.2 150 1.288 - 2912 687.9

37 303.2 101.3 1.288 - 125.8 1.579

38 288.2 101.3 14 - 57.84 2.323
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Table 13. The values of system products.

Product Unit Value
Whet,system GWh/year 12.75
Qcooling GWh/year 276.4
Qheating GWh/year 1783
Vew m?/year 17,280
MNLCl Ton/year 383.76
myyp Ton/year 739.56
54.3

13.1

.

Energy Exergy

Figure 4. The system energy and exergy efficiencies.

The net electrical power production of the total proposed system is reduced from
1456.7 kW to 876.7 kW following this increase in #iy;.

The system energy and exergy efficiencies versus seawater mass flow rate (r1,1) are
shown in Figure 6. Increasing the seawater mass flow rate did not have a major effect on
the system energy and exergy efficiencies. Upon increasing the seawater mass flow rate
from 1 to 5 kg/s, the system energy and exergy efficiencies were reduced from 54.25% and
13.11% to 54.23% and 13.01%, respectively. It can be concluded that the system energy and
exergy efficiencies remained constant. Since the extra electrical power consumed by the
NaClO and RO systems is compensated for by the extra energy and exergy flows of PW,
NaCl, and hydrogen, according to Equations (18) and (20).
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Figure 5. The variation in RO, NaClO plant, recovery turbine, and system power with inlet seawater mass flow rate (rip1).
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Figure 6. The system energy and exergy efficiencies versus seawater mass flow rate (riy1).

Figure 7 shows the changes in pump electrical power consumption and turbine
electrical power production, as well as the net output power of the CO; cycle, with the
variation in outlet pressure of the pump (P;) in the CO; cycle. Upon increasing the outlet
pressure of the pump, the electrical power consumption of the pump in the CO, cycle is
increased. Moreover, the electrical power production of the turbine is decreased. This is
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17 according to pinch analysis.

= Pump
=—Turbine
= Net

13 17 21 25 29
P, (MPa)

Figure 7. The changes in pump and turbine electrical power consumption/production and net output power of the CO,

cycle with the variation in pump outlet pressure (Py) in the CO, cycle.

Thus, by increasing the outlet pressure of the pump in the CO; cycle (P,) at a fixed tem-
perature (493.1 K), the enthalpy at point 3 is reduced, and the electrical power production
in the turbine is reduced. It is clear that, by increasing the electrical power consumption of
the pump and the electrical power production of the turbine, the net electrical power of the
CO; cycle is decreased.

Figure 8 shows the variation in CO; cycle energy and exergy efficiencies with outlet
pump pressure in the CO; cycle. According to Figure 7, the CO, cycle net output electrical
power is reduced upon increasing the outlet pressure of the pump, whereas the inlet heat
rate of the CO; cycle (m (h17—h;g)) remains constant.

The change in net output power of the ORC with pump outlet pressure at different
inlet turbine temperatures is shown in Figure 9. Upon increasing the ORC pump outlet
pressure, the cycle net output power is reduced, since it decreases the enthalpy value at
point 13. Furthermore, the power consumption of the pump increases. Upon increasing
the turbine inlet temperature in the ORC, the net output electrical power is increased by
increasing the enthalpy at point 13.

The contribution to exergy destruction rate of each subsystem is presented in Figure 10.
The highest contribution comes from the water loop, which includes a heater, burner/boiler,
and pump IV. In the burner, a chemical reaction (combustion) warms the water in the boiler,
thereby converting water to steam. Thus, this loop has the highest exergy destruction rate.
In distant second place, the CO, cycle has a considerable exergy destruction rate due to
the heat transfer taking place in the steam generator and condenser. The lowest exergy
destruction rate occurs in the RO system, as the pressures and temperatures in this system
are all close to the dead state.
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Figure 8. The variation in CO, cycle energy and exergy efficiencies with outlet pump pressure in the CO; cycle.
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Figure 9. The variation in net output power of the ORC with pump outlet pressure at different inlet turbine temperatures.
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Figure 10. Contributions of each system to the exergy destruction rate.

3.4. Thermo-Economic Analyses

Table 14 shows the key economic parameters for the system. The system’s NPV is
908.9 million USD, the system’s PP and SPP are equal to 7.9 and 6.9 years, and the system’s
IRR is 0.138.

Table 14. The key economic parameters for the system.

No. Parameter Unit Value
1 NPV million USD 908.9
2 PP years 7.9
3 SPP years 6.9
4 IRR - 0.138

Figure 11 shows the variation in PP and SPP versus feed seawater mass flow rate.
Upon increasing the seawater mass flow rate, both PP and SPP are reduced, which is
beneficial. Specifically, upon increasing the feed seawater mass flow rate from 1 kg/s
to 5 kg/s, the PP is reduced from 8.7 to 6.2 years and the SPP is reduced from 7.56 to
5.59 years.

In general, increasing the seawater mass flow causes the following effects:

(a) Increase in the initial cost of the NaClO and RO plants (negative effect);

(b) Increase in the system product costs (NaCl, PW, and hydrogen) due to an increase in
these products;

(c) Decrease in the electrical power product cost due to an increase in RO and NaClO
plant power consumption.

The magnitude of the second effect exceeds that of the other two effects; thus, both PP
and SPP are reduced upon increasing the feed seawater mass flow rate.

The variation in system NPV with the mass flow rate of seawater is depicted in
Figure 12. The NPV of the system is increased upon increasing the mass flow rate of
seawater. Similar to Figure 11, it is clear that, if more electrical power is consumed to
produce PW, NaCl, and hydrogen, it is more beneficial.
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Figure 12. The variation in system NPV with the feed seawater mass flow rate.

4. Conclusions

A new integrated system was proposed in this paper which simultaneously uses LNG
as a heat source and sink. Through this method, the ratio of the heat sink and source
temperatures is high, thereby improving system performance.

The CO; cycle and ORC are combined to generate electricity in this proposed system.
In both cycles, LNG is used to absorb the heat dissipated by condensers, as well as to
produce cooling load. Subsequently, the LNG is converted to NG. The NG is used to
convert water into steam in the burner and boiler, thus meeting the energy needs of the
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steam generator and evaporator in the CO; cycle and the ORC, in addition to producing
heating load. A portion of the electrical power generated in the two mentioned cycles is
used to produce hydrogen, salt, and PW in the RO and NaClO plants. The main conclusions
are summarized below.

(a) In comparison with a system featuring LNG only as a heat sink [14], which uses solar
energy through a flat plate collector as the heat source, the system energy and exergy
efficiencies are further improved from 12.4% and 4.45% to 54% and 13.1%, respectively.

(b) The NPV of this system is equal to 908.9 million USD.

(c) The PP and SPP of this system are 7.9 and 6.9 years, respectively.

(d) The IRR value of this system is equal to 0.138.

(e) Greater desalination of seawater to produce PW, salt, and hydrogen is beneficial
according to the economic evaluation.

(f)  Greater seawater desalination does not have a considerable effect on the system
energy and exergy efficiencies.

(g) The highest and lowest contributions to the exergy destruction rates were presented
by the water loop and RO system.

In the future, the integration of various cycles such as the Kalina and Goswami cycles
can be examined as alternatives.
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Nomenclature
Symbols (units) Description
A (m?) Area
Cy (USD) System investment cost
C, (USD) System investment cost in a specific year
CF (USD) Multigeneration annual income
e (kKJ/kg) Specific exergy
E (kW) Exergy rate
F: (-) Correction factor
g (m/s?) Gravitational acceleration
h (K] /kg) Specific enthalpy
¢ (USD/kWh) Product-specific cost
C (USD) Investment cost
Rw (1/K) Water permeability coefficient

m (kg/s)

Mass flow rate
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N (years) Project lifetime

P (kPa) Pressure

Q (kW) Heat transfer rate

r(-) Discount factor

R (k] /kmoleK) Global gas constant

s (kJ/kgK) Specific entropy

T Temperature

U (W/m2K) Overall heat transfer coefficient
V (m%) Volume

w (kW) Power

x () Mass fraction, concentration of salt
y(-) Mole fraction

Y (USD/kWh, USD/kg)  Annual capacity of system production
Greek Symbols Description

7(-) Polythrophic efficiency

At (Pa) Net pressure membrane
Abbreviations Description (Units)

IRR Internal rate of return (-)

NPV Net present value (USD)

PP Payback period (-)

RR Recovery ratio (years)

SPP Simple payback period (kW)
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