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Abstract

As natural gas is not uniformly distributed in different regions of the world, and gas tanks are concentrated in specific
geographical areas, gas transfer is a key gas-related industry that greatly contributes to the expansion of this energy car-
rier’s use. For long distances, the use of pipeline transport is uneconomical in practice, and alternative methods should be
adopted. From among alternative methods to pipeline transport, natural gas liquefaction is the best and most economic one.
A major challenge to the expansion of liquefied natural gas (LNG) use is the energy-consuming process of its production.
The liquid gas production process, like other liquefaction processes, consumes considerable amounts of energy. In this paper,
a solar energy and natural gas storage method was developed for transfer to far-away regions for demand response by using
the DMR compression refrigeration cycle, Kalina power production cycle, and photovoltaic solar panels for the climate of
Chabahar coastal city in Southern Iran. The dissipated heat from the DMR compression refrigeration cycle was used as
the heat source for the Kalina cycle. The coefficient of performance, specific energy consumption, and exergy yield of the
developed integrated structure were 3.201, 0.2293 kWh kg™' LNG, and 42.77%, respectively. The exergy analysis of this
integrated structure showed that the largest shares of exergy destruction belonged to solar panels (86.29%) and heat exchang-
ers (6.51%), respectively. The economic analysis of the integrated structure revealed that the payback period, the prime cost
of product, and additive value equaled 2.061 years, 0.2500 US$ kg~! LNG, and 0.1156 US$ kg~! LNG, respectively. The
results of sensitivity analysis demonstrated that, for the capital cost of 2100 MMUSS$ and less, the payback period is <4 years.

Keywords Supply chain - Liquefied natural gas - Photovoltaic panels - Kalina power production cycle - Exergy analysis -
Economic analysis

Abbreviations NG Natural gas
RTE Round-trip efficiency DMR Dual-mixed refrigerant
TES Thermal energy storage DSMR Dual-effect single mixed refrigerant
CP Cryogenic process KSMR Korea single mixed refrigerant
CES Cryogenic energy storage PV Photovoltaic
CASU Cryogenic air separation units COP Coefficient of performance
LACES  Liquid air cryogenic energy storage SMR Single mixed refrigerant
BFD Block flow diagram MFC Mixed-fluid cascade
PFD Process flow diagram C;MR Propane pre-cooling
LMTD Logarithmic mean temperature difference MR Mixed refrigerant
LNG Liquefied natural gas APCI Air Products and Chemicals, Inc.
AR Absorption refrigeration
AR-MR1 Absorption refrigeration—mixed refrigerant 1
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Ph Physical

P Pressure (kPa)

EES Engineering equation solver

IEA International energy agency

Yr The system’s final yield (kWh kWp~1)

E,\c The produced AC energy exiting the inverter
(kWh)

Ppy The maximum power produced by the system

Y, The amount of DC energy produced by the PV
arrays per (kWh)

h Hot

c Cold

i Inlet

0 Outlet

PR Performance ratio

L The system’s total energy loss

Hiny Inverter efficiency

Hsystem System efficiency

Hpy Photovoltaic efficiency

ACS Annualized cost of system

Cacap Annualized capital cost

Carep Annualized replacement cost

Camain Annualized maintenance cost

Caope Annualized operating cost

STC Standard test conditions

Pax Maximum power

Vinpp Maximum power voltage

Lpp Maximum power current

oc Open circuit voltage

I Short circuit voltage

0 Heat rate (kW)

w Work rate (kW)

Ex Total flow exergy (kW)

Wy, Axial work (kW)

1 Lost exergy (kW)

Epl)f Physical exergy (kW)

%C Chemical exergy (kW)

1y, Initial mass flow rate

m Mass flow rate (kg.s_l)

hg Outlet mixture specific enthalpy

Greek letters

Y Sum

[ Integration

A Difference

n Isentropic efficiency

A Latent heat of vaporization

o Entrainment ratio

Components name

HX Heat exchanger

S Flash drum

A" Throttling valve
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T Turbine

C Compressor
P Pump

MIX Mixer
Introduction

The choice of a suitable method for gas transfer from among
common methods such as pipeline, liquefied natural gas, and
liquid hydrocarbons depends on their costs which, in turn,
depend on the distance between the origin and the destina-
tion of the transfer. For long distances, the use of pipeline
transport is uneconomical in practice, and alternative meth-
ods should be adopted. From among alternative methods
to pipeline transport, liquefaction is the best and most eco-
nomic one. After being liquefied, natural gas has a much
smaller volume of 1:600 and can be transferred over the sea
by ships or liquefied natural gas transfer tankers and then
be regasified. After being liquefied, natural gas has a much
smaller volume of 1:600 and can be transferred over the sea
by ships and then be regasified [1]. A major challenge to the
use of liquefied natural gas is its energy-consuming process.
The liquid gas production process, like other liquefaction
processes, consumes considerable amounts of energy. Today,
studies on liquefied natural gas industry mostly try to reduce
the specific energy consumption in production processes,
which reduces the project costs and make the projects more
economical. In recent years, extensive research has been
conducted to reduce the specific energy consumption in the
liquefied natural gas production process.

Vatani et al. [2] performed an energy and exergy anal-
ysis of natural gas liquefaction cycles via SMR-Linde
(single mixed refrigerant), SMR—APCI (Air Products and
Chemicals, Inc.), C;MR-Linde (propane pre-cooled MR),
DMR-APCI (dual mixed refrigerant), and MFC-Linde
(mixed-fluid cascade) refrigeration cycles. The results of
energy analysis showed that liquefaction cycles based on the
MEFC-Linde refrigeration cycle have the minimum specific
energy consumption (0.2545 kWh kg™' LNG), while those
based on the SMR-Linde cycle have maximum specific
energy consumption (0.3572 kWh kg~! LNG). Vatani et al.
[3] performed an advanced economic and exergy analysis of
five developed cycles. The results of exergy analysis showed
that the liquefaction cycle based on the MFC—-Linde refrig-
eration cycle had the maximum exergy efficiency (51.82%),
while the one based on SMR-Linde cycle had the mini-
mum exergy efficiency (40.2%). Ghorbani et al. [4] used the
absorption refrigeration cycle as pre-cooling for two inte-
grated natural gas liquefaction structures based on DMR and
C;MR refrigeration cycles. The simulation results indicated
that by replacing the absorption refrigeration cycle as the
pre-cooling in the DMR and C;MR refrigeration cycles,
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the specific energy consumption was reduced by 12.6% and
18.4%, respectively. The final liquefied natural gas product
cost based on the DMR, C;MR, and AR-MR1 (absorption
refrigeration—mixed refrigerant) refrigeration cycles were
calculated to be 0.31, 0.28, and 0.26 US$ kg'1 LNG, respec-
tively. Ghorbani et al. [5] used the absorption refrigeration
cycle as pre-cooling for an integrated natural gas liquefac-
tion structure based on the MFC refrigeration cycle. The
simulation results indicated that by replacing the absorption
refrigeration cycle as the pre-cooling in the MFC refrig-
eration cycle, the liquefied natural gas production cost was
reduced from 0.305 to 0.237 US$ kg‘1 LNG [4].

Wang et al. [6] developed two integrated structures for
liquefied natural gas production based on DMR and C;MR
refrigeration cycles. The final liquefied natural gas prod-
uct cost based on the DMR and C;MR refrigeration cycles
was calculated to be 0.2245 and 0.2242 US$ kg'1 LNG,
in that order. Moreover, the specific energy consumption
of the natural gas liquefaction cycle based on DMR and
C;MR refrigeration cycles was calculated to be 2190.2 and
2319.1 MJ/tonne LNG, respectively. Four objective func-
tions of consumption, i.e., compressor shaft work, total
investment cost, total annual cost, total compressor purchase,
and main low-temperature exchanger cost were analyzed.
Qyyum et al. [7] developed two natural gas liquefaction
cycles based on DMR and DSMR refrigeration cycles. The
specific energy consumption of the natural gas liquefaction
cycle based on the DMR and DSMR refrigeration cycles
was calculated to be 0.3683 and 0.2840 US$ kg'1 LNG,
respectively. The exergy efficiency of the natural gas lique-
faction cycle based on the DMR and DSMR refrigeration
cycles was 28.24% and 36.62%, respectively. Khan et al.
[8] developed a new algorithm to optimize the refrigera-
tion cycle of an integrated production system for simultane-
ous natural gas liquids and liquefied natural gas production.
The specific energy consumption of the natural gas lique-
faction cycle based on the Korean single mixed refrigerant
(KSMR) refrigeration cycle after using the optimization
algorithm was reduced from 0.3863 to 0.4241 kWh kg~!
LNG. Mehrpooya et al. [9] developed three novel integrated
structures for the simultaneous production of natural gas
liquids and natural gas liquefaction based on DMR, C3MR,
and MFC refrigeration cycles, with the total cycle exergy
efficiency of 55%, 56%, and 59%, and the specific energy
consumption of 0.391, 0.375, and 0.364 kWh kg~' LNG,
respectively. The HYSYS software and the Peng—Robinson
equation of state were employed to develop the integrated
structure. Shazed et al. [10] used solid oxide fuel cell as a
power and heat supply source for the natural gas liquefac-
tion cycle. The simulation results indicated that the energy
efficiency and exergy efficiency of the integrated structure
were 60% and 55.2%, respectively. The use of fuel cell along
with natural gas liquefaction led to a 90% reduction in the

produced CO,. Morosuk et al. [11] applied environmental
and exergoeconomic analyses on a PRICO process, which
is a single mixed refrigerant process. They recommended
that the performance of this part be improved since the heat
exchanger has the maximum energy dissipation and heavy
costs. Khan et al. [12] examined the reduction of specific
energy consumption and increasing the liquefied natural
gas production when changing the product demand rate
under different conditions. The specific energy consump-
tion of the natural gas liquefaction cycle based on the DMR
refrigeration cycle after using the optimization algorithm
was reduced to 0.3529 kWh kg~! LNG. Husnil et al. [13]
proposed an optimal controller structure for the DMR refrig-
eration process to maintain the compressor’s consumption
power at the optimal state.

Sun et al. [14] investigated the dynamic performance of
a mixed refrigerant system with mixed refrigerant charge
and leakage. They created a new model based on process
simulation and system specifications. The results showed
that light compounds affect pressure because they are mainly
in the steam phase, and the effect of heavy compounds is
higher on the surface of the tank liquid. The results of this
study presented useful information for regulating the mixed
refrigerant system and the performance of such as regulari-
zation system. Venkatarathnam et al. [15] examined and
tested a single-stage JT refrigerator operating with mixtures
in this process. The test results showed that a refrigerant that
was charged to the system first was changed due to differ-
ent factors and may lead to an undesirable process perfor-
mance after some time. Therefore, they found a relationship
between the primary charge composition and the charge in
the circuit, so that they could find an optimal composition
for the primary charge by using the refrigerant mixture in the
circuit. Colmenares et al. [16] divided the thermal intervals
of the process based on a nonlinear model. The size of the
computational model of this method was smaller because it
did not need a very precise division of thermal intervals, and
it could be solved more quickly. These are the advantages of
this method compared to that proposed by Grossmann and
Shelton. Vaidyaraman et al. [17] proposed an algorithm for
the simultaneous optimization of the choice of an appropri-
ate refrigerant and a refrigeration system. The required data
as the input of this algorithm included all the suitable refrig-
erants and the appropriate intervals for their use. Aghaza-
deh et al. [18] modeled a novel ejector-cascade refrigeration
cycle in engineering equation solver (EES) software, thereby
increasing the yield of the multi-stage refrigeration cycles
and improving the second law coefficient of performance
(COP) and yield of the cascade cycle by about 6.5%. With
the advancement of technology and the rise in computers’
processing speed in recent years, this method has received
the attention of researchers in this field. Nawaz et al. [19]
optimized the mixed-fluid cascade LNG process by using
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exergy analysis and Coggins stepup approach to reduce com-
pression power. The results indicated that the total exergy
losses can be reduced to 34.4%, leading to a 25.5% saving in
energy consumption compared to mixed-fluid cascade pro-
cesses before the optimization. Pereira et al. [20] performed
a thermodynamic analysis for liquefaction of natural gas by
using the C;MR refrigeration process. This was done with
three levels of propane cooler pressure to predict the specific
power consumption of the system with natural gas. The find-
ings showed that increasing the temperature from 30 °C to
50 °C increased the specific power consumption by 0.83.
Vikse et al. [21] adopted a non-smooth approach to opti-
mize a DMR process and modeled the polygeneration hybrid
solar biomass system. The modeling results indicated that
the non-smooth model could reduce the required compres-
sion power by 14.4% compared to the preliminary design
for the DMR process.

A heavy cost is the main problem associated with the
development of photovoltaic (PV) systems. The costs of
producing solar cells have been reduced with the progress
in technology, but it is still the main challenge. The choice
of raw materials for constructing solar panels and cells and
the type of technology used in them are key to future plan-
ning such that they can directly affect the future of compa-
nies and countries. In the first step, the influential factors
and criteria in the choice of a specific type of solar cell and
panels can determine the efficiency of these cells. But their
environmental and economic importance should also be kept
in mind. Ebrahimi et al. [22] introduced a novel liquid air
cryogenic energy storage system by using the Kalina power
cycle, solar parabolic collectors, and phase change materials
to examine the integrated structure of simultaneous cooling
and electricity production by using the developed solar col-
lectors and regasification of liquefied natural gas.

The results showed that the RTE of electrical energy stor-
age was 45.44% and 57.62%. Gordon et al. [23] proposed
a novel strategy for boosting silicon PV efficiency from the
regasification of liquefied natural gas. In their proposed
method, free cold energy was obtained upon the regasifi-
cation of liquefied natural gas. The results of this method
revealed that an increase of about 80% was obtained in
the PV efficiency. Sharadga et al. [24] introduced a novel
hybrid system comprising PV panels and thermal solar col-
lectors for electricity production. The dissipated heat of
this system was transferred to the Kalina cycle. Based on
the results, this hybrid system increased the overall system
efficiency by 27%. Ghorbani et al. [25] used the dissipated
heat of a hydrogen and oxygen liquefaction cycle for use
in the Kalina cycle. The thermal integration of the hydro-
gen and oxygen liquefaction structure reduced the specific
energy consumption and the number of facilities used in the
structure. The energy efficiency of the Kalina cycle based
on the water-ammonia mixture and the specific energy
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consumption of the hydrogen liquefaction cycle equaled
5.46 H, kWh kg™! and 14.06%, respectively. Madita et al.
[26] developed and optimized a Kalina power cycle based
on different refrigerants (water—ammonia, propane—pentane,
and methyl amine—water) by using Aspen Plus software and
Peng—Robinson equation of state. The optimization results
revealed that per 82% by mass of ammonia in the power
production cycle based on water-ammonia refrigerant, the
maximum yield was achieved. The lower layers of ocean
water are used for cooling in the Kalina cycle condenser at
a temperature of 6 °C. Naeimi et al. [27] investigated two
different methods to heat recovery in the Tehran cement fac-
tory. Exergy analysis was used to study the second law of
thermodynamics. The exergy efficiencies of the base cycle
and first and second scenarios were 47.76%, 73.46%, and
74.86%, respectively. Ghazvini et al. [28] used the invasive
weed optimization—SVM method to model and calculate
the annual carbon dioxide emission. Various sources of
renewable energy, natural gas, coal and oil and GDP of the
G8 countries have been used as input in a specified period.
Kumar et al. [29] conducted the economic analysis of a coal-
fired power plant in the northern part of India. The operating
cost, fuel cost, insurance cost, maintenance cost, pumping
cost, and net present value have been used to evaluate the
power plant.

The liquid gas production process, like other liquefaction
processes, consumes considerable amounts of energy. Today,
studies on liquefied natural gas industry mostly try to reduce
the specific energy consumption in production processes,
which reduces the project costs and make the projects more
economical. Due to the importance of expanding renewable
energies for human life, many researchers have studied these
systems in recent years. An attractive source of renewable
energy is solar energy which has been greatly expended
worldwide owing to its high potential and the diversity of
research topics. An exciting technology in this domain is the
use of solar panels. In this study, a novel integrated structure
for LNG production by using dual mixed refrigerant com-
pression refrigeration cycle, Kalina power production cycle,
and PV solar panels is developed. The dissipated heat of the
compression refrigeration cycle can be used as a source of
energy for the Kalina cycle, thereby increasing COP and
reducing energy consumption. Moreover, the use of solar
energy as a power production source in regions that receive
a suitable amount of solar energy is an important strategy
for providing energy in terms of biocompatibility and sus-
tainable development. Figure 1 illustrates the structure of
the concerned liquefied natural gas supply chain. The main
focus of the developed structure is on the production and
economic assessment of liquefied natural gas produced at
the source of production.
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Fig. 1 The structure of con-
cerned liquefied natural gas
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Low-temperature processes are among the energy-consum-
ing process industries due to the high costs of the equipment
and the required energy. A major part of the primary invest-
ment and operational costs in these integrated structures
belongs to the cooling system costs. Therefore, the optimal
design of the cooling system and integrating the processes of
the natural gas cold structures greatly reduce the investment
costs and consumed energy in a low-temperature process.
One optimization method for natural gas liquefaction by
using DMR compression refrigeration cycle is the Kalina
power production cycle and PV solar panels, developed here
based on the climatic conditions of Chabahar coastal city
in Southwestern Iran. The minimum temperature difference
between the cold and hot composite curves in heat exchang-
ers is assumed as an output parameter. Evidently, the more
minimum temperature difference is reduced, the more the
driving force for exchanging heat between cold and hot flows
is reduced, the more the power consumed by the cycle is
reduced, and the more the surface needed for heat exchange
is increased. However, since in DMR cycles the minimum
temperature difference between cold and hot flows is very
small (about 1 to 3 °C), the best option for heat exchangers
in these cycles is multi-stream exchangers. In this method,

Electrical
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End users (Energy consumer)

Refined
products

Industrial
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the integration of the cooling cycle and the processor core
is performed in the form of hot and cold composite curves.
To simulate the natural gas liquefaction cycle and the Kalina
power production cycle, HYSYS and Peng—Robinson equa-
tion of state are used. Figure 2 displays the block diagram of
the integrated liquefied natural gas production cycle based
on the DMR cycle, PV panels, and Kalina power produc-
tion cycles based on water—-ammonia. This integrated struc-
ture receives 26.17 MW of power from PV panels and 6771
kmol/h natural gas from the pipeline and produces 6301
kmol/h liquefied natural gas.

Dual mixed refrigerant process

The choice of the best and most suitable natural gas lique-
faction technology is a complex and highly sensitive task
and requires many design parameters. The selection of the
technology for the process and equipment is done based on
economical and technical considerations. In this integrated
structure, a DMR compression refrigeration cycle is utilized
to provide the natural gas liquefaction cycle refrigeration.
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Fig.2 Block diagram of the
natural gas liquefaction process
by using the DMR compres-
sion refrigeration cycle, Kalina
power production cycle, and PV
solar panels
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Figure 3 illustrates the flow diagram of the natural gas lique-
faction cycle by using a DMR cycle, Kalina power produc-
tion cycle, and PV panels. This cycle is, in fact, the hottest
cycle in the process, shown in red. Based on the input flow,
this cycle is a combination of 24.82% ethane, 64.16% pro-
pane, and 11.03% isobutane. Its main responsibility is to
provide the cooling required for the pre-cooling of the input
feed and play the role of a cooling source for the coldest
cycle by using facilities such as compressors, multi-stream
exchangers, throttling valves, and heat exchangers to trans-
fer heat to the Kalina cycle. At 36.85 °C and at a pressure
of 17 bars, stream 2 is cooled in the HX1 exchanger to the
temperature of 0.08025 °C, exits the exchanger as stream
3, and is divided into two streams, 10 and 4. Stream 10,

which is 60% of the input stream 3, passes the V1 pressure-
reducing valve; its pressure is reduced to 7.6 bar and, hence,
its temperature is reduced to —3.08 °C. Then, it enters the
exchangers, is heated to 32.95 °C, leaves the HX1 exchanger
as stream 12, and provides the cooling needed by the HX1
multi-stream exchanger. The rest of stream 3 enters the HX2
multi-stream exchanger to provide a lower level of cooling.
After passing this exchanger, it is cooled down to —33.18 °C,
enters the V5 throttling valve as stream 5, and its pressure
is reduced to 2.8 bars. The pressure reduction is based on
the phenomenon of throttling, which leads to a temperature
reduction to —36.54 °C (specified by No. 6 in Fig. 3). This
cold flow returns to the HX2 exchanger and, after providing
the cooling and heating up to —3.08 °C, leaves the exchanger
and enters the C2 compressor. After being compressed to
the pressure of stream 8 (7.6 bars), streams 8 and 12 enter
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Fig.3 The flow diagram of the natural gas liquefaction cycle by using heat recycling in the Kalina power production cycle and via PV solar pan-

els
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the MIX1. Next, the output flow enters the C1 compressor
to increase the pressure to 19.2 bars. The flow exiting the
compressor enters the HX7 exchanger, gives 38.11 MW of
the dissipated heat at 83.92 °C to the Kalina cycle, and in
this way, the main chain of the refrigeration cycle to provide
pre-cooling for the integrated structure is completed.

Liquefaction cycle

This DMR cycle (shown in blue in Fig. 3) is in charge of
liquefaction and supercooling in the developed integrated
structure. This cycle of the DMR comprises a 41.80%
methane, 29.9% ethane, 21.30% propane, and 7% nitrogen.
Flow 14 at 31.85 °C and a pressure of 48.60 bar enters the
HX1 and HX2 multi-stream exchangers, respectively; gives
part of its heat to the hotter cycle; and its temperature is
reduced by —33.18 °C. The flow exiting the HX2 multi-
stream exchanger (under stream 16) enters the S2 flash
drum, and the liquid and steam flow exiting from it enter the
HX3 multi-stream exchanger. The lighter steam flow exit-
ing from the top of the S2 flash drum enters the HX3 and
HX4multi-stream exchangers, respectively, and its tempera-
ture is reduced by —128.4 °C and —160.1 °C, respectively.
The flow exiting the supercool HX4 exchanger (under Flow
19) passes the V2 throttling valve and reaches a pressure
of 3.028 bar. The flow exiting the throttling valve enters
the HX4 exchanger again to provide its cooling. Stream
28, which is the output liquid of the S2 flash drum, first
enters the HX3 exchanger, is cooled to —4.128 °C, passes
the V4 pressure-reducing valve (as stream 29), its pressure is
reduced to 3.028 bar, and is mixed with Flow 21 exiting from
HX4 exchanger (providing the cooling required by HX4
exchanger). The flow exiting MIX2 (as stream 22) enters
the HX3 exchanger to provide its cooling and is heated to
—39.61 °C. The heated and low-pressure flow enters the C3
compressor and exits it at a pressure of 20.5 bar. Stream 24
exiting from it enters the HX6 exchanger to provide the heat
of the Kalina cycle, and its temperature is reduced by 15 °C.
The cooled flow enters the C4 compressor and its pressure
is increased by 31.56 bar. The flow exiting the compressor
enters the HXS exchanger for cooling and to provide the
heat of the Kalina cycle, and its temperature is reduced by
31 °C. Stream 27 enters the C5 compressor and its pressure
is increased by 48.60 bar. The flow exiting the compressor
enters the HXS8 exchanger, gives 5.146 MW of heat to the
Kalina cycle, and in this way, the main chain of the refrigera-
tion cycle to provide final cooling for the integrated structure
is completed. More theory and background information on
the dual mixed refrigerant is extracted from references [2, 3].

Kalina power production cycle based on water-
ammonia refrigerant

The Kalina cycle used low-temperature dissipated heat
to produce power. This cycle was proposed by Alexander
Kalina and is a thermodynamic process for converting ther-
mal energy to use mechanical power, in which a combina-
tion of two fluids with different boiling points is used as the
working fluid. Based on the combination of two different flu-
ids, this solution is boiled in higher temperature ranges dur-
ing distillation, and thus, a larger amount of heat is extracted
from the source compared to the pure working fluid. By
properly selecting the ratio of the solution fluids, the boiling
point of the working solution can be set for the optimization
of the heat input temperature. The most common mixture
for use in this cycle is water—ammonia. Due to its ability
to use all the temperature difference between the source
and the thermal well, this cycle is employed in industrial
thermal processing, geothermal energy, solar energy, and
the application of dissipated heat in integrated structures.
This cycle is shown in black in Fig. 3. Table 1 presents the
main specifications of the molar composition of the natural
gas liquefaction cycle by using DMR compression refrig-
eration cycle is the Kalina power production cycle and PV
solar panels developed based on the climatic conditions of
Chabahar coastal city in Southwestern Iran. This cycle of the
DMR comprises 83% ammonia and 17% water. Stream 19
enters the TEE2 and is then divided into four parts. Stream
41, which is 16.05% of the input stream 40, passes the HX6
exchanger; its temperature is increased to 78 °C, and it then
enters the MIX3 under stream 45. Then, streams 42 and 43
which are 11.14% and 71.08% of the input stream 40, enter
HX8 and HX9 exchangers, their temperature is increased to
53.78 and 49 °C, and they enter the MIX3 as streams 46 and
47, respectively. The rest of the flow exiting TEE2, respec-
tively, enters HX5 and HX7 exchangers, its temperature is
increased to 78.44 °C, is mixed with the other flows, and
enters the S3 flash drum. The gas flow exiting the top of the
separator enters the T1 turbine and, by reducing the pres-
sure to 4.5 bars, produces a power of 17.25 kW. The liquid
flow exiting the bottom of the flash drum (Stream 50) enters
the HX9 exchanger and is used for the pre-heating of the
flow entering MIX3. The flow exiting the HX9 exchanger
with the molar composition of 32.41% ammonia and 67.59%
water enters the V8 throttling valve, its pressure is reduced
to 4.5 bars, and it enters the MIX4 mixer as stream 52 with
the stream 55 exiting the turbine. The flow exiting mixer
MIX4 enters the HX10 condenser and is cooled down to
6.8 °C. To cool down the Kalina cycle, the lower water lay-
ers of the Gulf of Oman near Chabahar are used. The cooled
flow of water—-ammonia enters the P1 pump to increase the
pressure to 6.6 bar. Generally, the dissipated heat of the
DMR compression refrigeration cycle is used for the Kalina
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Table 1 The specifications of

. Stream Nitrogen Methane Ethane Propane i-Butane n-Butane i-Pentane Ammonia H,0
the molar compositions of the
flows used in the natural gas 1 0 0 0248  0.641 0 0.110 0 0 0
liquefaction structure 13 0070 0418 0299 0213 0 0 0 0 0
17 0.170 0.655 0.141 0.033 0 0 0 0 0
22 0.070 0.418 0.299 0.213 0 0 0 0 0
28 0.029 0.321 0.363  0.285 0 0 0 0 0
31 0.040 0.875 0.055 0.021 0.005 0.003 0.001 0 0
37 0.015 0.893 0.059  0.022 0.005 0.003 0.001 0 0
38 0.370 0.629 0 0 0 0 0 0 0
39 0 0 0 0 0 0 0 0.830 0.170
49 0 0 0 0 0 0 0 0.821 0.178
50 0 0 0 0 0 0 0 0.324 0.675
53 0 0 0 0 0 0 0 0.963 0.036
56 0 0 0 0 0 0 0 0.830 0.170
57 0 0 0 0 0 0 0 0 1.000
power production cycle, which reduces the specific energy ity 1+ 1ty 5 = Titgy, )

consumption.

Energy analysis

By considering the control volume for each facility used in
the development of the integrated structure, with the help of
the specific enthalpy value, the energy balance equations can
be presented as in Eq. 1 [30]:

Z minhin - Z mouthout - W + Q =0

out
In heat exchangers, the energy balance equations can be
expressed as follows [31]:

ey

min,i (h out,i(h

Tinii = Towai + AT pxi

= hinp;) = 1 = houa )

inl,i outl,i

(@)

Note that heat loss is ignored in this equipment. For the
energy balance equation of pumps-compressors and tur-
bines, the isentropic yield is used. The following equations
are presented in this order [31]:

oty 3)
ns m

out

hout = (hgm - hin)rls + hin 4

Moreover, by writing the energy balance and the conser-
vation of mass in the mixer, the following is expressed [31]:

min,lhin,l + min,Zhin,Z = mouthout (5)

@ Springer

By combining Eqgs. 5 and 6, the refrigerant’s enthalpy at
the output of the mixer can be obtained [31]:

My 1 Pin 1+ i o P 5

h =

out

- @)
1 1 Pin

Also, Egs. 8 and 9 can be used for energy balance and the
conservation of mass in the flash drums and separators [31]:

®)

in’*in mout,lhout,l + moul,2houl,2

mi, = mout,l + +mout,2

®

Based on the first law of thermodynamics, the throttling
process in throttling valves is a fixed-enthalpy process.
Therefore, by taking into account the control volume for
these facilities, the following equation is presented [31]:

iy = h (10)

out

PV system simulation

The performance parameters required for the analysis of the
performance of the on-grid PV system have been presented
by the International Energy Agency (IEA). These parameters
are used for a complete analysis of the feasibility study of
power plants. The final system yield, denoted by Y, denotes
the amount of on-grid energy on an annual, monthly, or daily
basis. Parameter equals the final amount of AC energy pro-
duced by the PV unit to the maximum system power in STC
conditions [32].
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Yp= 25— 11
r PPV ( )

where Y, refers to the system’s final yield per kWh/kWp, E
is the produced AC energy exiting the inverter per kWh, and
Ppy resembles the maximum power produced by the system
in standard test conditions (STC). The reference yield refers
to the nominal efficiency with which the unit is working and
is based on the total energy produced by the unit. This nomi-
nal efficiency of the unit is determined by the manufacturer
in pre-defined STC or standard conditions and can be viewed
in the system’s datasheet. The reference yield, denoted by
Yy, is mathematically the ratio of the in-plane solar radiation
to the array reference irradiance in STC conditions [33]:

_ H, (kWhm™)

R7 G, kWm2) (12)

The array yield specified by Y, is in fact equal to the
amount of DC energy produced by the PV arrays per kWh
to the nominal power of the PV array per kWp in STC con-
ditions [33].

_ Enc

Y, =
A PO

13)

The performance ratio (PR) is a fraction of the final sys-
tem yield to the reference yield [34].

PR =Y /Yy (14)
The system’s total energy loss is calculated using Eq. 15.
L=Yy—Yp (15)

By using Eq. 16, the loss of the array absorber is calcu-
lated as the difference between the reference yield and the
array yield [35].

Le=Yg =Y, (16)

Inverter efficiency

The inverter efficiency of a PV system equals the ratio of the
inverter’s AC power to the DC power produced by the PV
array and is calculated based on Eq. 17 [35, 36].

_ Py
Minv = 55—

a7

PDC

System efficiency

The PV system efficiency is calculated by multiplying the
inverter efficiency by the PV module’s efficiency and calcu-
lated by using Eq. 18 [36].

rlsystem = Npv * Mipy (18)

Exergy analysis

Exergy is the maximum useful work that can be obtained
from a specified amount of energy or a flow of materials.
To perform exergy analysis, the first law of thermodynamics
is employed to calculate the exergy flow in the system and
identify the non-optimal components [37].

AU=0-W (19)

In addition, by using the second law of thermodynamics,
exergy analysis can predict the progress path of reactions,
processes, and the amount of loss. In fact, in any actual pro-
cess, entropy production means exergy destruction in that
process.

Tds = Q (20)

The main aims of exergy analysis are identifying the
place and amount of reversibility of different processes in
a thermodynamic system, based on which the degree and
method of improvement of the system’s performance can
be specified. The exergy balance for a control volume in the
steady-state is presented in Eq. 21 [30].

J

Based on Eq. 22, the exergy rate of the liquid flow Ex
equals the sum of physical Ex, and chemical Ex, exergy
rates [30].

Ex = Exph + Ex,, (22)

Moreover, the physical and chemical exergy rates are
given in Eqs. 23 and 24, respectively [30]:

Bx= Yi((h=Ty) ~To(5-5) - 23)

Exgy = n<2 x&" 4+ RT, Z x;In (xi)> (24)

Pump

Pumps are used to increase the pressure of liquids. The
pumps used in processes include the input flow, out-
put flow, and the electricity flow related to the electricity
consumption. Equation 25 displays the pumps’ electricity
consumption.
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W, = rin(ho = ) (25) - W
p o i =
lex -t > (rmex); — Y, (inex), (33)
In this equation, 1 is the mass flow velocity; k; and h are
the input and out enthalpy, respectively; and W shows the
amount of work. Heat exchanger

Equation 26 expresses the pumps’ exergy balance.
I, = Ex; —Ex, = ) (ex); + W = ) (thex), (26)

where Ex; and Ex, denote input exergy, and output exergy,
respectively. Also, Eq. 28 expresses the pumps’ exergy effi-
ciency [38].

2 (ex); = 3, (rhex),

loxp = N @)

Compressor

Compressors can be used to reduce the volume and, hence,
increase the pressure of gases. The input flow, output flow,
and the electrical current related to the electricity consump-
tion are the compressor parameters used in processes. Equa-
tion 28 shows the compressor’s electricity consumption.

W, =C,(T,-T)) (28)

where 7 is the input temperature, and 7, denotes the output
temperature. Equation 29 shows the compressor’s exergy
balance.

I, = Ex;—Ex, = Y (ex); + W= Y. (rex), (29)

where Ex; and Ex denote input exergy, and output exergy,
respectively. Equation 30 indicates the compressor’s exergy
efficiency [30].

X (mex); — 3, (rhex),
Hex-c = w

(30)

Turbine

Turbines are rotary mechanical devices that receive energy
from the fluid flow and convert this energy into useful work
and power. Equation 31 demonstrates the turbines’ electric-
ity consumption.

W, = (h; — h,) (31)
Equation 32 indicates the turbines’ exergy destruction.

Expr = Ex; — Ex, = Z (riex); — W — Z (rhex), (32)

Equation 33 indicates the turbines’ exergy efficiency [30].
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Heat exchangers are important facilities in the process.
Equation 34 shows the heat exchanger’s exergy destruction.

Expux = Ex; — Bx, = ) (hex); - Z (1ex), 34)

Equation 35 shows the exergy destruction for a multi-
stream heat exchanger [30].

B _ > (hAex) Y1 (mAex)
ow =14 | Sreman |~ | Sronaam |
(35)

Throttling valve

Pressure-reducing valves have no heat transfer to the envi-
ronment and are, in fact, isenthalpic equipment. Equa-
tions 36-38 indicate the efficiency and exergy destruction
of the pressure-reducing valve [4].

h; = h, (36)

Expux = Ex; —Ex, = ) (h-ex);— ) (-ex),  (37)

eAT — AT
o 1
Tlex eBP _ AP
i ° (38)
LT —T,
AT _ Odh, P = AT 4 AT

Economic analysis

The method adopted for the economic assessment of the
natural gas liquefaction hybrid unit by using heat recycling
in the Kalina power production cycle and solar panels is the
annualized cost of system (ACS) method. In this procedure,
all the costs of a system in its predicted technical lifetime
are calculated. These costs include the annualized capital
price (Cy.,p), annualized replacement price (C,p), annual-
ized maintenance price (C,.in)> and annualized operating
price (C,qpe)- Since the project’s useful life is assumed to be
20 years, the C,,,,, is ignored [4]. For the economic assess-
ment of the facilities of integrated structures, the equations
given in references have been used. Many of these equations
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for previous years are updated by using Marshal and Swift
cost indices [39].

COSt lndexreference cost year

Cost, = Cost,

reference year original year

Cost 1ndexoriginal cost year

(39

The fixed capital investment and other outlays be con-

sidered to calculate the price of equipment. The fixed

capital investment includes direct cost and indirect cost.

Equations 40-44 have been used to calculate economic
assessment [39, 40]:

Coap = ; (G + 2 () + X (G

Chabahar climatic conditions in Iran are applied. Herein, to
simulate the PV system in Chabahar (60°38’ east longitude,
25°17 north latitude, and 7 m height above the sea level),
the PVsyst 6.8.1 software is used. Moreover, the depth of the
Gulf of Oman around Chabahar is about 3398 m.

Energy analysis results
Table 2 presents the operational specifications of the flows,

including temperature, pressure, and molar flow rate for sim-
ulation in the HYSYS software. The Peng—Robinson state

Z( Pump) +Z (CHX)

+ Z CFD + 2 Z CPV CBattery) + (Crllr:verter) + (Clll)liesel)
k
(40)
+ Z Z COnsneprlce + 2 Z COffsneprlce + Z Z Clndlrect prlce
k m
+ Z Z COther outlys
k m
COnsite price) _ CPurchased equipment installation + CPiping + Clnstrumemation and control
3 (e = 3 (e )+ 3 (e 3 (e ) .
+ ; (Cilectrical equipment and material)
COffsite price) _— CEngineering and supervision + CConstruction cost) 4 Clcontingencies 42
Zk',g,(m )Zk',(m )Zk',(m );(m ) 42)

Z Z (Cr(r)lther outlys) — Z ( Cgorking Capital) + Z ( CrSnturtup)
k m k

K
(43)

Cap CRFG, ¥y

G
; (Caope)

m k m

+ Z 2 (Crep - SSF(, Yproject))m+ Z Z (Camain)m
k m

equation is selected to simulate the integrated structure in
HYSYS.
In recent years, energy consumption optimization has

44)

Results and discussion

In this paper, a liquefied natural gas production integrated
structure based on the DMR cycle is developed. The heat
dissipated from the hybrid unit is used as the input heat to
the Kalina cycle based on the water—ammonia mixture. The
use of dissipated heat for providing power reduces the spe-
cific energy consumption and increases cycle yield. To pro-
vide the power of the compressors of this natural gas lique-
faction integrated structure, PV panels compatible with the

been a major concern in all energy-consuming industries.
For the past decades, with a reduction in fossil fuel sources,
the energy crisis has become a major global problem. This
problem, besides the increase in environmental pollutions
resulting from the consumption of fossil fuels, has made
energy saving an important strategy in all industries. Over
time, various solutions have been put forward for energy sav-
ing, including the re-use of energy dissipated in units. In this
regard, various methods have been proposed for the re-use
of dissipated energies, known as thermal energy recycling.
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Tablg 2 Qp erational Stream Temperature/°C Pressure/kPa Molar entropy/ Molar entropy/ Molar flow/kmol h™!
specifications of the streams KJ kmol~! °C-! KJ kmol~!

applied in the hybrid system

1 83.92 1920.00 —98,798.83 159.77 8265.04
2 36.85 1920.00 —115,398.47 108.38 8265.04
3 —0.08 1920.00 —119,821.70 93.22 8265.04
4 —0.08 1920.00 —119,821.70 93.22 3306.02
5 -33.18 1920.00 —123,198.08 80.06 3306.02
6 -36.54 280.00 —123,198.08 80.55 3306.02
7 -3.08 280.00 —103,889.99 157.59 3306.02
8 44.12 760.00 —100,959.13 159.94 3306.02
9 37.44 760.00 —101,488.57 158.25 8265.04
11 -3.08 760.00 —119,821.70 93.56 4959.02
12 32.95 760.00 —101,841.53 157.10 4959.02
13 62.24 4860.00 —78,765.88 160.10 9052.62
14 31.85 4860.00 —-80,812.22 153.70 9052.62
15 —0.08 4860.00 —85,637.15 136.90 9052.62
16 —33.18 4860.00 —90,048.96 119.72 9052.62
17 —33.18 4860.00 —68,371.91 141.16 2610.82
20 —166.58 302.79 —80,065.32 77.56 2610.82
21 —132.38 302.79 -73,571.76 130.18 2610.82
22 —132.87 302.79 -96,518.25 91.85 9052.62
23 -39.61 302.79 —81,928.97 169.48 9052.62
24 79.59 2050.00 —76,653.57 172.56 9052.62
25 15.00 2050.00 —80,247.91 161.31 9052.62
28 —33.18 4860.00 —98,834.52 111.04 6441.80
29 —128.45 4860.00 —105,818.30 74.45 6441.80
30 —133.95 302.79 —105,818.30 76.24 6441.80
31 26.85 6500.00 —74,897.43 148.77 6771.36
32 —-0.08 6500.00 -76,215.87 144.17 6771.36
33 -33.18 6500.00 —178,096.15 136.81 6771.36
34 —128.45 6500.00 —87,151.35 90.31 6771.36
35 —160.15 6500.00 —88,951.75 76.28 6771.36
36 —166.04 100.00 —88,951.75 78.51 6771.36
37 —166.04 100.00 -91,610.50 73.69 6301.41
40 6.84 660.00 —107,043.64 72.25 9092.00
41 6.84 660.00 —107,043.64 72.25 1459.51
44 6.84 660.00 —107,043.64 72.25 157.00
46 18.92 660.00 —105,898.00 76.24 6462.67
47 49.00 650.00 —89,510.58 130.84 157.00
48 53.78 660.00 —88,753.46 133.09 1012.83
51 55.68 630.00 —214,982.20 71.27 1894.60
52 55.71 450.00 —214,982.20 71.28 1894.60
55 61.65 450.00 —-52,308.08 161.98 7197.40
56 61.03 450.00 —86,206.29 143.08 9092.00
57 6.00 101.30 —286,986.06 50.63 136,678.02
60 78.44 660.00 —84,668.89 145.12 6462.67

A practical topic related to energy recycling is thermal  process and minimize the amount of additional cooling/heat-
integration. A useful tool for this integration is the pinch  ing services needed by the process and thus decreasing the
technology aiming to maximize the recycled energy in the  energy consumption costs. The advantages of this method
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include the determination of maximum energy recycling in
the entire process, and it proposes a specific method for this
purpose. The main limitation of the pinch technology is that
it only performs a thermal analysis of systems and cannot
examine these systems’ power or pivotal work. Therefore,
in systems such as cooling and power production cycles that
deal with power/pivotal work in addition to thermal energy,
pinch energy should be developed. Since exergy analysis
is an effective method for examining the power and pivotal
work, by a proper integrating of exergy analysis and pinch
technology, a practical and useful solution for the simulta-
neous examination of thermal energy and power consumed
in systems can be achieved. This technique is referred to as
the combined pinch and exergy analysis. Figure 4 displays
a composite curve of multi-stream heat exchangers used in
the hybrid unit. The closer the hot and cold diagrams of the
exchangers to each other, the more efficient the heat is trans-
ferred, and the lower the energy consumption. On the other
hand, the exchangers’ heat transfer surface will increase, and
hence, the exchangers’ total volume and design complexity
will increase.

Exergy composite curves, obtained by replacing the heat
axis in the composite curve with the Carnot coefficient, are
used as a key tool in the CPEA goal-setting stage. Figure 5
presents the specifications of the exergy composite curve of
the multi-stream exchangers used in the integrated structure.
Table 3 lists the operational specifications of the equipment
used in the natural gas liquefaction hybrid unit by using the
DMR compression refrigeration unit, Kalina power produc-
tion cycle, and PV panels (Fig. 6). The simulation results
show that the minimum temperature difference of the multi-
stream exchangers is 3 °C.

Table 4 gives the specifications of the PV panels used in
this plant. The simulation results of the PV system in PVsyst
6.8.1 are given below.

The variation of the monthly average horizontal global
radiation is from 116.1 kWh m~2 in December to 208.1 kWh
m~2 in May. The hottest month of the year with the monthly
average temperature of 34.37 °C is June, while the coldest
month of the year with the monthly average temperature of
20.61 °C is January. The average environment temperature
in a sample year is 28.62 °C. Figure 7 presents the PR coef-
ficient, array output energy, and the energy injected into the
grid.

The difference in the monthly available solar injected
energy of various systems over the year can be observed in
the results. Maximum available solar energy was available
in April (5.02 kWh/kWp/day), and the minimum available
solar energy was observed in December (4.37 kWh/kWp/
day). This may be due to the relatively higher global titled

plane solar irradiance in different months. The value of PR
reaches its maximum (79%) in December and its minimum
in May (79%). The annual mean value of PR is determined
as 81%. System losses, collection losses, and useful energy
production are given in Fig. 8.

Solar energy is absorbed by PV panels. Due to collection
losses, this energy is reduced and is then distributed in the
inverters. The distributed energy is injected into the grid as
useful energy produced. Figure 9 displays the system, array,
and inverter yield.

PV panels can produce electricity in a wide range of opti-
cal frequencies but cannot cover the entire solar spectrum.
This is why a large amount of solar energy will be lost. Fig-
ure 10 illustrates different losses in the simulation of the
present work.

The annual mean of module quality loss is 363.3 MWh.
Maximum mismatch loss was 37.34 MWh in October, and
minimum mismatch loss was 41.08 MWh in February. If the
size and length of the cables are incorrectly chosen, this will
directly affect the ohmic wiring loss; the mean annual ohmic
wiring loss is 527.2 MWh.

Exergy analysis results

Exergy assessment is another method for examining the sec-
ond law of thermodynamic to assess the quality of integrated
structures. Exergy assessment is an engineering tool used for
thermodynamic examination of the process and determining
the maximum amount of useful work achievable from the
specific amount of input energy. In exergy assessment, the
reversibilities that increase the system’s dissipated work are
identified, and their degree of effect on the process efficiency
is determined. The results of chemical, physical, and total
exergy analysis of each flow used in the hybrid unit are given
in Table 5.

Table 6 presents the values of the analysis of fuel exergy,
product exergy, exergy destruction, and equipment efficiency
in the developed hybrid unit.

The values of the exergy destruction ratio of the equip-
ment in the developed hybrid unit are depicted in Fig. 11
via a pie chart.

The results of exergy assessment demonstrate that the
highest exergy destruction ratio in the equipment belonged
to PV panels and heat exchangers (86.29% and 6.51%,
respectively). The values of the exergy destruction ratio of
the heat exchangers in this work are given in Fig. 12.

Based on Fig. 12, the maximum exergy destruction ratio
was in the HX7 heat exchanger (23.01%), whereas the mini-
mum value belonged to the HX9 and HX10 heat exchangers
(1.19%). Figure 13 presents the input exergy, output exergy,
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and exergy destruction of the equipment of the entire hybrid
unit separately.

Economic analysis results

To perform the economic analysis of the present work, the
feasibility study of the hybrid unit and the ACS method has
been performed. Table 7 lists the price of the equipment
used in the natural gas liquefaction hybrid unit. To update
these prices, Marshal and Swift cost indices were used.
Table 8 depicts the stages of the economic assessment of
the developed hybrid unit for natural gas liquefaction. In
calculating the economic analysis of the presented hybrid
structures, the annual inflation rate, the bank’s nominal inter-
est rate, and the project’s useful life have been assumed to
be 17%, 20%, and 20 years, respectively.

Results The economic assessment of the hybrid unit
revealed that the payback period, prime cost of product,
annual net profit, and additive value equaled 2.061 years,
0.2500 US$ kg™! LNG, 5159 MMUSS$ Year™', and 0.1156
US$ kg~! LNG, respectively.

Validation of the integrated structure

For model validation, a comparison was performed with
the PV system implemented by reference [41] for Tuticorin,
India. Table 9 presents the validity of the PV model of this
study compared to reference [41]. The comparison of results
shows that the results of the present study are well compat-
ible with those of reference [41]. Moreover, further compari-
sons of other cases are given in Table 9.

The results of validation of the cycle’s COP and the spe-
cific power consumption of the natural gas liquefaction sys-
tem using DMR compression refrigeration cycle compared

to reference [2] are given in Fig. 14. After validation, the
changes for applying industrial considerations were made
to the cycle.

Based on the final price and the payback rate in the pre-
sent study, and based on the results, the implementation of
this integrated structure is feasible and justifiable. The final
price in this study is 0.25 US$ kg~! LNG. The validation of
the final price of the liquefied natural gas with similar struc-
tures in research and industry [4, 6, 42] is shown in Fig. 15.

Sensitivity analysis of the developed integrated
structure

To evaluate the developed integrated structure in different
economic conditions, sensitivity analysis was performed on
the economical parameters. The parameters of the payback
period, the prime cost of product, and investment cost are
effective parameters for examining a suitable hybrid unit for
natural gas liquefaction. The results of the economic analy-
sis revealed that this structure is economically justified for
implementation. Figure 16 displays the effects of changes
in the payback period and the annual net profit compared to
changes in the price of liquefied natural gas. The findings
of the economic sensitivity assessment demonstrate that, by
increasing the price of liquefied natural gas from 3 to 11
US$/MMBTU in different regions of the world, the payback
period is reduced from 3.07 to 1.72 years and the annual net
profit is increased from 418.4 to 747.4 MMUSS$/Year.
Figure 17 illustrates the effects of changes in the prime
cost of the product and LCOP compared to the invest-
ment price. The findings of economical sensitivity analy-
sis revealed that, by increasing the primary investment cost
from 643 to 3730 MMUSS, the prime cost of product was

@ Springer



1524

Z. A. Afrouzy, M. Taghavi

Fig.5 Exergy composite curve
of multi-stream heat exchangers
used for natural gas liquefaction

Fig. 6 Monthly average ambient
temperature and solar irra-
diation for a sample year in
Chabahar
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Table 3 Operational specifications of the equipment used in the integrated structure
Pump Adiabatic efficiency/% Power/kW AP/kPa P ratio/—
P1 80.00 17.63 220.0 1.500
Compressor Adiabatic efficiency/% Power/kW AP/kPa P ratio/—
Cl1 80.00 6175 1160 2.526
C2 75.00 2691 480.0 2.714
Cc3 80.00 13,265 1747 6.770
C4 80.00 2887 1106 1.540
Cs 80.00 2896 1704 1.540
Turbine Isentropic efficiency/% Power/kW AP/kPa P ratio/—
T1 90.00 17.25 190.0 0.703
Heat exchanger Min. approach/°C LMTD/°C Duty/kW Cold
pinch
temp./°C
HX1 3.000 5.253 24,767 —3.080
HX2 3.000 5.202 17,731 —-3.080
HX3 3.000 4.551 36,686 —85.20
HX4 3.012 4.663 4709 —153.3
HX5 24.15 25.00 2056 6.844
HX6 1.588 4.015 9038 78.00
HX7 5.477 10.50 38,110 78.44
HX8 8.464 15.27 5145 53.78
HX9 25.66 36.01 764.6 49.00
HX10 0.800 9.360 52,643 6.000

Table 4 Specifications of the

; . Specification
PV used in this study

Electrical performance under standard test condi-

tions (STC)

Maximum power (P,,,) 400 W (z %3)

Maximum power voltage (V,,,) 40.6 V

Maximum power current (I,,,.)  9.86 A

Open circuit voltage (V) 493V

Short circuit voltage (/) 10.47 A

Maximum system voltage 1000 V

Temperature coefficient of V,,  —138 mV °C~!

Temperature coefficient of I, 3.1 mA °C!
Cell

Number per module 66,300

Electrical performance at 800 W m~2, NOCT, AM

1.5

Maximum power (P
Maximum power voltage (Vmpp)
Maximum power current (/;,
Open circuit voltage (V)
Short circuit voltage (/)

max)

Module characteristics

Length x Width X depth/mm

Mass (kg)

PP)

3222 W

404V
798 A
489V
838 A

2024 x
21.7

1024 x40

3STC: irradiance 1000 W m~2, AM 1.5 spectrum, module temperature 25 °C

Nominal operating cell temperature (NOCT): 25 °C
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Fig.7 Monthly array energy
production and the energy
injected into the grid and PR

Grid and array energy/MWh

Fig.8 Normalized energy per
month

Normalizide energy/kWh kWp~! day-!
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Fig.9 Inverter, system, and M Array efficiency ® System Efficiency i Inverter efficiency
array yield in a sample year

100

80

60

40

Effeciency/%

20

Jan Feb Mar Apr May Jun Jul  Aug Sep Oct Nov Dec
Month

Fig. 10 System loss diagram 120 [
over the whole year I Module quality loss ~ @Mismatch loss ~ ®Ohmic wiring loss M Inverter loss

= ~ >

100

80

60

40

System losses/MWh

20

Jan Feb Mar Apr May Jun Jul  Aug Sep Oct  Nov Dec
Month

@ Springer



1528 Z. A. Afrouzy, M. Taghavi

Table 5 Information on the physical, chemical, and total exergy analysis of the flows used in the integrated structure

Stream Physical exergy/kW Chemical exergy/kW Total exergy/kW Stream Physical exergy/kW Chemical exergy/kW Total exergy/kW

1 16,055.60 4,752,119.54 4,768,175.14 31 18,658.04 1,664,336.53 1,682,994.57
2 13,121.80 4,752,119.54 4,765,241.34 32 18,761.94 1,664,336.53 1,683,098.47
3 13,343.20 4,752,119.54 4,765,462.73 33 19,353.66 1,664,336.53 1,683,690.20
4 5337.28 1,900,847.81 1,906,185.09 34 28,399.74 1,664,336.53 1,692,736.27
5 5840.88 1,900,847.81 1,906,688.70 35 32,876.18 1,664,336.53 1,697,212.72
6 5705.22 1,900,847.81 1,906,553.03 36 31,626.79 1,664,336.53 1,695,963.33
8 4392.44 1,900,847.81 1,905,240.25 38 470.84 68,566.68 69,037.53

9 10,920.05 4,752,119.54 4,763,039.59 39 8104.38 719,778.99 727,883.38
10 8005.92 2,851,271.72 2,859,277.64 40 8104.38 719,778.99 727,883.38
11 7868.12 2,851,271.72 2,859,139.84 41 1300.97 115,543.78 116,844.75
12 6535.98 2,851,271.72 2,857,807.70 42 902.81 80,181.61 81,084.42

13 22,690.83 3,161,458.72 3,184,149.55 43 5760.66 511,624.62 517,385.28
14 22,343.67 3,161,458.72 3,183,802.39 44 139.94 12,428.99 12,568.94

15 22,808.45 3,161,458.72 3,184,267.17 45 1558.01 115,543.78 117,101.79
16 24,589.83 3,161,458.72 3,186,048.55 46 5681.80 511,624.62 517,306.41
19 12,620.14 601,648.56 614,268.70 49 9456.99 719,778.99 729,235.98
20 12,244.08 601,648.56 613,892.64 50 171.98 61,920.27 62,092.25

21 5576.40 601,648.56 607,224.96 51 81.22 61,920.27 62,001.49

22 29,220.94 3,161,458.72 3,190,679.67 52 79.21 61,920.27 61,999.47

23 7700.13 3,161,458.72 3,169,158.85 53 9210.93 657,858.73 667,069.66
24 18,662.13 3,161,458.72 3,180,120.85 54 921091 657,858.73 667,069.64
25 18,054.80 3,161,458.72 3,179,513.52 55 7314.95 657,858.73 665,173.68
26 20,397.12 3,161,458.72 3,181,855.84 56 7392.42 719,778.99 727,171.41
27 20,312.29 3,161,458.72 3,181,771.01 57 1755.25 444,584.30 446,339.55
28 16,916.90 2,560,509.89 2,577,426.80 58 -0.02 444,584.30 444,584.28
29 23,938.60 2,560,509.89 2,584,448.49 59 8089.29 719,778.99 727,868.29
30 22,985.70 2,560,509.89 2,583,495.59 60 6920.70 511,624.62 518,545.32
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Table 6 Information on the

. Equipment Exergy fuel rate/kW Exergy product rate/kW Exergy destruction Efficiency

analysis of fuel exergy, product rate/kW

exergy, exergy destruction, and

equipment efficiency HX1 12,491,178.14 12,490,636.08 542.07 0.9002
HX2 8,680,695.49 8,679,617.92 1077.57 0.9726
HX3 8,060,418.42 8,058,864.76 1553.65 0.9577
HX4 2,919,150.06 2,918,706.38 443.68 0.9058
HXS5 3,699,241.12 3,699,077.43 163.69 0.9204
HX6 3,296,965.60 3,296,615.31 350.29 0.9612
HX7 5,285,481.55 5,283,786.66 1694.90 0.9555
HX8 3,265,233.97 3,264,929.14 304.83 0.9408
HX9 74,661.19 74,573.21 87.98 0.8849
HX10 74,661.19 74,573.21 87.98 0.8849
HX11 1,173,510.96 1,172,452.57 1058.40 0.9799
T1 667,069.64 666,898.76 170.88 0.9099
Cl1 4,769,214.82 4,768,175.14 1039.68 0.8316
C2 1,905,881.99 1,905,240.25 641.74 0.7616
C3 3,182,424.46 3,180,120.85 2303.61 0.8263
C4 3,182,400.68 3,181,855.84 544.83 0.8113
C5 3,184,667.23 3,184,149.55 517.67 0.8213
P1 727,885.91 727,883.38 2.53 0.8562
S1 1,695,963.33 1,695,963.33 0.00 1.0000
S2 3,186,048.55 3,186,048.55 0.00 1.0000
S3 729,235.98 729,161.91 74.07 1.0000
V1 2,859,277.64 2,859,139.84 137.80 0.7621
V2 614,268.70 613,892.64 376.07 0.6752
V3 1,697,212.72 1,695,963.33 1249.39 0.7324
V4 2,584,448.49 2,583,495.59 952.90 0.6722
V5 1,906,688.70 1,906,553.03 135.67 0.8628
Vo6 727,883.38 727,883.38 0.00 0.8421
V7 667,069.66 667,069.64 0.02 0.7721
A% 62,001.49 61,999.47 2.01 0.5847
PV 125,878.66 28,206.00 97,672.66 0.2241
Cycle 172,470.04 59,283.88 113,186.17 0.4277

increased from 0.1728 to 0.5434 US$ kg~! LNG, and the
LCOP was raised from 0.2107 to 0.7807 US$ kg~' LNG.
Figure 18 illustrates the effects of changes in the annual net
profit of the product and payback period compared to the

0.8629 investment price. Evidently, for the equipment price of 2100
MMUSS$ and less, the payback period is <4 years. Note that
a payback period of <4 years in natural gas liquefaction is
economically justifiable.

OPhotovoltaics B Heat Exchangers B Compressors

O Turbine B Flsah drums & Pump  OExpansion valves

Fig. 11 Pie chart of the exergy destruction ratio of equipment in the
integrated structure
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4

0.0222

Fig. 12 Pie chart of the exergy 0.0119
destruction ratio of the heat 0.0119
exchangers used in the devel-
oped integrated structure
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O HE4
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E;79 33 kW Heat Exchangers 30911 kW

exergy destruction

l

7365 kW

Valves exergy
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l

2853.8 kW

Flash drum exergy
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74.07 kW

Fig. 13 Value of input exergy, output exergy, and exergy destruction of the entire developed integrated structure
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Table 7 The prices of the equipment used in the natural gas liquefaction integrated structure [31, 38]

Component Purchased equipment cost functions

Compressor ( 39,51 ) (pdlscharge ) In (pdhchargc )
CCom = e Psuction Psuction
Ccom= Cost of compressor (k$)

Photovoltaic Cpy=840 $ m~2 (PV array cost)

Heat exchanger

Condenser
Pump

General heat exchanger
Flash Drum

CBattery cost — 220 $/ kWh,
=750 $/kWh
=550 $/kWh

Inverter cost
CDiesel genset cost
Cg=a(V)°+c
C=Cost of heat exchanger ($)
Co=516.621 X Acongenes + 26845

71 0.2
g, 70548 wer (1+ e )
Cyx=8500 + 409 x A%)Sf
CD :fmcb + Ca
Cp=Cost of drum ($)
C,=1.218exp[9.1-0.2889(InW) +0.04576 (InW)?],
5000 < W <226,000 1b shell mass
C,=300D%™% 07088 6« D< 10, 12<L<20ft
Jfn=Material Factor

Table 8 Stages of the economic
analysis of the developed
integrated structure for natural
gas liquefaction [40, 43, 44]

Parameter

Annualized operating cost
Operating flow cost

OFC = (Labor Cost+ Fuel Cost+ Insurance
Cost + Utility)

Number of labor= 50, Labor Cost=400
USS$ per Month

Fuel Cost (Natural Gas Price)=2 (US$ per
Million Btu)

Insurance Cost=0.02 of Capital Cost

Net present value

Levelized cost of product
Total product in one Year (kg LNG)

Prime cost
Summary of product cost

Annual benefit
Net annual benefit
Period of return
Rate of return
Additive value

NPV =ACS/ CRF(i,Yproj)
LCOP=ACS/ Total Product in one Year

VOP = Volume of Product, PC=OFC/VOP

COP = Cost Of Product, SOPC=VOP. COP
COP =8 (USS$ per Million Btu)

AB=SOPC- OFC

NAB=AB.(I-Tax percent), Tax=0.1(AB)
POR=Ccap/NAB

ROR=NAB/ Ccap

AV=COP-PC
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Table 9 Model validation for the PV system compared to the refer-

ence [41]

Model validation for PV system

Items Present study Ref. (Kan- Error/%
dasamy et al.,
2013)
Ambient temperature/°C  27.30 26.86 1.638
EArray/MWh 1664 1565 6.325
E_grid/MWh 1618 1522 6.307
EffArrR/% 12.70 11.79 7.718
EffSysR/% 12.35 11.46 7.766
Fig. 14 Results of the validation 6 DMR-MR1 (COP
of operational parameters of the I - . ( )
. . O0DMR-MR?2 (COP)
natural gas liquefaction cycle i . .
with the reference [2] L O Specific power consumption/kWh kg™ LNG
5 4.793 4.793
- 4.602
o
N
2.387
2.173
2 1.889
1 ,
0.2296 0.2446 0.2746
ol - ‘ -
In this paper (Integrated) In this paper (Base structure) Mehrpooya et al.
Fig. 15 Results of the valida- 0.4
tion of the liquefied natural
gas in the developed integrated 0.351 0.332
structure with the references [4, _ 0.31
6,42] ko 0.3 0.28
= 026
a ' 0.246 0.25
g 0259 0.224
kst
3 02
2
o
o 0.157
S
@
S 0.1
=
‘= 0.051
~
0

@ Springer

Ghorbani et Ghorbani et Ghorbani et Wangetal. Wangetal. Ghorbani et In this paper

al. (AR-MR1) al. (C3MR)

al. (DMR)

(DMR)

(DMR_Base) al. (MFC)  (DMR)



Thermo-economic analysis of a novel integrated structure for liquefied natural gas production...

Fig. 16 Changes in the payback
period and net annual benefit
compared to the price of the
produced liquefied natural gas

Fig. 17 Changes in the prime
cost of the product and LCOP
compared to the primary invest-
ment price
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Fig. 18 Changes in the net 12 800
annual benefit and the payback [ Period of return/year ]
period compared to the invest-
ment cost —o—Net annual benefittMMUSS$ Year! |
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Conclusions 2. The exergy assessment of the hybrid unit showed that the

One of the problems of renewable systems is energy storage
because all these systems work in a specific period, and the
energy production in them is not permanent and continuous.
Moreover, to transfer natural gas and prevent an outage on
cold days of the year due to a pressure drop in the grid, the
manufacture of LNG demand response devices with lower
energy consumption has received the attention of many
researchers. In this study, a solar energy and natural gas stor-
age method was developed by using a natural gas liquefaction
system, DMR compression refrigeration cycle, Kalina power
production cycle, and photovoltaic (PV) solar panels compati-
ble with the climate of Chabahar coastal city in Southern Iran.
The results of thermodynamic, exergy, and economic analysis
of the developed integrated structure are reported below:

1. By consuming 6771 kmol/h natural gas and 26.17 MW
of power provided by solar panels, this integrated struc-
ture produces 6301 kmol/h liquefied natural gas. The
COP of the pre-cooling DMR compression refrigera-
tion cycle, liquefaction cycle, and the entire hybrid unit
equals 4.793, 2.387, and 3.201, respectively. In this
hybrid unit, 54.35 MW of dissipated heat is used in the
Kalina power production cycle which produces 1743 kW
power. To provide cooling in the condenser of the Kalina
cycle, layers of oceanic water were used. The specific
energy consumption and thermal yield of the Kalina
cycle in the integrated structure equaled 0.2293 and
3.206%, respectively.

@ Springer

maximum exergy destruction of the integrated structure
in PV panels is 86.29% of the entire integrated structure
(97.67 MW), and the rest belongs to the other facilities.
From among the heat exchangers, the maximum exergy
destruction belonged to the HX?2 exchanger (14.63%)
and the minimum value belonged to the HX9 exchanger
(1.194%). The exergy efficiency and the exergy destruc-
tion of the entire integrated structure equaled 113.1 MW
and 42.77%, respectively.

3. The ACS method was adopted to evaluate the integrated
structure. The results of the economic analysis revealed
that the parameters of payback period, final product
price, and primary investment price are effective param-
eters for selecting a suitable integrated structure in the
natural gas supercooling integrated systems. Based on
the results of economic analysis, the hybrid structure is
economically justified for implementation.

4. The payback period, prime cost of product, and the

investment price were calculated as 2.061 years, 0.2500
US$ kg™! LNG, and 1286 MMUSS$. The findings of the
sensitivity analysis showed that, by increasing the price
of liquefied natural gas from 3 to 11 US$/MMBTU, the
payback period is reduced from 3.07 to 1.72 years and
the annual net profit is increased from 418.4 to 747.4
MMUS$/Year.

5. The future directions of research could include advanced

exergy analysis, advanced exergoeconomic analysis, and
dynamic analysis of the present integrated structure.
Moreover, other new energies such as wind turbines can
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be used in regions with good wind power to provide the
power of the natural gas liquefaction cycle.
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