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ABSTRACT: In this study, energy, exergy, and exergoeconomic analysis is performed on the recent
trend of joint production of liquefied natural gas and natural gas liquids based on mixed fluid cascade
most important of refrigeration systems. The proposed process is first simulated and exergticly
analyzed, and finally, an economic model is used to analyze the exergoeconomic performance.
The results include the cost of exergy destruction, exergoeconomic factors, and exergy efficiency.
The exergy analysis results show that the proposed process's exergy efficiency is about 53.84%, and
the destruction rate is 42618 kW with LNG and NGL production rates of 69.00 kg/s and 27.42 kg/s,
respectively. Also, results show that the maximum exergoeconomic factor, 69.53%, is related
to the second compressor in the liquefaction cycle. The lowest exergoeconomic factor, which is
0.67%, is related to the fourth heat exchanger in the liquefaction cycle. In this process, the distillation
tower has the highest relative cost variation (100.81), and the first air cooler in the liquefaction cycle
has the smallest relative cost difference (1.08). One of the most costly economic factors is the cost of
exergy destruction rates. The second heat exchanger has the exergy destruction cost (768.93 $/GJ),
and the first air cooler in the liquefaction cycle has the lowest exergy destruction cost (19.38 $/GJ).
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INTRoDUCTION

Liquefied Natural Gas (LNG) is one of the most natural gas and cooling processes. Natural Gas Liquids (NGL),
convenient energy carriers, especially for long-distance which are used as the main food material in petrochemical
transportation. This material is produced directly through processes[1], are also produced by the relevant cooling
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system [2]. LNG operations are classified based on the
refrigerant composition and the refrigerant system [1].
Natural gas and LNG liquids are produced in refrigeration
processes, of which the refrigeration system is the main part.
Increasing the integration level is a key way to improve
efficiency and reduce operating and capital costs [3].
In this paper, an integrated alternative process for LNG
production and NGL, as proposed, is examined [4]. In
particular, exergy analysis is performed to find the proposed
process's location, size, and sources of inefficiency.
Combining liquefied natural gas leads to less greenhouse
gas emissions such as nitrous oxide and sulfur oxide than
other fossil fuels and creates less pollution. In addition,
liquefied natural gas has significant mass energy of about
50-45 MJ/kg and volumetric energy of about 20-23 MJ/I[1].
Liquefied natural gas is 620 times denser than the gaseous
state [2]; this significant volume reduction makes it
suitable for storage. Using the pipeline to transport natural
gas over distances of more than 3,500 km is not
economical, so liquefied natural gas can transport natural
gas to remote areas not connected to the pipeline
infrastructure [3]. Some of the key issues in small-scale
unit liquefaction equipment are 1 (high production cost, 2)
profitability and supply chain, 3) system design constraints.
Improving the performance of these systems while maintaining
their compactness is key to successful development and
deployment requirements for small and large units of
liguefied natural gas production Efficiency and power
consumption are key in all cases. Still, other factors such
as equipment, dynamic behavior, and compaction in small-
scale units are more important.

Many researchers use experimental methods to evaluate
the processes of LNG and natural gas liquefied natural gas.
Exergy analysis was performed on four small-scale LNG
processes, and the Small modular reactor process was
found to have the best energy efficiency of the four
processes [4]. A paper [5] performed energy and energy
analysis in five conventional LNG operations and concluded
that the MFC process's performance is significant in terms
of energy consumption quality and quantity. A researcher [6]
performed an energy analysis on the industrial
refrigeration cycle used in NGL recovery units. The results
of the other paper present an exergy analysis of the
waterfall cooling cycle used in natural gas liquefaction.
The Over-efficiency of successive multi-stage refrigeration
cycles was found at 38.5 to indicate the significant
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potential for improvement[7]. Another simulation performed
an energy analysis of the low-temperature refrigeration
systems of a multi-stage waterfall used in olivine plants [8].
The stress analysis results show that the main irreversible
factors are losses in the pressure system and driving forces
in the heat exchangers. Another model proposed a new
method for increasing the power of absorption refrigeration
machines [9].

However, no term directly covers the costs associated
with exergy degradation in exergy analysis, which can
only be identified through exergoeconomic analysis. The
analysis was performed based on the PRICO liquefaction
process, i.e., strange, economic, and exogenous analyzes
by researchers performed in [7,8] performed economic and
operational analysis on the natural gas separation process.
The results showed the highest percentage increase in unit
exergoeconomic costs for the density and methane sectors.
Exergoeconomic analysis of the industrial refrigeration
cycle was investigated in [10], in which the effect of
component inefficiency on fuel station consumption,
materials, and resulting faults was analyzed and measured.
A simulation [11] presented an exergoeconomic analysis
of the refrigeration cycle in which the components of the
cycle are compared based on initial capital and non-
refundable costs. Research [12] conducted an exergoeconomic
analysis of a dual-effect absorption refrigeration system
with direct combustion of natural gas in which a fixed
investment is considered for every subsystem. Another
study performed an exergoeconomic analysis of two-
ejector and two-ejector collision systems to compare
the effect of different operating parameters on the flow rate
of investment product costs and total system costs[13].

Natural gas liquefaction processes cost a lot of initial
investment and energy consumption. Therefore, improving
the performance of deep cooling processes can help reduce
energy consumption and investment costs in this area.
Therefore, using multi-component refrigerants in liquefaction
systems reduces the number of equipment compared
to cascading liquefaction systems three and covers a large
temperature surface in the heat exchanger, reducing power
consumption researchers considered. On the other hand,
determining the optimal composition and size of
the heat exchanger can reduce operating costs and project
investment. A reference [4] stated that the main goal
designing a liquefied gas production unit is to operate by
minimizing energy consumption and maximizing liquefied
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natural gas production when product demand rates change
and under different ambient temperature conditions.
A study [5] proposed an optimal control structure for the
two-stage multi-component refrigeration process to maintain
the compressor power consumption in optimal conditions.
A researcher and his colleagues [6] performed a sensitivity
analysis on natural gas liquefaction cycles using peaks
concerning changes in environmental and operational
conditions (such as changes in flow rate, pressure, temperature,
and percentage of feed gas and refrigerant components).
They concluded that the multi-component refrigerant cycle
consumes less power than the expander cycle and is,
in most cases, more sensitive to environmental and
operational changes. Some researchers [7] examined
a class from a thermodynamic and economic point of view
with four different objective functions and concluded that
the greatest reduction in investment cost in compressors
and heat exchangers is achieved when the objective
function is to reduce the overall heat transfer coefficient
and power consumption simultaneously. Another study [8]
compared the multi-component refrigerant process with
propane pre-cooler to the two-stage multi-component
refrigerant process concerning liquefied natural gas and LPG
production. It concluded that the two-stage multi-component
refrigerant process has 15% more capacity than the multi-
component refrigerant process with a propane pre-cooler.

A work [9] optimized the multi-component refrigerant
natural gas liquefaction cycle with three different
pre-coolers, including absorption pre-coolers, multi-
component refrigerants, and propane. Multi-component
with propane pre-cooler is 12.6% and 18.4% more than
the absorption pre-cooler cycle, respectively. Other
researchers [10] reported the optimal operating
conditions for the liquefaction process of a two-stage
multi-component refrigerant concerning the power
required to use the production, storage, and discharge of
the vessel as a target, and to calculate the optimal values
of design variables They used the combined optimization
method of sequential square algorithm and genetic
algorithm. The results showed that the power
consumption was reduced by 34.5% by obtaining the
optimal operating conditions compared to the reference
results. A study [11] stated that the power consumption
of compressors depends on the environmental conditions
so that the cold environment helps the refrigeration and,
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in turn, reduces the specific compression energy. Another
literature reference [12] examined four processes suitable
for the use of floating production, storage, and discharge,
including the one- and two-stage multi-component
refrigerant process, the Nietzsche liquefaction process,
and the two-stage nitrogen expansion, and showed that
the multi-component refrigerant process Two-layer
requires less refrigerant consumption and discharge
than other processes and has more production capacity.
Another research [13] applied exergy-based methods
(environmental and economic exergy) to the Perico
process, a multi-component, single-layer refrigerant
process because the heat exchanger has the most exergy
loss and costs. Related to this, they suggest improving the
performance of this section. Some researchers [14]
investigated the effect of leakage on the two-component
multi-component refrigerant process and used an
innovative method to analyze leakage at two high-
pressure points of the system. Their results show that
leakage will slightly reduce specific labor consumption
and significantly reduce liquefied natural gas production.
Also, leakage reduces the risk of temperature interference
in heat exchangers due to reducing the temperature
difference between Increases in hot and cold currents.

In this paper, exergy analysis and exergoeconomic
analysis are used for alternative processes of recent
simultaneous LNG and NGL with appropriate energy
consumption and high ethane recovery. After identifying
high consumption and inefficient items, a relationship
between economic costs and investment is introduced,
and components with higher exergy destruction costs
are identified. These results help policymakers and technicians
to improve the process by optimizing the less efficient
cycles and utilities. Briefly, this paper aims to analyze
an LNG and NGL coproduction plant energetic and
exergoeconomicly to detect its leakages and improve
the cycle by replacing and filling the leakages and gaps.

EXPERIMENTAL SECTION

Fig. 1 The Process Flow Diagram (PFD) of the MFC
is shown. As we have seen, the recovery of natural gas
liquids and LNG production is done in an integrated
process (Mehrpooya et al., 2014). A brief description
is provided, and for more details, you can refer to the
available reference.
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Fig. 1: Process flow diagram for MFC formation[1,2].

NGL Recovery Section

The purified and pre-refined natural gas feed, with the
compound shown in Table 1, enters the plant at 37 °C and
63.09 bar and is cooled in two stages: in the E-1A heat
exchanger up to 3 °C., then in the heat exchanger to -30 °C
the second case, E-1B. 40% of the D-2 gas product is
directed to the E-2 converter and cooled to about -88 °C
(current 114). Next, current 114 is routed through the J-T
valve as a return tower to the top of the de-methane tower.
A turbine expander expands another portion of the exhaust
steam from the D-2 just below the tower's top before
it enters the methane cleaner. Also, the lower part of the
liquid is poured into two parts: stream 108 enters
the column to be fragmented through the JT valve passage,
the other part of stream 107 is cooled through E-2 to -30 °C
through the JT valve enters the tower. The Demethanizer
tower operates on about 25 bars and includes standard
trays used in methanizer destroyer columns. The tower
consists of three liquid receiving trays to provide the heat
needed to separate the volatile components from the
natural gas liquids produced. The required heat is supplied
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by two multi-flow heat exchangers E-1A and E-1B. Side
currents 1, 2, and 3 enter the heat exchanger at 17.7, -7.7,
and -54 °C and return to the tower at 35, 0, and -15 °C,
respectively. This configuration required no boiler, and
ethane extraction increased to 92% [15, 16].

Liquefaction section

A thin stream of gas exits the methane tower at about -
97 °C, and 25 rods enter the LNG section. Current 112
is compressed about 63 times in the C-100 compressor and
then cooled to about -85.25 °C in the E-2. In this process,
the final cooling in LNG production occurs in the E-3 heat
exchanger, and the current 119 is cooled to about -162.5 °C
and delivered to the D-1 flash cylinder by passing through
the J-T valve. The liquid D-1 is at atmospheric pressure
LNG [16-22].

Cooling system

The advantages of mixed cooling systems, including
high thermal efficiency and high flexibility, have been
used in the proposed integrated process [23].
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Table 1: MFC configuration main streams data.
/ Feed gas Cycle 200 Cycle 300 Cycle 400 NGL LNG \
methane 82.17 10.65 39.6 0 0.67 97.83
ethane 6.65 374 0 0 47.35 0.62
propane 5.13 19.64 0 73 39.18 0.06
n-butane 0 0 15 0 0
Composition
ethylene 0 41.58 11 0 0
nitrogen 0.5 17.82 0 0 0.41
Carbon Dioxide 0.2 0 0 1.07 0.07
c* 4.36 0 0 10.72 0
Temperature (°C) 36.63 34.65 39.6 28.12 -161.11
ggsgali:gg Pressure (bar) 62.46 28.71 16.73 24.75 1
K molar flow (kmol/hr) 17820 18810 12375 27126 2379.96 15161.85 /

Hottest cycle (cycle 400)

The process flow diagram for this cycle is shown in red
lines in Fig.1. It is also a heating tank for 200 and 300
refrigeration cycles. The 400 refrigeration cycle is a
mixture of propane and ethane. Refrigerants are shown
in Table 1[24].

Intermediate cycle (cycle 200)

This cycle, shown by the green lines in Fig. 1, provides
part of the cooling required for the liquefaction section and
most of the NGL recovery unit's cooling. The middle cycle
is also a heat reservoir for the coldest cycle, cycle 300.
The coolers in this cycle are methane, ethane, propane,
and ethylene[25].

Liquidation cycle (cycle 300)

This cycle's main function, shown by the blue lines
Fig. 1, provides the cooling required for liquefaction and
sub-cooling. The coolant in this cycle is methane, ethylene,
and nitrogen. The thermodynamic data of the flows are
shown in Table 2[26].

Operation simulation

The integrated process simulation provided by the
Aspen HYSYS program is performed using the Peng-
Robinson-Stryjek-Vera case (PRSV) equation. The
equipment's main power consumption in this process,
Specific Energy Consumption (SEC), and performance
parameter (COP) are shown in Table 3[27].
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Exergy analysis

Exergy is a term for thermodynamics and refers to the
maximum useful force received from a system to achieve
thermodynamic exchange. Simple but unscientific
definition: Exergy is the total energy consumed, for
example, to keep the car steady. The wasted part of
the energy is called energy [28-33]. In thermodynamics,
the system's exergy is the most useful work possible
in a process that balances the system with the heat source.
When the environment is around the spring, exergy is the
system'’s potential for change when it reaches equilibrium
with the environment. Exergy is the energy available for
use. Once the system and the environment are in
equilibrium, the exergy becomes zero. The study of exergy
was also the first goal of thermodynamics. The term
exergy was coined in 1956 by Zoran Rent using the Greek
words ex and ergon [34]. Energy is never lost in a process
but changes from one form to another.

Conversely, exergy is an irreversible factor in a process
due to increased entropy. Exergy always disappears when
there is a temperature change. This destruction is
proportional to the increase in entropy of the system with
its surroundings [35].

Destroyed exergy is called anergy. For an isothermal
process, exergy and energy are interchangeable. Exergy
analysis is performed in the field of the industrial
environment for more efficient use of energy. Engineers
use exergy analysis to optimize applications with physical
constraints, such as choosing the best use of roof space
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Table 2: The thermodynamical exergy model of this system [13, 14].

/ Description Equation \
1 Exergy balance Exqg + Y mex; => mex, +Ex, +Exg
2 Exergy equation ex = ex,, +exg
3 Physical exergy expp =(h, —h )+ To(s, —s;)
4 Chemical exergy exi, =Y Xex™ +RT,Y In X,
Exp
5 Exergy Efficiency e =
\ Ex, /

for solar energy technology. Ecologists and design engineers
often consider a spring reference mode that may differ
from the actual system environment [36]. Energy is
a combination of the system and its environment because
it depends on both the system and the environment. The
exergy of the system is in equilibrium with zero
environments. Exergy is neither the thermodynamic
property of matter nor the thermodynamic potential of the
system. Exergy and energy both have units of joules. The
internal energy is always measured from a fixed reference
state and is, therefore, a state function. Some authorities
define system exergy as a variable with environmental
changes, not a state's function.

Some other authors offer a slightly different definition
in which they define the environment around the absolute,
immutable reference state, replacing the system state's
property alone. Exergy applications when the first law of
thermodynamics is expressed as the principle of energy
conservation, we are dealing with a number of different
forms of energy [37]. From an engineering point of view,
a quantity of energy has quality. In general, quality means
the degree of usefulness. Reactions of work and heat cause
changes in systems. Previous observations show that work
is much more important than the reaction of heat to change
the system's state. Since work reactions have a high degree
of usefulness, it is said that they have a higher quality than
heat reactions. Even the second law of thermodynamics
sets a higher standard for work than heat. Work is
completely converted to heat, but heat conversion to work
by a thermodynamic cycle device is very limited. Therefore,
work is more useful than heat, and it is sometimes very
difficult to obtain. Exergy is one way of energy analysis,
including all the energies of the fluid flow. This energy can
be due to the movement of the reaction or anything else.
G = H-TS is the basis of exergy analysis[4-10].
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The above equation should be used instead of the
energy balance, for example, for a current in a reactor.
In recent decades, process integration issues have been raised.
Previously, it was thought that only by using the single
processes of a system can the system's best-operating
conditions be achieved, but the study of the interaction
of processes and their impact on each other leads to the whole
system's efficiency. This method has two parts: the
analytical tool Exergy and the applied tool pinch. Exergy
is based on thermodynamics' second law, and pinch
is based on thermodynamics' first law [11]. The exergy
method is a solution for thermodynamic analysis of
processes, defined as a universal measure of the working
potential or quality of various forms of energy concerning
an environment. An exergy balance application expresses
how the process consumes much of the usable work
potential entered into the process. This amount of loss is
the same as irreversibility (see Table 2).

Exergy is defined as the maximum useful theoretical work
(axial work or electrical work) when the system reaches
environmental conditions through a process of its specific
thermodynamic state [27]. Unlike energy, exergy is not
preserved and is lost due to irreversible phenomena in real
processes (e.g., heat transfer, friction, pressure drop in the
valve). Exergy analysis allows many shortcomings of energy
analysis to be remedied. Exergy analysis is based on the
second law of thermodynamics and is useful in identifying the
causes, location, and values of process inefficiencies and
helps to improve systems. By ignoring the kinetic energy and
the potential of the working fluid, the exergy of the current
in the steady state is expressed as Eq. (3) [22].

Where hi and s; represent the enthalpy and entropy
of the working fluid, respectively, and hy and sp represent
the enthalpy and entropy of the working fluid at ambient
temperature; respectively, Ty is also the ambient temperature.
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Table 3: Exergoeconomic formulations[38, 39].

/ Exergoeconomics \
7 Exergy stream cost rate C,=c;xE;
8 Component cost balance 2 Cikin *Zk =2 Cikout
9 Component-related cost rate z, =zt 22
. . c p.k C F.k
10 The component relative cost difference N = c
F.k
. 4 Kk
11 Component exergoeconomic factor o=
K Z,+Cph /

Exergy loss in the refrigeration cycle components,
compressor, condenser and throttle valve, heat exchanger,
and fuzzy separator is given in equation (1) [22-33]. ein and
eot are the exergy of entry and exit, respectively.
The exergy efficiency (competence coefficient) of the
whole natural gas liquefaction system can be calculated
from equation (13).

E x

e - LNG+NGL 6
E x + EX ( )

NG energy demand

Exine+neL exergy of LNG and NGL products and Exnc
exergy gas flow input feed.

Exergoeconomic

The method for exergoeconomic analysis is similar
to an exergoenvironmental analysis. It combines an
exergy analysis of the energy conversion system with
an economic analysis based on the Total Revenue
Requirements (TRR) method, covering the energy
conversion system's entire life cycle. Initially, the total
capital investment is calculated. The total annual
revenue needed is calculated based on economic,
financial, operational, and market input parameters.
This TRR represents the cost of producing system
products and offsets all costs incurred each year of the
project's economic life to guarantee an industrial plant.
After that, the product's annual variable costs related to
investment, operation, maintenance, fueling, and other
costs (cost categories) are leveled. This equipment is
converted into a series of fixed payments equivalent
to the annuity. Next, by calculating each material
and energy flow's specific cost rate, the costs are assigned
to the respective exergy flows. Since the exergoeconomic
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analysis is well established, only the analogy formulas
with those used for environmental analysis are
presented in Table 3.

RESULTS AND DISCUSSION

In an exergy analysis, the maximum useful
performance achieved is calculated with a certain amount
of energy. Important parameters obtained from exergy
analysis are exergy degradation, exergy efficiency, and
exergy degradation ratio, as shown by the following
expression [38-42]:

E, =E}-E, (12)
E! E
e=— or g=1-—2 (13)
EL EL
£
yp = —= (14)
EF,IOI

E indicates the degree of exergy, while the codes
F, P, D, and k indicate fuel, product, degradation, and
component, respectively. Also, exergy data for currents are
shown in Table 5.

Exergoeconomic provides information for system
design that is not possible through conventional
energy analysis and economic evaluation by analyzing
energy and economic principles. In energy systems,
economic analysis and improvement, annual investment,
fuel cost, and system maintenance cost must be calculated.
In this paper, the Total Revenue Requirement (TRR)
method, as developed by the Electricity Research
Institute [34-57], is used to analyze the system
economically (see Table 6).

1397



Iran. J. Chem. Chem. Eng.

Norouzi N. et al.

Vol. 41, No. 4, 2022

Table 4: Thermodynamic data for MFC configuration material streams.

/Stream no. Temperature(°C) Pressure (bar) | Flow (kmol/h) Stream no. Temperature (°C) Pressure (bar) | Flow (kmol/hrb
feed 36.63 62.46 17820 300 34.65 28.71 12375
101 297 62.46 17820 301 297 28.71 12375
102 -29.7 62.46 17820 302 -26.73 28.71 12375
103 -29.7 62.46 16384.5 303 -84.35 28.71 12375
104 -29.7 62.46 143451 304 -157.41 28.71 12375
105 -29.7 62.46 6553.8 305 -165.18 347 12375
106 -29.7 62.46 9830.7 306 -88.66 3.47 12375
107 -29.7 62.46 430.65 307 53.16 24.75 12375
108 -29.7 62.46 1004.85 308 34.65 24.75 12375
109 -64.48 25.74 9830.7 309 48.02 28.71 12375
110 -62.23 24.75 430.65 400 39.6 16.73 27126
112 -95.98 24.75 15439.05 401 8.71 16.73 27126
113 -36.35 62.37 15439.05 402 8.71 16.73 10800.9
114 -87.12 62.46 6553.8 403 -21.78 16.73 10800.9
115 -96.41 24.75 6553.8 404 -29.09 2.97 10800.9
116 -49.5 62.46 430.65 405 1.24 2.97 10800.9
117 -47.4 25.25 1004.85 406 8.71 16.73 16325.1
118 -84.35 62.37 15439.05 407 -0.34 6.63 16325.1
119 -160.88 62.37 15439.05 408 3324 6.63 16325.1
120 -161.11 1 15439.05 409 34.99 6.63 27126
121 -161.11 1 277.2 410 37.61 6.63 10800.9
200 34.65 27.62 18810 411 81.04 16.73 27126
201 2.97 27.62 18810 sidel 17.56 24.75 2277
202 -26.73 27.62 18810 side2 -7.8 24.75 2277
203 -80.69 27.62 18810 side3 -53.54 24.75 2277
204 -90.08 3.07 18810 sidelR 34.65 24.75 2277
205 -29.42 3.07 18810 side2R 0 24.75 2277
206 66.95 14.85 18810 side3R -14.85 24.75 2277
207 34.65 14.85 18810 NGL 28.12 24.75 2379.96

\ 208 77.12 27.62 18810 LNG -161.11 1 15161.85 j
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( Component Name Power(kW)* )
C-100 6064.86
C-200A 24107.69
C-200B 10203.72
Compressors C-300A 16807.21
C-300B 1664.71
C-400A 7123.01
C-400B 21791.78
Turbo expander TE-100 2319.30
AC-200A 92.60
AC-200B 1393.89
Air coolers AC-300A 299.75
AC-300B 232.81
AC-400 4851.01
Specific energy (kWh/kg LNG) 0.36
CoP 2.22
S Mechanical efficiency 0.75 )

In this method, all costs, including return on
investment, are calculated. Based on the assumptions of
table 7, equipment and fuel prices and total annual revenue
are calculated. Finally, all costs, including maintenance
and fuel costs, are balanced during system operation.
As the years of system operation increase, investment costs
decrease, while fuel costs increase. Therefore, the amount
of the required total annual income balance (TRRL) is
calculated by the return on investment factor (CRF) and
monetary depreciation given in Eq. (15) [57-97]:

BL TRR;
TRR =CRFY ——— (15)

N
1 (L+igy)

TRR]j represents the total revenue required in the fourth
year of system operation, and BL represents the system's
economic life cycle as measured in years. ief is the average
annual rate of effective depreciation. The return
on equity (CRF) is calculated as follows:

. . BL
Tagr (1T )

CRF= ——"—— (16)

. BL
(I+ig) -1
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In this study, the TRRj is the sum of four annual values,
including the minimum return on investment (ROI), the
total return on investment (TCR), operating and
maintenance costs (OMC), and fuel costs (FC).

The equations for estimating the equipment's cost are
illustrated in Table 8 and the results calculated are
illustrated in Table 9.

There is more than one unknown variable for some
types of equipment with more than one output flux, so
the auxiliary equations are determined according to P and F
[19, 97-103] for these types of equipment. Tables 8 and 9
show the cost balance and auxiliary model of a system,
respectively. Given that for some components, the
equations are not solved independently, a set of linear-
dependent equations must be solved simultaneously.
A computer program has been developed in MATLAB to
solve the cost equilibrium and auxiliary equations to obtain
the unit surplus cost per stream, as shown in Table 9.

This paper applies external energy and catastrophic
economics analysis for modern integrated alternative
operations for the simultaneous production of LNG and LNG.
Exergy analysis The results of this process are shown
in Table 10. In this process, the highest irreversible degree
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Table 6: Exergy and unit exergy cost for each stream of MFC configuration.

Norouzi N. et al.

Vol. 41, No. 4, 2022

(streamno. | B (kw) O (kW) ETOT (kW) | C($/GJ) Strr]ffm EPF(KW) | ECH (kW) ETOT (W) | ©(9/63) )
feed 48348.63 | 4898446.74 | 4946795.37 19.54 300 27854.64 | 3114836.01 | 314269164 | 74.64
101 48528.81 | 4898446.74 | 494697555 19.55 301 27956.61 | 3114836.01 | 3142792.62 | 74.65
102 50380.02 | 489844674 | 4948834.77 19.59 302 28605.06 | 3114836.01 | 314344107 | 74.66
103 46268.64 | 422013537 | 4266404.01 19.59 303 30361.41 | 3114836.01 | 3154197.42 | 74.69
104 3563.01 678867.75 682430.76 19.59 304 58791.15 | 3114836.01 | 3173627.16 | 74.72
105 18507.06 | 1688053.95 1706562 19.59 305 57488.31 | 311483601 | 317232531 | 74.75
106 27760.59 | 253208142 | 2559842.01 19.59 306 14192.64 | 3114836.01 | 312902865 | 74.75
107 1069.2 203659.83 204729.03 19.59 307 26860.68 | 3114836.01 | 3141696.69 | 74.64
108 2493.81 475207.92 47770173 19.59 308 26696.34 | 311483601 | 3141532.35 | 74.64
109 24358.95 | 253208142 | 2556440.37 19.59 309 27960.57 | 3114836.01 | 314279658 | 74.64
110 1072.17 203660.82 204732.99 19.62 400 | 40391.01 | 16367272.02 | 16407663.03 | 104.35
112 4003857 | 358484346 | 3624882.03 19.68 401 | 4011381 | 16367272.02 | 16407385.83 | 104.35
113 4412529 | 358484346 | 3628968.75 19.72 402 15972.66 | 65170413 | 6533013.96 | 104.35
114 23491.71 | 1688053.95 | 171154566 19.78 403 17192.34 | 65170413 | 653423364 | 104.35
115 22882.86 | 1688053.95 | 1710936.81 19.79 404 16748.82 | 65170413 | 6533790.12 | 104.36
116 11286 203659.83 204788.43 19.61 405 804672 | 65170413 | 6525089.01 | 104.36
117 2322.54 475207.92 477530.46 19.6 406 2414115 | 9850230.72 | 9874371.87 | 104.35
118 54381.69 | 3584843.46 | 363922515 19.9 407 236115 | 9850230.72 | 9873842.22 | 104.35
119 75832.02 | 3584843.46 | 3660676.47 20.25 408 20181.15 | 9850230.72 | 9870411.87 | 104.35
120 73449.09 | 3584843.46 | 365829354 20.26 409 33565.95 | 16367272.02 | 16400837.97 | 104.34
121 278.19 58138.74 58415.94 20.26 410 13380.75 | 65170413 | 653043105 | 104.31
200 39962.34 | 792331353 | 796327587 77.43 411 50562.27 | 16367272.02 | 16417834.29 | 104.27
201 414513 | 792331353 | 7964764.83 77.47 sidel | 426492 | 117224514 | 117651006 | 104.35
202 4598055 | 792331353 | 7969294.08 77.49 side2 | 463617 | 112225014 | 1126887.3 | 104.36
203 54480.69 | 792331353 | 7977794.22 775 side3 | 580437 | 102124638 | 1027050.75 | 104.36
204 53015.49 | 792331353 | 7976329.02 7751 | sidelR | 4287.69 | 11721798 | 1176468.48 | 104.35
205 15757.83 | 792331353 | 7939071.36 7751 | side2R | 454113 | 112192047 | 11264616 | 104.36
206 34254 792331353 | 7957567.53 7744 | side3R | 49203 | 102117609 | 102609639 | 104.36
207 33420.33 | 792331353 | 7956743.85 77.45 NGL | 411642 | 131752071 | 132163713 | 19.88

28 4136418 | 792331353 | 7964677.71 77.41 LNG 731313 | 352674531 | 359987661 | 2046 )
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Table 7: Economic constants and assumptions.

/ Economic parameters Value \
The average annual rate of the cost of money (icf) 10%
Average nominal inflation rate for the operating and maintenance cost (romc) 5%
Average nominal inflation rate for fuel (rec) 5%
Plant economic life (life spawn) 25 years
K Total annual operating hours of the system operation at full load 7300 /

Table 8: Thermoeconomic cost model.

/ Equipment

Purchased equipment cost functions

~

Compressor

Cc = 7.90(HP)%¢2
Cc= Cost of Compressor (k$)

Heat exchanger

C = 1.218f4f,f,Cy
Cp = exp[8.821 — 0.30863(InA) + 0.0681(InA)?], 150<A<12000,
fq = exp(—1.1156 + 0.09061nA), fu= Material Factor, fp=Pressure factor

C = 1.218[a + bW], K$ 5<W

Separator a= 42, b=1.63
Cac = 1.218f, frexp[a + blnQ + c(InQ)?], Q in KSCFM
Air cooler Cac= Cost of Air cooler (k$)

fn=Material Factor, fp=Pressure Factor, a=0.4692, b=0.1203, ¢=0.0931

Turbo Expander

Cre = 0.378(HP)%%!
Cre= Cost of Turbo Expander (k$)

Cr = 1.218[f,C, + NE,f£,C; + Cpy |
C, = 457.7 exp (0.1739D), 2<D
Cp = 1.218 exp [6.629 + 0.1826(InW) + 0.02297(InW)?2], 4250<W<980,000 Ib shell

Absorption
Cp1 = 300DO73961 07068 3<D<21, 27<L
K fi= Material Factor, f, = 1.189 + 0.0577D, f;=Tray Types Factor, f4 = (1.(12;)" j
Table 9: Equipment and investment costs for MFC process components.
a PEC ($) 7¢ ($/hr) 7oM ($/hr) 7 ($/hr) N\
E-1A 121939.65 7.93 0.20 8.13
E-1B 79044.63 5.14 0.13 5.27
E-2 126424.61 8.22 0.21 8.42
E-3 65199.1 4.24 0.11 435
AC-200A 56207.1 3.65 0.09 3.74
AC-200B 56207.1 3.65 0.09 3.74
AC-300A 24571.61 1.59 0.04 1.63
AC-300B 56207.1 3.65 0.09 3.74
AC-400 102692.22 6.67 0.17 6.84
C-100 2077897.18 135.08 3.43 138.50
C-200A 4888871.94 317.80 8.06 325.86
C-200B 2868815.24 186.49 473 191.22
C-300A 3909123.36 254.11 6.44 260.56
C-300B 932187.65 60.60 153 62.13
C-400A 2295746.13 149.23 3.78 153.01
C-400B 4607461.63 299.50 7.59 307.10
TE-100 252500.89 16.41 0.42 16.83
D-1 54833.28 3.56 0.09 3.65
D-2 74233.24 4.82 0.12 4,94
\_ T-101 77069.99 5.01 0.13 5.14 )
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Table 10: Exergy analysis of MFC process.

/ Component Ep (KW) £ (%) Component Ep (kW) € (%) \
C-100 1917.7389 67.3794 T-101 1699.4142 49.5099
C-200A 5368.9086 76.725 E-1A 1915.1154 96.7923
C-200B 2166.9912 77.7645 E-1B 1423.9863 96.7527
C-300A 3970.7019 75.3786 E-2 2700.6903 95.8716
C-300B 383.5854 75.9528 E-3 2414.9268 93.3669
C-400A 1709.3142 75.0024 V-1 609.0975 53.46
C-400B 4577.6412 77.9922 V-2 171.0324 52.47
TE-100 1106.1072 66.8151 V-3 55.5984 68.31
AC-200A 686.9115 97.02 V-4 2382.9102 30.69
AC-200B 826.8381 97.02 V-100 529.3035 29.7
AC-300A 269.9235 98.01 V-101 443.0349 39.6
AC-300B 280.8531 98.01 V-200 1465.5465 89.1
AC-400 1807.7301 95.04 V-300 1302.6915 85.14
K MIX-1 47223 99.98 /

Z ($/hr)

325.86
260.56
307.1

191.22

138.5
153.01

62.13

16.83

SRY8RIgRI 83 Y
O 6 P F 6 om g © IS s
S IR B R R R O B BN
— o O o o o O o © o o
. WllsoooYJ7oooocooo 700
w NN o00NVR?Y Tuw [
OLLVLOL VLOOLOOLOLOOHK
< <L

Fig. 2: The total thermoeconomic cost of each component

is related to the C-200A compressor with a value of 5422 kW,
and the second-highest value is related to the C-400B, C-
300A, and E-2 units. The exergy efficiency of expansion
valves was lower than in other units. This process's
external energy efficiency is about 53.82%, and the total
output energy degradation is equal to 42617.4 kW (Figs. 3
and 4).

Through exergoeconomic analysis, a rational
relationship can be established between the initial
investment and current costs due to failure, which enables

1402

us to determine whether the system works economically
or not. In this method, first, the investment costs, as shown
in Table 9, are estimated, and then using the method of
total revenue requirement and writing the cost balance
equation, the unit cost of exergy for each flow is determined
(Table 6). Finally, the exergoeconomic factor and the relative
cost difference are determined through exergoeconomic
analysis, and the results are shown in Table 11. The amount
of exergoeconomic factors represents information about the
cost of investment and over-efficiency of the system: Large
values indicate that to reduce system costs, system costs must
be reduced. Elements, while small values indicate that system
performance and efficiency should be improved to reduce
system cost.

This process shows that the C-300B compressor has
the highest economic coefficient (69.52), and the lowest
economic factor is connected to the tower (4.70). The
relative cost difference indicates the relative increase
in the fuel's exergy cost in a material, which is important
in evaluating and improving the system. In this process,
the T-101 de-methanizer tower has the highest relative cost
difference (66.75), and the AC-300A air conditioner has
the lowest relative cost difference (50.39). Exergy cost
values for fuel and products determine the cost of
exergy rates in a commodity. The maximum fuel rate is
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Table 11: Rresults of exergoeconomic study of MFC process.
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(“Component | Eo(kW) | Cr(#GY) | Co®iG) | Coshn) | Z () E (%) Yo(%) (%) fo) )
C-100 1917.74 19.52 38.01 18.48 138.5 67.38 6.74 33.94 88.23
C-200A 5368.91 19.52 30.04 10.51 325.86 76.73 5.72 39.39 96.87
C-200B 2166.99 19.52 31.48 11.96 191.22 77.76 8.11 38.28 94.11
C-300A 3970.7 19.52 31.29 11.77 260.56 75.38 6.16 38.42 95.68
C-300B 383.59 19.52 38.96 19.43 62.13 75.95 13.94 33.38 76.17
C-400A 1709.31 19.52 33.65 14.13 153.01 75 8.22 36.72 91.55
C-400B 4577.64 19.52 29.75 10.23 307.1 77.99 6.29 39.62 96.78
TE-100 1106.11 11.81 19.52 7.71 16.83 66.82 15 37.69 68.58
AC-200A 686.91 19.52 19.95 0.43 3.74 97.02 0.54 49.46 89.79
AC-200B 826.84 19.52 19.95 0.43 3.74 97.02 0.45 49.46 89.79
AC-300A 269.92 19.52 19.74 0.22 1.63 98.01 0.6 49.72 88.24
AC-300B 280.85 19.52 19.76 0.24 3.74 98.01 131 49.7 94.03
AC-400 1807.73 19.52 20.37 0.85 6.84 95.04 0.38 48.93 88.93
E-1A 1915.12 103.31 105.68 2.38 8.13 96.79 0.42 49.43 77.38
E-1B 1423.99 103.32 105.74 2.43 5.27 96.75 0.37 49.42 68.47
E-2 2700.69 7751 80.07 2.56 8.42 95.87 0.31 49.19 76.67
E-3 2414.93 74 78.5 4.49 4.35 93.37 0.18 48.53 49.16
T-101 1699.41 103.31 207.41 104.11 5.14 49.51 0.3 33.25 4.7
- J
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Fig. 3: Exergy destruction in each component. Fig. 4: Exergy efficiency in each component.

104.36$ per gigabyte for the E-1B heat exchanger, while
the maximum product cost is for the T-101 methane
removal tower at 209.5 $/GJ. The most important
economic measure is the cost of the rate of degradation of

Research Article

the energy produced. The E-2 heat exchanger has
the highest energy dissipation cost (768.90%/GJ), and
the AC-300A air conditioner has the lowest energy
dissipation cost (19.35 $/GJ) (see Figs. 5 and 6).
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Fig. 5: Component exergoeconomic factor of each unit.

CONCLUSIONS

This paper applies the exergy and exergoeconomic
analysis for alternative operations of simultaneous
production of LNG and NGL. After identifying high
consumption and inefficient cases, a relationship
between economic and investment costs and components
with higher exergy degradation costs was proposed.
External energy analysis results show that this process's
external energy efficiency is about 53.82%, and its total
degradation rate is equal to 42617.4 kW. The results of
exergoeconomic analysis can be summarized as the cost
of energy production and exergoeconomic factor as the
most important elements in the cost of external energy
degradation are heat exchangers due to the high value of
fuel rates (defined in the exergoeconomic analysis) in
these devices; the exergoeconomic factor in compressors
and turbochargers is greater than the other elements,
therefore, to reduce the cost of the whole system,
the costs of these elements must be reduced, and the
practical economic factor in heat exchangers and
methane towers is negligible compared to other elements
of the system, therefore, to reduce the cost of the entire
system, the performance and efficiency of these elements
should be maximized. According to the above
conclusions, the most important elements in the cost of
external energy degradation are heat exchangers.
Therefore, researchers should do more about this element
to improve this integral process in future studies.
To reduce costs, academic and industrial experts should
pay attention to reducing the costs of compressors and
expansion turbos.
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