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Abstract: Natural gas stations require a preheating stage to prevent the formation of hydrates inside
of them provoked by a sudden decompression process of the natural gas. The preheating process has
been investigated to improve efficiency and to reduce costs as well. This work studies the behavior of
a natural gas decompression station with a first-stage preheating process using a vortex tube and a
geothermal heat exchanger, followed by a second stage involving a water bath heater (heating vat).
An energetic, exergetic, and exergoeconomic study has been carried out based on a mathematical
model and the theory of exergetic cost, obtaining key thermodynamic and thermoeconomic variables,
including exergy flows and equipment costs. A heat flow of 26.41 kW was obtained in the geothermal
preheating stage; meanwhile, a 60.43 kW heat flow was obtained in the heating vat. The results
showed a saving in station fuel using only 2.046% of the natural gas in the system at the second
preheating stage. Also, the system was optimized, obtaining a 15.73% reduction in the decompressed
natural gas cost. These findings show the possibility of implementing these systems in zones with
many geothermal resources to reach a constant, profitable natural gas supply in areas where a pipeline
network does not exist.

Keywords: natural gas decompression; geothermal energy; vortex tube; thermoeconomic analysis;
optimization

1. Introduction

Natural gas is a mixture of hydrocarbons composed mainly of methane, ethane,
propane, butane, and carbon dioxide and is primarily used as a fuel in industrial pro-
cesses [1]. Its distribution still presents several challenges to be resolved. Compression
and decompression to distribute it to places without a distribution network are some of
these challenges. To compress the natural gas, reaching a pressure of between 200 and
250 bar and a volume of 1% of its original volume at atmospheric conditions is necessary.
Once the compression has been carried out, to distribute the natural gas, it is required
to deposit the gas in pressure tanks, which are distributed to the destination places [2].
This procedure is commonly carried out in compressor and decompressor stations and is
effective for transporting natural gas over short distances [3]. Once the natural gas is in the
decompression station, it must be decompressed to achieve pressure conditions for final
use. However, small crystalline structures known as hydrates are formed within the natural
gas stream when the gas temperature is severely reduced due to the Joule–Thomson effect
in this decompression process [4]. These hydrates are highly harmful to decompression
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systems since they can damage equipment, instruments, and pipes, generating unnec-
essary expenses for companies that provide natural gas transportation and distribution
services [5].

One of the possible solutions to counteract the Joule–Thomson effect is to preheat the
natural gas [6]. Various resources are used to achieve preheating, including the combustion
of the same gas; however, this procedure reduces the economic and energy profitability
of the process. Due to the above, geothermal energy, being a renewable energy, is pre-
sented as a potential alternative as an auxiliary heat source in natural gas decompression
processes [7,8]. Furthermore, due to the geothermal potential of 60 MW/m2 of the globe,
geothermal energy in decompression stations can be very favorable [9]. Geothermal energy
can be used in various ways depending on its temperature [10–12]. However, the most
appropriate resources to be implemented in natural gas decompression stations because the
gas must not leak (closed-loop operation) are medium-temperature geothermal resources
(80–150 ◦C), using devices commonly referred to as borehole heat exchangers. These heat
exchangers are constructed with one or several U-tubes in geothermal wells [13]. In this way,
the U-tube geothermal arrangement can be incorporated as a strategy for using geothermal
heat and implemented in decompression stations [14,15]. In these arrangements, natural
gas can be circulated inside the U-shaped pipe buried in the geothermal reservoir [16].
On the other hand, equipment known as a vortex tube is a technology that can benefit
the preheating of natural gas and the reduction in geothermal heat input, contributing
to reducing the depth of a geothermal well. The vortex tube can divide a gaseous fluid
into two streams: cold and hot. Therefore, the vortex tube can be installed in decompres-
sion stations to split natural gas into cold and hot streams [17]. The cold stream can be
preheated with the addition of geothermal heat, and once the cold stream is preheated,
it is mixed with the hot stream coming from the vortex tube. One of the advantages of
implementing the vortex tube in natural gas decompression stations is that a vortex tube
does not need external energy to operate but instead operates with the same kinetic energy
of the high-pressure gas. With this equipment, it is possible to reduce the operating costs of
natural gas decompression stations while counteracting the Joule–Thomson effect due to
using gas energy to raise its temperature [18].

The scientific community has investigated various options to reduce the Joule–Thomson
effect produced by the sudden expansion of natural gas in decompression stations, devel-
oping different configurations and integrating different technologies in decompression
stations. The research has been focused on and developed from different thermodynamic
perspectives, such as analyzing energy, exergy, and exergoeconomics. Each investigation
has provided results that help to make these systems more feasible for the natural gas
industry. In order to reduce the consumption of natural gas in conventional decompression
stations, Ghezelbash et al. [19] carried out an energy and economic evaluation of a natural
gas decompression station using a heating vat. The results indicated a reduced energy
consumption of up to 88% and a favorable payback period. Bianchi et al. [20] conducted
an energy and economic analysis of a natural gas compressor station to determine the
techno-economic potential of implementing an organic Rankine cycle. The results show a
saving of 182 GWh of fuel per year and an energy generation of 66 GWh/year. Rahman [21]
presented an energy analysis of a decompression station implementing a natural gas ex-
pansion system with a turbine. The results show that the energy produced by the turbine
(between 150 kW and 5 MW) can compensate for the natural gas used for the preheating
process. Ashouri et al. [22] analyzed an indirect preheating system by heating water from
an energy point of view. The results indicate the minimum temperature values to avoid
the formation of hydrates. Furthermore, the results reveal that, by designing preheating
systems using heating vats in the natural gas decompression process, gas consumption is
reduced by up to 43%.

Arabkoohsar et al. [23] performed an energy, exergy, and economics analysis for a
design proposal for a decompression station integrating solar energy and a turboexpander.
Preheating was carried out using solar energy to prevent the formation of hydrates and
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reduce natural gas consumption. At the same time, the turboexpander was used to take
advantage of the energy of natural gas. The results show that the turboexpander could
produce about 1000 kW and that the system could achieve an exergy efficiency greater
than 60% and favorable economic profitability. Kostowski and Usón [24] presented an
energetic, exergetic, and thermoeconomic analysis of a natural gas decompression system
in combination with a cogeneration unit. Due to the use of natural gas in energy genera-
tion, the results indicate adequate exergetic costs due to decreased system operation costs.
Ghorbani et al. [25] performed an exergy and exergoeconomics analysis of an integrated
production process of liquefied natural gas and condensing natural gas. They analyzed
exergoeconomic parameters such as the exergoeconomic factor and the relative cost differ-
ence of process components. The results show that the most significant exergy destruction
is related to the system’s compressors and expansion valves. Barone [26] et al. presented an
energetic, exergetic, and exergoeconomic model to increase the performance of a natural gas
turboexpander by adding solar collectors. For the analysis method, thermodynamic and
economic parameters were considered, such as the temperature of natural gas, flow rate,
and the cost of electricity. The results showed an energy saving of 1.36 TWh/year, an exergy
destruction in the turboexpander of 12 TWh/year, and a favorable payback period. Deymi-
Dashtebayaz et al. [27] presented an energetic, exergetic, and exergoeconomic analysis of a
natural gas decompression station, implementing a cogeneration system of electricity and
water to take advantage of the energy produced by the decompression system. The results
showed decreased product costs and favorable energy and exergetic efficiency.

On the other hand, to improve the thermodynamic performance of the decompres-
sion stations, various optimization methods have been implemented to determine the
optimal operating conditions and increase the energetic, exergetic, and exergoeconomic
performance. Generally, energy analyses seek to increase energy efficiency through these
optimization methods, while exergy analyses seek to increase exergy efficiency and reduce
thermodynamic irreversibilities due to exergy destruction. At the same time, if the scope of
the work includes an exergoeconomic optimization, the parameters intended to be opti-
mized are the cost of the products and the costs of exergy destruction. An example is the
optimization carried out by Sanaye and Nasab [28], where they thermally modeled and
optimized a natural gas decompressor station. They defined an objective function based
on economic parameters such as station incomes and expenses. The results show optimal
parameters for energy consumption and the payback period of the investment. Kagiri
et al. [29] carried out an energy and economic optimization of a natural gas decompression
station to reduce operating costs. The results show benefits from optimizing equipment
parameters and ideal operating ranges, as well as potential savings of 59.28% in system op-
erating costs after optimization. Deymi-Dashtebayaz et al. [30] presented the optimization
of fuel consumption of a natural gas decompression station. They calculated the minimum
temperature required in the preheating stage and obtained a reduction in fuel consumption
of up to 35%. Furthermore, their results show that temperature optimization in natural
gas systems significantly reduces natural gas costs at the station. Mohammad E. et al. [31]
simulated the transportation and decompression of natural gas through multi-variable
optimization. In optimization, the objective is to explore the system’s potential by adjusting
the values of some input variables (pressure, temperature, and flow). With the optimiza-
tion, a lower fuel consumption was obtained than the initial one. The results show that
by optimizing two or more variables in the natural gas transportation and decompression
systems, a lower fuel consumption can be obtained, achieving a lower operating cost.

Most studies focus on innovating natural gas preheating methods and increasing the
system’s energy, exergetic, and exergoeconomic efficiencies. The disadvantage of these
systems is that natural gas consumption is high, generating high counterproductive costs.
Some authors have looked for other options for preheating, such as cogeneration and solar
energy. However, geothermal energy is a renewable resource with a high potential for being
explored. The above has motivated the authors of this work to contribute to filling this
gap in the literature and to analyze a theoretical proposal for a natural gas decompression
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station to avoid freezing due to the Joule–Thomson effect, implementing geothermal energy
as an alternative preheating and a vortex tube as a complementary technology. The scope
of the work includes an energy, exergy, exergoeconomics, and optimization analysis for a
decompression station, using a U-tube vertical heat exchanger and implementing real data
obtained experimentally for the vortex tube analysis. In this way, to achieve the scope of
this work, the following specific objectives have been established:

• Perform the energy analysis to obtain the energy performance, energy flow rates, and
energy interactions of the equipment that makes up the decompression station. This
analysis is to evaluate the energy feasibility and obtain the nominal capacities of the
equipment, and in this way, establish the thermal design of some components, such as
the geothermal heat exchanger;

• Perform the exergy analysis to determine the maximum theoretical potential of the de-
compression station and evaluate the magnitude of the thermodynamic inefficiencies
that occurred in the equipment during the natural gas decompression process. The
above is to identify the critical components that have the most significant influence on
the thermodynamic performance of the decompression station;

• Perform the exergoeconomic analysis to estimate the station’s operating costs and,
through thermoeconomic indicators, determine the equipment with the most signifi-
cant area of opportunity for the reduction in operating costs and costs related to the
thermodynamic inefficiencies of the components;

• Carry out a parametric optimization of the decompression station to reduce natural gas
costs and reduce exergy destruction, modifying some variables and input parameters
of the station through a process of iterations, simulating different operating conditions
and their effect on the costs.

2. System Description

Figure 1 shows the natural gas decompression station scheme with a vortex tube and
geothermal preheating. The natural gas enters the vortex tube (Thermodynamic State
1) and is divided into two streams, one hot (Thermodynamic State 2) and the other cold
(Thermodynamic State 3). The cold stream exits the vortex tube through an air nozzle, while
the hot stream exits through an adjustable cone valve on the opposite side of the tube. This
valve regulates the percentage of cold and hot flow from each end of the vortex tube [32].
Subsequently, the cold stream of natural gas goes through the geothermal preheating stage
(Thermodynamic Process 3–4), where the natural gas is preheated in a heat exchanger
with a U-tube configuration inserted in a geothermal well. At the end of this stage, the
natural gas leaves (Thermodynamic State 4) with a temperature similar to that of the hot
stream coming from the vortex tube (Thermodynamic State 2) due to the contribution of
geothermal heat. As a geothermal reservoir, it is considered a medium enthalpy reservoir,
with temperatures between 100 and 150 ◦C and a depth of between 50 and 200 m [33]. After
the geothermal preheating stage, the natural gas is mixed with the hot stream from the
vortex tube in the mixing chamber (component C). Once the flows are combined, they pass
to the heating vat (component D), where gas expansion occurs through an expansion valve.
The Joule–Thomson effect occurs in this stage when natural gas is suddenly expanded.
In this stage, natural gas requires heating again, coming from the burner (component E)
that uses the same natural gas for combustion. Once the natural gas goes through the
decompression process in a water bath heater or heating vat (Process 5–6), it is ready for
final use.
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3. Materials and Methods

For the complete analysis of the natural gas decompression, the implemented method-
ology divides the analysis into stages, considering diverse factors in each stage. This work
adapts the methodology used by Afanaseva et al. [34], whereby in this work the following
process is established:

• Estimation of general properties: This initial stage involves general property calcula-
tions taking into account the influence of natural gas composition. Also, the inlet and
outlet pressure and temperature conditions of the station are selected;

• Energy analysis: In this stage, mass and energy balances are realized in the equipment
to obtain the required heat flows in the heat exchangers. The importance of the
geothermal exchanger design is highlighted particularly by analyzing the influence of
the U-tube diameter relative to its length;

• Exergetic analysis: For this stage, it is necessary to calculate all exergy flows of
the system, as well as exergy destruction, and define the fuel and product of each
equipment. Subsequently, changes in exergy flows are analyzed by varying the
volumetric flow rate;

• Exergoeconomic analysis: All equipment cost equations, considering inflation, as well
as the cost rate of each one, are obtained. Similar to the previous stage, the influence
of volumetric flow rate variation on costs is considered;

• System optimization: This is the last stage of the analysis, where a parametric analysis
is performed to obtain the most appropriate decision variables for carrying out two
optimization processes of two single objective functions: natural gas cost and system
exergy destruction.

A summary of the implemented methodology is shown in Figure 2.



Sustainability 2024, 16, 1669 6 of 31Sustainability 2024, 16, x FOR PEER REVIEW 6 of 33 
 

 
Figure 2. Implemented methodology. 

3.1. Natural Gas Properties and Initial Considerations 
The basic properties needed for calculations in the study should be obtained from 

initial suppositions and considerations for utilizing them in equations that allow the ob-
tainment of the desired data. 

3.1.1. Initial Considerations 
General considerations of previous analysis in the decompression system are pre-

sented below: 
• Natural gas flow is considered stationary and stable; 
• Natural gas flow is compressible; 
• Kinetic energy changes (ΔK𝑐) and potential energy (Δ𝐸𝑝) from all equipment are 

negligible; 
• System pipelines are considered adiabatic, so the heat losses are negligible; 
• The pressure in the system equipment is considered constant. The pressure only de-

creases in the expansion stage inside the heating vat [35]; 
• Natural gas composition is considered with all the hydrocarbons that conform to it 

according to Table 1; 
• Natural gas is analyzed as a real gas mixture; 
• The natural gas arrives at the station with an ambient temperature (20 °C) and a 250 

bar pressure [36]; 
• The water in the heating vat remains constant at a temperature of 62 °C; 
• The natural gas output pressure is 3 bar, and the output temperature is 20 °C; 
• Natural gas flow output from the station is rated at 300 m3/h [37]. 

To compare the ideal conditions approach to a more real case, some efficiencies are 
considered to obtain the deviations in the principal parameters of the real system. Those 
conditions are: 
• A vortex tube cooling efficiency of 40% [38]; 
• An effectivity for heating vat and geothermal heat exchanger of 90% and 95%, respec-

tively [39,40]; 
• A burner heat transfer efficiency of 60% [41]. 

  

Figure 2. Implemented methodology.

3.1. Natural Gas Properties and Initial Considerations

The basic properties needed for calculations in the study should be obtained from
initial suppositions and considerations for utilizing them in equations that allow the
obtainment of the desired data.

3.1.1. Initial Considerations

General considerations of previous analysis in the decompression system are pre-
sented below:

• Natural gas flow is considered stationary and stable;
• Natural gas flow is compressible;
• Kinetic energy changes (∆Kc) and potential energy (∆Ep) from all equipment are negligible;
• System pipelines are considered adiabatic, so the heat losses are negligible;
• The pressure in the system equipment is considered constant. The pressure only

decreases in the expansion stage inside the heating vat [35];
• Natural gas composition is considered with all the hydrocarbons that conform to it

according to Table 1;
• Natural gas is analyzed as a real gas mixture;
• The natural gas arrives at the station with an ambient temperature (20 ◦C) and a

250 bar pressure [36];
• The water in the heating vat remains constant at a temperature of 62 ◦C;
• The natural gas output pressure is 3 bar, and the output temperature is 20 ◦C;
• Natural gas flow output from the station is rated at 300 m3/h [37].

To compare the ideal conditions approach to a more real case, some efficiencies are
considered to obtain the deviations in the principal parameters of the real system. Those
conditions are:

• A vortex tube cooling efficiency of 40% [38];
• An effectivity for heating vat and geothermal heat exchanger of 90% and 95%, respec-

tively [39,40];
• A burner heat transfer efficiency of 60% [41].
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Table 1. Natural gas composition.

Component Chemical Formula Composition (%)

Methane CH4 92
Etane C2H6 3.5

Propane C3H8 2.5
Butane C4H10 0.5

Nitrogen N2 0.8
Carbon dioxide CO2 0.5

Oxygen O2 0.2

3.1.2. Natural Gas Composition

Maximum and minimum permitted values are used as references for the natural gas
composition, according to the norm (NOM-001-SECRE-2010) and its subsequent resolution
(RES/596/2014) [42,43]. That composition is entered in percentage, equivalent to its mass
fraction, as shown in Table 1. It is essential to mention that natural gas may contain other
elements at lower rates; these are negligible because they do not significantly affect the
general properties of natural gas as a mixture.

3.1.3. Estimation of General Properties

Knowing the mass and molar fractions of every hydrocarbon and element that makes
up natural gas is necessary to obtain its general properties. There are two different ways
to calculate the mass and molar fractions according to the percentage type of composition
in natural gas: mass or volume percentages [44]. Once these data are obtained, the rest of
the properties, such as the gas mixture constant, density, specific heat capacity, viscosity,
and thermal conductivity, are obtained. Table 2 summarizes the properties and equations
that characterize the system. With molar fraction, the natural gas constant is obtained. The
density and mass flow are calculated using the compressibility factor equation. The viscos-
ity is determined by the equation shown in Table 2, which considers natural gas density,
molar mass, and temperature [45]. The thermal conductivity is obtained using Gambill’s
correlation [46]. Thermodynamic modeling (energetic, exergetic, and exergoeconomic) is
performed once all system properties are determined.

Table 2. Natural gas general properties obtention.

Property Equations Units

Mass fraction m fi =
mi

mGN
--

Molar mass MNG = 1
∑k

i=1
m f i
Mi

kg/kmol

Molar fraction yi = m f i
MNG
Mi

--
Gas constant RNG = Ru

MNG
KJ/kmol·K

Compressibility factor ZNG =
k
∑

i=1
yiZi

PNGVNG = ZNGRNGTNG

P [kPa]
V
[
m3/kg

]
T [K]
Z [--]

Density ρNG = 1
VNG

kg/m3

Mass flow .
mNG =

.
VNGρNG kg/s

Specific heat capacity cp,NG =
k
∑

i=1
f micp,i

KJ/kg·K

Viscosity

µNG = K·e(X·(ρGN )Y )

10,000

K = (9.4+0.02MNG)T1.5

(209+19MNG+T)

X = 3.5 + 986
T + 0.01MNG

Y = 2.4− 0.2X

µNG [Pa·s]

Thermal conductivity KNG = µNG

(
Cp,NG + 2.48

MNG

)
KNG [kW/m·K]
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3.2. Energetic Modeling

Energy modeling is realized by applying a mass and energy balance using the law of
conservation of mass and thermodynamic first law, Equations (1) and (2), where

.
m (kg/s) is

the mass flow, h is the enthalpy (kJ/kg),
.

Q is the heat flow (KW), and
.

W is the work (kW).
All of the derivate balance equations have the same units [47]:(

∑
.

mIN ·hIN −∑
.

mOUT ·hOUT
)
+
(
∑

.
QIN −

.
QOUT

)
+

.
W = 0 (1)

∑
.

mIN −∑
.

mOUT = 0 (2)

3.2.1. Vortex Tube

In the vortex tube, natural gas exits in one hot and one cold flow. By making a
mass and energy balance, the exit mass flows can be substituted by inlet natural gas flow
multiplying a coefficient that represents the hot and cold flow percentage [40].

Equation (3) is obtained by substituting the mass flows with their respective coeffi-
cient in the vortex tube balance equation, then replacing enthalpy using the specific heat
definition and finally reordering the terms and eliminating the specific heat from both
sides of the equation (see Appendix A.1). This equation describes the vortex tube behavior
depending on the hot and cold flow percentages. The outlet hot natural gas temperature is
evaluated by setting hot and cold ratios and a limit in the outlet cold temperature above
0 ◦C due to hydrate formation.

µC·(T1 − T3) = µH ·(T2 − T1) (3)

3.2.2. Geothermal Heat Input

The outlet cold flow from the vortex tube goes to a U-tube, where the preheating
geothermal process is conducted. The U-tube works as a heat exchanger between the
ground and the natural gas. The energy balance is shown in Equation (4) utilizing a specific
heat definition [48]:

.
QNG1 =

.
m3·Cp,NG·(T4 − T3) (4)

A 25% safety margin is added to the obtained heat flow due to possible losses or malfunc-
tioning of the system [49]:

.
QGEO = 1.25

( .
QNG1

)
(5)

3.2.3. Geothermal Heat Exchanger Design

The U-tube dimensions to raise the natural gas temperature to the required tempera-
ture are obtained from the logarithmic mean temperature difference (LMTD in ◦C) method,
Equation (6), where U is the overall heat transfer coefficient (kW/m2·K) and A is the total
heat transfer area (m2) [50].

.
QGEO = U·A·LMTD (6)

LMTD obtention requires establishing the heat exchanger temperature–length (T-L)
diagram. The value of ∆TLMTD is obtained, as shown in Figure 3.

Once the heat exchanger’s ending temperature differences are obtained (θA and θB in
◦C), the LMTD is defined from Equation (7) [51]:

LMTD =
θA − θB

ln
(

θA
θB

) (7)

The overall heat transfer coefficient is defined by the inside and outside pipe diameter
relation (m), the convective heat transfer coefficient (kW/m2·K

)
, and the thermal conduc-
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tivity of the pipe (W/m·K) [52]. A term that considers the U form from the exchanger tube
and the well filling (W/m·K) is implemented, Equation (8):

U =
1(

R2
R1

)
1

hNG
+

R2ln
(

R2
R1

)
kTUBE

+ 2πR2

β0

(
R2

RWELL

)β1 ·kFILL

(8)
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In Equation (8), the variables β0 and β1 are form factors. These coefficients vary
depending on the position of the tube inside the geothermal well. The BWG caliber
and radio of the pipe are chosen from the available diameters of commercial pipes. The
radio/diameter of the well depends on the diameter of the augers. The thermal conductivity
of the tube depends on the type of material. Due to high pressures, a stainless steel pipe is
considered in this work.

The convective heat transfer coefficient of the natural gas can be known from the
Nusselt number, defined in Equation (9) [53]:

Nu =
hNG·R1

KNG
(9)

The Gnielinski equation is used to obtain the Nusselt number [54]; the Nusselt
number is a function of the Reynolds number, Prandtl number, and Darcy factor (see
Appendix A.2) [55,56].

Once the overall heat transfer coefficient is calculated, the total heat transfer area of
the exchanger is obtained. Two passes are considered in the pipe area, where L1 is the
length of the U-tube in meters:

A = 4π·L1·R2 (10)

due to the geothermal well’s temperature of 120 ◦C not being obtained on the surface, an
additional length of the pipe L2 in m (meters) is considered for reaching the depth where
the ground temperature is constant. Therefore, the total length of the U-tube exchanger is:

L = L1 + L2 (11)

3.2.4. Water Bath Heater (Heating Vat)

The heating vat acts as a heat exchanger in the system. In this system component,
the Joule–Thomson effect causes a decrease in the temperature due to the expansion of
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natural gas. This temperature decrease (◦C) is evaluated by Equation (12) multiplying the
Joule–Thomson coefficient µJT in ◦C/kPa and the pressure change (kPa):

∆TJT = µJT ·∆P (12)

Equation (13) determines the heat flow release from the natural gas due to the Joule–
Thomson effect: .

QJT =
.

mNG·Cp,NG·
(
∆TJT

)
(13)

The required heat flow needed in the heating vat, considering the Joule–Thomson
effect, is evaluated with Equation (14):

.
QJT =

.
mNG·Cp,NG·

(
∆TJT

)
(14)

The same as was performed with the geothermal heat flow, a 25% security factor is
added to the heating vat heat flow, considering heat losses [49]:

.
QVAT = 1.25·

( .
QNG2

)
(15)

The required water flow in the heating vat for satisfying the heat flow conditions is deter-
mined with Equation (16):

.
QVAT =

.
mH2O·Cp,H2O·(T7 − T8) (16)

The fuel amount (natural gas from the station) that is required to heat the water in the
heating vat is determined from Equation (17), where CV is the calorific value of the natural
gas (kJ/kg):

.
QVAT = CV·

( .
mFUEL

)
(17)

Finally, by Equation (18), the natural gas percentage that is consumed to realize the
preheating process in the vat is obtained:

NG% =

.
mFUEL

.
mNG

(18)

3.3. Exergetic Modeling

Subsequently, an exergetic analysis of the natural gas decompressing station is pre-
sented, implementing a vortex tube and geothermal preheating.

3.3.1. Exergy Flows

The exergy flow is defined as the available energy in a system. The exergy can
be transferred from or to a system in different ways: by heat, work, or mass flow [57].
Table 3 shows the equations for exergy flow calculations, depending on the flow type. For
Thermodynamic State 9, the exergy flow is the multiplication of the natural gas calorific
value and the supplied fuel flow. Every exergy flow has kW units.

Table 3. Exergy flow equations in the natural gas decompression station.

Flow Equation

1–6
.
Bi =

.
mi

[
Cp,i

[
(Ti − T0)− T0ln

(
Ti
T0

)]
+ T0RGN ln

(
P
P0

)]
7,8

.
Bi =

.
miCp,i

[
(Ti − T0)− T0ln

(
Ti
T0

)]
9 (Burner)

.
B9 =

.
m9·PCGN =

.
QVAT

10 (Geothermal well)
.
B10 =

(
1− T0

TGeo

) .
QGEO

11 (Heating vat)
.
B11 =

(
1− T0

TTINA

) .
QVAT
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3.3.2. Exergy Destruction

The exergy destruction is defined as the fuel exergy minus the product exergy, Equa-
tion (19) [58].

.
ED,k =

.
EF,k −

.
EP,k (19)

The exergy destruction on the equipment in the decompression station is shown in
Table 4. The values are based on the input and output exergy flows of every piece of station
equipment. In the case of the heating vat,

.
B5 was considered as part of the fuel. Normally,

B5 would be taken as a product, given by
.
B6 minus

.
B7. The reason for considering

.
B5 as

part of the fuel is because this equipment represents a special case. In a typical approach,
when acting as a heat exchanger, the fuel is the flow that gives off heat (the water in the
heating tank), while the product is the flow that absorbs heat (natural gas for this case), but,
within the heating vat, there are several heat flows: the one in which the water gives off
heat to the gas and the one in which the gas loses heat due to the Joule–Thomson effect,
so this typical approach is not entirely correct. Given that the tank was analyzed without
considering the internal process, the fuel for it is reconsidered. The objective of the tank
is to absorb heat in order to keep the gas at the environmental temperature even after
a decrease due to the Joule–Thomson effect. That is why the incoming flow, which has
previously raised its temperature with geothermal preheating and the vortex tube, is also
considered as fuel.

Table 4. Exergy destruction in the system equipment.

Equipment Fuel (kW) Product (kW) Exergy Destruction (kW)

Vortex tube
.
B1

.
B2 +

.
B3

.
ED,1 =

.
B1 −

.
B2 −

.
B3

Geothermal heat exchanger
.
B10

.
B4 −

.
B3

.
ED,2 =

.
B3 +

.
B10 −

.
B4

Mixing chamber
.
B2 +

.
B4

.
B5

.
ED,3 =

.
B2 +

.
B4 −

.
B3

Heating vat
.
B5 +

.
B7 −

.
B8

.
B6

.
ED,4 =

.
B5 +

.
B7 −

.
B6 −

.
B8

Burner
.
B9

.
B7 −

.
B8

.
ED,5 =

.
B9 +

.
B8 −

.
B7

3.4. Exergoeconomic Modeling

The exergoeconomic analysis includes analyzing all equipment costs and the cost
balance in the system according to the productive structure [59]. The data that translate the
meaning of the system’s energy units to economic terms, showing the system’s feasibility
of working under specific parameters, are obtained through this analysis.

3.4.1. System Equipment Costs

For calculating the equipment cost, various methods and equations were used. The
geothermal well cost is based on the depth according to the correlation proposed by
GeothermEX Inc. [60], and the burner cost is obtained based on the required heat flow.
The vortex tube evaluation cost is implemented utilizing the method of Acar et al. [61],
which involves the capital cost CC,VT , the operation and maintenance cost COM,VT , and the
residual value CRV,VT . Different commercial vortex tube prices were considered, according
to the cooling capacity, for vortex tube capital cost. The cost of the U-tube and the heating
vat are calculated based on the total heat transfer area, the type of exchanger, the design
pressure, and the construction material [62,63]. The cost as a percentage of the geothermal
heat exchanger cost is assumed for the mixing chamber. The burner investment cost is
calculated using the method developed by PEDCo Environmental Inc. [64]. Table 5 shows
a summary of all equations determined by the mentioned methods.

Since all given cost equations were elaborated for past years, updating the costs accord-
ing to inflation is necessary. This update is made using Equation (20), using CEPCI indexes:

Zi = C0

(
IA
I0

)
(20)
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Table 5. System equipment costs.

Equipment Cost Equations Units

Vortex tube CC,VT = 0.04374
( .

QVT

)0.227

CVT = CC,VT + COM,VT + CVR,VT

.
QTV [kW]

CC,VT [USD]

Geothermal heat exchanger

CPERF = 240, 785 + 210·L + 0.019069·L2

CGE = Cb·Fd·Fp·Fm

Fd = e[−0.9816+0.0830∗ln (A)]

Fp = 1.0305 + 0.0714 ∗ ln(A)
Fm = g1 + g2·ln(A)

L [ft]
A [m2]

CPERF [USD]
CIG [USD]

Mixing chamber CMC = 0.15·CIG CMC [USD]
Heating vat CHT = Cb·Fd·Fp·Fm CHT [USD]

Burner

CB,EQ = 14, 850
( .

QVAT

)0.786

CB,INST = 54, 620
( .

QVAT

)0.361

CB = CB,EQ + CB,INST

.
QTUB[ 3.41× 106 W]

CB [USD]

3.4.2. Capital Recovery Factor

The capital recovery factor (CRF) determines the initial investment recovery, Equation
(21). The CRF is the ratio of a constant annuity to the present value of receiving that annuity
for a given time. The present value uses an interest rate (i) and a period (n) that is the useful
life of the system equipment. This work assumes a 10% interest rate and a 20-year useful
life of the equipment based on other studies conducted in similar station systems [65].

CRF =
i(1 + i)n

(1 + i)n − 1
(21)

3.4.3. System Equipment Cost Rate

The cost rate indicates the cost per time unit (USD/s) of equipment, according to the
number of hours in operation in a year (N) and a maintenance factor. This work establishes
the maintenance factor with a value of 1.06 and 6650 total work hours per year [66]. The
cost rate is calculated with Equation (22):

.
Zi =

ZiCRFφ

N·3600
(22)

3.4.4. Costs Balance

The exergy cost of a flow is defined as the initial fuel exergy amount to produce a
product or the amount per time unit required to produce that flow. Equation (31) is used to
realize the cost balance of the system equipment:

∑
OUT

.
COUT,k +

.
CW,k =

.
CQ,k + ∑

IN

.
CIN,k +

.
Zk (23)

where the cost flows
.
C (USD/s) are the product of the unitary cost (USD/KJ) multiplied by

the exergy of that flow:
.
Cj = cj

.
Bi,j (24)

The productive structure of the principal devices on the natural gas decompressing
station and the auxiliary equations allow the establishment of the incoming and outgoing
costs according to the exergy cost theory. The unitary cost of natural gas is obtained from
the reference index prices of natural gas from the Mexican official institution “Comisión
Reguladora de Energía” [67]. The cost balances, with all auxiliary equations, are shown in
Table 6.



Sustainability 2024, 16, 1669 13 of 31

Table 6. Decompressing station costs balance.

Equipment Balance Auxiliary Equations

Vortex tube
.
C1 +

.
Z1 =

.
C2 +

.
C3

.
C1 =

.
B1·cGN

c2 = c3
Geothermal heat exchanger

.
C3 +

.
Z2 +

.
Z3 +

.
C10 =

.
C4

.
C10 =

.
B10·cEG = 0

Mixing chamber
.
C2 +

.
C4 +

.
Z4 =

.
C5 --

Heating vat
.
C5 +

.
C7 +

.
Z5 =

.
C6 +

.
C8

( .
C5+

.
C7

)
( .

B5+
.
B7

) = c8

Burner
.
C9 +

.
Z6 +

.
C8 =

.
C7

.
C9 =

.
B9·cGN

3.4.5. Thermoeconomics Evaluation

Several variables are essential in evaluating the decompressing station from a ther-
moeconomic point of view. Those thermoeconomics variables are the unitary fuel cost cF,k

(USD/GJ), unitary product cost cP,k (USD/GJ), exergy destruction cost rate
.
CD,k (USD/GJ),

relative cost difference rk (%), and the exergoeconomic factor fk (%), obtained with Equa-
tions (25)–(29) [59].

cF,k =

.
CF,k
.
BF,k

(25)

cP,k =

.
CP,k
.
BP,k

(26)

rk =
cp,k − cF,k

cF,k
(27)

rk =
cp,k − cF,k

cF,k
(28)

fk =

.
Zk

.
Zk +

( .
CD,k +

.
CL,k

) (29)

3.5. System Optimization

An optimization is proposed to improve the decompressing station performance.
The objective related to parametric optimization was not carried out in a traditional way.
However, this paper addresses and describes an optimization of two objective functions;
therefore, the objective is to obtain the decompressed natural gas with the lowest possible
cost. Hence, the objective function of optimization is the unitary cost at the exit of the
heating vat of the natural gas. A second optimization case is analyzed to minimize the
irreversibilities due to exergy destruction in the system.

To achieve this, a parametric analysis is conducted to determine the decision variables
that will form the constraint system. In this case, it was found that the key variables in the
study are the temperature of the heating vat, the percentage of cold flow at the vortex tube,
the temperature of the geothermal well, and the volumetric flow rate of the station. The
constraints in the system appear due to physical limitations, and they have to respect the
principle of energy conservation. Those restrictions are subject, for example, to the system
dimensions, the material properties, and the maximum pressure and temperature allowed
by the established standards [68].

The variables that remain fixed are known as preassigned parameters. The optimiza-
tion process raised in this work is realized using the Engineering Equation Solver (EES)
software, using its built-in optimization algorithm, which allows the maximization or
minimization of the objective function to obtain ideal values for decision variables. The
optimization process is shown in the block diagram from Figure 4.
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3.5.1. Parametric Analysis

The parametric analysis independently determines the influence of every possible
decision variable on the objective function. The possible decision variables for parametric
analysis and their respective constraints are shown in Table 7. In the case of heat and cold
percentages in the vortex tube, only one variable is included since when one percentage
varies, so does the other percentage. A simulation of the station’s behavior with the
independent variation in every chosen variable in a specific range and its influence over the
objective function is performed. The output natural gas unit cost will increase or decrease
depending on the variable value. The parametric tables function of EES is used, which
tabulates the results for the subsequent study and compression of the system behavior. The
parametric analysis is performed for both objective functions proposed: the natural gas
unitary cost c6 and the total exergy destruction of the system

.
ED,T .

Table 7. Proposed variables for parametric analysis.

Flow Equation

Heating vat temperature 61 ≤ T7 ≤ 80 ◦C
Vortex tube cold flow outlet percentage 65 ≤ µC ≤ 73%

Geothermal well temperature 100 ≤ TGEO 150 ◦C
Station volumetric flow 200 ≤

.
V ≤ 380 m3/h
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3.5.2. Objective Function Optimization

Optimization of the natural gas cost at the heating vat exit in the decompressing
natural gas station is performed. The aim is to minimize the objective function, c6:

c6,MIN = c6

(
T7, µC, TGEO,

.
V IN

)
(30)

EES provides two methods to minimize the objective function: the direct and metric
variable methods. The optimization is performed by minimizing the objective function
with the direct method. This method is used due to the problems caused by the metric
variable method if the optimal value of a variable is found in the limit of its range despite
this method having a better performance. The direct optimization method implements the
software optimization algorithm [69]. When the necessary iterations are performed, the
software determines the best configuration to minimize the unitary cost of the natural gas
at the heating vat exit, establishing the optimum values for the decision variables. Finally,
with the same method, the optimization of the total exergy destruction in the natural gas
decompressing station is conducted, aiming to minimize the objective function

.
ED,T .

.
EDT,MIN =

.
ED,T

(
T7, µC, TGEO,

.
V IN

)
(31)

4. Results and Discussion

The main results and discussion for the energy, exergy, and exergoeconomic analysis
for the decompressing natural gas station that implements a vortex tube and geothermal
energy as an auxiliary heat input are described below.

4.1. Energy Analysis Results
4.1.1. Vortex Tube

From the described model, the value of the mass flows at the cold and hot exit of the
vortex tube, as well as the hot exit temperature, are obtained. For this, it is necessary to
establish a minimum temperature at the cold fraction exit. This temperature is limited by
the hydrate formation temperature in the system (0 ◦C), so a slightly higher temperature
of 5 ◦C is chosen as a safety margin. The lower the cold temperature, the higher the hot
fraction exit temperature will be. Figure 5 shows the amount of cold and hot mass flows
and the exit temperatures at the vortex tube.

4.1.2. Geothermal Heat Input

With the geothermal heat exchanger energy balance, the heat flow needed in the cold
flow to reach the same temperature as the hot flow from the vortex tube is obtained. The
analysis from geothermal input shows a heat flow value of 26.41 kW (

.
QGEO). This value

is small compared to other geothermal systems’ capacity, with typical values of 100 kW,
but depending on the geothermal well, they can reach up to 2 MW. The relation of the
geothermal heat flow with the geothermal well depth, with different tube diameters, is
shown in Figure 6. From this figure, it is determined that for heat flows less than 40 kW,
increasing the tube diameter does not represent a significant decrease in the necessary
length in the geothermal heat exchanger tube, thus for the decompressing station, a 1-inch
tube diameter is appropriate.
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4.1.3. Geothermal Heat Exchanger Design

The LMTD method obtains the heat transfer area for the heat exchanger design. When
the pipe diameter is selected, the total length needed in the exchanger tube is known.
The design and analysis results of the geothermal heat exchanger are shown in Table 8.
The Reynolds number determines that the type of flow inside the exchanger is turbulent
because it is above 10,000 and, together with the Prandtl number value (0.8496), they are
within the acceptable range to apply the Gnielinski equation to obtain the Nusselt number.
The heat transfer area of the exchanger turns out to be only 6.773 m2 due to the small
magnitude of the heat flow; this translates to the length L being 72.44 m for the 1-inch
U-tube. In medium enthalpy geothermal wells, the typical length values are from 50 to
150 depth meters; therefore, this result is between these typical values [70].
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Table 8. Geothermal preheating analysis results.

Property Variable Value Units

Logarithmic mean temperature difference LMTD 87.64 K
Reynolds number Re 351,882 --
Prandtl number Pr 0.8496 --

Darcy factor f 0.01401 --
Nusselt number Nuss 552.2 --

Convective heat transfer coefficient HNG 4.429 kW/m2·K
Overall heat transfer coefficient U 0.04449 kW/m2·K

Heat exchange area A 6.773 m2

Additional exchanger length L2 30 m
Total exchanger length L 72.44 m

4.1.4. Heating Vat

The heat flow required in the heating vat,
.

QTUB, resulted in a value of 60.43 kW. The
value was obtained from a 127.1 ◦C temperature change, with a 5.6 ◦C/MPa Joule–Thomson
coefficient [71]. This value is higher than required in geothermal preheating because this
is the stage where the Joule–Thomson effect occurs. That is how much heat is needed to
maintain the natural gas temperature to avoid freezing. The percentage of gas used as fuel
to warm the heating vat water is obtained with the heating vat heat flow. The result shows
that only 2.046% of the total station flow is required to counter the Joule–Thomson effect.
This value reflects a significant saving because other traditional systems use up to 5% of the
stations’ fuel [21]. Figure 7 shows both obtained heat flows; it is observed that the heating
vat heat flow is 228% larger than the geothermal heat exchanger heat flow. This proportion
is kept this way due to the high drilling costs of geothermal wells and is better illustrated
in exergoeconomics results.
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4.2. Exergetic Analysis Results

Table 9 shows the results of all system mass flows and exergy flows. In the natural
gas output mass flows from the vortex tube, it is appreciated that the hot mass flow is
equivalent to 42.78% of the cold gas flow. According to the configuration of the vortex tube
and the operating parameters, the natural gas reaches a cold flow temperature of 5 ◦C and
a hot flow temperature of 55 ◦C. At the heating vat, the outlet temperature of the natural
gas is lower than the inlet temperature, even though there is heat transfer in the exchanger
to the natural gas; this is due to the decrease in the temperature caused by the natural
gas expansion. Hence, the objective of the heat flow in the vat is not to increase the outlet
temperature but to keep the natural gas temperature at a constant value of 20 ◦C. There is a
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temperature difference of 37 ◦C between the water inlet and outlet in the heating vat, with
a water mass flow equivalent to 225.2% of the total natural gas flow in the station.

Table 9. Exergetic analysis results.

Flow T (◦C)
.

m(kg/s)
.
B(kW)

1 20 0.1734 138.8
2 55 0.05201 41.33
3 5 0.1214 95.85
4 55 0.1214 96.44
5 55 0.1734 137.8
6 20 0.1734 27.35
7 62 0.3905 4.49
8 25 0.3905 0.06886
9 -- 0.003547 60.43
10 120 -- 6.709

On the other hand, it is observed that the value of the exergy flow is higher at the
entrance of the system in the vortex tube due to the high pressure of the natural gas. The
second flow with the most exergy is the outlet flow from the mixing chamber towards the
heating vat. This result indicates that a good quantity of exergy is available to produce
work in this phase. The lowest exergy flow of the natural gas is obtained in the heating vat
entrance, equivalent to 3.23% of the exergy flow at the system entrance.

Additionally, if a variation in the volumetric flow from 200 m3/h to 380 m3/hr at the
station entrance is considered, there will be a variation in the exergy flows. Considering
this variation, the exergy flows at Thermodynamic States 7 and 8 will vary from 1 to 2 kW.
The exergy flows at the Thermodynamic States 2, 6, and 9 will have a wider variation
of 10 to 20 kW. Flows 1, 3, 4, and 5 will be the ones that have the most changes in their
value due to volumetric flow variation, with changes up to 85 kW. The exergy flows at
the station input and heating vat input are highlighted because both use the station’s total
natural gas volumetric flow at their respective stages. Figure 8 shows all exergy flows
in the station and their variation due to volumetric flow variation at the entrance of the
decompressing station.
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The magnitude of the exergy destruction in each piece of system equipment and the
total exergy destruction are shown in Table 10. It is observed that the equipment with the
most exergy destruction is the heating vat (114.8 kW), followed by the burner (56.01 kW)
and the mixing chamber (41.93 kW). These systems represent the most opportunities to
reduce irreversibilities due to exergy destruction in the station. Oppositely, the vortex tube
and the geothermal heat exchanger represent only 3.4% of the total exergy destruction in
the station.

Table 10. Exergy destruction.

Equipment Exergy Destruction (kW)

Vortex tube 1.595
Geothermal heat exchanger 6.116

Mixing chamber 41.93
Heating vat 114.8

Burner 56.01
Total 220.5

Moreover, the exergy destruction of the system equipment varies when the natural gas
volumetric flow changes. This variation is due to the changes in the exergetic flows. The
piece of equipment where a more significant change is observed is in the heating vat, with
an increase of 70 kW. The exergy destruction augmentation is minor but considerable in the
burner and the mixing chamber, with an exergy destruction variation of 32 kW. The exergy
destruction in the vortex tube and the geothermal heat exchanger slightly increases, with
a maximum variation in exergy destruction in these systems of just under 3 kW. Figure 9
shows the behavior of exergy destruction in all systems when the volumetric flow of natural
gas increases or decreases.
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4.3. Exergoeconomic Analysis Results

With the cost balance and the auxiliary equations, all the decompressing station flows’
unitary cost and cost rates are obtained in USD/GJ and USD/h, respectively. Figure 10
shows the unitary cost of every flow compared to its cost rate. These results show that
the higher unitary cost is at the hot water flow in the heating vat (Thermodynamic State 7)
with a 263.9 USD/GJ cost; it is higher because the heat transfer process is expensive due to
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all the processes it goes through to increase the natural gas temperature above the hydrate
formation point. The highest cost rate is observed at the gas outlet in the heating vat, with
a 20.96 USD/h cost. The heat flow from the ground to the system does not have a cost due
to energy already being presented naturally; this shows a value of zero for both the unitary
cost and the cost rate for Thermodynamic State 10.
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Figure 10. System flows unitary costs and cost rates.

Once all the unitary costs and cost rates are obtained, a thermoeconomic assessment
is performed for each piece of equipment to develop the complete station analysis. These
results describe how efficient the equipment is, in exergoeconomics terms, measure the
unitary cost of fuels and products, and quantify their difference and performance. A similar
unitary fuel and product cost is obtained for the vortex tube, 7.796 and 7.948 USD/GJ,
respectively. This value similarity indicates an appropriate fuel/product transformation
process in this system. The equipment with the higher unitary product cost is the geother-
mal heat exchanger, with a 5490 USD/GJ cost; this is due to the drilling costs. Its fuel cost is
zero. The fuel and product costs of the mixing chamber are 38.9 USD/GJ and 31.7 USD/GJ,
respectively, with only a 24% difference between both costs. The heating vat is the equip-
ment that has the highest unitary fuel cost, with a value of 39.9 USD/GJ; meanwhile, it
has the third highest unitary product cost. These results show that the product cost is
5.33 times the fuel cost. The burner is the system with a more considerable difference
between the fuel cost (264 USD/GJ) and the product cost (7.8 USD/GJ), with a product
cost 33.84 times bigger than its fuel cost. The results of all unitary costs are shown in
Figures 11 and 12.

Regarding the cost rates, the cost per hour of geothermal preheating is very high
compared to the rest of the equipment due to the drilling of the geothermal well being
the most expensive process of the system, costing 11.7 USD/h. The second piece of
equipment with the highest cost rate is the burner. However, that cost is vastly lower
than the geothermal well cost, with a cost rate of 2.5 USD/h. Thanks to the geothermal
preheating, the cost rate at the heating vat is 1.06 USD/h, which is 11.03 times lower than
the geothermal heat exchanger. Also, the heating vat’s cost rate is 42.4% lower than the
cost rate of the burner, being the third equipment with the lowest cost rate. Lastly, the
vortex tube and the mixing chamber cost less than 0.03 USD/h. Both pieces of equipment
represent only 0.601% of the total cost rate of the system equipment. These results are
observed in Figure 13.
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Moreover, the components with the most significant cost rates derived from exergy
destruction are the heating vat, the mixing chamber, and the burner (see Table 11). In
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all three cases, searching for new alternatives to reduce the exergy destruction costs is
possible. The high cost of the exergy destruction at the heating vat (16.07 USD/h) can
be attributed to the expansion of the natural gas. Thus, given that decompressed natural
gas is the objective of the decompressing station, the cost rate associated with exergy
destruction in this component is the highest because this is the equipment with the output
of the main product of the system. Some authors have implemented a turbine at this stage
and take advantage of the energy release in the expansion process [21]. This option has
some problems since the turbine would need to be immersed in the vat and, depending on
dimensions, may require a bigger one. This alternative is not covered further in this work,
but the possibility of exploring it in the future is a recommendation from the authors. Also,
the mixing chamber is another component with a high cost derived from exergy destruction,
4.759 USD/h. This cost rate is principally due to the combination of the mass flows from
the vortex tube hot outlet and the geothermal preheating outlets in the mixing chamber.
Table 11 also shows the relative cost difference. The equipment with the most significant
relative cost difference is the burner. In this equipment, the cost difference between the
fuel and the product is vast; consequently, it represents the most prominent improvement
area to reduce the transformation cost between the fuel and the product. Moreover, the
heating vat is another component that shows a high relative cost difference (447%). In this
direction, the heating vat is also a component where it is necessary to focus on improving
the thermoeconomic performance of the decompressing station. Both the vortex tube and
the mixing chamber have a low relative cost difference of 1.955% and 0.3955%, respectively,
owing to both components having similar values between their fuel and product.

Table 11. Thermoeconomics evaluation results.

Equipment
.
CD(USD/h) r(%)

Vortex tube 0.04478 1.955
Geothermal heat exchanger -- --

Mixing chamber 4.759 0.3955
Heating vat 16.07 447.7

Burner 1.572 3285

If the destroyed exergy varies with the volumetric flow, the cost of the exergy destruc-
tion also varies. In the vortex tube, the cost remains almost equal with a variation of less
than 0.2 USD/h. The burner’s and mixing chamber’s destruction exergy costs slightly
increase as the volumetric flow increases, with an augmentation of up to 1 USD/h. In
the heating vat, the cost increases noticeably up to 4 USD/h, representing an increase of
28.77%. This increase in one year of operation means a rise of approximately USD 26,600
in the exergy destruction cost (considering the 6650 operation hours per year described in
Section 4) of the station. The results also show that the component with the highest increase
in its exergy destruction cost is the heating vat, representing 64.51% of the total increase in
the exergy destruction cost. By contrast, the exergy destruction cost increment in the vortex
tube represents only 3.22% of the station’s total exergy destruction cost. Figure 14 shows
the change in the exergy destruction cost in the system depending on the volumetric flow
that enters the decompressing station.

Figure 15 shows the exergoeconomic factor for all decompression station systems.
It is observed that the geothermal heat exchanger exergoeconomic factor is 100%. This
value indicates that the exchanger is efficient because there is no cost implication due to
thermodynamic irreversibilities. The vortex tube and the burner have an exergoeconomic
factor of 40.52% and 40.31%, respectively; therefore, there is some space for improving the
resource usage in these components. A 7.875% exergoeconomic factor is obtained in the
mixing chamber; hence, there is a field to increase its performance due to its value being
five times lower than the vortex tube and burner factor. The objectives of this work do
not focus on this specific component, but its exergoeconomic factor can be raised with a
deeper study. In the heating vat, the exergoeconomic factor is only 0.383%. This value
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confirms that the heating vat is the decompressing station component with a considerable
improvement area to raise its thermoeconomic performance.
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Figure 15. Decompressing system equipment exergoeconomics factors.

Deviations Considering Real Conditions

Using the efficiencies presented in Section 3.1.1, the deviation of the principal parame-
ters of the stations is obtained. The most significant variation is the exergy destruction, with
an increase of 18.68% with the real conditions; this is expected due to entropy generation
on the system. The natural gas cost increases by 3.29% which does not seem a large change,
but it still reflects an increase in the cost. The exergy efficiency drops by 1.45%, which is
expected using real conditions. These results are shown in Table 12.
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Table 12. Variations using real conditions.

Variable Ideal Real Variation (%)

Exergy destruction (kW) 220.5 261.7 18.68
Natural gas cost (USD/GJ) 212.9 219.9 3.29

Exergy efficiency (%) 21.42 21.11 1.45

4.4. System Optimization Results

The optimization process results show the optimized value of the decision variables: the
natural gas exit cost (c6) and the total exergy destruction (

.
ED,T). By varying the exergy flows

in the system, besides the total exergy destruction cost changes, there are also changes in all
flow costs; that is why separated optimizations are conducted. The values for both the heating
vat entrance and geothermal well temperatures are presented in Figure 16. From the figure, it
is observed that when natural gas cost optimization is performed, both temperatures increase
from their original values of 62 ◦C and 120 ◦C, respectively, to an 80 ◦C temperature for the
water at the heating vat and a 150 ◦C temperature for the geothermal well, which represent
an increase of 29.03% in the heating vat water temperature and an increase of 25% in the
geothermal well temperature. Due to this temperature rise, more energy will be available;
therefore, the exchangers will require less heating transfer area and the equipment cost will
decrease. By contrast, the temperature value for the geothermal well decreases to 80 ◦C in
the exergy destruction optimization, which translates to a 33.33% temperature reduction. The
vat temperature is not a relevant variable for the exergy destruction optimization, so it is not
modified, maintaining its original value (120 ◦C).
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Figure 16. Temperatures values.

Table 13 shows the value of the cold and hot flow percentages in the vortex tube for
both optimization cases, as well as the volumetric flow of the station. For the natural
gas cost optimization, the lower the flow at the geothermal heat exchanger, the lower the
component cost will be; hence, the value of the cold flow outlet at the vortex tube decreases
from 70% to 65% of the total flow. Also, it is determined that in the exergy destruction
optimization case, the cold flow in the vortex tube rises to 73%. The volumetric flow,
initially established at 300 m3/h, increases by 26.66% to a value of 380 m3/h in the natural
gas cost optimization process; this is due to the station working with a higher volumetric
flow having a better profitability, obtaining a large amount of decompressed natural gas
with a lower cost per unit. On the other hand, for the exergy destruction optimization
process, the volumetric flow decreases one-third of the original value to 200 m3/h.
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Table 13. Cold flow fraction and volumetric flow values optimization.

Variable Original Value Natural Gas Cost Optimization Exergy Destruction Optimization

Cold flow fraction (µC) 0.70 0.65 0.73
Volumetric flow (

.
V) [m3/h] 300 380 200

When the proper value of the variables is established, an optimized value of 179.4
USD/GJ for the natural gas cost at the heating vat exit is obtained, in comparison with the
212.9 USD/GJ cost of the original configuration, achieving an optimization of 15.73% of the
final cost. The results are shown in Figure 17.
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By contrast, when the exergy destruction is optimized, a decrease of 79.7 kW is
achieved, going from 220.5 kW to only 140.8 kW, which represents a reduction of 36.14% in
the exergy destruction of the system. Also, all of the system components present a decrease
in their exergy destruction mainly due to the lower flow amount in the system. The
component that has the highest exergy destruction percentage reduction is the geothermal
heat exchanger due to its increase in thermal load, utilizing more available energy. The
exergy destruction changes in the system are shown in Figure 18.

Sustainability 2024, 16, x FOR PEER REVIEW 26 of 33 
 

Volumetric flow (�̇�) [m3/h] 300 380 200 

When the proper value of the variables is established, an optimized value of 179.4 

USD/GJ for the natural gas cost at the heating vat exit is obtained, in comparison with the 

212.9 USD/GJ cost of the original configuration, achieving an optimization of 15.73% of 

the final cost. The results are shown in Figure 17. 

 

Figure 17. Flow costs comparison. 

By contrast, when the exergy destruction is optimized, a decrease of 79.7 kW is 

achieved, going from 220.5 kW to only 140.8 kW, which represents a reduction of 36.14% 

in the exergy destruction of the system. Also, all of the system components present a de-

crease in their exergy destruction mainly due to the lower flow amount in the system. The 

component that has the highest exergy destruction percentage reduction is the geothermal 

heat exchanger due to its increase in thermal load, utilizing more available energy. The 

exergy destruction changes in the system are shown in Figure 18. 

 

1 2 3 4 5 6 7 8 9 10

0

50

100

150

200

250

300

O
p

ti
m

iz
e

d
 c

o
s
t 
($

/G
J
)

Flow

 Optimized cost

 Original cost

Vortex tube Geothermal

exchanger

Mixing

chamber

Heating vat Burner

0

20

40

60

80

100

120

Equipment

 Original exergy destruction

 Optimized exergy destruction

E
x
e
rg

y
 d

e
s
tr

u
c
ti
o
n
 (

k
W

)

Figure 18. Exergy destruction comparison.



Sustainability 2024, 16, 1669 26 of 31

5. Conclusions

With the implemented analyses, it was determined that it is possible to counteract
the Joule–Thomson effect in the natural gas decompressing station by implementing a
geothermal preheating phase and a vortex tube. The main results are listed below:

• From the energy analysis: A 69.07 kW heat flow in the heating vat and 26.28 kW heat
flow in the geothermal heat exchanger are obtained. Also, the water flow needed in
the heating vat is 0.3905 kg/s, meaning that 2.046% of the station’s natural gas is used
for the preheating process compared to other systems that use up to 5%;

• From the exergy and exergoeconomic analysis: All component and flow costs in the
system, as well as the exergoeconomics performance and the exergy destruction, are
obtained, highlighting that the component with the most fuel cost is the heating vat
(39.9 USD/GJ), and a natural gas exit cost of 212.9 USD/GJ. The component with the
highest cost rate is the geothermal exchanger (11.7 USD/h). The vortex tube is the
equipment with the lowest cost rate (0.03 USD/h). The heating vat is the equipment
with the most significant amount of exergy destruction, with a cost of 16.7 USD/h
which increases to USD 17.85 when the volumetric flow of the station augments from
300 m3/h to 380 m3/h. Also, it is remarked that the heating vat and the mixing
chamber are the components with the smaller exergoeconomic factor, with a value of
0.3834% and 7.976%, respectively;

• From the optimization: It is possible to reduce natural gas costs by raising the heating
vat water temperature by 29.03% and the volumetric flow of natural gas at the entrance
by 26.66% and modifying the hot and cold flow percentage at the vortex tube outlets
from a 70/30 relation to a 65/25 relation. A final cost of 179.4 USD/GJ for the natural
gas was obtained, which means a cost reduction of 15.73%.

The fuel savings due to the vortex tube and the geothermal preheating stage show
optimistic results about reducing fuel consumption in the preheating process of natural
gas, generating economic savings for users of natural gas decompressing stations.
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Nomenclature

A Area
(
m2)

.
B Exergy (kW)
C Cost (USD)
.
C Exergy cost (USD/s, USD/h)
c Specific exergy (USD/kJ, USD/GJ)
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Cp Specific heat (kJ/kg·K)
CM Maintenance cost (USD)
CRF Capital recovery factor
CV Calorific value (kJ/kg)
D Diameter (m)
ED Exergy destruction (kW),
Fd Design factor
Fp Pressure factor
Fm Material factor
f Darcy factor
fk Exergoeconomic factor (%)
g Specific material factor
h Convection heat transfer coefficient

(
kW/m2·K

)
, enthalpy (kJ/kg)

i Interest rate
IA Actual cost index
I0 Base cost index
K Thermal conductivity (kW/m·K)
L Length (m)
LMTD Logarithmic mean temperature difference (◦C)
M Molar mass (g/mole)
m Mass (kg)
.

m Mass Flow rate (g/s)
m f Mass fraction
N Number of moles (mole)
n Period
Nu Nusselt number
P Pressure (kPa), power (kW)
Pr Prandtl number
.

Q Heat flow (kW)
R Radius (m, in)
r Relative cost difference (%)
R Gas constant (kJ/kg·k), radius (m, in)
Ru Universal gas constant (kJ/kmol·k)
Re Reynolds number
T Temperature (◦C, K)
U Overall heat transfer coefficient

(
kW/m2·K

)
V Volume

(
m3)

V Specific volume
(
m3/kg

)
.

V Volumetric flow
(
m3/h

)
y Molar fraction
Z Compressibility factor
.
Z Cost rate (USD/s, USD/h)
%GN Natural gas percentage (%)
Greek letters
β Form factor
θ Temperature change (◦C, K)
φ Maintenance factor
∆T Temperature difference (◦C, K)
∆P Pressure difference (kPa)
µ Viscosity (cP)
µH Hot fraction
µC Cold fraction
µJT Joule–Thomson coefficient (◦C/MPa)
ρ Density

(
kg/m3, g/cm3)

Subscripts
H Hot
D Exergy destruction
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F Fuel
C Cold
GEO Geothermal preheating
NG Natural gas
H2O Water
i Iteration
JT Joule–Thomson
k Component
m Mixture
P Product
PERF Perforation
VT Vortex tube
0 Reference condition
1, . . . , 9 Flow

Appendix A

Appendix A.1

Vortex tube mass and energy balance:

.
m1 =

.
m2 +

.
m3 (A1)

.
m1h1 =

.
m2h2 +

.
m3h3 (A2)

Substituting mass balance into energy balance:( .
m2 +

.
m3
)
h1 =

.
m2h2 +

.
m3h3 (A3)

Hot and cold flow change for the inlet mass flow multiplied a coefficient:

.
m2 = µH ·

.
m1 (A4)

.
m3 = µC·

.
m1 (A5)

Substituting Equations (A4) and (A5) in Equation (A3):(
µH ·

.
m1 + µC·

.
m1
)
h1 =

(
µH ·

.
m1
)
(h2) +

(
µC·

.
m1
)
(h3) (A6)

Eliminating mass flow and reordering the terms:

µC(h1 − h3) = µH(h2 − h1) (A7)

Using the specific heat definition and eliminating from both sides the specific heat:

µC(T1 − T3) = µH(T2 − T1) (A8)

Appendix A.2

The Gnielinski, Reynolds number, Prandtl, and Darcy equations:

Nu =

(
f
8

)
·(Re− 1000)Pr

1 + 12.7·
(

f
8

)0.5
·((Pr)

2
3 − 1)

(A9)

Re =
4· .

mNG
π·D·µNG

(A10)

Pr =
µNG·Cp,NG

KNG
(A11)
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f = (0.790ln(Re)− 1.64)−2 (A12)
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