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During the transmission of natural gas in the pipe-line network, the high pressure
natural gas needs to be depressurized by the regulator station and enter the low
pressure pipe-line, and the depressurization process will release a lot of pressure
energy. At present, some scholars and enterprises have begun to use turbine ex-
panders to convert excess natural gas pressure energy into electricity. However,
with the different working conditions of different regulator stations, there are dif-
ferences in the use of pressure energy. In this paper, energy analysis of energy
power generation process of a city gate station was applied to optimize the design
of energy power generation process. This works provide a method for natural gas
pressure power generation process design.
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Introduction

China’s natural gas consumption is increasing year by year, and the gas consumption
of urban residents is growing rapidly [1]. In 2023, the total mileage of China’s long distance
natural gas pipe-lines will exceed 124000 kilometers [2]. In recent years, the design pressure
of the west-east gas transmission pipe-line and the Shaanxi-Beijing gas transmission pipe-line
has been increased to 10 MPa, while the design pressure of the urban pipe network along the
pipe-line is mostly 1.6~4.0 MPa [3]. Therefore, it is necessary to regulate the pressure at the city
gate station, and the natural gas depressurization process will release a large amount of pressure
energy [4]. It is estimated that China’s natural gas consumption in 2024 will be 420 billion 425
billion cubic meters, an increase of 6.5%-7.7% [5]. According to the plan, China will build a
five vertical and five horizontal natural gas pipe-line network by 2025 [6]. It is expected that
by 2030, the scale of national gas consumption will reach 550 billion m?, with a total power
generation capacity of 6 - 10'© kW annually [7].

Theoretical evaluation of power generation
potential of natural gas pressure energy

System energy efficiency is related to equipment energy utilization efficiency [8].
Energy was regarded as an open system by thermodynamics, and energy analysis was used to
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evaluate the generation potential of the differential pressure generation system theoretically [9].
When the temperature is constant, energy of natural gas includes pressure energy and tempera-
ture energy [10], namely:

e, :ex’p+eﬂ (1)
where e, is the exergy of natural gas, e,, — the gas energy pressure, and e, r — the specific tem-
perature energy of natural gas. After decompression, the energy that natural gas can provide:

T R, P
ex:cp(T_ﬂ)_an;lnF+ﬂﬁlnFl (2)

1 2
where C, is the specific heat capacity of natural gas at constant pressure, 7 — the inlet tempera-
ture, T — the exit temperature, R [8.314 Jmol'K-'] — the molar gas constant, M/ — the molar mass
of natural gas, P, — the natural gas import pressure, and P, — the natural gas export pressure:

R, P
e, =T —In—-Lt
x,p 11‘4 })2 (3)
Theoretical power generation:
R, P
E ,=0xe ,xn=0xT —In—xn x
wp = Qxe pxn =0T —rln oy, xay, (4)

2
where Q is the natural gas-flow, 7, and #,, are the isentropic efficiency and mechanical efficien-
cy, respectively, and e, p — the pressure exergy.

Project case model verification

By using ASPEN HYSYS simulation software, the pressure regulating station of a
city gate station is calculated. The gas-flow rate of the regulator is 360000 Nm? per day, and the
pressure energy is recovered by a turbine expansion machine. After expansion, the temperature
of the natural gas drops to —29 °C and the refrigerant from the compressor is exchanged in the
heat exchanger, and the temperature rises to 2 °C and enters the downstream pipe-line. The
power output of this project can reach 200 kW. The natural gas operation parameters and power
generations of the regulator are shown in tab. 1.

Table 1. Gas operation parameters and
power generation parameters of the regulator station

Upstream gas Downstream gas Upstream gas Downstream gas
pressure [MPa] pressure [MPa] temperature [°C] temperature [°C]
4 1.65 20 2

Actual Simulated power Yield Deviation
generation [kWh] generation [kWh] difference [kWh] value [%]
200 211.1 11.1 5.6

Since the establishment of the simulation model ignores the friction, leakage and en-
tropy change of natural gas during the expansion of the expander, there is a 5.6% deviation
between the simulated power generation of the process and the actual power generation of the
project, which is basically within the acceptable range of engineering simulation calculation.
Therefore, the simulation model of the differential pressure power generation process estab-
lished by HYSYS SIMULATION software is acceptable.
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Research on the process flow of
differential pressure power generation system

Under the condition that the normal operation of the natural gas transportation pipe
network is ensured, the pressure of the natural gas regulator station is reduced from 3 MPa
to 0.4 MPa and the natural gas-flow rate is unchanged at 100000 Nm?® per day, the upstream
natural gas temperature is designed to be 20 °C in combination with the actual ambient tem-
perature of most gate stations. Because the natural gas component contains a small amount of
water, the use of natural gas pressure difference power generation, if there is a liquid phase or
ice phenomenon of natural gas in the pipe-line, will not only bring losses to the blades of the
power generation device, but also bring serious safety risks, so the downstream natural gas
temperature design for the limit critical temperature —12 °C.

In order to explore the effect of multistage expansion on the effective output power
of differential pressure power generation system, the optimum expansion stage is designed,
and the single-stage and multistage expansion processes are compared in the city gate station
conditions.

Single-stage expansion pressure
differential power generation process design

The single-stage expansion process design is shown in fig. 1.
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Figure 1. Single-stage expansion process diagram
Table 2 shows the simulation results of single-stage expansion process.

Table 2. Simulation results of single stage expansion process

Generated power [kW] Heating power [kW] Effective output [kW]
120.8 102.0 18.8

Two-stage expansion pressure
differential power generation process design

The two-stage expansion process uses two expansion machines and a heater in series,
and the process flow is shown in fig. 2. In order to explore the optimal working condition de-
sign of the two-stage expansion process, nine intermediate pressure values were designed for
simulation calculation with the step size of 0.3 MPa. The natural gas pressure parameters are
shown in tab. 3.

As can be seen from fig. 3, with the continuous increase of intermediate pressure,
the power generation of the first-stage expander gradually decreases from 108.9-2.6 kW. The
power of the second stage expander gradually increases from 17.2-155.5 kW. The total gener-
ating power of the system gradually increases. When the intermediate pressure is 2.9 MPa, the
total power of the system is 158.1 kW. There is an intersection point between the first-stage
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Figure 2. Two-stage expansion process diagram

Table 3. Two-stage inflation process operating parameters

Inlet gas Inlet gas Intermediate gas Export gas Export gas
pressure [MPa] | temperature [°C] pressure [MPa] pressure [MPa] | temperature [°C]

0.5,0.8,1.1, 1.4,

3 20 17,2,23,2.6,2.9 04 12
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1003 ™ N \):‘(\’C‘NQ stage expansion process is an equal expansion
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. . 5:% = ation power are equal to 70.98. kW. As can be
20 0 "ary > seen from fig. 4, the heat added is positively cor-
" e""gcap;c_ 3 related with the intermediate pressure. As can be
°] = seen from fig. 5, the effective output power of
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Intermediate pressure (WPal the system is negatively correlated with the inter-

mediate pressure. Considering comprehensively,
the optimal design of the two-stage expansion
process can effectively increase the power of the
system, reduce the single-stage expansion load,
and extend the service life of the equipment.

Figure 3. Two-stage power and intermediate
pressure relationship diagram
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two-stage heating and generating power at intermediate pressure curve
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Three-stage expansion pressure differential
power generation process design

The three-stage expansion process adopts the expansion mode of three expansion ma-
chines and two heaters in series. The design of process operation parameters is shown in tab. 4.

Table 4. Three-stage expansion process operating parameters

Inlet gas Inlet gas Intermediate gas | Intermediate gas Export gas Export gas
pressure a| | temperature pressure, a, a| |pressure, al|| pressure a| |temperature
[MPa] [°C] [MPa] b [MPa] [MPa] [°C]
1.9 0.87
1.7 0.82
1.5 0.77
3 20 0.4 -12
1.3 0.72
1.1 0.66
0.9 0.60
The three-stage expansion can be seen 180 7
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stage expansion intermediate pressure on the &
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can be seen from fig. 7, the value of the three- 08 10 12 14 16 18 20
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Figure 6. Diagram of the relationship between

the three-stage power generation and the
intermediate pressure

stage expansion intermediate pressure has little
influence on the total heating power of the sys-
tem. The power of the first stage expander is
negatively related to the intermediate pressure,
a. The power of the second and third stage expander is positively correlated with the interme-
diate pressure, a. The reason for the change is that when the intermediate pressure, a, gradually
increases from small to small, the pressure drop ratio of the first stage expander (the ratio of
the inlet gas pressure to the intermediate pressure, a) decreases from large to large, so the pow-
er generation power of the first stage expander is negatively correlated with the intermediate
pressure, a. The pressure drop ratio of the second stage expander (the ratio of intermediate
pressure, a, to intermediate pressure, b) is increasing, and the pressure drop ratio of the third
stage expander (the ratio of intermediate pressure, b, to downstream natural gas pressure) is
also increasing, so the power generation power of the second stage and the third stage expander
is positively correlated with the size of the intermediate pressure, a, which follows the law of
the increase of the pressure drop ratio and the greater the power generation capacity. As can be
seen from fig. 8, the selection of intermediate pressure @ has little impact on the total power
generation of the system. When the intermediate pressure, a, is 1.9 MPa and 0.9 MPa, the total
power generated by the three-stage expansion process reaches the maximum value of 149.4 kW
and the minimum value of 141.1 kW, respectively, with an increase of 8.3 kW and a growth rate



Zhang, R., et al.: Research on the Process Flow of Natural Gas ...

1120 THERMAL SCIENCE: Year 2025, Vol. 29, No. 2A, pp. 1115-1121

of 5.9%. The growth trend of the curve is gentle and the fluctuation range is small. When the
intermediate pressure, a, is 1.5 MPa and the intermediate pressure, b, is 0.77 MPa, the three-
stage expansion process of the differential pressure power generation system is almost designed
under the condition of equal expansion ratio, and this process is considered as the best three-
stage expansion process.
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Figure 7. Three-stage heating power and
intermediate pressure relationship diagram

Figure 8. Comparison diagram of
tertiary generation, heating and total power

Optimal working condition design at all levels

The optimal design of different expansion stages is shown in tab. 5. According to
the simulation results of the optimal conditions of different expansion processes, the effective
output power of the two-stage expansion process is 16.3 kW, which is 13.3% lower than that of
the single-stage expansion effective output power of 18.8 kW. The maximum effective output
power of the three-stage expansion process is 19.3 kW, which is 2.7% higher than that of the
single-stage expansion. The cost of multistage expansion machine is higher, so the use of sin-
gle-stage expansion process is more profitable.

Table 5. Comparison of optimum multistage expansion processes

I:ztr:;‘t:lzri;f Inrt;gsr;i(iate In;zrsr;ﬁzate Total generating | Total heating | Effective output
machines [PCS] |  a [MPa] b [MPa] power L e L e L]
1 - - 120.8 102.0 18.8
2 1.04 - 142.0 125.7 16.3
3 1.5 0.77 148.0 128.7 19.3
Conclusion

The single-stage expansion process generates 120.8 kW of power. The two-stage pro-
cess reaches a maximum of 158.1 kW, whereas the three-stage process peaks at 149.4 kW. In
the two-stage process, intermediate pressure rises from 0.5-2.9 MPa, causing the effective out-
put power to decrease from 18.1-14.6 kW. For the three-stage process, intermediate pressures
between the first and second stages increase from 0.9-1.9 MPa, with a corresponding effective
output power rise from 18.7-19.9 kW. The optimal two-stage process yields an effective output
power of 16.3 kW, which is 13.3% lower than the 18.8 kW achieved in the single-stage process.
Conversely, the maximum effective output power of the three-stage process is 19.3 kW, a 2.7%
increase over the single-stage process.
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Nomenclature
C, — specific heat capacity of natural gas P, —natural gas export pressure, [MPa]
at constant pressure, [kJkg K] R —molar gas constant, [Jmol 'K ']
e, —exergy of natural gas, [Jkg™'] T —inlet temperature, [K]
e., — gas exergy pressure, [Jkg'] T, — exit temperature, [K]
e, r — specific temperature exerge of
natural gas, [Jkg ] Greek symbols
M — molar mass of natural gas n; — isentropic efficiency, [-]
Q - natural gas-flow, [Nm*h] 7, —mechanical efficiency, [—]

P, —natural gas import pressure, [MPa]
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