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In order to reduce the carbon emissions of natural gas pipelines, based on the background of different
energy structures, this paper proposes a general low carbon and low consumption operation model of
natural gas pipelines, which is used to fine calculate the carbon emissions and energy consumption of
natural gas pipeline. In this paper, an improved particle swarm optimization (NHPSO-JTVAC) algorithm is
used to solve the model and the optimal scheduling scheme is given. Taking a parallel pipeline located in
western China as an example, the case is analyzed. The results show that after optimization, under the
existing energy types, the pipeline system can reduce 31.14% of carbon emissions, and after introducing
part of new energy, the pipeline system can reduce 34.02% of carbon emissions, but the energy con-
sumption has increased.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

1.1. Research background

The “Paris Agreement” stipulates that efforts should be made to
control the global average temperature rise within 1.5 �C compared
with the pre-industrial period (Morgan and Patomaki, 2021). Ac-
cording to the 2018 report of the Intergovernmental Panel on
Climate Change (IPCC), achieving this goal would require carbon
neutrality by around 2050. Therefore, since 2018, many countries
have made carbon neutrality commitments, and most countries set
a target for 2050. According to Energy and Climate Intelligent Unit
data (Energy), 34 countries and regions have explicitly proposed
carbon neutralization targets, as shown in Table 1.

It can be seen from Table 1 that carbon emission has attracted
the attention of countries all over the world, but most countries
have not reached the goal of a carbon peak, which requires joint
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efforts in various fields.
In recent years, as low-carbon energy, the demand for natural

gas has gradually increased worldwide (Petkovic et al., 2021;
Gunton et al., 2021; Daneshzand et al., 2018). According to the
prediction of Zheng et al. (2021), from 2024 to 2030, China's
average total natural gas demand will rise from 315.378 billion m3

to 436.327 billion m3. With the increasing demand for natural gas,
the pipeline systemwill consumemore energy, and the emission of
CO2 is closely related to energy consumption (Yuan et al., 2019). It
was found that China's energy supply chain and its production
processes account for 43.8% of total CO2 emissions (National
Development and Reform Commission, 2016b). Therefore,
reducing CO2 emissions during natural gas transportation is very
important for China's entire energy supply chain to achieve the goal
of “carbon peaking and carbon neutralization” as soon as possible.
1.2. Literature review

At present, the research on low-carbon emissions of natural gas
pipeline systems mostly focuses on pipeline leakage (Boothroyd
et al., 2018; Dianita et al., 2018; Balcombe et al., 2018). In this
article, we consider the carbon emissions of natural gas pipelines
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Nomenclature

Symbols(Optimization model)
a A coefficient of þ1 for inflow and �1 for outflow
cp Specific heat capacity of gas at constant pressure, J/

(kg$K)
C Energy consumption
D Pipeline outside diameter, m
g Acceleration of gravity, 9.8 m2/s
H The energy head of a compressor, kJ/kg
kv Compressor variability index
kt Temperature rise coefficient
K The total heat transfer coefficient of the pipeline, W/

m2$K
l Number of compressors started
L Length of the pipeline, m
M Gas mass flow, kg/s
M1 The absolute volume of inflow and outflow

component k, m3

M2 Flow exchanged between nodes and the outside
world, m3

Mw The molecular weight of natural gas, kg/mol
N Compressor power, kW
P Pipeline pressure, Pa

Subscripts(Optimization model)
e Electricity
e1 Wind electricity
e2 Solar electricity
g Natural gas
i Number of the pipeline
in Compressor inlet
j Number of gas compressor
k Number of the electric compressor
l Number of the compressor using Solar electricity

Symbols(Optimization algorithm)
b1;b2 Learning factor
Iter Iteration steps
P The optimal position of particles

Subscripts(Optimization algorithm)
g Global value
i The particle number
q Pipeline throughput, 104 Nm3/d
r Compressor speed, r/min
R Gas constant, 8.314 kJ/(kmol$K)
Re Reynolds number
S Switch status of intermediate valve
DS The height difference between the beginning and end

of the pipeline, m
t Compressor running time, h
T0 Ambient temperature, K
T Temperature, K
Tcp The average temperature of the pipeline, K
Z The natural gas compression factor
h Compressor efficiency
g Absolute equivalent roughness of pipeline wall, mm
ε Carbon emission coefficient
l The coefficient of friction
z The gas consumption rate of gas turbine, Nm3/kWh
m Pipeline node
min The minimum value
max The maximum value
n pipeline component
out Compressor outlet
Q Starting point of pipeline
w Number of the compressor using wind electricity
Z Pipeline end point
v Particle velocity
w A standard normal random number
x The current position of the particle
j Particle dimension

Table 1
Carbon neutrality targets proposed by various countries.

Nature of
Commitment

Committed
time

Country/Region Quantity

e Achieved Suriname, Bhutan 2

Legal document 2045 Germany, Sweden 2
2050 United Kingdom, France, Denmark,

New Zealand, Hungary
5

Proposed
legislation

2050 European Union, Canada, South Korea,
Spain, Chile, Fiji

6

Policy
documents

2035 Finland 1
2040 Austria, Iceland 2
2050 United States, Japan, South Africa,

Brazil, Switzerland, Norway, Ireland,
Portugal, Panama, Costa Rica, Slovenia,
Andorra, Vatican City, Marshall Islands

14

2060 China, Kazakhstan 2
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from another perspective: the self-consuming energy of the natural
gas transportation pipeline. In fact, according to the estimation of
Howarth et al. (2011), the total fugitive emissions of natural gas
during transportation, storage, and distribution account for
1.4e3.6% of the total transmission. However, according to the study
of Tabkhi et al. (2010), the self-consuming gas of the natural gas
pipeline transport can reach 3%e5% of the total amount of transport
gas throughout the system. According to the research of Liu et al.
(2019a), the actual gas consumption of the second west-east gas
transmission line for one month can reach 9292:30� 104 Nm3 and
the actual power consumption is 3212.54 � 104 kWh. Golik et al.
(2018) compared the power parameters of a motor (SDG2-12500-
2 R UHL3.1) and a gas turbine (GTU MS5002E), which can reach
12.5 MW and 32 MW respectively. Therefore, the energy con-
sumption of compressors is also the main carbon emission source
of natural gas pipeline systems (Lyon, 2016). However, there are
few studies on how to reduce the carbon emission of self-energy
consumption of natural gas pipeline systems. Through literature
research, there are two main reasons:

(1) When the system consumes only one energy, energy con-
sumption and carbon emissions are linearly related.
2

Each energy has a unique carbon emission factor. Kashani and
Molaei (2014) took the minimum carbon emission as one of the
optimization goals, and they found that the emissions of carbon
dioxide and the best-operating costs were linear. But in their
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research cases, the compressor type is only the gas compressor.
Arya and Honwad (2018) proposed a multi-objective ant colony
optimization algorithm to reduce the energy consumption of the
compressor and increase the pipeline throughput. This study
mainly calculates the fuel consumption of the turbine. Yang et al.
(2020) also combined the golden section algorithm and dynamic
programming algorithm to reduce the energy consumption of gas
compressor units in an annular pipeline.

It can be seen from the above documents that the power
equipment of the natural gas transmission system in many studies
is mainly a gas compressor, and natural gas is consumed. Therefore,
as long as the energy consumption is minimum, the carbon emis-
sion of the system can be minimized. However, in recent years,
some scholars have considered more types of energy consumption.
For example, Liu et al. (2014, 2019c, 2019b) considered both the gas
compressor and electric drive compressor in the steady-state
optimization of China's west to east gas transmission pipeline. Af-
ter that, they considered the power consumption of the air cooler in
the pipeline system (Liu et al., 2019a), and studied the power and
gas consumption of the system. Zhao et al. (2021) proposed an
optimal operating model for the compressor. In their research,
there are both gas compressors and electric compressors in the
same compressor station. During operation, the two types of
compressors can be switched to realize the flexibility of energy
consumption. In these cases, pipeline energy consumption and
carbon emission cannot be regarded as a simple linear relationship.

(2) The scale of the pipeline is small, and the carbon emission
generated by self-energy consumption is small

In many studies, due to the small scale of pipelines and the small
number of compressors, the carbon emission itself is small. Wang
et al. (2018) developed a MILP model of the natural gas trans-
mission network. In their four optimization cases, the number of
compressors is no more than two. Su et al. (2019) proposed an
optimization model aiming at minimum supply risk and minimum
energy cost. They considered the uncertainty of pipeline supply
conditions and customer demand and obtained good results.
However, in their research case, the pipeline system has only two
compressor stations, and the pipeline length is 10 km.

At present, in the natural gas pipeline transmission system, the
compressor is not only the gas compressor. In some areas with low
power costs, the electric drive may have more advantages than the
gas drive (Liu et al., 2019b; Deng, 2016). Because the carbon
emission coefficient of electric energy is different from that of
natural gas, the carbon emission, and single energy consumption
will no longer change linearly, and the combination of different
energy sources will make the optimization process more complex.
In addition, the new energy power has a smaller carbon emission
coefficient (Zhai et al., 2020; Salman et al., 2019; Li andWang, 2019;
Tong et al., 2020). If the new energy power is considered in the
natural gas long-distance transmission pipeline, the carbon emis-
sion of the whole system will be further reduced.
1.3. Article contribution

In order to deal with the problem of large carbon emissions from
existing natural gas pipelines, this paper aims to develop a general
low-carbon operation model for natural gas pipelines. We take a
parallel pipeline inWestern China as a research case, and the length
of the pipeline reaches 2500 km. As shown in Fig. 1, each pipeline
has 14 compressor stations, and there are both electric compressors
and gas compressors.

The main contributions of this article are as follows:
3

(1) The optimization model of multi-energy minimum carbon
emissions of the natural gas pipeline is established to realize
the calculation of the minimum carbon emissions of the
pipeline system.

(2) Different energy consumption under the minimum carbon
emission target can be determined to give the corresponding
energy structure of pipeline system.

(3) When the pipeline system consumes different energy, the
relationship between energy consumption and carbon
emission can be determined.

Themain structure of the article is as follows: In the second part,
the basic calculation model of the natural gas pipeline is estab-
lished, the relationship between energy consumption and carbon
emission is analyzed, and the optimization model and optimization
algorithm are given. In the third part, the actual operation case is
introduced and the optimization model is verified; In the fourth
part, the carbon emission and energy consumption of different
schemes are analyzed, and the relationship between carbon emis-
sion and energy consumption under different energy structures is
given. The conclusion of this paper is given in the fifth part.
2. Model and method

2.1. Calculation model of natural gas pipeline

2.1.1. Pipeline calculation
The end temperature of the gas transmission pipeline is calcu-

lated by the Sukhov formula (Li and Huang, 2016; Liu et al., 2020).

TZ ¼ T0 þ
�
TQ � T0

�
e�aL

a ¼ KpD
Mcp

(1)

The calculation formula of terminal pressure of gas transmission
pipeline is as follows(Li and Huang, 2016):

PZ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2Q ð1� dDSÞ � bM2L

�
1� dDS

2

�s

d ¼ 2g
ZRTcp

;b ¼ 16lZRTcp
p2D5

(2)

For a long-distance gas transmission pipeline, the flow state in
the pipeline is basically in the resistance square area. In this paper,
Colebrook white formula is used to calculate the friction coefficient.
This method has the advantages of high precision, such as Eq. (3)
(Kody and Xiang, 2018; Yu et al., 2020).

1ffiffiffi
l

p ¼ �2:01,lg
�

g

3:71d
þ 2:51

Re
ffiffiffi
l

p
�

(3)
2.1.2. Compressor calculation
The compressor is the power equipment in the natural gas

pipeline system, and its outlet pressure calculation formula is as
follows (Kody and Xiang, 2018):

Pout ¼ Pin

�
HMw

ZRTin

kv � 1
kv

þ 1
� kv

kv�1

(4)

The calculation formula of compressor outlet temperature is as
follows (Liu et al., 2014):



Fig. 1. Schematic diagram of parallel pipeline.

E.-B. Liu, Y. Peng, S.-B. Peng et al. Petroleum Science xxx (xxxx) xxx
Tout ¼ Tin

�
1þ 1

kt

��
Pout
Pin

�kv�1
kv �1

!!
(5)

The power calculation formula of the compressor is as follows
(Liu et al., 2014):

N¼MH
h

(6)
2.2. Optimization model

2.2.1. Analysis of the relationship between energy consumption and
carbon emissions

The pipeline studied in this paper is located in northwest China,
where the grid emission factor is 0.6671 kg CO2/kWh (Liang, 2018),
and the emission factor of natural gas is 2.1622 kg CO2/m3. Mean-
while, the gas-to-standard coal coefficient is 1.33 kgce/m3, and the
electric-to-standard coal coefficient is 0.1229 kgce/kWh. Based on
the above data, this paper calculates the natural gas and electric
energy required to produce 1 ton of standard coal and 1 ton of CO2,
as shown in Table 2.

It can be seen from Table 2 that when the same energy (such as
benchmark 1) is produced, electricity has more carbon emissions.
Therefore, to reduce carbon emissions, it is necessary to reduce the
use of electricity. With emissions of the same CO2 (such as
benchmark 2), natural gas produces more energy, so when the
energy required by the system is constant, the amount of natural
gas needs to be increased. It can be seen that whether to reduce
carbon emissions or energy consumption, it is necessary to increase
the consumption of natural gas and reduce electricity consumption.

The simulated pipeline passes through the Xinjiang and Gansu
provinces of China. Under the guidance of policies, this region is
vigorously developing wind power and photovoltaic energy. We
have obtained the carbon emission coefficients of wind power and
photovoltaic power from the China Life Cycle Basic Database (CLCD)
and Ecoinvent database (Liu et al., 2010; Hou et al., 2012), which are
0.0112 kg CO2/kWh and 0.0704 kg CO2/kWh, respectively. The fixed
Table 2
Comparison table of fixed energy consumption and fixed carbon emission.

Category Natural gas

Benchmark 1 Consumption, m3 Carbon emissions, kg C
1 tce 751.88 1625.71
Benchmark 2 Consumption, m3 Standard coal, tce
1 tCO2 426.49 0.615

4

energy consumption and carbon emission of wind power and
photoelectric are shown in Table 3.

It can be seen from Table 3 that when wind power and photo-
voltaics generate the same energy consumption (Benchmark 3), the
CO2 emissions are less than the CO2 emissions of natural gas. When
wind power and photovoltaics emit the same CO2 (Benchmark 4),
the energy produced is much greater than that of natural gas.
2.2.2. Objective function
Taking the minimum carbon emission during the operation of

the parallel pipeline system as the objective function, this paper
establishes two objective functions based on the existing energy
structure and the introduction of new energy. The optimization
model is based on the following assumptions: ① The flow state of
gas in the pipeline is steady flow; ② The flow is equally divided
between parallel compressors (In the same station, the compressor
has the same performance.).

Objective 1: the system consumes natural gas and electric
energy.

min C1 ¼min
Xi¼Ni

i¼1

Xj¼Nj

j¼1

εgC
j
gi þ

Xi¼Ni

i¼1

Xk¼Nk

k¼1

εeCk
ei (7)

Objective 2: the system consumes natural gas, electric energy,
and new energy power. In China, due to the instability of wind
power and photoelectric, its effective power generation time ac-
counts for only about 1/5 of the whole year.

min C2 ¼ min
Xi¼Ni

i¼1

Xj¼Nj

j¼1

εgC
j
giþ

1
5

 Xi¼Ni

i¼1

Xw¼Nw

w¼1

εe1C
w
ei þ

Xi¼Ni

i¼1

Xl¼Nl

l¼1

εe2C
l
ei

!
þ

4
5

 Xi¼Ni

i¼1

Xk¼Nk

k¼1

εeCk
ei

!
(8)

In Eq. (7) and Eq. (8), the calculation formula of Cg is as follows:
Electric energy

O2 Consumption, kW$h Carbon emissions, kg CO2

8136.70 5427.99
Consumption, kW$h Standard coal, tce
1499.03 0.184



Table 3
Wind power and photoelectric consumption under fixed energy consumption and carbon emission.

Category Wind energy Photovoltaic energy

Benchmark 3 Consumption, kWh Carbon emissions, kg CO2 Consumption, kWh Carbon emissions, kg CO2

1 tce 8136.70 91.13 8136.70 572.82
Benchmark 4 Consumption, kWh Standard coal, tce Consumption, kWh Standard coal, tce
1 tCO2 89285.71 10.97 14204.55 1.75
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Cg ¼Ngtg
hg

z (9)

In Eq. (7) and Eq. (8), the calculation formula of Ce is as follows:

Ce ¼Nete
he

(10)

2.2.3. Decision variables
In the objective function, carbon emission is directly related to

the gas and power consumption of the compressor, and the vari-
ables affecting the compressor energy consumption in the model
are decision variables, as shown below:

X¼ðq; l; r; SÞ (11)

2.2.4. Constraints

(1) Compressor speed constraint

rmin � r � rmax (12)
(2) Pipeline pressure constraints

Pmin � P � Pmax (13)
(3) Flow constraint

XNm

n2Cm;m¼1

amnM1mn þ
XNm

m¼1

M2m �
XNj

j¼1

Cgj ¼ 0 (14)
(4) Compressor power constraint

Nmin �N � Nmax (15)
(5) Compressor outlet temperature constraint

Tout � Tout max (16)

Through the above contents, the optimization model of the
parallel pipeline can be established, and the modeling process is
shown in Fig. 2:

Based on Fig. 2, the detailed modeling process is as follows:
① The decision variable X ¼ ðq; l; r; SÞ is introduced and the

initial compressor station inlet parameter is called.
② Judge whether the intermediate valve of the two pipes is

open, determine the flow rate of each pipe, and then calculate the
outlet pressure and outlet temperature of the compressor station
based on Eq. (4) and Eq. (5);

③ Make the compressor outlet pressure Pout equal to the inlet
5

pressure PQ of the next pipe section, and the compressor outlet
temperature Tout equal to the inlet temperature TQ of the next pipe
section;

④ Call the basic parameter module (environment data and
pipeline data). Using Eq. (1) and Eq. (2), the terminal temperature T
and terminal pressure P of the pipe section are calculated.

⑤ Make the end pressure PZ of the upper pipe section equal to
the inlet pressure Pin of the compressor station in the next section,
and the end temperature TZ equal to the inlet temperature Tin of the
compressor station. Repeat steps ② to ⑤ until the pressure and
temperature changes of each station in the system are calculated.

⑥ Setting constraints to calculate the gas consumption Cg of the
gas compressor and the power consumption Ce of the electric
compressor;

⑦ The carbon emission factors of natural gas, electric energy,
and new energy are introduced to calculate the carbon emission of
each energy;

⑧ The minimum carbon emission objective functions C1 and C2
(Eq. (7) and Eq. (8)) are established, and the optimization algorithm
is used to solve them, so as to determine the low-carbon operation
scheme of the pipeline system and give suggestions on energy
structure adjustment.

2.3. Optimization algorithm

With the progress of mathematics and computer science, the
kinds of optimization algorithms are increasing gradually. Among
them, particle swarm optimization (PSO) is simple and easy to
implement and needs to adjust fewer parameters, so many scholars
have applied it. However, the particle swarm optimization algo-
rithm also has some shortcomings, such as fast convergence speed
and easy-to-find local optimal value. Through literature research,
this paper finally determined four high-performance improved
particle swarm optimization algorithms, which are PPSO (Ghasemi
et al., 2019a), NHPSO-JTVAC (Ghasemi et al., 2019b), CPSO (Liu et al.,
2005), and EDW-PSO (Meenakshi et al., 2021).

2.3.1. Algorithm selection
The model established in this paper has a large number of

optimization variables and a large dimension. In order to select the
method suitable for solving themodel in this paper, four algorithms
are used to solve the optimization model respectively. To make a
fair comparison, the overall size and a minimum number of itera-
tions were set to 50 and 300, respectively, for each test. Four
improved particle swarm optimization algorithms were used to
solve objective function 1 and objective function 2 for 30 times
respectively, and the Best, Worst, Mean and standard deviation
values (SD) of the results obtained by each algorithmwere recorded
after 30 independent experiments, as shown in Table 4.

As shown in Table 4, among the solution results of the four al-
gorithms, NHPSO-JTVAC shows the best performance. PPSO algo-
rithm also performs well when solving objective function 1, but
when solving objective function 2, the result deviation is large.
CPSO algorithm and EDW-PSO algorithm both show poor perfor-
mance in the solving process of the two objectives. Therefore, this
paper mainly uses the NHPSO-JTVAC algorithm to solve the model.



Fig. 2. Pipeline modeling flow chart.
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2.3.2. Traditional particle swarm optimization
In particle swarm optimization (PSO), each particle has a posi-

tion vector P and a velocity vector V. the traditional calculation
formula is as follows:

vIterþ1
i;j ¼ vIteri;j þhIter1 r1;j

�
pIteri;j � xIteri;j

�
þ hIter2 r2;j

�
pIterg;j � xIteri;j

�
(17)
6

XIterþ1
i ¼VIterþ1

i þ XIter
i (18)
2.3.3. NHPSO-JTVAC algorithm
The NHPSO-JTVAC algorithm refers to a new self-organizing

hierarchical particle swarm algorithm with a jumping time-
varying acceleration coefficient. This algorithm is upgraded from



Table 4
Solution results of four optimization algorithms.

Objective function PPSO NHPSO-JTVAC CPSO EDW-PSO

Objective function 1 Best 27.51 � 107 27.26£ 107 12.83 � 1012 53.21 � 1012

Worst 40.25 � 107 29.85 £ 107 17.51 � 1022 44.53 � 1021

Mean 31.55 � 107 28.09 £ 107 10.56 � 1020 16.57 � 1019

SD 3.23 0.74 39.32 � 1021 81.42 � 1020

Objective function 2 Best 27.43 � 107 26.12 £ 107 14.06 � 1012 89.35 � 107

Worst 29.82 � 1021 42.32 £ 107 33.92 � 1019 59.92 � 1021

Mean 10.01 � 1021 29.76 £ 107 21.22 � 1018 19.74 � 1020

SD 54.48 � 1020 4.38 72.71 � 1018 10.71 � 1021
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another improved particle swarm algorithm HPSO-TVAC.
Compared with the traditional particle swarm algorithm PSO,
there are two main differences.

(1) The calculation method of the learning factor is different

In the traditional particle swarm optimization algorithm, the
learning factors b1 and b2 are usually fixed, but the fixed value will
make the local and global search ability of the particle swarm
optimization algorithm insufficient. The calculation method of b1
and b2 in the NHPSO-JTVAC algorithm is as follows:

bIterIter ¼
�
bf � bi

� Iter
Itermax

þ b (19)

bIter1 ¼ jwj
�
bIter*w

�
(20)

bIter2 ¼ j1�wjðb
Iter

1�wÞ (21)

In Eq. (19), bIterwill change from b1 ¼ bi ¼ 0:5 to bIter max ¼
bf ¼ 0:0.

(2) The speed update formula is different

The velocity calculation formula of the traditional particle
swarm optimization algorithm is Equation (17). The study of Cheng
and Jin (2015) shows that the PIterg � XIter

i is easy to make the al-
gorithm fall into the local optimum. Therefore, in the NHPSO-JTVAC
algorithm, Ghasemi et al. (2017) introduced the optimal individual
value of random particles, PIterr , and used ðPIterg þPIterr Þ� 2*XIter

i to

replace the original PIterg � XIter
i , transforming Eq. (17) into Eq. (22).

vIterþ1
i;j ¼ bIter1 r1;j

�
PIteri;j � xIteri;j

�
þ bIter2 r2;j

��
PIterg;j þ PIterr;j

�
� 2xIteri;j

�
(22)
Fig. 3. Elevation-mileage data of the parallel pipeline.
3. Case introduction and model verification

3.1. Case introduction

The parallel pipeline diagram is shown in Figure 1. Each pipeline
has 14 stationswith an inner diameter of 1.177m, and the operation
time is calculated by one month (31 days). The trend diagram of the
pipeline is shown in Fig. 3.

According to the operation data of the compressor station
investigated on-site, the operation data of two pipelines in a month
are shown in Table 5 and Table 6.
7

3.2. Model validation

Because natural gas itself is compressible, it is very important to
calculate the correct pressure and temperature. Here, we input the
actual operation data of the pipeline into the optimization model
and calculate the pressure and temperature along the pipeline for
model verification. The pressure change is shown in Fig. 4.

When the absolute pressure difference is within 5%, it meets the
requirements. In Fig. 4, the maximum outgoing pressure difference
of pipeline 1 is 0.17 MPa, that is, the maximum pressure error of
pipeline 1 is 1.58%; The maximum outgoing pressure difference of
pipeline 2 is 0.21 MPa, that is, the maximum pressure error of
pipeline 2 is 1.91%, so the pressure calculation of the model meets
the requirements. In addition, the outgoing temperature change
along the pipeline is shown in Fig. 5.

When the temperature difference is within 5%, it meets the
calculation requirements. In Fig. 5, the maximum temperature
difference of pipeline 1 is 1.79 �C, that is, the maximum tempera-
ture error of pipeline 1 is 3.79%. The maximum temperature dif-
ference of pipeline 2 is 1.61 �C, that is, the maximum temperature
error of pipeline 2 is 3.38%, so the temperature calculation of the
model meets the requirements.
4. Results and discussion

4.1. Optimization results

NHPSO-JTVAC algorithm is used for optimization. The initial
population is 50 and the number of iterations is 150.



Table 5
Actual operation data of pipeline 1.

Station
number

Inlet pressure,
MPa

Outlet pressure,
MPa

Inlet temperature,
�C

Outlet temperature,
�C

Number of
compressors

Compressor power,
kW

Compressor
type

Valve
status

1 6.48 10.04 20.37 54.7 2 13326.03 Gas Open
2 8.10 10.84 24.76 51.12 1 6623.86 Gas Open
3 8.80 10.89 25.00 44.00 1 4257.58 Gas Open
4 8.98 10.45 22.55 35.60 1 3382.53 Gas Open
5 7.40 10.89 12.88 44.70 3 15425.00 Electric Close
6 7.92 10.94 16.03 42.65 2 12969.13 Gas Open
7 8.19 10.95 22.46 47.16 2 10517.14 Gas Open
8 8.41 10.81 26.00 50.00 1 2982.66 Gas Open
9 8.14 10.79 24.2 48.5 1 14221.24 Gas Open
10 8.02 10.85 26.6 51.9 2 18616.48 Electric Open
11 7.97 10.78 21.22 46.61 1 5693.25 Gas Open
12 8.11 10.94 20.61 49.50 1 5839.12 Gas Open
13 8.08 10.71 20.75 45.15 2 17627.30 Electric Open
14 8.24 11.30 20.31 46.88 1 5951.70 Gas Open

Table 6
Actual operation data of pipeline 2.

Station
number

Inlet pressure,
MPa

Outlet pressure,
MPa

Inlet temperature,
�C

Outlet
temperature,
�C

Number of
compressors

Compressor power,
kW

Compressor
type

Valve
status

1 6.48 10.06 16.80 52.00 2 11904.27 Gas Open
2 8.22 10.97 26.3 52.5 2 7989.06 Electric Open
3 8.82 10.91 25.52 44.13 2 5382.93 Electric Open
4 8.96 10.43 23.01 35.81 2 6765.28 Electric Open
5 8.91 8.91 29.23 29.60 0 0 Electric Close
6 7.89 10.95 16.00 44.00 1 5145.83 Gas Open
7 8.19 10.95 24.00 50.00 2 11347.18 Gas Open
8 8.39 10.88 25.40 46.70 2 5951.15 Gas Open
9 8.12 10.79 25.12 49.62 2 25941.94 Gas Open
10 8.01 10.79 26.2 53.9 2 14784.70 Electric Open
11 8.00 10.78 20.84 47.6 3 11331.28 Electric Open
12 7.79 10.88 18.80 46.96 3 11692.33 Electric Open
13 8.22 10.32 23.30 41.70 2 13088.13 Electric Open
14 8.08 11.35 18.7 48.2 3 11227.24 Electric Open

Fig. 4. Comparison between actual pressure and calculated pressure.
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(1) Objective 1 optimization results

The optimization process is shown in Fig. 6.
As can be seen from Fig. 6, when the algorithm iterates to 82

steps, the calculation results tend to be stable. The operation data of
each station under this objective is shown in Table 7.

As can be seen from Table 7, in Objective 1, there are 23 gas
compressors and 17 electric compressors in the pipeline system.
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(2) Optimization results of objective 2

The optimization process is shown in Fig. 7.
As can be seen from Fig. 7, when the algorithm iterates to 93

steps, the calculation results tend to be stable. The operation data of
each station under this objective is shown in Table 8.

As can be seen from Table 8, in Objective 2, there are 21 gas
compressors and 18 electric compressors in the pipeline system.



Fig. 5. Comparison between the actual temperature and calculated temperature.
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4.2. Result discussion

4.2.1. Analysis of carbon emissions from different energy sources

(1) Carbon emission analysis of natural gas

The carbon emissions of natural gas in each station of the actual
scheme, objective 1 optimization scheme, and objective 2 optimi-
zation scheme are shown in Fig. 8.

In Fig. 8, the carbon emission of the actual scheme is 174,100
tons, the carbon emission of objective function 1 is 154,100 tons,
and the carbon emission of objective function 2 is 151,300 tons. It
shows that after optimization, both objective function 1 and
objective function 2 reduce the use of natural gas, in which the
existing energy structure (Objective 1) can reduce carbon emissions
by 11.49%, and the addition of new energy (Objective 2) can reduce
carbon emissions by 13.10%.
Fig. 6. Iteration diagram o
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(2) Carbon emission analysis of electric power

The carbon emission of electric energy of each station in the
actual scheme, objective 1 and objective 2 is shown in Fig. 9.

In Fig. 9, the startup number of the fourth electric drive
compressor station of pipeline 2 is 0 in different operation schemes,
so there is no carbon emission in the station. Among the three
operation schemes, the carbon emission of the actual scheme is
221,800 tons, the carbon emission of objective 1 is 118,500 tons,
and the carbon emission of objective 2 is 109,900 tons. It shows that
after the addition of new energy, the carbon emission can be
reduced by 50.45%.

4.2.2. Energy consumption analysis of different energy sources
Natural gas and electric energy consumption of the three

schemes are shown in Fig. 10.
It can be seen from Fig. 10 that the natural gas and electric en-

ergy consumption of objective 1 and objective 2 have decreased
f objective function 1.



Table 7
Operation data of each station in Objective 1.

Station number pipeline 1 pipeline 2 Valve status

Number of compressors Compressor power, kW Compressor type Number of compressors Compressor power, kW Compressor type

1 3 13131.09 Gas 3 14030.75 Gas Open
2 1 5174.33 Gas 3 5490.52 Electric Open
3 0 0 Gas 0 0 Electric Open
4 2 7106.59 Gas 3 17927.09 Electric Open
5 0 0 Electric 0 0 Electric Open
6 2 10486.16 Gas 1 1605.56 Gas Open
7 1 6816.98 Gas 2 4677.80 Gas Open
8 1 4923.05 Gas 2 7988.26 Gas Open
9 0 0 Gas 0 0 Gas Open
10 1 11086.30 Electric 2 12939.54 Electric Open
11 2 13425.62 Gas 1 3603.43 Electric Open
12 1 7194.27 Gas 1 1649.16 Electric Open
13 2 16270.64 Electric 1 6857.75 Electric Open
14 2 9863.95 Gas 3 8925.60 Electric Close

Fig. 7. Iteration diagram of objective function 2.

Table 8
Operation data of each station in Objective 2.

Station number pipeline 1 pipeline 2 Valve status

Number of compressors Compressor power, kW Compressor type Number of compressors Compressor power, kW Compressor type

1 3 17023.83 Gas 2 10935.14 Gas Open
2 1 5580.02 Gas 0 0 Electric Close
3 1 5662.70 Gas 2 7419.34 Electric Open
4 1 5389.82 Gas 1 7865.46 Electric Open
5 0 0 Electric 0 0 Electric Close
6 2 9636.26 Gas 2 12331.80 Gas Open
7 2 10290.82 Gas 1 3027.95 Gas Open
8 0 0 Gas 0 0 Gas Open
9 2 22484.36 Gas 1 5601.85 Gas Open
10 3 13653.52 Electric 2 15027.61 Electric Open
11 1 5640.86 Gas 2 7012.05 Electric Open
12 1 7653.75 Gas 1 6500.37 Electric Open
13 3 18516.79 Electric 1 6902.12 Electric Open
14 1 3085.43 Gas 3 8586.21 Electric Open
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Fig. 8. Carbon emission of natural gas in each station of the pipeline system.

Fig. 9. Carbon emission of electric energy of each station of the pipeline system.

Fig. 10. Natural gas and electric energy consumption of three schemes.
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after optimization. The natural gas consumption of objective 1 is
greater than that of objective 2, that is, the pipeline system is more
inclined to consume natural gas under the existing energy struc-
ture. The electric energy consumption of objective 2 is greater than
that of objective 1, that is, after adding new energy, the pipeline
system is more inclined to consume electric energy. The optimi-
zation results of the two objectives comply with chapter 2.2.1.
Fig. 11. Comparison of total carbon emissions of various schemes.

Table 9
Energy consumption of three operation schemes.

Category Actual scheme Objective 1 Objective 2

energy consumption,108 kgce 1.4800 1.1664 1.1781
4.2.3. Suggestions on energy structure adjustment
The total carbon emissions of the three schemes are shown in

Fig. 11.
As can be seen from Fig. 11, the carbon emissions of the two

objective functions are reduced, of which objective 1 can reduce the
total carbon emissions by 31.14% and objective 2 can reduce the
total carbon emissions by 34.02%. Therefore, after the introduction
of new energy power, the carbon emission of the natural gas
pipeline can be reducedmore. At this time, the energy consumption
values of the three schemes are shown in Table 9.
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In Table 9, the energy consumption of objective 1 can be reduced
by 21.19%, and the energy consumption of objective 2 can be
reduced by 20.40%. It shows that after adding new energy, under
the minimum carbon emission objective, the lowest carbon emis-
sion can be guaranteed, but the lowest energy consumption cannot
be guaranteed. At this time, carbon emissions and energy con-
sumption do not increase at the same time. The energy structure
diagram of objective 1 and objective 2 is shown in Fig. 12.

Fig. 12 shows the proportion of energy under different objec-
tives. In general, the introduction of new energy is more conducive
to reducing carbon emissions. Due to the instability of new energy,
it is suggested to introduce new energy in stages to reduce carbon
emissions.

5. Conclusion

This paper studies the method of low carbon emission of natural



Fig. 12. Energy structure a: Objective 1; b: Objective 2.
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gas pipelines, and the following conclusions can be drawn:

(1) The established optimization model of the natural gas
pipeline network is verified by practical engineering cases.
The maximum calculation error of pressure and temperature
is 1.91% and 3.79%, which is in line with the actual situation
and has guiding significance for on-site operation.

(2) After optimizing the energy types in the existing pipeline
system, the CO2 emission can be reduced by 34.02% and the
energy consumption can be reduced by 21.19%.

(3) By changing the energy structure of the pipeline system, the
introduction of wind power and photoelectric can reduce
CO2 emission by 34.02% and energy consumption by 20.40%.
In this case, the lowest energy consumption cannot be
guaranteed when the carbon emission is the lowest.

Based on the research of this paper, the following problems can
be considered for the calculation of carbon emission of the natural
gas pipeline system in the future:

(1) If multiple energy sources are introduced, the switching
mechanism of different power needs to be further studied.

(2) Many standards related to carbon emissions are not perfect,
such as carbon emission factors of new energy power, and
many countries do not have relevant databases.

(3) For specific pipelines, each region should establish corre-
sponding carbon emission measurement methods.

(4) In the case of thermal power generation, carbon emissions
have been generated in the power generation process, but
users consume a large amount of electricity. Therefore, it is
necessary to clarify whether carbon emissions should belong
to users or power production departments.
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