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ABSTRACT

As the main link of ground engineering, crude oil gathering and transportation systems require huge
energy consumption and complex structures. It is necessary to establish an energy efficiency evaluation
system for crude oil gathering and transportation systems and identify the energy efficiency gaps. In this
paper, the energy efficiency evaluation system of the crude oil gathering and transportation system in an
oilfield in western China is established. Combined with the big data analysis method, the GA-BP neural
network is used to establish the energy efficiency index prediction model for crude oil gathering and
transportation systems. The comprehensive energy consumption, gas consumption, power consumption,
energy utilization rate, heat utilization rate, and power utilization rate of crude oil gathering and
transportation systems are predicted. Considering the efficiency and unit consumption index of the crude
oil gathering and transportation system, the energy efficiency evaluation system of the crude oil gath-
ering and transportation system is established based on a game theory combined weighting method and
TOPSIS evaluation method, and the subjective weight is determined by the triangular fuzzy analytic
hierarchy process. The entropy weight method determines the objective weight, and the combined
weight of game theory combines subjectivity with objectivity to comprehensively evaluate the
comprehensive energy efficiency of crude oil gathering and transportation systems and their subsystems.
Finally, the weak links in energy utilization are identified, and energy conservation and consumption
reduction are improved. The above research provides technical support for the green, efficient and
intelligent development of crude oil gathering and transportation systems.
© 2023 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

evaluation system of crude oil gathering and transportation sys-
tems, identify the weak links of energy consumption, and to

As oilfields gradually enter the late stage of exploitation, crude
oil production decreases, and water content increases year by year.
The contradiction between high energy consumption and low ef-
ficiency in oilfields is becoming increasingly obvious. It is necessary
to reduce energy consumption and improve energy efficiency in
oilfields. At present, the energy efficiency evaluation method is
often used in oilfield businesses to improve the economic benefits
of oilfield enterprises. As an important part of gathering and pro-
cessing, it is necessary to establish the overall energy efficiency
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improve the energy savings of crude oil gathering and trans-
portation systems to achieve high production levels and high effi-
ciency in the oilfield industry.

In recent years, many scholars have studied the energy effi-
ciency evaluation of crude oil gathering and transportation systems
and produced some notable achievements. Among them, Tang et al.
(2021) comprehensively considered the basic evaluation indices of
heating furnaces and pump units, established an energy efficiency
evaluation system of multilevel crude oil gathering and trans-
portation systems, analyzed the change law of energy efficiency in
different seasons, and determined the weak links of energy utili-
zation. Based on the analytic thought of analytic hierarchy process,
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Yao et al. (2021) identified the weak links in the energy used in the
transfer station system based on the heat and power consumption
of the transfer station, and gave suggestions for improvement. Zang
et al. (2020) built an index system for energy efficiency of oilfield
heating furnaces based on heating furnace indexes such as thermal
efficiency, air-fuel ratio, load rate and smoke emission ratio. They
used entropy weight method to determine the weight of each in-
dex, calculated the comprehensive influence factor of the index,
analyzed the operation of heating furnaces, and proposed targeted
improvement measures. Cao et al. (2020) established a set of en-
ergy efficiency index system for key energy use levels of oilfield
enterprise systems. Taking Tarim Oilfield as an example, they pro-
posed a weighted comprehensive evaluation method of energy
efficiency based on matrix operation. Li (2020) analyzed the main
energy consumption of the combined station and found that the
high energy consumption was due to the large oil and gas pro-
cessing capacity, high oil and gas content and complex oil and gas
properties. In view of the above reasons, the energy consumption
system of the joint station is optimized by improving oil and gas
treatment technology and introducing big data information control.
Yao (2020) divided the gathering and transportation system into
two stages according to the technological process and production
operation status of the gathering and transportation system in the
first area of oil recovery operation, selected evaluation methods
and evaluation indexes for the gathering and transportation sta-
tions and pipelines respectively, and finally evaluated the oil loss of
the gathering and transportation system. Kou (2021) used GRU
algorithm to establish a machine learn-based prediction model of
pump station energy consumption and flow, and verified that the
accuracy of the model was high enough to achieve the prediction of
pump station energy consumption and flow in oilfield production.
Paitoon et al. (2020) pointed out that artificial intelligence can
improve people's cognition and more effectively reach the best
level within a certain period of time. Reasonable use of artificial
intelligence is of great benefit to the oil industry. Anirbid et al.
(2021) conducted a comprehensive survey on the research status
of machine learning and artificial intelligence to solve problems in
the oil and gas industry. Research shows that rational use of
intelligent systems can reduce risks and maintenance costs. Using
this emerging technology can accelerate the development and
progress of the oil and gas industry.

At present, the research on the energy efficiency evaluation
system of crude oil gathering and transportation system only
adopts subjective or objective evaluation methods to identify the
weak links of energy consumption in the existing operation status,
which neither comprehensively considers the two factors of effi-
ciency and unit consumption, nor can it carry out energy efficiency
risk warning. Therefore, it is necessary to combine artificial intel-
ligence with energy efficiency evaluation of crude oil gathering and
transportation system to establish a digital energy efficiency eval-
uation system of crude oil gathering and transportation system. In
this paper, the GA-BP neural network model is used to predict the
basic energy efficiency index. On this basis, the triangular fuzzy
analytic hierarchy process is used to determine the subjective
weight, the entropy weight method is used to determine the
objective weight, and the game theory combination weighting
combines the subjective and objective. TOPSIS evaluation method
is used to comprehensively evaluate the comprehensive energy
efficiency of crude oil gathering and transportation system. The
energy efficiency evaluation system can not only speed up the
collection, calculation and analysis of data, but also can predict the
weak links of energy use, and ultimately achieve the purpose of
saving energy and reducing costs. The relevant research results can
provide a theoretical basis for promoting the development of dig-
ital crude oil gathering and transportation system.
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2. Energy efficiency prediction of a crude oil gathering and
transportation system based on a GA-BP neural network

At present, oilfields are in the stage of rapid development. Under
the background of the current energy revolution and energy
transformation, accelerating the digital transformation of the oil
and gas industry and realizing the intellectualization of the oil and
gas industry are the current development trends. Therefore, it is
necessary to combine digital technologies such as big data and
artificial intelligence (Papadopoulos et al., 2022) with energy effi-
ciency evaluations of crude oil gathering and transportation sys-
tems and use GA-BP neural networks to predict the energy
efficiency of crude oil gathering and transportation systems, which
can provide a theoretical basis for the development of intelligent
crude oil gathering and transportation systems.

2.1. Basic principle of the GA-BP neural network

In essence, the improved BP neural network model of the ge-
netic algorithm searches the solution space (Wang C. et al., 2022) of
target information widely by the genetic algorithm, locates the
better BP neural network form searched by the genetic algorithm,
and then obtains the optimal result of the prediction problem by
training. The evolutionary process of the BP neural network
improved by the genetic algorithm is shown in Fig. 1.

The steps (Yuan et al., 2021; Wang Y. et al., 2022; Wu et al., 2020;
Li et al., 2020) of the GA-BP neural network are as follows.

(1) Definition of variables at each level

First, define the variables of the input layer, output layer, and
hidden layer, and the respective number of nodes, where the
connection weights between each layer are w;; and wj, respectively:
initialize them and set the learning rate and neuron transfer
function, BP. The neural network model is shown in Fig. 2.

(2) The GA encodes the initial value and calculates fitness

Import the initial training sample, calculate the sampling error
and bring it into the fitness formula to obtain the connection
weight of the fitness. In the genetic algorithm, individual fitness is
used to evaluate the pros and cons of each individual to determine
the size of its genetic chance.

(3) Perform selection, crossover, mutation operations

Selection refers to the direct inheritance of superior individuals
to the next generation or the generation of new individuals through
pairing and crossover, which are then inherited by the next gen-
eration. Crossover refers to the operation of replacing and recom-
bining part of the structure of the two parent individuals to
generate a new individual. Mutation is the change in gene values at
certain loci of individual strings in the population, generally O to 1
or 1 to 0. After the population P(t) is selected, crossed, and mutated,
the next generation population P(t+1) is obtained.

(4) Obtain optimal weights and thresholds of the BP neural
network

Two thresholds can be set: one is that if the evolutionary algebra
has reached the maximum, the individual with the maximum
fitness obtained in the evolution process is used as the optimal
solution output, and the calculation is terminated; the other is to
set an error if, for a certain population in the population, the error of
each individual has reached the requirement: in this case, the
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Fig. 1. Flow chart of the GA-BP genetic algorithm.
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Fig. 2. BP neural network model diagram.

individual with the best fitness is output as the optimal approxi-
mate solution, and the calculation is terminated.

(5) Calculation of hidden layer output

According to the input vector, connection weight, and hidden
layer threshold, the hidden layer output layer H is calculated as

623

follows:

n
i=1

H: =f Z(w,-j—aj) ; j=1,2,---,s
The transfer function is as follows:

1+ex

fo= (2)

(6) Output calculation of the output layer

According to the hidden layer output, calculate the predicted
output O:

1
Ok: Zijjk—bk;k:LZ,-“,m (3)

J

(7) Training error calculation

Calculate the grid prediction error e based on the network
predicted output O and expected Y:

k=Y, - Ok=1,2,m (4)
(8) Weight, threshold update
Adjust the connection weights according to the
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backpropagation error:

m
k=1
wij = wij + 1H; (1 - Hj)x (i)Y _wie (5)

wjk:wjk+nHjek,j =1,2,--,55k=1,2,---'m (6)

Adjust the node threshold p,t according to the backpropagation
error e:

m

k=1
pj=pj+nH;(1 = Hj)x()) “wper.j=1,2,--,s (7
ti=ty +eki k=12 m (8)

(9) Judge whether the training is completed according to the
error.

When the error no longer decreases, the training ends. If the
error signal still decreases, continue to update the weights and
thresholds.

2.2. Energy efficiency prediction of a crude oil gathering and
transportation system based on a GA-BP neural network

There are three plants in the crude oil gathering and trans-
portation system predicted by the GA-BP neural network. Among
them, the X1 plant has 99 wells, 12 transfer stations, and 1 com-
bined station, and the X2 plant has 135 wells, 14 transfer stations,
and 1 combined station. the X3 plant has 80 wells, 11 transfer
stations, and 1 union station. The overall process of the crude oil
gathering and transportation system is as follows: the oil well-
produced liquid is heated by the wellhead heating furnace and
then transported to the metering station. The metering station
mainly measures the incoming liquid. The liquid is separated,
pressurized, heated, and transported to the outside. Transfer sta-
tions are built within some of the blocks, taking into account the
functions of the metering station and the transfer station. The
liquid processed by the transfer station is transported to the com-
bined station, and its main function is oil-water separation. After
dehydration, it enters the crude oil stabilization tower for stabili-
zation and desulfurization, and the processed qualified crude oil is
transported to the oil depot under pressure. A schematic diagram of
the crude oil gathering and transportation system of an oilfield in
western China is shown in Fig. 3.

2.2.1. GA-BP neural network design

(1) Number of network layers. A BP network can contain one or
more hidden layers. Through the analysis, it can be deter-
mined that the network of a single hidden layer can achieve
any nonlinear mapping by appropriately increasing the
number of neuron nodes; usually, a single hidden layer can
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meet the needs, so a single hidden layer BP neural network is

selected.

(2) Enter the number of layer nodes. When predicting the unit
consumption and efficiency of the crude oil gathering and
transportation system, the dimension of the input vector is
determined by the relevant operating parameters of the
crude oil gathering and transportation system and its sub-
systems, and then the number of nodes in the input layer is
determined.

(3) The number of hidden layer nodes. The number of hidden
layer nodes has a great influence on the training effect of the
BP neural network. At present, there is no ideal analytical
formula to determine a reasonable number of hidden layer
nodes. The commonly used empirical formula for the num-
ber of hidden layer nodes is estimated as follows:

i=0

©) anC,"v,>k, where k is the number of samples, M is the
number of neurons in the hidden layer, and n is the
number of neurons in the input layer. If i>M, specify
Ci, =0.

@ M = yn+m+ a, where m and n are the number of
neurons in the output layer and input layer, respectively,
and a is a constant between [0, 10].

® R =1- M where n is the number of neurons in

ZH yi-y)
the input layer.

Based on the above formula, we calculate the number of hidden
layer neurons, compare the prediction performance of different
hidden layer neuron nodes, and select the neuron hidden layer
node number with the best performance.

(4) The number of neurons in the output layer. The number of
neurons in the output layer is determined according to the
characteristics of the crude oil gathering and transportation
system and is predicted by a single index. Therefore, the
number of neurons in the hidden layer is 1. The power con-
sumption of collection and transmission, the comprehensive
energy consumption of collection and transmission of unit
liquid volume, the utilization rate of energy, the utilization
rate of heat energy, and the utilization rate of electric energy
are forecasted.

(5) The choice of the transfer function and training method.
Generally, the hidden layer uses the sigmoid function, while
the output layer uses a linear function, and the training
method selects the gradient descent method.

(6) The training method selects the standard gradient descent
method.

(7) GA-BP neural network training parameter settings. When
predicting the efficiency and unit consumption of the crude
oil gathering and transportation system, there are a total of
509 sets of data, and 60 sets of data are selected as the test
set. The population size was 20, the number of evolutionary
iterations was 50, and the crossover probability and

Combined station

Oil depot

Fig. 3. Schematic diagram of the crude oil gathering and transportation system in an oilfield in western China.
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mutation probability were 0.2 and 0.1, respectively. After the
above parameters are determined, the training data are
normalized and input into the network for learning. If the
network successfully converges, the neural network predic-
tion model can be obtained.

2.2.2. Efficiency prediction of the crude oil gathering and
transportation system

When evaluating the energy efficiency of the crude oil gathering
and transportation system, it is necessary to collect the daily data of
the oil gathering wellhead system, the transfer station system, and
the combined station system and then perform the calculation after
sorting. Energy efficiency predictions are carried out to effectively
promote the intelligent development of crude oil gathering and
transportation systems. The efficiency index of the crude oil gath-
ering and transportation system is mainly related to the three
subsystem parameters of the transfer station, the union station, and
the oil gathering wellhead. Based on this, the BP neural network
structure is determined. The neural network structure diagram of
the efficiency prediction model is shown in Fig. 4.

When predicting the efficiency of crude oil gathering and
transportation systems, the test algorithm is used for the hidden
layer nodes. The curve coincidence degree is better when the
number of hidden layer nodes of the energy utilization BP neural
network is 17~19, and the prediction effect is the best when the
number of hidden layer nodes is 18. Similarly, it is concluded that
when the numbers of hidden layer nodes of the heat utilization rate
and power utilization rate are 20 and 24, respectively, the real value
best coincides with the predicted curve. The efficiency prediction
results of the crude oil gathering and transportation system are
shown in Fig. 5.

Fig. 5 shows the prediction results of the GA-BP neural network
and BP neural network for energy utilization, thermal energy uti-
lization, and electric energy utilization of the crude oil gathering
and transportation system. By comparing the prediction results of
the BP and GA-BP neural networks, it is found that the predicted
values of energy utilization, heat energy utilization, and electric
energy utilization of the GA-BP neural network model have a high
coincidence degree with the actual values, and the curve coinci-
dence degree is significantly higher than that of the BP neural
network model.

2.2.3. Unit consumption prediction of crude oil gathering and
transportation system

When predicting the unit consumption of crude oil gathering
and transportation systems, the main indices include the compre-
hensive energy consumption of unit liquid gathering and trans-
portation, the gas consumption of unit liquid gathering and
transportation, and the comprehensive energy consumption of unit
liquid gathering and transportation. The structure diagram of the
neural network for predicting the unit consumption of crude oil
gathering and transportation systems is shown in Fig. 6.

When predicting the comprehensive energy consumption of the
crude oil gathering and transportation system per unit of liquid
volume, the input layer mainly includes the power consumption,
gas consumption, and treatment liquid volume of the crude oil
gathering and transportation system; when predicting the gas
consumption and power consumption of unit liquid collection, the
input layer of the BP neural network is the same as the input layer
of heat and power utilization. Through the trial calculation of the
number of hidden layer nodes of each neural network, the curve
coincidence degree and the prediction accuracy are higher when
the number of hidden layer nodes of comprehensive energy con-
sumption, gas consumption, and power consumption per unit of
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liquid gathering and transportation are 12, 9 and 10, respectively.
The unit consumption prediction results of the crude oil gathering
and transportation system are shown in Fig. 7.

Fig. 7 shows the prediction results of the GA-BP neural network
and BP neural network for unit consumption of crude oil gathering
and transportation systems. The predicted values of comprehensive
energy consumption per unit liquid volume, gas consumption per
unit liquid volume, and power consumption per unit liquid volume
of the GA-BP neural network model are highly coincident with the
actual values, and the curve coincidence degree is significantly
higher than that of the BP neural network model. Through the
above prediction model, the efficiency and unit consumption of the
three subsystems of the transfer station, the combined station, and
the oil gathering wellhead can be predicted. The GA-BP neural
network solves the problem of a large amount of data and long
calculation time in the energy efficiency evaluation of crude oil
gathering and transportation systems, which is beneficial to
improving the calculation speed of unit consumption and efficiency
of crude oil gathering and transportation systems.

2.3. Evaluation of the energy efficiency prediction model for the
crude oil gathering and transportation system

When predicting the energy efficiency of crude oil gathering and
transportation systems, it is necessary to evaluate the model and
analyse the influences of error on each index. The prediction data
errors of crude oil gathering and transportation system efficiency
and unit consumption of the GA-BP and BP neural networks are
shown in Fig. 8.

Fig. 8 shows that the data error predicted by the GA-BP neural
network model in the energy efficiency prediction of the crude oil
gathering and transportation system fluctuates above and below
the O reference line, and the fluctuation amplitude is significantly
smaller than the error curve predicted by the BP neural network
model. The GA-BP neural network error is less than that of the BP
neural network.

To further determine the energy efficiency prediction accuracy
(Hu et al., 2022) of crude oil gathering and transportation systems,
the determination coefficient R? is used to evaluate the fitting ac-
curacy of the prediction model of crude oil gathering and trans-
portation system efficiency and unit consumption. As shown in Eq.
(9), the R? value is between 0 and 1; the closer to 1, the higher the
prediction accuracy. Take energy efficiency prediction as an
example to illustrate R% When R? is between 0.85 and 0.95, the
energy efficiency level of oilfield enterprises can be roughly esti-
mated in general engineering. When R? is greater than 0.95, it can
be used in the actual project prediction with small error, which can
guide the actual production of the oilfield, conduct research and
analysis, and play an early warning role in energy saving and
consumption reduction projects.

i -¥)°

R

Il
-

RZ=1-"! (9)

i — )

R

Il
—_

In the formula, n is the number of samples; y is the actual value
of the model; y; is the model predictive value; and y is the average
of the actual values.

The fitting accuracy of the unit consumption and efficiency
prediction model of the crude oil gathering and transportation
system is obtained by Eq. (9), as shown in Table 1.

The fitting accuracy calculation shows that the determination
coefficient of the GA-BP neural network prediction model is higher
than that of the BP neural network model. The determination
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Fig. 4. Diagram of the neural network model for efficiency prediction of crude oil gathering and transportation systems.
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coefficients of energy utilization, heat energy utilization, and
electric energy utilization in the GA-BP neural network efficiency
model are 0.9906, 0.9895, and 0.9746, respectively. The determi-
nation coefficients of comprehensive energy consumption, gas
consumption, and power consumption in unit liquid gathering and
transportation in the GA-BP neural network efficiency model are
0.9822,0.9694, and 0.9923, respectively. The GA-BP neural network
model can effectively improve the prediction accuracy of the BP
neural network model. Among them, the prediction results of
electric consumption and energy utilization rate per unit of liquid
collection are the best, the determination coefficients are greater
than 0.9, and the prediction accuracy is high.

The GA-BP neural network model can not only reduce the
workload of energy efficiency evaluation and calculation of crude
oil gathering and transportation systems but also predict the future
energy efficiency through parameters. This in-depth analysis and
mining of large amounts of data of crude oil gathering and trans-
portation systems are conducive to improving the development of
digital oilfields, improving the energy efficiency calculation effi-
ciency of crude oil gathering and transportation systems, and
providing certain theoretical support for energy conservation and
consumption reduction of crude oil gathering and transportation
systems in oilfields.

3. Establishment of an energy efficiency evaluation system
model for a crude oil gathering and transportation system

The energy structure of the crude oil gathering and trans-
portation system is complex, and the energy consumption is
enormous, involving multiple transfer stations, combined stations,
and gathering wellheads. It is necessary to consider many factors of
each subsystem. Therefore, before the energy efficiency evaluation,
it is necessary to determine the index weight of each subsystem
and evaluate the energy efficiency of the crude oil gathering and
transportation system. At present, the calculation methods of index
weight (Li P. et al., 2021; Raghav et al., 2022; Zhou et al., 2021; He
et al., 2022) are mainly divided into the subjective weight method,
objective weight method, and combined weight method.

3.1. Evaluation index weight calculation method of crude oil
gathering and transportation system

At present, the subjective weighting method mainly poses the
disadvantages of subjective randomness and uncertainty, and the
objective weighting method has the disadvantages of different
samples producing different results. Therefore, the combination
weighting method is adopted, and the subjective weighting
method is combined with the objective weighting method. Based
on game theory, the optimal combination weight is determined.
The subjective weighting method is based on the triangular fuzzy
analytic hierarchy process and combines triangular fuzzy theory
with the analytic hierarchy process. The objective weighting
method uses the entropy weight method. Finally, game theory
combination weighting is carried out, and the TOPSIS method is
used to evaluate the energy efficiency after weighting.

3.1.1. Determining subjective weight based on the triangular fuzzy
analytic hierarchy process

The analytic hierarchy process (AHP) (Vinodh, 2020) refers to a
complex multiobjective decision problem as a system, and the
target is decomposed into multiple objectives or criteria. Triangular
fuzzy number theory (Li H. et al., 2021) can enable a more
comprehensive evaluation of the target and compensate for the
defects of the analytic hierarchy process. This absolute 1—9 scale
method is rarely used in practical production, so the constructed
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Fig. 6. Neural network model for efficiency prediction of crude oil gathering and transportation system.

evaluation matrix cannot accurately reflect the complexity and
fuzziness of human cognition of objective things. Therefore, the
triangular fuzzy theory is combined with the analytic hierarchy
process to improve its scale method and evaluation matrix. The
subjective weight determined by the triangular fuzzy analytic hi-
erarchy process is as follows.

(1) Building a Hierarchical Structure Model

According to the evaluation objectives, the evaluation objectives

are listed at the highest level, the criteria are listed in the middle
level, and the implementation methods of each criterion are listed
at the lowest level.

(2) Triangular fuzzy number and judgement matrix
The triangular fuzzy number is defined as if a=(a,am,a,), where

0 < a < am < ay, and a is called a triangular fuzzy number. The
membership function is as follows:
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Fig. 7. Comparison of efficiency prediction results of crude oil gathering and trans-
portation system.
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0 x<a
X—q
—— @ <X<dap
am — q
ax)= (10)
U=X  gn<x<a
au*am m u
0 X>ay

In the evaluation scheme, q; is the most conservative estimate
and the lower bound of the triangular fuzzy number, a;; is the most
likely value, and a, is the most optimistic evaluation value, and the
upper bound of the triangular fuzzy number. The index system was
used to construct the judgement matrix, combined with expert
advice and based on the 0.1-0.9 scale method, as shown in Table 2.

(3) Calculation of index weight

The judgement matrix A=(ajj),xn Was given by experts, where
a;j=(ay;5,amij,ayij) represents the relative importance of i to j and n
represents the number of weight indicators to be determined. The
weighted vector w=(w1,wy, ...,wy,)" of the triangular fuzzy number
complementary judgement matrix A is calculated and normalized.
The calculation process is as follows:

n n
Z aij <alij7 amij7 auij)
==
Wi=5—7 ~Tn n
S viay 30 3 (ay ang. )
=1 j= =1 j=
n n n (11)
j= j= =
I n n Tn n €N
E Zauij E Zamy Zalij
b e B B F

After determining the triangular fuzzy weight vector, it is
necessary to defuzzify it. Let Mi=(ly,m,uq) and My=(l5,my,u) be
triangular fuzzy numbers. The triangular function of the possible
degree of M1>Ms is defined as:

_ Cmax( M—h
p(M; > My)=2 max{l max(ml L rm, 12,0>,0}
Uy —1m

+(1- A)max{l - max(

0).0f

where A€(0, 1], and its value depends on the decision risk attitude:
A€[0, 1] for a risky decision, A = 0.5 for a risk-neutral decision, and
A<0.5 for a risk-averse decision. According to the above formula,

Uy — My + Uy —my’
(12)

the possibility degree matrix P = (Pu> can be established. The
n

nx
matrix provides the possible degree of information of each index

compared with each other. Next, the triangular fuzzy number is
sorted to obtain the possibility degree matrix and to determine the
index weight formula:

1 n\ .
wi= Zp,jﬂ—i JieN (13)
j=1
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Fig. 8. Energy efficiency prediction error results of the crude oil gathering and transportation system.
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Fitting accuracy of the energy efficiency prediction model for crude oil gathering and transportation systems.

40 50 60

Energy efficiency prediction of crude oil Comprehensive energy Gas consumption per Power consumption Energy Heat energy  Electric energy

gathering and transportation system consumption per unit liquid unit liquid volume per unit liquid volume utilization utilization rate utilization rate
volume rate

GA-BP determination coefficient R? 0.9822 0.9694 0.9923 0.9906 0.9895 0.9746

BP determination coefficient R? 0.9570 0.9620 0.9892 0.9723 0.9838 0.9611
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Table 2
0.1-0.9 scale method.

Petroleum Science 21 (2024) 621—640

Scale The comparative importance of two factors Scale The comparative importance of two factors

0.1 The latter is more important than the other extreme 0.6 The former is slightly more important than the other
0.2 The latter is more important than the other 0.7 The former is more important than the other

0.3 The latter is more important than the other 0.8 The former is more important than the other

0.4 The latter is slightly more important than the other 0.9 The former is more important than the other

0.5 Equal importance -

3.1.2. Determination of the objective weight of the evaluation index
by the entropy weight method

The entropy weight method is an objective weighting method
(Wang, et al., 2021). In the specific use process, according to the
dispersion degree of data of each index, the entropy weight of each
index is calculated by using the information entropy, and then the
entropy weight is corrected according to each index to obtain a
more objective index weight. The specific calculation steps are as
follows.

(1) Constructing the Index Matrix
Whether there is a negative number in the input matrix is
determined. Assuming that there are n objects to be evaluated, the

positive matrix composed of m evaluation indices is as follows:

X11,X12, " X1m

X = ?(.2_:1».)(227"\)(2111 (14)
Xn1,Xn2; 5 Xnm
Let Z be a standardized matrix and z; be the element in Z:
Xij
Zjj = Yy (1 5)

L2
N

If there is a negative number in the Z matrix, the standardized
formula is:

Xij — mil’l{X]j,ij, "'an}

= = (16)
max{Xyj, Xy}, -*-Xpj } — MIN{Xqj, Xpj, - Xpj }

Zij

(2) Calculation of relative entropy

Calculate the probability matrix P, where each element p;; in P is
calculated as follows:

Z..
Pj=—— (17)
>z
i=1

Ensure that the sum of each column is 1: that is, the sum of
probabilities corresponding to each index is 1.

(3) Determination of the weight of each evaluation index by the
entropy weight method

The entropy of each evaluation index is calculated by the en-
tropy formula of the entropy weight method, and the entropy
weight of each evaluation index is further calculated. For the jth
index, the calculation formula of the information entropy is as
follows.
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1 & .
&=~ > Py In(py).j=(1.2,--m) (18)
i=1
Definition of information utility value:
Clj =1- €j (19)

By normalizing the information utility value, we can obtain the
entropy weight of each index:

d .
wj:m—7(]:172737“'7m)
4
=1

(20)

J

3.1.3. Combination weighting method based on game theory

To accurately evaluate the energy efficiency of crude oil gath-
ering and transportation systems, it is necessary to ensure the ac-
curacy of the weighting. However, subjective weighting methods
such as the analytic hierarchy process (AHP) only rely on subjective
expert opinions, which include certain instability. Objective
weighting methods such as the entropy weight method pose high
requirements for data quality in the index system. Therefore, the
combination weighting method of game theory is introduced to
determine the weight of the energy efficiency evaluation system of
crude oil gathering and transportation systems. The combination
weighting method based on game theory first determines the basic
weight of the triangular fuzzy analytic hierarchy process and en-
tropy weight method. The triangular fuzzy analytic hierarchy pro-
cess relies on the quantitative analysis method. The entropy weight
method makes full use of the objective weight of sample data, and
the two methods can complement each other. On this basis, the
combination weighting model of game theory is used to minimize
the deviation between the weights obtained by the two methods,
find the optimal combination and determine the optimal combi-
nation weight.

Based on the combination weighting method (Zhu et al., 2021)
of game theory and game theory, this method assumes that a
weighting method is used to calculate the weight of an evaluation
index. Through the calculation of the weight, g basic weight vector
sets can be obtained, namely, w, = (Wg1,Wk2,,Ogm), kK =1,2,---.q.
Through the combination weighting method based on game theory,
the weights obtained by the analytic hierarchy process and entropy
weight method are integrated, and the weight vector set w; = (w1,
Wy, -+, i), i = 1,2, --- n, is obtained. Then, the arbitrary linear
combination of n basic weight vectors is:

n
W= Zeiw{,8i>0
i=1

(21)

The linear combination is optimized to minimize the difference
between w and w;. The objective function of the optimal weight
vector is as follows:
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min (22)

n
E eiw,-T — (,L);r
i=1

According to the matrix differential properties, the linear
equations of the first derivative condition after the optimization are
as follows:

2

T T T N
W] W1, D0 | e 11
T T T
W] W) W W; el Cr10%) (23)
T o T T | Lei
Wjwy W0 w1 wjo]

The linear combination ¢; is obtained through the above equa-
tion, and the optimal linear combination is obtained by normalizing
&L

«_ |l

e ——
> leil
i=1

(24)

1

Finally, the optimal combination weight based on the triangular
fuzzy analytic hierarchy process and entropy weight method is
obtained:

n
w;}: Ze;-kwiT,ei>0 (25)
i=1

3.2. TOPSIS evaluation model

TOPSIS is an approximate ideal solution ranking method, which
is often referred to as the distance method of superior and inferior
solutions. The TOPSIS (Tian et al., 2021; Wang et al., 2021; Li ]. et al.,
2021; Cheng et al., 2020) method is a commonly used compre-
hensive evaluation method. The results can accurately reflect the
gap between the evaluation schemes and obtain the energy effi-
ciency evaluation results.

(1) Matrix forwardization

In the TOPSIS method, all indicators are unified forward. The
formula for converting very small indicators to very large indicators
is max-x. If all elements are positive, then 1/x can also be used.

(2) Standardization of the positive matrix

The purpose of standardization is to eliminate the influence of
different dimensions. The positive matrix consisting of n objects to
be evaluated and m evaluation indices is obtained.

(3) Score calculation and normalization

Define the maximum:

Z" =(max{zy1,221, - Zp1 }, Max{z12, 222, ", Zm2 }, -,

26
max{zlmaZZm"“ﬂznm}) ( )

Define the minimum:
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Z~ =(min{z11,221, " Zp1 }, Min{Z12, 222, ", Zn2 }, ">

. 27
min{Zym, Zom, -, Znm}) (27)

Define the distance between the ith (i = 1, 2, ..., n) evaluation
object and the maximum:

(28)

Define the distance between the ith (i = 1, 2, ..., n) evaluation
object and the minimum:

(29)

(4) Calculation of relative closeness

The relative closeness of each evaluation object is calculated as
follows:
D

5 i

== (30)
D +D;

3.3. Example analysis of the energy efficiency evaluation system for
the crude oil gathering and transportation system

3.3.1. Evaluation index weight calculation

According to the energy efficiency data of the crude oil gath-
ering and transportation system and its subsystems predicted by
the GA-BP neural network, the combination weighting method
based on game theory is used to calculate the index weight of the
row. According to the wellhead-transfer station-combined station
gathering and transportation process in crude oil gathering and
transportation systems, the energy consumption structure is
complex, and the energy consumption is large. Therefore, it is
necessary to establish a scientific, complete, and detailed energy
efficiency evaluation system for crude oil gathering and trans-
portation systems. This system first analyses the overall crude oil
gathering and transportation system and then analyses the energy
efficiency of the combined station, the transfer station, and the
gathering well mouth system. The energy efficiency evaluation
system for crude oil gathering and transportation systems and
three subsystems is shown in Fig. 9.

(1) Subjective empowerment method

The G-M layer reveals the influence degree of the unit con-
sumption and efficiency of each subsystem in the crude oil gath-
ering and transportation system. According to expert opinions, the
triangular fuzzy matrix of the G-M layer is obtained, as shown in
Table 3.

According to the constructed triangular fuzzy weight vector, the
triangular fuzzy weight vector of the G-M and C-D layers is ob-
tained. The triangular fuzzy weight vector of G-M is:



X.-Q. Zhang, Q.-L. Cheng, W. Sun et al. Petroleum Science 21 (2024) 621—640

Energy efficiency evaluation
of crude oil gathering and
transportation system
|
T
T

Energy efficiency

evaluation of
three subsystems

Fig. 9. Energy efficiency evaluation system of the crude oil gathering and transportation system and subsystems.

Table 3

. . . . . T
The C,-D ive index weight i = =
G-M triangular fuzzy matrix. e Co-D subjective index weight is wc, p (tz » WDy, st)

(0.123,0.210,0.667)";

G-M My My My Mp> M3, M3, . . . . T
The C3-D subjective index weight is wc,_p = (wp,, wp,) =

M;; 050505 030305 060608 050506 030304 060607 T

M;; 060606 050505 070707 060707 070808 060.70.7 (0.75,0.25)";

My, 03,0405 030304 050505 040405 050506 050505
My, 060607 020303 060608 050505 040505 0.3,0.304
Ms;; 050606 010303 040505 03,0404 050505 0.4,0.50.6 (0.127,0.220,0.653)";
M, 050505 030404 060708 040506 030404 050505

The C4-D subjective index weight is wc,_p = (wp,, wp,, wa)T =

The Cs-D subjective index weight is w¢,_p = (wD”,wDu)T =

Wem. = (Wi, s Wiy Wiy, » Wity - Wity s Wiy, )| = ((0.141,0.156,0.213),(0.187,0.222,0.244),(0.126,0.144,0.183),
(0.131,0.156,0.195),(0.111,0.156,0.177),(0.111,0.156,0.177))";

The triangular fuzzy numbers are compared with each other. (1,0)".
The possibility degree between G-M and C-D is determined by a
risk-neutral decision, and the possibility degree matrix is estab- T
lished. The G-M possibility matrix is: (0.413,0.587)";

The Ce-D subjective index weight is wc,_p = (wDB,wDM)T =

0500 O 0811 0613 0745 0.745 (2) Objective empowerment method

p 0.1189 0'%00 0'5100 07;30 0295 0.‘}95 The .e‘ntropy weight method offers.strong objec.tivity and
G-M= | (387 0 0670 0500 0.649 0649 adaptatphty. Thel"efo're, thg entropy weight met.hod is used.to
0.255 0 0505 0351 0500 0500 determine the objectlye welghF of the energy efﬁc1ency evaluaqon
0.255 0 0505 0351 0500 0.500 syg;t.em, calculate the 1r.1format10n er}tropy. obtain the mformanon
utility value, and ultimately obtain the entropy weight. The
The index weight based on the triangular fuzzy analytic hier- objective index weights of the crude oil gathering and trans-
archy process is finally obtained through the possibility degree portation system and each subsystem are obtained by the entropy
matrix. The subjective index weight of the G-M layer is wg_p = weight method:
(M Oy 2 OV » Oy > Oy, wM32)T _ The G-M objective index weight is
(0.236,0.583,0.002,0.142,0.019,0.019)"; ) ) ) ) , , LT
The subjective index weights of each subsystem are as follows: Wg_M, = (O)M“ » O, O, WMy, s WM, s wMﬂ)
The Ci-D subjective index weight is e, p = (wp,.wp,) = ~ (0.0064, 0.8486,0.0341,0.0847,0.0062, 0.0199)"

(0.75,0.25)":
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, o o\T
The objective index weight of C;-D is We,_p = (0)01 70’1)2)

(0.507,0.493)7;

The objective index weight of C-D is w¢ _p

T
(wbs,wb4,wbs> = (0.367,0.319,0.315)7;

/ ’ ’ T
The objective index weight of C3-D is w¢,_, = <wD6,wD7>

(0.512,0.488)7;

The objective index weight of C4-D is ‘U/Q_D

C T
(s pys @y, ) = (0.059,0.492,0.449)T;

The objective index weight of Cs-D is w¢,_p = (cub“,wbu)T
1,07

The objective index weight of C¢-D is w¢,_p = ((u'DB,w}JM)T =
(0.5,0.5);

(3) Combined weighting method based on game theory

According to the subjective weight calculated by the triangular
fuzzy analytic hierarchy process and the objective weight calcu-
lated by the entropy weight method, the G-M layer weight com-
bination model is obtained as follows:

Ilse]-1

According to the above weight combination model, the optimal
combination coefficient is obtained and normalized. The calcula-
tion results of the G-M layer are shown in Table 4.

Finally, the combination weighting result of game theory is
obtained by the combination weighting formula, and the combi-
nation weighting result of the G-M layer is

0.509 0.729

0.417 0.509
0.729

£1,C,-D }

0.417}
£2,0,-D

Wem =
* * * * * * T

(an 1 OMy 0 WMy, Oy Oy, 0 stz) =

(0.103,0.736,0.020,0.109,0.011, 0.019)T.

Similarly, the combination weighting results of each subsystem
are as follows:

The C;-D layer combination weighting result is wa_D

* T T
(le , tz) — (0.636,0.364)".

The C,-D layer combination weighting result is “)Ez—D =
T
(@h, Wp,-wh,) = (0.228,0257,0515)".
The Cs3-D layer combination weighting result is ‘”Ea—D =
T
(0, 0h,) = (0.639,0.361)".
The C4-D layer combination weighting result is “’E;—D =
T
(e by 9y, ) = (0.094,0.352,0.554)".
The Cs-D layer combination weighting result is “’E—,—D =
* * T T
(wDH,an) =(1,0)".
The Cg-D layer combination weighting result is "JEVD =

(w;j.,w,w;j.,m)r — (0.456,0.544)".

Table 4
Optimal combination coefficient of the G-M layer.

G-M Optimal combination coefficient Normalization
£16-M 0.7726 0.4229
£.G6-M 1.0544 0.5771
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According to the wellhead energy consumption of the target
oilfield, only the wellhead heating furnace energy consumption
equipment is available in the wellhead system, and there is no
power consumption equipment. Therefore, the weight of Dy; is O,
and the weight of D17 is 1.

3.3.2. Energy efficiency evaluation system of the crude oil gathering
and transportation system

According to the established energy efficiency system of the
crude oil gathering and transportation system, TOPSIS analysis is
carried out on each subsystem to determine the closeness between
the energy efficiency of each system and the ideal degree. The
closer the closeness is to 1, the more energy efficient the system is.
In the evaluation index, the power consumption, gas consumption,
and comprehensive energy consumption per unit of liquid collec-
tion of each system are very small indicators, which must be con-
verted into very large indicators by the 1/x operation, and then the
standardization matrix of the whole system and each subsystem
and the positive and negative ideal scheme are obtained. The
standardization matrix of the G-M layer and the positive and
negative ideal schemes are shown in Table 5.

According to the positive and negative ideal schemes, the
Euclidean distance between each evaluation object and the optimal
worst vector is determined, and the relative closeness of each target
is calculated. The relative closeness reflects the closeness between
the evaluation index and the ideal state. The closer the relative
closeness is to 1, the higher the energy efficiency level is. When the
relative sticking progress is greater than 0.9, it is at the level of high
efficiency and energy saving; when the relative sticking progress is
between 0.8 and 0.9, it is at a normal level; when the relative
sticking progress is less than 0.8, it is at the level of high energy
consumption and low efficiency. The closer to O, the greater the
energy consumption and the lower the efficiency. The calculation
results of G-M are shown in Fig. 10.

This method comprehensively considers the energy consump-
tion and energy efficiency of the joint station, transfer station and
oil gathering wellhead system, and obtains the monthly and annual
relative closeness of the crude oil gathering and transportation
system. According to the results, the relative closeness of July,
August and September is above 0.9, among which S8 > S7 > S9. The
energy consumption level is the best at this stage, which is closer to
the ideal state. The energy efficiency structure of the gathering and
transportation system from July to September can guide the actual
production and achieve the level of energy saving and consumption
reduction. The relative closeness degree from January to April and
December is relatively low, which is lower than 0.4, among which
S1 > S12 > S4 > S3 > S2, and the lowest in February is 0.0707. The
unit consumption and efficiency of the above months are different
from the ideal state, and the energy efficiency level is poor. The
results show that the gathering system needs to optimize the
winter warm energy structure and improve the energy efficiency
level.

The TOPSIS evaluation of the combined station, transfer station,
and system is carried out, and relative closeness of C1-D and C,-D in
the combined station system are calculated as shown in Fig. 11.

C1-D is the energy efficiency evaluation of the combined station
system. Considering the thermal energy utilization rate and electric
energy utilization rate of the combined station system, the relative
closeness degree of the combined station system is obtained. The
maximum relative closeness degree of the combined station sys-
tem in September is 0.9399, and the efficiency is the closest to the
ideal situation. The relative closeness degree in June, August and
October is between 0.7 and 0.8. The electric energy utilization rate
and thermal energy utilization rate are relatively high, and the ef-
ficiency level is good. The relative closeness degree in January to
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Table 5
G-M standardized matrix.
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Number G-M

Transfer station
energy utilization

Comprehensive energy
consumption of combined

Energy utilization
rate of combined

Comprehensive energy
consumption of transfer

Comprehensive energy
consumption of oil gathering

Energy utilization rate
of oil gathering

station station rate station wellhead wellhead
1 0.0847 0.0674 0.0772 0.0899 0.0805 0.0854
2 0.0809 0.0396 0.0730 0.0810 0.0806 0.0869
3 0.0840 0.0549 0.0798 0.0777 0.0822 0.0819
4 0.0855 0.0582 0.0850 0.0785 0.0838 0.0906
5 0.0884 0.0696 0.0820 0.0775 0.0831 0.0894
6 0.0844 0.1061 0.0898 0.0872 0.0846 0.0821
7 0.0832 0.1106 0.0869 0.0938 0.0859 0.0838
8 0.0853 0.1130 0.0921 0.0976 0.0886 0.0829
9 0.0795 0.1087 0.0912 0.0967 0.0864 0.0828
10 0.0836 0.1053 0.0852 0.0803 0.0827 0.0810
11 0.0795 0.1016 0.0817 0.0721 0.0811 0.0732
12 0.0810 0.0649 0.0759 0.0677 0.0804 0.0799
13 0.0833 0.0819 0.0827 0.0826 0.0837 0.0826
Z+ 0.0884 0.1130 0.0921 0.0976 0.0886 0.0906
Z- 0.0795 0.0396 0.0730 0.0677 0.0804 0.0732

S
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Fig. 10. Annual relative similarity of the G-M layer.

March and December is relatively low, between 0 and 0.3. The
relative closeness degree in February is the lowest, which is 0.0247.
C,-D is the energy efficiency evaluation of the unit consumption of
the combined station system. Through the comprehensive analysis
of gas consumption, power consumption and comprehensive en-
ergy consumption, the monthly and annual relative closeness de-
gree of the combined station system is obtained. The relative
closeness degree from July to September is greater than 0.9, and the
relative closeness degree in June and October is 0.8906 and 0.8971,
respectively. The relative closeness degree from June to October is
ranked as S8 > S7 > S9 > S10 > S6. The energy consumption of the
combined station system in August is the closest to the ideal state.
The relative closeness degree from January to April is small, less
than 0.4, and the energy consumption is large. In summary, the
winter and spring energy efficiency structure can be adjusted ac-
cording to the energy efficiency structure of the combined station
system in August and September to improve the efficiency of the
combined station system and reduce the energy consumption of
the combined station system. The calculation results of C3-D and
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C4-D in the transfer station system are shown in Fig. 12.

The C3-D layer comprehensively considers the thermal energy
utilization rate and electric energy utilization rate of the transfer
station, and obtains the relative closeness of the efficiency of the
transfer station system. The trend of energy efficiency evaluation of
the transfer station is similar to that of the combined station sys-
tem. The maximum relative closeness of the transfer station system
in September is 0.9398, which is the closest to the ideal situation.
The relative closeness of June, August and October is between 0.7
and 0.8, and the utilization of thermal energy and electric energy is
better. The relative closeness of January to March and December is
low, and the relative closeness of February is 0.0247, which is the
lowest, and the efficiency is poor. The C4-D layer comprehensively
considers the gas consumption, power consumption and compre-
hensive energy consumption of the transfer station system to
calculate the relative closeness. The relative closeness in August
and September is greater than 0.9, which is close to the ideal energy
consumption state. The relative closeness in February, March and
November is small, less than 0.4, and the lowest in December is
0.0170. The energy consumption level is poor and the unit con-
sumption is large. It is necessary to use the energy efficiency
structure in August and September to guide the actual production
of the transfer station system and improve the energy consumption
level.

The calculation results of Cs5-D and Cg-D in the wellhead system
are shown in Fig. 13.

Because the oil gathering wellhead system only has heating
furnace heat consumption equipment and no power consumption
equipment, the wellhead system is mainly based on heat energy
utilization rate. The relative closeness of the oil gathering wellhead
system in Cs-D layer in August is the largest, which is the closest to
the ideal situation. The relative closeness of January, February,
November and December is between 0.7 and 0.8, the heat energy
utilization rate is relatively high, and the energy use effect is better.
The relative closeness of January, March and December is lower,
less than 0.4, and the energy use effect is the worst. Cg-D is the unit
consumption evaluation of the oil gathering wellhead system. The
relative closeness of the oil gathering wellhead system in each
month and annual average is calculated. The relative closeness in
April and May is greater than 0.9, which is close to the ideal energy
consumption state. The relative closeness in February, March,
November and December is small, less than 0.4, the energy effi-
ciency result is poor, and the energy consumption is large. The
energy efficiency structure in April, May and August can be used to



Petroleum Science 21 (2024) 621—640

X.-Q. Zhang, Q.-L. Cheng, W. Sun et al.

10 o 10 @
%] %]
Q Q
gL %L
Eg{ 0.8 gg
Y [T
= b 6 =
&8O T O
25 25
gé) 0.4 §é}
£z £z
G 2 02 ¢
£ &
[ [

Fig. 11. Annual relative similarity results of the C;-D and C,-D layers.

10 o 10 @
%] %]
@ 9]
gL %L
73] » O
82 08 89
Y [T
29 0w £5
= 8 =
& O T O
25 25
gé) 0.4 §é}
£3 £z
G L 02 g
£ &
IS =

Fig. 12. Calculation results of the relative similarity of the C3-D and C4-D layers.

>
ess

The annual i
relative cjo,
resuits of Cs-D Ianyn
o o
N S

Fig. 13. Calculation results of the relative similarity of the C5-D and Cg-D layers.

636

Ve closeness
-D layer

The annya relati

results of Cy



X.-Q. Zhang, Q.-L. Cheng, W. Sun et al.

350

Petroleum Science 21 (2024) 621—640

100 0.7
= S
S. 97 Los 23
5 801 8=
Q.Et 70 A ros o g
@ =
[0} 4 >
g2 e Lo4a DS
- 3 501 [CRe]
>~B L o3 c >
qi')’ ST ¢ 09
£ 2 304 Loz 835
=] 2.8
= T 20 : . =
g = —&— Heat energy loss of combined station 0.1 8 c
= 10 1 —e— Electrical energy loss of combined station ik
0 0
1 2 3 4 5 6 74 8 9 10 1" 12 Average
Month
60
=
5
ﬁ') g 55 A
o=
o - 50
w O
£ 45
S 4
- =
28
g he] 40
°3
g = 35
T —— Heat energy loss at oil gathering wellh
30
1 2 3 4 5 6 7 8 9 10 1 12 Average

Month

Fig. 14. Results of energy loss per unit volume of crude oil gathering and transportation system.

£ 8
c =
5. 3004 F12 23
52 8=
Q= 250 1 F10 O ¢
@ £
[0} >
8 € 200 A s E’%
53 15 s B
52 ] . 33
© 3
SZ 1004 te 8o
— O =y
g = 50 4 —®— Heat energy loss of gathering and transportation system L 2 8 E
T —@— Electrical energy loss of gathering and transportation system | S
0 0
1 2 3 4 5 6 7 8 9 10 1 12 Average
Month
50 20
= 5w
S _ 451 Fr1e 8=
= = F18 o=
o2 g 7]
8= L17 S @
§ g 35 1 L 16 3%
=
kel | L <)
>% 30 1.5 GC) 4
g S 5 F14 o
c2 L13 8 3
®> 20 2
- T 12 = =
g = 45 ] —®— Heatenergy loss of transfer station 8 c
5 —@— Electrical energy loss of transfer station rt w =
10 1.0
1 2 3 4 5 6 7 8 9 0 1 12 Average
Month
100
B Combined station system
90 1 B Transfer station system
80 l:l Qil gathering wellhead system
74.9
o
S 70 4
Q
=
©
= 60 A
c
kel
=
T 50
= 43.6
2 40
e} | 359
2
[0
< 304
]
20 4
10 4
0

Energy utilization
rate

Electric energy
utilization rate

Heat energy
utilization rate

Fig. 15. Efficiency comparison chart of the three subsystems.

guide the actual production of the wellhead system and reduce the
actual energy consumption of the wellhead system.

4. Identification of weak energy links in the crude oil
gathering and transportation system

According to the energy efficiency evaluation results of the
crude oil gathering and transportation system, it is necessary to
identify the weak links of energy use and put forward improvement
measures for the weak links to provide technical support for energy
conservation and consumption reduction of crude oil gathering and
transportation systems.
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4.1. Weak energy consumption analysis of the crude oil gathering
and transportation system

Through the energy efficiency evaluation system of the crude oil
gathering and transportation system, it is concluded that the heat
energy utilization rate of the crude oil gathering and transportation
system is low in January, February, November and December, the
energy utilization rate is low from January to March, and the energy
consumption is weak. To further analyse the energy consumption
of the crude oil gathering and transportation system in different
months, the unit liquid energy loss of each crude oil gathering and
transportation system and each subsystem are calculated, as shown
in Fig. 14.

The thermal energy utilization of crude oil gathering and
transportation system is poor in January, February and December.
The main reason is that the ambient temperature is low and the
heat loss is large at this time, and the heat loss per unit liquid
volume of the transfer station, the joint station and the oil gath-
ering well mouth subsystem is large in winter. Therefore, in winter,
the heat energy consumption of crude oil gathering and trans-
portation system is high and the efficiency is low. The electric en-
ergy loss per unit liquid volume of crude oil gathering and
transportation system is higher from January to March. The main
reason is that the amount of liquid treated is less from January to
March, and the annual change trend of electric energy utilization
rate of transfer station and joint station is relatively stable. Ac-
cording to the trend chart of electric energy loss per unit liquid
volume of transfer station and joint station, the power consump-
tion is not greatly reduced, which leads to the increase of electric
energy loss per unit liquid volume of crude oil gathering and
transportation system, and the energy consumption of electric
energy is poor. By calculating the energy loss per unit liquid volume
of crude oil gathering and transportation system, the specific
amount of energy loss is determined, which is helpful to identify
the weakest link of energy consumption and make priority
improvement.
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4.2. Identification of energy weak links in crude oil gathering and
transportation system

To analyse the utilization rates of thermal energy and electric
energy of the combined station, oil gathering wellhead, relay sys-
tem, and subsystems more clearly in the crude oil gathering and
transportation system, the efficiency of each subsystem is shown in
Fig. 15.

By comparing the energy utilization rate of the three sub-
systems, the highest energy utilization rate of the oil gathering
wellhead system is 74.9%, and the lowest energy utilization rate of
the transfer station system is 56.0%. Through the analysis of the
thermal energy utilization rate and power utilization rate of the
docking transfer station system and the joint station system, the
lowest thermal energy utilization rate of the transfer station system
is 56.4%, and the lowest power utilization rate of the joint station
system is 35.9%. For the gathering and transportation system, it is
necessary to carry out normal oil and gas operation. Therefore, the
heat energy of the transfer station system and the electric energy of
the combined station system are selected for energy saving
improvement through efficiency comparison, which can not only
ensure normal oil and gas operation, but also reduce energy
consumption.

Through the above diagram (see Fig. 16), it can be seen that the
thermal energy utilization rate of the transfer station of X1 plant
and the energy utilization rate of the joint station of X1 plant are
the lowest, 40.9% and 30.1% respectively, and the energy con-
sumption is the weakest. The weakest station in the transfer station
system of X1 plant is A7 transfer station, and the thermal energy
utilization rate is 22.2%. Therefore, on the premise of ensuring
production, priority should be given to the energy saving
improvement of the combined station of X1 plant and the heat
energy of A7 transfer station.

4.3. Energy conservation improvement measures for crude oil
gathering and transportation system

According to the weak link identification of energy consumption
in the crude oil gathering and transportation system, the energy-
saving transformation is mainly carried out for the A7 station and
X1 combined station. The heat energy of the A7 station is relatively
weak, and the energy of combined station X1 is relatively weak.
Therefore, it is necessary to improve the efficiency of the pump and
heating furnace in the transfer station and the combined station to
reduce the energy consumption of the gathering and
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transportation system.

4.3.1. Measures to improve the efficiency of a heating furnace

Aiming at the weak link of heating furnace energy consumption
in the A7 transfer station, the most economical and practical
method is selected to improve the efficiency of the heating furnace.
According to the test report data, the exhaust gas temperature of
the A7 transfer station is 276.4 °C, which is greater than 220 °C.
Therefore, the thermal efficiency of the heating furnace is low, and
the energy consumption is large. The specific improvement mea-
sures for the above problems (Wang, 2021; Li Q. et al., 2021) are as
follows.

(1) For the burner, first, it is necessary to regularly check
whether the gas pressure is stable and whether it meets the
pressure requirements of the burner. Additionally, blockage
of the fire hole must be checked. When the conditions are
available, the air volume and gas volume for a specific period
are measured to determine whether the setting of the air-
fuel ratio meets the requirements. Combined with different
production conditions, resetting is carried out to achieve the
best operation state.

(2) To prevent the fouling and clogging of flue gas ash in the flue
gas system of the heating furnace, it is necessary to regularly
check the operation status of the heating furnace, blow ash
away in time, remove flue gas fouling, and keep the heating
surface clean to fully absorb the flue gas heat, improve the
heat transfer effect, reduce the exhaust gas temperature, and
improve the service life and operational efficiency of the
heating furnace.

(3) Resetting the control parameters of the heating furnace so
that the heating furnace can maintain stable operation and
improve combustion efficiency.

(4) Clean up the burner inlet and install a filter to prevent im-
purities in the burner from affecting the air volume.

4.3.2. Pump efficiency measures

For the weak link of energy consumption of the X1 combined
station pump, through the test data of the X1 combined station
pump, it can be found that the service life of the pump is long, the
long-term operation of the pump leads to serious scaling corrosion
of the pump parts and pipelines, and impeller corrosion will cause
an increase in the gap between the mouth ring, the cavity, and the
sand hole. The following measures can be implemented to improve
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Fig. 17. A7 station and X1 combined station fuel gas and power consumption savings.

the efficiency of the pump (Zhao et al., 2021).

(1) Replacing or repairing wear-resistant rings and impellers,
checking shaft seals and other parts, cleaning, checking, and
changing impellers to solve problems such as excessive wear
of shell and impeller wear-resistant rings, leakage of other
parts, blockage, and wear and corrosion of pump impellers;
for the problems of friction between the impeller and wear
ring, impeller, and shell and bearing damage, it is necessary
to repair or replace the bearing.

(2) Bearing heat is mainly caused by insufficient bearing clear-
ance, bearing wear or loose fit, which can be resolved by
readjustment of bearing clearance, repair or replacement of
bearings, and retightening of fasteners.

(3) If the gap is too large, leakage is significant, return fluid is
excessive, and the internal power consumption is large,
which leads to failure to meet the required flow. For reso-
lution of these issues, the head, ring, and sleeve can be
replaced.

(4) When wear of the balance ring is serious, the balance ring
can be replaced directly.

4.3.3. Energy conservation and efficiency improvement of the crude
oil gathering and transportation system

According to the energy-saving evaluation of the heating
furnace and pump in GB/T31453-2015, “Specification for Energy-
saving Monitoring of Oilfield Production System” (GB/T
31453-2015.), after the energy-saving improvement of the heat-
ing furnace and pump in the A7 transfer station and X1 combined
station, the utilization rate of heat energy in the A7 station and the
utilization rate of electric energy in the X1 combined station are
increased to 70% and 34% of the energy-saving evaluation value,
respectively. The fuel gas and power consumption are saved as
shown in Fig. 17.

Through the energy-saving improvement of the A7 station and
X1 combined station, the average annual gas conservation amount
achieved for the A7 station is 3660 m>/d, and the gas conservation
amounts are greater in February, March, April, November, and
December. Among them, the gas conservation amount in February
is as high as 6201 m>/d, and the gas conservation amounts are less
from August to October. With values between 2000 and 3000 m>/d,
the average annual power consumption of the X1 combined station
is 768 kW-h/d, and the power consumption is higher in February,
April, October, and December: 1,111, 1,377, 1,250 and 1,091 kW-h/d,
respectively. After transformation, the utilization rate of electric
energy increases, and the power consumption decreases. Through
conserving fuel gas and reducing power consumption to improve
the economic benefits of crude oil gathering and transportation
systems, the annual cost savings of fuel gas and power consump-
tion are approximately $610,000.
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5. Conclusion

(1) The BP neural network and GA-BP neural network are used
to predict the efficiency and unit consumption index of crude
oil gathering and transportation systems. The results show
that the GA-BP neural network model can effectively
improve the prediction accuracy of the BP neural network
model. The determination coefficients of energy utilization,
heat utilization, and power utilization in the efficiency model
of the GA-BP neural network are 0.9906, 0.9895, and 0.9746,
respectively. The determination coefficients of comprehen-
sive energy consumption, gas consumption, and power
consumption in the unit consumption model are 0.9822,
0.9694, and 0.9923, respectively. The GA-BP neural network
model can not only reduce the workload of energy efficiency
evaluation and calculation of crude oil gathering and trans-
portation systems, but also predict future energy efficiency
through parameters, providing certain theoretical support
for energy conservation and consumption reduction of crude
oil gathering and transportation systems in oilfields.

(2) The TOPSIS method based on the combined weighting of
game theory is used to establish the energy efficiency eval-
uation system of the crude oil gathering and transportation
system. The triangular fuzzy analytic hierarchy process is
used to determine the subjective weight, and the entropy
weight method is used to determine the objective weight.
The combination weighting of game theory combines the
subjective and objective weighting to comprehensively
evaluate the comprehensive energy efficiency of the crude oil
gathering and transportation system and its subsystems. By
calculating the relative closeness of the crude oil gathering
and transportation system, the relative closeness values in
July, August and September are found to be above 0.9, and
the energy consumption level for this period is the best. The
relative closeness between January and April and December
is relatively low, at less than 0.4, and the lowest value is
0.0707 in February. The unit consumption and efficiency in
the above months are much different from those in the ideal
state, and the energy efficiency level is poor.

(3) According to the identification of weak links in the energy
consumption of crude oil gathering and transportation sys-
tems, the energy-saving transformation is mainly carried out
for the A7 station and X1 combined station. Among them, the
thermal energy of station A7 is relatively weak, and the
electrical energy of combined station X1 is weak. After the
energy-saving improvement of the A7 station and X1 com-
bined station, the annual gas consumption of the A7 station
is 3660 m>/d, and the annual electricity consumption of the
X1 combined station is 768 KW h/d. The annual fuel gas and
electricity consumption cost savings is approximately
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$610,000, which effectively improves the energy efficiency of
the crude oil gathering and transportation system.

(4) This paper applies the big data analysis method to the energy
efficiency evaluation of gathering and transportation system.
GA-BP TOPSIS evaluation method is used to establish a digital
energy efficiency evaluation system, which can realize the
functions of energy efficiency prediction, early warning
research and judgment, energy saving and consumption
reduction. This method can effectively guide the optimiza-
tion and adjustment of energy efficiency structure of gath-
ering and transportation system and promote the
development of digital gathering and transportation system.
The evaluation system can also be used for energy efficiency
evaluation in related fields to provide theoretical support for
energy conservation and consumption reduction in future
oilfield enterprises.
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