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Abstract: The natural gas quality fluctuates in complex natural gas pipeline networks, because of the
influence of the pipeline transmission process, changes in the gas source, and fluctuations in customer
demand in the mixing process. Based on the dynamic characteristics of the system with large time
lag and non—linearity, this article establishes a deep—learning—based dynamic prediction model for
calorific value in natural gas pipeline networks, which is used to accurately and efficiently analyze
the dynamic changes of calorific value in pipeline networks caused by non—stationary processes.
Numerical experiment results show that the deep—learning model can effectively extract the effects of
non—stationary and large time lag hydraulic characteristics on natural gas calorific value distribution.
The method is able to rapidly predict the dynamic changes of gas calorific value in the pipeline
network, based on real —time operational data such as pressure, flow rate, and gas quality parameters.
It has a prediction accuracy of over 99% and a calculation time of only 1% of that of the physical
simulation model (built and solved based on TGNET commercial software). Moreover, with noise
and missing key parameters in the data samples, the method can still maintain an accuracy rate of
over 97%, which can provide a new method for the dynamic assignment of calorific values to complex
natural gas pipeline networks and on—site metering management.

Keywords: natural gas pipeline network; deep learning; calorific value prediction; dynamic prediction

1. Introduction

As a clean and low —carbon fossil energy source, natural gas plays an important role
in the global green and low —carbon energy transition. In the context of carbon neutrality,
the gas composition of natural gas has evolved to become richer and the prediction of the
calorific value of mixed gas sources has become an important research direction [1]. The in-
terconnection of large natural gas pipeline networks and the mixing and counter—infusion
of multiple gas sources have led to dramatic component fluctuations and dynamic changes
in calorific values, further increasing the difficulty of analyzing calorific values in the field.
The mixing and transport of natural gas in a pipeline network is a dynamic process with
large time lags, and this non—stationary state has a long—time span and a large spatial
extent [2]. To this end, the problem of assigning calorific values to complex natural gas
pipeline networks focuses on characterizing the impact of the slow transient nature and
the uncertainties on both the supply and demand sides of the gas state, that is analyz-
ing the evolution of the gas calorific value over time based on the operating state of the
pipeline network.

Currently, for the description of calorific value in the dynamic process of natural gas
pipeline transmission, the main research methods reported in the literature are mathemati-
cal models [3]: solving the hydraulic parameters [4] and thermal parameters [5] based on
the three main control equations of the pipeline fluid. However, the three main control
equations are difficult to reflect the influence range of different gas sources, as well as the
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distribution law of gas components, thus leading to limited application in the mixed trans-
mission of multiple gas sources, so the gas state equation and the energy analysis model
of mixed gas are introduced [6]. It is integrated into a state—space model of the natural
gas pipeline network by means of a graphical approach, and the hydraulic and thermal
processes of gas flow are iterated and solved using numerical methods, thus enabling the
monitoring of the state of the network and the dynamic tracking of the gas quality [7].
Methods based on physical simulation usually require stringent initial conditions (network
design parameters, pressure, flow rate, etc.) as well as boundary conditions (demand
fluctuations, fluctuations in the supply capacity of the gas source, pressure variations at
specific nodes in the network, etc.) [8]. However, in practical engineering applications,
certain system parameters are often difficult to obtain accurately, so studies are often
modeled with simplified, assumed conditions or states, ignoring some of the complex
characteristics of the system itself. These limitations make it difficult to integrate the
method effectively with real—time data—based gas quality analysis, which in turn affects
the dynamic determination or assignment of calorific values in the natural gas energy
metering process.

In recent years there have been numerous studies applying deep—learning—based
data mining methods to highly non—linear, complex, and ambiguous problems such
as smart grids, smart transportation, and atmospheric science [9]. Recent research on
related applications has shown that deep architectures are effective in learning highly
non—linear and complex patterns in data. Hybrid CNN and RNN models are highly
advantageous in mining high—dimensional nonlinear patterns in current and historical data
and extracting spatio—temporal dynamic features in complex systems [10]. Deep learning
enables machines to imitate human activities such as seeing, hearing, and thinking, solving
many complex pattern recognition challenges. The essence of its structure is an artificial
neural network with multiple hidden layers. Deep learning is able to take raw sample data
and map it, through layer—by—layer feature transformations, into a new feature space
that is easy to characterize. From there it can tap into the fundamental patterns implied
in the historical data of the pipe network operation and store them in the neural network
structure, and finally make predictions about future evolution trends based on the learned
patterns. Deep learning is widely used in the digitization of agricultural areas, and their
approach is mainly based on convolutional neural network architectures [11]. The accuracy
of this approach exceeds that of standard image processing techniques, enabling crop
classification problems, weed and pest identification [12], crop yield prediction [13], and
other functions. Deep learning facilitates the accurate use of chemicals, efficient planning
of farmers’ work, accurate identification of plant images, online monitoring and analysis of
crop health and reduction of environmental degradation, bringing many contributions to
the development of agriculture. Deep learning is likewise introduced in smart grids for
power systems. Its BP neural network and convolutional neural network CNN algorithms
are selected as classification learners and are parameter tuned, optimized for algorithm
selection and iterative prediction [14]. Deep—learning models are important for improving
the accuracy of smart grid forecasting and achieving efficient power distribution [15].

At present, the application of deep—learning in natural gas pipeline networks is
not fully mature and the development is still at a preliminary stage. To this end, this
study combines the hydraulic and thermal variation characteristics of the dynamic process
of natural gas pipeline network systems and builds a dynamic prediction model based
on real—time operational data with the help of deep—learning algorithms. It can be
used to predict the real—time variation of the calorific value of gas mixing in the pipeline
network. To demonstrate the effectiveness of the approach, we train a deep—learning model
based on a real gas pipeline network structure using real—time operational data from the
TGNET—generated network. Then we analyze the performance and bias of the model, and
discuss the superiority of the prediction methods for different architectures of the model
and for different data input characteristics. This study aims to explore the application
model of deep—learning in natural gas energy metering. It provides an analytical idea
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for the dynamic assignment of gas calorific values to natural gas pipeline networks with
mixed gas sources in the context of interconnection, thus providing a reference for the
establishment of an energy metering and pricing system for natural gas.

2. Methodology

For complex natural gas pipeline network structures with diverse gas mixing scenar-
ios, we integrate the effects of dynamic factors such as real—time changes in gas source
conditions and gas demand, as well as non—stationary processes in the physical pipeline
network. In this chapter, a deep—learning model based on the fusion of convolutional
neural networks and long and short—term memory neural networks is developed to cap-
ture the spatial and temporal characteristics of the complex gas mixing and transportation
processes in the pipeline network, and to learn the dynamical evolution of the system
operation and the trend of gas quality changes. The basic theory and algorithms of convo-
lutional neural networks and long and short—term memory neural networks, as well as
the architecture of the stacked CNN—LSTM deep hybrid neural network prediction model,
are presented in the following section. Finally, a gradient descent—based BP algorithm is
used for the training of the model.

2.1. Deep—Learning Models
2.1.1. Convolutional Neural Network, CNN

A convolutional neural network is a typical feed —forward neural network [16]. The
structure of a simple convolutional neural network is shown in Figure 1, which generally
consists of an input layer, a convolutional layer, a pooling layer, a fully connected layer,
and an output layer. There can be several convolutional and pooling layers, and they are
often set in alternating arrangements [17].

Feature Map Pooling Feature Map Pooling (:‘haracteristics
Characteristics Diagram
Diagram Fully Connected
— L Layer
= 1 ! N
. = N
Convolutional Pooling Convolutional Pooling
Layer Layer Layer Layer

Figure 1. Diagram of convolutional neural network.

The convolution layer is mainly divided into convolution and activation opera-
tions [18]. Assuming a layer with a total of N neurons, a convolution operation is performed
between the feature map of the previous layer and the convolution kernel. The new feature
matrix is then output by a specific activation function [19]. After the convolution layer,
the expressive power of the model will be enhanced. Given a training sample set S, the
convolution operation proceeds as follows.

K f f
ZH(i, ) = [zl ® le] iH+b=Y ¥} [z,i(soi + x, 50 +y)w,lf1(x,y)} +b (1)
k=1x=1y=1
- L +2p—
(i) €400 Ly} Ly = 2222 g @
The summation part of Equations (1) and (2) is equivalent to solving for a single
cross—correlation term, where w is the weight and b is the bias. Z' and Z'*! denote the

convolutional input and output of layer ! + 1, i.e., the feature map. L;,; is the size of Z*1.
Z(i,j) corresponds to the elements of the feature map. K, f, s and p denote the number
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of channels, the convolutional kernel size, the convolutional step size, and the number of
padding layers of the feature map.

After the convolution of the input information, a ReLU activation function is used to
perform a non—linear mapping of the output of each convolution kernel in the convolution
layer to assist in the representation of complex features. The representation is as follows.

1 1
Aijx =1 (Zi,j,k) 3)
The expression for the ReLU activation function is as follows.
f(2) = max(0, Z) )

After feature extraction is completed in the convolution layer, the output feature
map is transferred to the pooling layer for feature selection and information filtering.
The pooling layer is also called the downsampling layer, and its most common methods
include maximum pooling and average pooling. Its main function is to provide strong
robustness, reduce the number of network parameters and prevent over—fitting. In this
paper, maximum pooling is used to retain the overall features of the high—dimensional
information as much as possible, which is represented as follows.

f o f
ALG )= | Y Y Al(soi +x, s0j + )P (5)
x=1y=1

where f, 59, I and j have the same meaning as convolutional layers and p is a pre—specified
parameter, where p—co.

2.1.2. Long Short—Term Memory, LSTM (Recurrent Neural Network, RNN)

Long short—term memory networks are a special type of recurrent neural networks,
which can be used to process sequential data. The self—looping structure of LSTM enables
it to store temporal information about the inflow of memory units. It is very effective in
learning long sequence dependence problems [20]. In order to overcome problems such as
gradient explosion or gradient disappearance during training of traditional RNN models,
three structures have been introduced in the LSTM to improve the RNN, namely forgetting
gates, input gates, and output gates, respectively [21], as shown in Figure 2.

1 ’ ’

® 1% il & Y G . N
@ ¥, am o Yo, a@m G ¥, an| |
J . 7

Figure 2. Schematic diagram of LSTM neural network structure.

The mathematical expressions for the structures in the LSTM memory unit are as follows.

f& = sigm (itwfx + Or1wpy + bf) (6)
8 = sigm(itwix + O Wiy, + bz) (7)
u = tanh(iywux + Op_1Wym + by) (8)

xp=f&-xp 1 +i8-u 9)
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O¢ = O3 - tanh(u) (11)

where i represents the input gate, 8 represents the forget gate, O3 represents the output
gate, x; represents the state of the memory cell at moment ¢, u represents the updated
candidate information, and Oy is the final output information in the memory cell.

2.1.3. Deep—Learning Model Architecture

In this paper, a stacked CNN—LSTM deep hybrid neural network prediction model is
developed. It consists of multiple one—dimensional convolutional and LSTM structures
stacked on top of each other, with the input of the lower layer coming from the output
of the previously hidden layer. The convolutional structure is used to extract spatial
relationships at different levels from high—dimensional features (e.g., pressure and flow
between different sources and users of the network). The gated loop structure is used to
capture the temporal dynamics of the pipe network operational data (e.g., the trend data of
a node feature in the pipe network over time). In order to use the stacked CNN—LSTM
model for predicting changes in state parameters such as heat value at different supply
metering nodes in the gas network, a predictor (consisting of two fully connected layers)
is superimposed on the output layer of the model. In addition, the dropout technique
from stochastic deactivation theory is introduced to ensure the generalization capability
of the network. In other words, it means that some of the neurons in the neural network
are randomly switched off before the fully connected layers to prevent overfitting of the
model. As shown in Figure 3, the stacked CNN—LSTM structure and predictors constitute
the entire deep—learning model.

Spatial Convolution Module Time Gating Module Predictors

i i R
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| g g z z £
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=2 = £ N h . =
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I [gz gz H H
e -] “ <

| g g o
[ 2
[ H
| g
\

N

T
D /7
Extraction of the spatial Capturing the time evolution
coupling between the operating of natural gas calorific value
conditions of different nodes of with pipeline network
the pipe network on the operating conditions

calorific value variation
Figure 3. Schematic diagram of deep—learning model structure.

2.2. Network Training

The deep—learning model needs to be periodically tuned and retrained with new
data to ensure that the model can maintain good performance under changing operating
conditions. To illustrate the logic and framework of the proposed method, the entire flow
of the prediction method is shown in Figure 4.
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Figure 4. The flowchart of dynamic prediction method of calorific value based on deep learning.

2.2.1. Data Reconfiguration

Before training the deep—learning model, the training data need to be reconstructed
for the prediction model. In this paper, we used a sliding data window approach [22] to
partition and reconstruct the virtual operational data of the natural gas pipeline system
obtained in the previous section. Figure 5 illustrates the data update diagram for the sliding

data window.

1
Test Set o — e = = — — ﬁ Predictive feature A Predictive feature B |

O
Train Set

\ J

Predictive feature A

Predictive Target |

Predictive Target

Time Split Point

Figure 5. Schematic diagram of sliding data window.

First, for historical data, we constructed one or more sets of data by intercepting data
in different time windows. Then, each set of data was artificially divided into a historical
window (corresponding to the solid part in Figure 5) and a future window (corresponding
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v

Hyperparametric
optimization based
on trial-and-error
method

to the dashed part in Figure 5). Next, separate predictive features were constructed for
each set of data, including historical features (predictive feature A) and future features
(predictive feature B). At the same time, each set of data had a “future’ predictive target
constructed from past time. Based on this reconstruction logic, we combined all the
predictive features obtained as inputs to the model, such as historical operating data such
as gas quality, pressure, flow, temperature, etc. for each gas source, pressure station, and
customer node. We combined all prediction targets as model outputs, such as the calorific
value or flow rate of gas at a downstream gas supply metering node for a certain time
period in the future.

In addition, the length of the data window had an impact on the computational accu-
racy and efficiency of the prediction model. The longer the forecasting time, the greater
the contribution to decision support provided by the pipeline operator. However, as uncer-
tainty increases, this can lead to a reduction in forecast accuracy. Therefore, the length of the
data window is often designed based on the actual application requirements and the experi-
ence of the analysts. Deep—learning models will collect new data at specific time intervals
by the length of the data window and update the inputs by data window reconstruction.

2.2.2. Training Process and Assessment Indicators

This model is trained based on the BP algorithm of gradient descent [23,24] and the
network parameters are iteratively updated while minimizing the prediction error by
the Adam optimization algorithm [25]. In addition, the selection of the neural network
hyperparameters has an impact on the prediction performance of the model. Here it is
proposed to use a trial—and—error approach based on experience and grid search for
optimization. Figure 6 illustrates the entire training process.

Network :
. Test sample Project Evaluate the result
operation data
Train sample

Set initialization
parameters

Start training

End training

No

Train error to
meet accuracy

Correct layer weights
and biases based on
node errors in each layer

I

Calculate the loss of the

_|network output from the

actual value and back
propagate the error

Figure 6. The flowchart of training process.

The time series predictions of gas quality and state parameters for different gas
supply metering sites in the study are regression problems. In order to better evaluate
the differences between the model predictions and the benchmark values, four evaluation
metrics, namely mean absolute error (MAE), root mean squared error (RMSE), mean
absolute percentage error (MAPE), and regression coefficient of determination R? were used
as the four evaluation metrics for the proposed deep—learning models. The expressions for
the four evaluation indicators are as follows.
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1.  Mean absolute error (MAE):
1 n
MAE = 3 [9i il (12)
i=1

2. Root mean squared error (RMSE):

RMSE = (13)
3. Mean absolute percentage error (MAPE):
0, n . .
MAPE = LO/"Z Yi—Yi (14)
il Y
4.  Regression coefficient of determination R?:
n
E (91 —VYi )2
R?=1- =1 - (15)
'21(% )
1=

where 7 is the number of samples, y; denotes the sample true value, #j; denotes the model
predicted value, and i; denotes the mean of the sample true values.

Among the above indicators, smaller values of MAE, RMSE, and MAPE indicate more
accurate model prediction results, and a R? value closer to 1 indicates a better fit of the
regression model.

3. Case Study

This chapter applies the developed deep—learning model to the natural gas pipeline
network structure for example validation. This is used to verify the predictive performance
of the gas quality changes and the non—linear evolution of the system state in the nat-
ural gas pipeline network. The real—time operational data of the network required for
model training is generated from TGNET simulations. The size of the input layer in a
deep—learning model is determined by the dimensionality of the features in the input data.
In this case, the input features are selected by combining domain knowledge with graph
theory concepts. The structure of each hidden layer (i.e., the number of layers and the
number of neurons in each layer) is determined by trial —and —error methods based on the
prediction performance. The predicted output layers are the heat values of the gas supply
metering nodes, etc.

In addition, we consider that the state parameters collected at different nodes of
the pipe network vary significantly. To enhance the learning efficiency of the model,
we normalized the data set under each feature separately according to Equation (3) to
normalize the input data to within the range [0, 1]. The normalization method is as follows.

/ (JC — Xmin)

e (Xmax - Xmin) (16)

3.1. Data Preparation

In the process of collecting real —time operational data from pipeline networks, the
lack of systematic planning of data platforms, inadequate monitoring equipment, and
potential errors in the data storage process often result in insufficient data volumes, data
anomalies, and large amounts of noise interference in the field [26]. To solve this problem,
this study relies on the pipe network simulation software TGNET for data expansion.
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From the information collected on—site, it has 4 gas sources. These include an LNG
supply terminal and a UGS supply terminal, 2 compressor stations, and 31 customer
demand points (including city gate stations, plants, power stations, and downstream
outlets). There are a total of 35 pipelines with a total length of 553 km and diameters of
406.4-1016 mm. The network generally operates at pressures of 6—~10 MPa. The topology of
the gas pipeline network is shown in Figure 7. In the diagram, the red polygons represent
the gas sources, the green polygons represent the various types of consumers, and the blue
polygons represent the pressure stations, which are connected to each other by nodes.

'wu
— R L Poe
Pipe0s
pets \ , | - - £
MAS i . - st
N : - Pipeto Fipe20 Pipe2t o5 -
X Pipetd -
NT
pedd Pipe1? . . ) —
. l [ . zs « ~ Pipe30
. N 3 Pipe29
Pipe1s
Supply! Piped ' ipe
W

Figure 7. Topological structure of natural gas pipeline networks.

To carry out the simulation, it is first necessary to set the initial and fixed boundary
values for each component separately. These parameters are taken from the collected field
operation data. In particular, the boundary condition control mode for the two main gas
sources is pressure control, while the remaining sources and users are set to flow control
mode. In addition, both pressure stations are set to the maximum outlet pressure control
mode, which provides an outlet pressure maintained at set points of 10 (Supplyl) and
9 Mpa (LNG), respectively.

In addition, to ensure that the operational data generated by the physical model were
more closely matched to the actual production and operational characteristics, continuous
time series data such as changes in the gas quality of each gas source and fluctuations in
customer demand is one of the necessary boundary conditions for the dynamic simulation
of the pipeline network. However, the dynamic behavior of gas sources in the network, such
as gas quality changes and gas demand fluctuations, was not completely random. Rather,
it was subject to a combination of physical process constraints and market characteristics.
It is therefore not reasonable to generate such boundary conditions in a stochastic manner.

Taking these factors into account, the study is based on the relatively small amount
of gas use flow data that has been collected on—site, and we resort to means such as
time series feature analysis. The study generated continuous, complete time series of gas
quality changes and gas use fluctuations that have approximate characteristics (fluctuation
frequency, amplitude, period) to the actual fluctuation data. Monte Carlo simulations
based on ARIMA model fitting analysis were carried out on the original series using the
econometric toolbox of MATLAB R2021a. From this, we obtained the dynamic boundaries
required for the reconfiguration model of the pipe network state.

Based on the above topology and boundary condition settings, a state reconstruction
model of this natural gas pipeline network was constructed using TGNET. The simulation
process was carried out according to the following principles and settings.
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(1) Under normal conditions, the system state and gas quality conditions will vary with
fluctuations in gas source and demand;

(2) The pressure and flow sensors record the system state at a given time interval (every
1 h in this study). The duration of the simulation is 10,000 h;

(38) Gas quality tracking is switched on. The BWRS equation was chosen for the gas
state equation.

Finally, the virtual operational data generated by the dynamic simulation is considered
the actual operational parameters of the pipe network and used as the database for the next
step of building the deep—learning model. In the latter empirical analysis, these parameters
serve two purposes:

(1) As training data for the deep—learning model;
(2) As areference base for the prediction results of the deep—learning model.

The initial information for each gas source in the network is shown in Table 1, which
shows the variety of gas sources in the network and the significant differences between
sources. In addition, due to the high variability of the LNG supply, the frequency of gas
injection, and the real —time fluctuations of other gas sources within a certain range, this can
lead to unusually complex gas mixing and gas quality fluctuations at local locations when
the pipeline network is heavily tasked (e.g., during winter supply). Therefore, this is used
as the initial conditions and dynamic boundary conditions for the TGNET hydraulic and
thermal simulation to generate the demand fluctuation data, which is sourced in Figure 8.

Table 1. Parameters of gas sources.

Parameters Supplyl Supply2 LNG UGS
CHy/% 95.3140 92.3326 90.8898 94.7033
CoHg /% 2.5600 5.9919 6.7482 2.8915
C3Hg/% 0.1991 0.8024 1.0907 0.2603
i—C4H19/% 0.0311 0.1773 0.2395 0.0417
n—C4Hy9/% 0.0374 0.2092 0.2850 0.0500
i—CsHy2/% 0.0130 0.0223 0.0332 0.0161
n—CsHyo /% 0.0100 0.0079 0.0097 0.0123
n—CgHy4/% 0.0429 0.0039 0.0121 0.0505
Na/% 1.0190 0.2531 0.4030 1.1112
CO2/% 0.7730 0.1983 0.2881 0.8620
Flow rate/ x10* Nm?/h 296 120 212 70
Pressure/MPa 10.0 8.8 9.0 6.5
Temperature/°C 23.0 25.0 15.0 15.0

In order to illustrate the reliability of the simulation results, the various characteristics
of the generated dynamic boundary data were analyzed in comparison with the real
data. Here, the user requirements of a node were used as an example. The statistical
characteristics and temporal characteristics of the real and generated data are analyzed
in Table 2 and Figure 9. The observation shows that the generated sequence data were
cyclical to some extent. However, it was not a repetitive cycle, and it was able to simulate
the changes in gas demand in the real world. At the same time, it exhibited similar
characteristics to the real data in all analytical indicators. The distribution of the generated
data tended to be more normal, except for the differences in the distributions of the two,
and the smoothness of the series was better. Therefore, the dynamic simulation results
based on the generated data could better reflect the dynamic evolution of the real network.



Energies 2023, 16, 799

11 of 20

TNGET Dynamic Simulation

» Data acquisition interval :1h

« Total duration :10,000h

‘Screen

38 Features:

31 user requirements

+

7 selected nodes of
pressure, temperament

|
|

\ 4

/ Reconfiguration through \

70% the data window in section 2.2.1

As input to

a deep learning model

¢ The size of the entire
data set is 10,000x38.

« The length of input data window:24 h
10% ———

« Input size of single data window :24x38

» The size of the output time window is

20% —— determined by the prediction task.

o

Figure 8. Data sources.

Table 2. Comparison of statistical characteristics between original data and generated data.

Average Value Standard Deviation Kurtosis Skewness
Original sequence 4.7600 1.4465 2.3346 0.2590
Generating sequences 4.7656 1.6192 2.5352 —0.0145

3.2. Experiment Design

The convolutional module in the convolutional neural network and the gated recurrent

unit in the long and short—term memory neural network were used for the deep extraction
of spatially correlated and temporally evolved features during the operation of the pipe
network. The spatial features were derived from pressure and flow data between different
gas sources and users, while the temporal features were derived from the trend evolution
data of the features of a node accumulated over time. In order to explore the predictive
capability of the deep—learning models built into the method under different conditions,
the following experimental scenarios were designed, respectively.

@

@)

®G)

To demonstrate the superiority of the built deep—learning models over other ad-
vanced models (e.g., classical machine learning models, shallow neural networks,
and single deep—learning models), we compared the prediction performance of the
built deep—learning model (CNN—LSTM) with support vector machines (SVM), shal-
low BP neural networks (BPNN), convolutional neural networks (CNN), and LSTM
recurrent neural networks (LSTM), respectively;

There is often a strong correlation between model prediction ability and prediction
time. To demonstrate the prediction performance of CNN—LSTM models at different
prediction time scales, we chose the prediction time window lengths of 2, 5, 8, 10, and
15 h for comparison experiments;

Generally speaking, field—collected data are noisy. To illustrate the effectiveness of
the proposed method in dealing with different noise disturbances, we introduced five
levels of artificial noise (i.e., £0.5%, +1.0%, +1.5%, +2.0%, +2.5% Gaussian white
noise) for comparison experiments;
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(4) There may be key data missing from the data collected in the field. In order to analyze
the robustness of the model in response to situations such as missing data anomalies,
we tested the prediction performance of the model under each of the five input data

missing modes.
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Figure 9. Analysis of time series characteristics between original data and generated data.

4. Results and Discussion

In this case, the network parameters of the model (i.e., the number of hidden layers
and the number of neurons in each hidden layer, etc.) were optimized by tuning the
parameters several times, and the finalized parameters were set as follows: the time—based
convolution module contained two convolutional layers and one maximum pooling layer.
The convolutional kernel size was 1 x 1, the number of neurons was [64, 32], and the
activation function was ReLU. The temporal gating module contained two LSTM layers,
the number of neurons was [300, 300], and the activation function was ReLU. The dropout
layer parameter was set to 0.5, which meant that 50% of the neurons were randomly turned
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off. The output layer contained two fully connected layers. The first fully connected layer
had 64 neurons, and the last layer had a number of neurons equal to the length of the
prediction time. The activation function was Sigmoid. The model was trained using the
Adam optimizer minimizing the mean squared error over 100 rounds, with a batch size of
250 and an initial learning rate of 0.001.

The models were trained and tested separately according to the parameter settings
and experimental protocols described above, and the respective experimental results were
analyzed, and detailed results are presented below.

4.1. Comparison of Prediction Performance of Different Models

In order to better illustrate the advantages of CNN—LSTM over SVR, BPNN, CNN,
and LSTM models in capturing the spatio—temporal dynamics of complex gas mixing
and transport processes in the pipeline network, the prediction task here was to predict
the gas heat value of a customer (known from simulation results) with more severe and
frequent gas quality fluctuations over the next 1 h. The hyperparameters of the different
prediction models were carefully designed using a “trial—and—error” approach to ensure
that the results are representative of their best capabilities. The parameters for each model
are shown in Table 3.

Table 3. The optimal parameters of different prediction models.

Models Hyperparameters Set Values Hyperparameters Set Values
Kernel Functions RBF / /
SVM Nuclear Parameters 0.01 / /
Penalty Factor 40 / /
Activation Functions ReLU Hidden Layers 1
Optimizer SGD Output Layer 1
BPNN Learning Rate 0.01 Number of Neurons 128/60/5
Input Layer 1 / /
Activation Functions RelLU Hidden Layers 2
Optimizer Adam Output Layer 1
CNN Learning Rate 0.001 Number of Neurons 128/64/5
Input Layer 1 Convolution Kernel Size 1x1
Activation Functions ReLU Hidden Layers 2
LSTM Optimizer Adam Output Layer 1
Learning Rate 0.001 Number of Neurons 300/256/5
Input Layer 1 / /

Figure 10 shows a comparison of the gas calorific value prediction results for the next
1 h from different models. It uses the four aforementioned error evaluation metrics as a
benchmark for model prediction performance, and the results are shown in Table 4. From
the figure and table, we can observe that this deep—learning model (CNN—LSTM) pro-
posed in the method possessed higher accuracy and better fit compared to other benchmark
models. It achieved a prediction accuracy of 99.89% for calorific values and was the only
model with an R? greater than 0.95. Figure 11 shows the CDF of the relative errors in the
prediction results of the different models. It depicts the instability of the model prediction
results due to the dynamics of the system state changes (caused by upstream gas quality
changes and downstream user demand fluctuations). The results show that the established
deep—Ilearning model had better control over the prediction errors and the prediction
performance was more reliable compared to the results of other models.
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Figure 10. Single—step prediction results of calorific value with different models.

Table 4. Comparison for prediction performance with different models.

Models MAE/MJ/m3 RMSE/MJ/m3 MAPE/%
SVM 0.0783 0.1014 0.2036 0.9276
BPNN 0.0916 0.1175 0.2377 0.9029
CNN 0.0724 0.0956 0.1879 0.9357
LSTM 0.0729 0.0943 0.1891 0.9373
CNN-LSTM 0.0555 0.0860 0.1098 0.9779
1.0}

0.8F
[ 06 B
(&)
- —— SVM
0.4r —— BPNN
—— CNN
02} — I STM
—— CNN-LSTM

000 025 050 075 100 125 150
Relative Error /%

Figure 11. Performance comparison based on the CDF of the relative error of prediction results.

4.2. Comparison of Prediction Performance at Different Time Scales

In general, longer prediction times can provide better decision support for gas quality
analysis and metering management in pipeline networks. However, the size of the forecast
output time also has a direct impact on the predictive capability of the model in the method.
For this reason, the prediction task was tested by predicting the calorific value of the gas
in the pipeline network for the next 2, 5, 8, 10, and 15 h respectively. Figure 12 shows
the prediction of the gas calorific values by the deep—learning model built at different
prediction time scales. It can be seen that as the prediction time increased, the prediction
results beaome less accurate, and the fit became worse. This is because the strength of the
relationship between the current and future states of the gas in the pipe network weakens
with increasing prediction time, correspondingly making it more difficult for the neural

network to learn this interrelationship.
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Figure 12. Prediction results of calorific value under different time scales.

The results for each of the error evaluation metrics are displayed in Table 5 and the
CDF for the relative error values is shown in Figure 13. From these results, we can observe
that as the prediction time increases from 2 to 15 h, the values of the model MAE, RMSE,
and MAPE change by a factor of nearly three. However, there was a more significant
decrease in the R? values of the model after 8 h. The difference in CDF between 8 and 5 h in
the relative error CDF plot was greater than the difference between 5 and 2 h. This indicates
that the deep—learning model was able to guarantee more accurate and reliable results for
predictions within 5 h. In addition, with a prediction time of 15 h, the computation time
of the deep—learning model built in this study was 1.3172 s, which was only 1% of the
computation time of the physical simulation model (162.3357 s).

Table 5. Comparison for prediction performance under different time scales.

Predicted Time Scales MAE/MJ/m3 RMSE/M]J/m3 MAPE/% R?
2h 0.0416 0.0550 0.1281 0.9687
5h 0.0703 0.0920 0.1725 0.9501
8h 0.0991 0.1269 0.2569 0.8878
10h 0.1003 0.1290 0.2603 0.8823
15h 0.1243 0.1702 0.3226 0.7843
1.0F
081
[ 0.6
a
v l ~ 2h Prediction
041 ~—— 5h Prediction
~ 8h Prediction
0.2F ~— 10h Prediction
~— 15h Prediction

0.0 0.5 1.0 1:5 2:0
Relative Error /%

Figure 13. Performance comparison based on the CDF of the relative error of prediction results.

4.3. Comparison of Prediction Performance with Different Input Noise

In this example, different levels of artificial noise were added to the numerical simula-
tion results in order to illustrate the prediction model’s ability to make accurate predictions
using noisy data. This was used as input to analyze the robustness of the hybrid model in
response to data noise disturbances.
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Figures 14 and 15 show the CDF comparison of the predicted calorific value and the
relative error of prediction for the next 2 h at different noise levels, respectively. From
the figures, we can observe that there was a relatively significant decrease in the model
prediction as the noise level increases. The results for each of the evaluation indicators
are shown in Table 6. It can be seen that the values of the model MAE, RMSE, and MAPE
increased by nearly four times at different noise levels. It reflects the fact that the average
relative error of the model’s true predictive capability, although generally maintained at
a low level, was considered unacceptable when this parameter was greater than 0.5% in
terms of industry technical requirements. This suggests that the model’s predictions are
unreliable when the noise level was above 1.5%. Furthermore, we can observe a very
significant decrease in R? values from 1.0% to 1.5% noise. This indicates that the model
was not able to extract the spatial and temporal evolution of the gas state within the pipe
network well when the noise disturbance is more severe. Therefore, by reducing the noise
level to below 1.0%, the model can be effective in making predictions.

Baseline

~——— 0.5% Noise Level
—— 1.0% Noise Level
—— 1.5% Noise Level
——— 2.0% Noise Level
——— 2.5% Noise Level

39.00

38.75
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w
9
=3
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37.78

1.0F
0.8
o 0.6
a
¢ 0.5% Noise Level
04r 1.0% Noise Level
1.5% Noise Level
0.2 2.0% Noise Level
2.5% Noise Level
0 1 2 3 -

Relative Error /%

Figure 15. Performance comparison based on the CDF of the relative error of prediction results.
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Table 6. Comparison for prediction performance under different noise levels.

Noise Level MAE/MJ/m3 RMSE/MJ/m3 MAPE/% R?
0.5% 0.0877 0.1126 0.2276 0.9119
1.0% 0.1270 0.1590 0.3295 0.8385
1.5% 0.1896 0.2354 0.4923 0.6923
2.0% 0.2549 0.3188 0.6614 0.5380
2.5% 0.3323 0.4152 0.8622 0.3965

4.4. Comparison of Prediction Performance under Different Input Deficiencies

As the current data platform in the field was not perfect, there were cases where data
are missing, or key data measurements were missing at certain nodes during the data
collection process. To further illustrate the robust performance of the model under different
data missing conditions, the results of the 2 h heat value prediction will be compared based
on five different sets of input data.

DataA: All nodal pressure, air quality and demand data;

DataB: All node pressure, air quality data, three missing demand data (compared to DataA);
DataC: Pressure data for all nodes, missing data for three demands, gas quality data for
one major gas source (compared to DataA);

DataD: All nodal air quality data, missing three demand data, pressure data for three
important nodes (compared to DataA);

DataE: All node demand data, no pressure and temperament data (compared to DataA).

Comparisons of prediction accuracy for the five input data missing models are shown
in Figures 16 and 17. It can be visually observed from the graphs that the model maintained
good prediction accuracy and stability of control over errors when some of the measurement
data were missing less. For example, the prediction error results in Figure 16 for the missing
Data B and Data C data model. However, when certain key data (e.g., pressure at some
important driving nodes) were missing more, it was difficult for the model to fully extract
and learn the dynamic characteristics of the non—linear process in the pipe network. This
led to a significant reduction in both the fit and accuracy of the model predictions. This
can also be seen in the gap between Data C and Data D in Figure 16 and the trend line in
Figure 17.

1.0F
0.8
0.6
o9
a
- 0.4} DataA
DataB
o2k = DataC
- —— DataD
- — DataE
0 2 4 6

Relative Error /oy

Figure 16. Performance comparison based on the CDF of the relative error of prediction results.
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Figure 17. Comparison for MAPE with different input data missing.

5. Conclusions

This paper presented a deep—learning—based dynamic prediction method for the
calorific value of gas in large mixed gas pipeline systems. This method can be used to
analyze in real—time the dramatic fluctuations in gas composition and calorific value due
to gas quality differences and fluctuations in customer demand.

Numerical experiments show that: (1) The deep—learning model can effectively
explore the unique physical characteristics and dynamic features of the pipeline network
system. This method can quickly predict the dynamic changes of gas calorific value in the
pipeline network based on real—time operational data such as pressure, flow rate, and gas
quality parameters, with a prediction accuracy of over 99%. (2) Compared with the method
based on physical simulation, this method can effectively reduce the computational burden
and improve the efficiency of real —time analysis in the field while ensuring a certain
prediction accuracy. (3) This method is able to maintain an accuracy of more than 97%
when data noise interferes and some data such as pressure and flow rate at certain nodes
are missing. This may provide a new approach to the dynamic assignment of calorific
values to complex natural gas pipeline networks and the management of on—site metering.

In this experiment, the performance of the deep—learning model was highly dependent
on the scale of the sample data. It was difficult to optimize the hyperparameters of the model
as well as to control the output, which is a black—box in nature. In the future, the machine
learning theory of controllable and interpretable industrial systems should be developed and
combined, and then the construction method of the model should be determined according to
the data characteristics and business needs of the actual application scenarios.
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Nomenclature
w weight
b bias
7!, 71141 convolutional input and output of layer 1 + 1
Liy the size of Z1 + 1
Z(i,j) the elements of the feature map
K the number of channels
f the convolutional kernel size
50 the convolutional step size
the number of padding layers
8 the input gate
the forget gate
o8 the output gate
Xt the state of the memory cell at moment t
u the updated candidate information
O; the final output information in the memory cell
n the number of samples
Yi the sample true value
Vi the model predicted value
7i the mean of the sample true values
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