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Abstract

In recent years, Iran has faced natural gas shortages during the cold months due to peak demand on cold days
and the lack of sufficient imports or storage, making inventory management of gas transmission pipelines a
critical solution. Simulating the dynamic behavior of such systems is often time-consuming and costly due to
the complexity of interactions among their components. In this study, a data-driven surrogate model based on
a Nonlinear Autoregressive Neural Network with eXogenous Inputs (NARX) is developed to analyze and
predict the behavior of natural gas transmission networks under peak demand conditions. The quasi-
experimental data required for training the NARX model were generated through dynamic simulation of a
quasi-real unit in Aspen HYSYS, and the model was trained using the Levenberg—Marquardt algorithm.

To evaluate the model’s performance, the Mean Absolute Error (MAE), Mean Squared Error (MSE) and
Coefficient of Determination (R2) were calculated on both training and test datasets. The results show that on
the test data, the model achieved MAE =0.01474, MSE = 0.002229, and R2 = 0.9968. Compared to full dynamic
simulation, the proposed surrogate model is approximately 1133 times faster, corresponding to a 99.911%
reduction in computation time, while maintaining high accuracy.

This unique combination of speed and precision enables real-time analysis and decision-support applications
during peak-demand scenarios, positioning the proposed NARX-based model as an efficient and reliable tool
for forecasting and peak-shaving management in natural gas transmission networks.

Keywords: Rapid simulation, Recurrent neural network, Surrogate model, Linepack, Machine
learning, Peak-shaving
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Fig. 1. General gas pipeline network [4].
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Fig. 2. Pseudo-realistic gas transmission unit created in a commercial simulator for collecting feed data to
train the surrogate model.
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Table 1. Composition by percentage of natural gas

Composition . Mole Percent

Winter Summer

\P! 3.8116 3.8128

CO2 0.8484 0.8447
H.S 0.000115 0.000113

C1 93.3026 93.3368

Cz 1.9730 1.9410

Cs 0.0601 0.0574
i-Cs4 0.002326 0.002262
n-Cs 0.001718 0.001672
i-Cs 0.000065 0.000066
n-Cs 0.000045 0.000046
Cs 0.000003 0.000003
COos 0.000017 0.000016
CH4S 0.000028 0.000028
ETSH 0.000030 0.000030

Feed Property

Density (kg/m?®) 44.69 60.39
Viscosity (cP) 0.0131 0.0142

MW (-) 17.03 17.03
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Table 2. Pipeline parameters used for validation.

Parameter | yepoth | Diameter | Rhogness Slope Elevation
Number km inch p-inch deg m
04 5 24 0.0018 6 523
21 5 30 0.0018 5 536
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Fig. 3. Display of the dynamic inputs for pipeline number 4 from reference [19] for validating the gas
transmission pipeline simulation.
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Fig. 4. Display of the dynamic inputs for pipeline number 21 from reference [19] for validating the gas
transmission pipeline simulation.
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Fig. 5. Input and output data of the neural network for predicting the behavior of the pipeline system and the
compressor station.
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Fig. 6. Static parameters of the pipelines used for generating training data.
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Table 3. Input variables of the quasi-real unit and their operating ranges.

Parameter Category Valiable Range/Condition Unit
Length 80~125 km
Pipeline (Static) Elevation -180~1038 m
Roughness 4~45 pum
Outlet Pressure 25~86 bar
Pipeline (Dynamic) Inlet Flowrate 80~120 MMSCMD
Outlet Flowrate 80~120 MMSCMD
Compressor Performance curve [27]
Air Cooler Tgrﬁszfar'gﬁe 40 °C
Air Cooler Differential Pressure 0.5 bar
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Fig. 7. First scenario for generating random data for input pressure, input flow rate, and output of the gas
transmission process in the reference simulator.
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Fig. 8. Second scenario for generating random data for input pressure, input flow rate, and output of the gas
transmission process in the reference simulator.
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Fig. 9. Third scenario for generating random data for input pressure, input flow rate, and output of the gas
transmission process in the reference simulator.

Ol Glizee glagy Lo 1o 1) w255 5 69905 )0 (20 9 LS Slsd (giluand sl loges

PP Sllug (Ko (Fp 0 a5 I 0 wiiis Sl 605, (20 9 JLid (DY S 0 e e

63959 b plRed gyl (>0 50 35 (295 (20 Sl Glles SLSU Slpis 5l (3 o5 058 00 0
Byl Selite Hld, )b Slleg b (Seelns sla,sb s 4 a8 Ll S o s

14



Cod i 3, 5boe bl Ol g ools e 1y (5 0 Ll ph 5l 0o S ik lagy Lw oyl
S0 g et D)aB b aiS 0 ST j9mme03ls oo 4 £33 cnl isleoe pal 1) Skl g Sl lacensg
S3loseiSs 6l el 5 S 5l Gy (giloand 5l ol glaosls bl adls sy it
Sbles (00 Jss [¥e] was 48,8 15 4 (ANN)! cgtan omac aSicd Jow ij9e] 5o o puiie 45 50

sl 3ol Jae Gojeel b (adlsans aoly (g3luand 51 elS a8

[———————————— T S ——

Lo oModel.. .|

I
= | | I
L.,D.e,S,Tamb VR | oo |
( Static Inputs O TRy e e Q T ‘:E« =
e A e = :
I J\ﬂuﬂ‘ﬂ J” | | Simulation I
| £ L | |
' g | . l
I | ’ Set | S |
| ‘ y f | | "l/,ljpgh |
| Nt 1 | | S TN |
| iR (MY i ¢ % |
: : IR \ J I { I
: | I ’ \ : : \ HYSYS :
1l | UM H J ik { J H | \ MATLAB |
} 1A | ,
a1 L L o |
| " | { // Collect Outputs I
| /
(Dynamic Inputs | " DataGeneration __ _________________ j
'
|7777777777';///777777777777777777j\ et S S S |
£ |
I // [ '
I / s [ © I
| L Feed R I |
| Forward [—=V(7) | | | |
| ¥ P &E]_‘ Network | 7 | :
| = |
[ / [ [ ® :
' I\ s
| Data / Training NNPL [ 8 :
: Collection & 5 s { ‘ |
| Preparing \ - = :
| x (1) | |
| Am» Feed ) B i * :
: \ Forward [T* () { [ |
| ~»| 1 Network ‘l |
| 4 | [
| < jil B |
I ‘ - :
I T Validation NNPL | | | ~———
| MATLAB { [ Surrogate :
' [
I
|

Trainnig NARX for Natural Gas Pipeline |
aSd 50 H LS o g ol g gl bglas o0 350l Jue gl 438 ,5 ©)g0 (Sl (G3lwannds Xig) 1 55950 Ve b

(93 (nl 5o b 5B LI
Fig. 10. Overview of the dynamic simulation process performed for the alternative model of pipelines and
compressor stations in the natural gas transmission network in this study.

L g ol g e a5 2 S 53 Jo Y

s 3 i liel Ghjgel il ol al> o ans Jolis IS j5bay egian pras a5l S ol an b
g o el e g o liel o bgel (slassls Jald e dcgeze duw ds Wools wnl)d ol o
5 el sloosls 5 0,8 a2 50 |y laodls Slaws o i Ysess (Ssran oae dSud hjsel oo

I Artificial Neural Network

15



4 i yliel g (oh5ge] slaacgazme a5 ol GligS A (soprns (pl )l 518 Gan ol o (i
[val Qg oo oolaiwl obj)l g 680l aild o s

boly) o jo olls g Slaslre loj (als Jdoas ooy sleailelus (g3luJae o (omae sloasiis
GRS o2 L) 5 Janl e oz e o 1,08 )18, o STk g cpl Bas oS L] ol 8 as 8
anie b s gog>ge diile ol e glakhils Ol Laas g ((glse 0uilS S 5 (g peS dly) o>
Slos 13 b (65 b Al a0 35 5 5 an S Glsreas NARX s Lo el ks (Slolons
2 4SS g 5 a8 oo b | Sl 5 e SIS oLl Gl oY (sl alidlo (25,5559
Dilwer oo Iy ght s sloanl)d 5 55 ol (ordge (55l o

25 JXEa 1559,9005 s,y b (Seelus sladilels 51,35 [L8, oo i lp S8l (0
I ] 0550 s ge 2

§(t+1)=f(x(t=1),.. x(t=d),y(t),y(t-1),... y(t-d)) @)

U (k3 slagle; yo anly Slaazs,> V() & lo sl 00d (s iy (29> F(1HD) abal cnl )
Bl o Cawdty S oo g3l on | oz g 5 5 lasag g bl a8 T g calizee slagle; jo Jius slacssg)g
03,5 Laa> 1) (6395 Sl JuSmw azen ;B do(g99,9 50 (Sloy slo Sl (85 Sl 1o LT w08 easils ol
Oygods oy, NARX asll o (o5 jobay oS (giluJow | ooy  Sslus slapinnn (L3,
Syl @28 15 1,38 sl jld) 5380 (aien Ol ol (l 45 g oo a3 L5 o Slejasz

12,5 analoe |) (29,5 aY jsbires 5 (50 SaY 2oy e (lgioe 2 dally) SeS 4

._f(Zvax, ej f (net;) 0
_f(Zv,JyJ } (net,) an

Sl Y g il Jled U F g Wbl 0 5o W YL Lals, yo

dizme Glagssloand ) Jol> (o 2acss Gloj ools (g Vetee e Sl oy sl oolinal b gl cnl 5o
A gooxe ) dw 4y 00l Lol 00l drwgl  sBlgad axly oiluas 6l (VY) S sllae NARX Jow G
Loolen Y O Jols aSon [lslo s IS5 V07 9 VO Vo Caas b s g omioms Ll (590l
5o @liee gla lizle a5l s by e olasd .l (25,5 Y S g taNSIg gle Jlad ali g 9,90 Ve
SemSolr o G S35 Ol OilE oy Gayg Vo & ol lad bt sl Sl Y B Y- ol
b et bulyy o 50 ()T YL Ul e 4 tansig glo Jlad b mize 0 oo oal8 1) (33l ke
Bl Hlias i (Saoliss Jlid ) adgish o 1) o Sles oy yige 100819 wile (lgs b avglie jo w0 pitionis
Diluse pol 2 1) b pie Gles (o id by, e 650k el S 5 (]

16



s 5 005 alxil als o Voo e 3o LM-BPY oz oSl 5l ool b g jbadls cdls o aSod ojge] aild
oolazul (Early Stopping) sless; cades g, 5l e 3l mian 5l 6 sl (gl ol bows ausddl> b o
Syl so iByia Shigal g g Jlgie )50 sz (o mtes liiel degazme j3 las oS50 ¢ by, ol jo
s 4o (Bayesian Regularization)” 5 (sleekie 5l dagysy JrsS g Jow ol Gialidl sl cpizan
RUPUER

x(t) y(t)

T hidden'\
1:2

I
Wi (W b

W b
|
/
7
| Y
A y(t)

LS G ali olwn] of ot 4 algd o w4 61 NARX cuac aSols jlis Lo -V JSCo
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Fig. 13. Comparison of the output pressure of the pseudo-realistic model used in this study with the results
presented for pipelines number 4 and 21 in reference [19], along with the analysis of the relative error of the
results over time.
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Table 4. Performance of the surrogate model based on MAE and MSE metrics for training and test data.

: Criteria Train Test
Variable MAE MSE R2 Error MAE MSE R? Error
LP 0.01861 | 0.003974 | 0.9996 | 0.0079 | 0.00631 | 0.0000755 | 0.9975 | -0.0024
Qu 0.02656 | 0.006448 | 0.9967 | 0.0019 | 0.02224 | 0.004092 | 0.9870 | -0.0007
Pc 0.02576 | 0.006705 | 0.9894 | 0.0014 | 0.02239 | 0.004553 | 0.9861 | -0.0006
Pout 0.02516 | 0.009932 | 0.9878 | 0.0186 | 0.008004 | 0.000196 | 0.9949 | -0.0035
Mean 0.00243 | 0.005434 | 0.9987 | 0.0075 | 0.01474 | 0.002229 | 0.9968 | -0.0018
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Fig. 14. Real error histograms for the training set of the surrogate model.
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Fig. 15. Real error histograms for the test set of the surrogate model.
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Fig. 16. A portion of the training data compared with the output estimated by the alternative model for
sample 3. The top left Fig. shows the pipeline inventory, the top right Fig. shows the load of air cooler, the
bottom left Fig. shows the power consumption of the compressor, and finally, the bottom right Fig. shows the
output pressure of the network.
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Fig. 17. A portion of the training data compared with the output estimated by the alternative model for
sample number 35. The top left Fig. shows the pipeline inventory, the top right Fig. shows the load of air

cooler, the bottom left Fig. shows the power consumption of the compressor, and finally, the bottom right Fig.
shows the output pressure of the network.

LP (MMSCM)

P.. (kW)

039

0.37

L [¥%)
w

045+

0.25

0.05 &
0

90

90

180 270 360 450 540

180

270
Time Step

360

450

540

0.81 f*

0.66

0.06 E L L . o
0 90 180 270 360 450 540

097

0 90 180 270 360 450 540
Time Step

—Target - = = -Prediction

A .YO o lods digoi gl w3 le Juw dawgi oud 00 cymosd s 29,5 b Ao Lo o @“)9”] cools 5l s VA ISC%
29 935 305 (B pan lg e ol G ((2leR 0ullT TS b Hladle YU Cunly S (5392 90 Hladio YU G U i
B30 (LA 1) A (o2 9,5 HLAS Hlade by Conly Culyd

Fig. 18. A portion of the training data compared with the output estimated by the alternative model for
sample number 75. The top left Fig. shows the pipeline inventory, the top right Fig. shows the energy
required by the air cooler, the bottom left Fig. shows the power consumption of the compressor, and finally,

the bottom right Fig. shows the output pressure of the network.
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Fig. 19. A view of the natural gas transmission network simulation studied using the trained alternative
model in the Simulink environment of MATLAB.
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cooler for the first pipeline and compressor station.
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Fig. 22. Fluctuations in pressure, pipeline inventory, compressor power consumption and load of the air
cooler for the fourth pipeline and compressor station.
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Fig. 23. Fluctuations in pressure, pipeline inventory, compressor power consumption and load of the air
cooler for the last pipeline and compressor station.
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Fig. 24. Comparison of the average outlet pressure, linepack, compressor power consumption and air-cooler
load for the studied gas transmission network over a seven-day period.
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