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Abstract The transmission service of small and topology-complex natural gas pipeline networks can be provided using an
Entry/Exit(E/E) tariff mode. The booking of gas transmission capacity under the E/E tariff mode does not consider the path of
gas flow, and is charged according to injections and/or deliveries. The input/output capacity at an entry/exit in the E/E mode is
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defined as the maximum flow that can be booked by the shippers. The pipeline company initially determines the tentative input/
output capacities at entries/exits in the pipeline network based on experience. If there exists at least one feasible operational plan
for any input/output flow combination that does not exceed the capacities at the entries/exits in the pipeline network, the initially
determined input/output capacities can be published and booked by shippers. The validation of input/output capacities requires
finding an operational plan for the pipeline network when the actual input/output flows are uncertain parameters. Thus, the
validation problem is an uncertainty optimization problem. In this work, a two-stage robust optimization model was established
to transform the validation problem with uncertain parameters into a deterministic problem of verifying the worst-case scenarios.
There were several sub-models in the first stage. In each sub-model, the input and output flows at the entries and exits of a gas
network were decision variables, with the corresponding uncertainty set transformed into constraints. And the objective function
is to minimize the inlet pressure of each compressor or delivery station to generate the worst-case scenarios. In the second stage,
the minimum inlet/delivery pressures of the compressor/delivery stations under the worst-case scenarios were verified whether
they meet the lower pressure limit constraints. The input and output capacities are feasible if all the constraints are satisfied.
Compared to previous capacity validation methods that based on verifying multiple scenarios, the model proposed in this study
eliminated the limitation of manually selecting scenarios, ensuring that the calculation results were reliable. The results indicated
that in a complex pipeline network, the gas transmission cost under the E/E mode better reflects actual costs, comparing to that
under the path-based tariff mode. However, the physical gas transmission capacity of a network cannot be fully utilized under this
mode in most cases, resulting in capacity wastage. Based on the input/output capacities validation model, this paper explored the
feasibility of applying the E/E tariff mode in regional gas pipeline networks in China, and it could also be referred for improving

the open access regime for pipeline networks.
Keywords tariff regime; gas network; gas transmission capacity; optimization; robust optimization
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Fig. 5 Feasible and infeasible capacity allocations and scenarios under E/E regime



680

AimBlEER 20234510 H S8 EH S

HIR P+ P=1.85 CNY/m®, 612 PR N4 Fiiik 5]
N1 AR SEBR 9 X T A Rl e 40 300 km e m’
FEA R ANAS, A FE T A R TR R A NS 3
N1 Z [ B AR A S0, A BRSO
Kt 640 kmem® XN (T H . BFIILAR L TR T

(1) A EE T LA X A2 i U RE 0 2R A T iz ik
FTUAUER T i, PRI AT HERR T T 1%
UL, AR T SR

(2) B TR EA R RYE, B RIAERE /Y A
R A TE AR AN 2 A 0 REIA 21 A fi Kt

PRI, 1/ i PR Y 2 R S R S A
0 B S PR AR

4 HHBHHEIN

ASCHETFHEO /B Rt R T AR
B U RE 1 S8 E Y T B B R A AL B IEAR AR, B RN
W P A [m) B 225 A Ry i P [ R g A 7R e, 15

B A AR DU T i R T A A B, DRI ERR
A I 8 IR A A i URE ) A 2 R 2 AR
R R

(3) HHEE PR AN S AAT UL, A LT T AR
AR RO R, T/ R B A T R S WS B
WA, A THESIRA i1

ASCRIBIFTE B XA S POREE A B ), PRI 4G
A B 0 i RE g O IR IR R A TR A R R vy,

ST L TSR SEE AT A TS A R — B
%75 3Ciik

(1]

(2]

(3]

[10]

(1]

[12]

[13]

[ 5 & P25 . SRR AU 1 38 B M kA TR B2 (% 47)[EB/OL]. (2021-06—09)[2023—06—01]. https: //www. ndrc. gov. cn/xwdt/
tzgg/202106/t20210609 1282913. html. [NATIONAL DEVELOPMENT AND REFORM COMMISSION. Regulations on natural
gas pipeline transportation price management(temporary)[EB/OL]. (2021-06—09)[2023—06—01]. https: //www. ndrc. gov. cn/xwdt/
tzgg/202106/t20210609 1282913. html.]

KELLER J T, KUPER G H, MULDER M. Mergers of Germany’s natural gas market areas: Is transmission capacity booked efficient—
ly?[J]. Utilities Policy, 2019, 56: 104—119.

BRI, UJCH, R, 45 BCGIUR RSO AR TP 90 (O HL R B2 BRI ). IR T , 2023, 31(1): 71-82. [CULY
Y, LIU Q S, DU M, et al. Pricing mechanism and settlement mode of pipeline transportation charges of typical countries in Europe and
the United States[J]. International Petroleum Economics, 2023, 31(1): 71-82.]

KB, 2t . BRI R R S0 Il R Ay S J A e DB AR (0], 9Bz, 2015, 34(1): 1-7, 14, [LIU Y J, LI Y L. A new mode
of pipeline transportation management after structural reform of EU natural gas industrial chains[J]. Oil & Gas Storage and Transporta—
tion, 2015, 34(1): 1-7, 14.]

i, PN . AN =R RAR A A B FL AT ST [J]. R BRATIMZR T, 2015, 23(10): 32—-38. [XU J, SUN Z S. Comparative study on
three natural gas transaction modes abroad[J]. International Petroleum Economics, 2015, 23(10): 32—38.]

AR, R, SRRV, A I T AR S S 0], PR AT AT, 2018, 26(6): 48—-58. [ZHANG M H, ZHOU S H,
GUO H T, et al. EU natural gas network balancing and its practice[J]. International Petroleum Economics, 2018, 26(6): 48—58.]

FRIEE D] . RN A ) S o) 3 ] R AR A4 TR A i £l S 3 SC (). BB, 2021(02): 71-75. [DAI H C. The Reference Significance
of the European Gas Network Balancing Model for China’s Natural Gas Pipeline Reform[J]. Energy, 2021(02): 71-75.]

MO . BRI KSR X e M OB F S [D]. db st A A i R2: (dE5T), 2017, [LIN J. Study on development of gas pricing center
in the European Union[D]. Beijing: China University of Petroleum(Beijing), 2017.]

ST, T, AR, A B EDRAR AT s AL S HOR R B T A A SO R s [J]. KRR T, 2018, 38(10): 135-141. [ZHOU
X, DONG X C, ZHOU M, et al. Operation mechanism of natural gas market in UK and its enlightenments to China’s market-oriented
reform[J]. Natural Gas Industry, 2018, 38(10): 135—141.]

Zfl . WO AR S TR SR 78 [7]. KAR Tk, 2015, 35(5): 124—130. [LI B. Process of EU natural gas marketization and its
enlightenment[J]. Natural Gas Industry, 2015, 35(5): 124—130.]

SCHEWE L, SCHMIDT M, THURAUF J. Computing technical capacities in the European entry-exit gas market is NP-hard[J]. Annals
of Operations Research, 2020, 295(1): 337-362.

THANH N, LE MAITRE A, ARDEOIS J, et al. An optimization tool for network capacities|C]//PSIG Annual Meeting 2013. Prague,
Czech Republic, 2013.

LABBE M, PLEIN F, SCHMIDT M. Bookings in the European gas market: characterisation of feasibility and computational complexity
results[J]. Optimization and Engineering, 2020, 21(1): 305—334.



BET /PSR ARV WAL / i 4 BB T 8 Py A 9 B 5 PR AR 681

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]
(23]

[24]

[25]

(26]

HILLER B, KOCH T, SCHEWE L, et al. A system to evaluate gas network capacities: Concepts and implementation[J]. European
Journal of Operational Research, 2018, 270(3): 797—808.

CASOETTO B, FLOTTES E, ARDEOIS J, et al. How to commercialize reliable capacities on a complex transmission network?[J].
Journal of Natural Gas Science and Engineering, 2011, 3(5): 657—663.

FUGENSCHUH A, GEISSLER B, GOLLMER R, et al. Mathematical optimization for challenging network planning problems in
unbundled liberalized gas markets[J]. Energy Systems, 2014, 5(3): 449—473.

ALONSO A, OLMOS L, SERRANO M. Application of an entry-exit tariff model to the gas transport system in Spain[J]. Energy Policy,
2010, 38(9): 5133—5140.

CAVALIERE A. The liberalization of natural gas markets: Regulatory reform and competition failures in Italy[M]. Oxford: Oxford
Institute for Energy Studies, 2007.

HUNT P. Entry—EXxit transmission pricing with Notional Hubs: Can it deliver a pan-European wholesale market in gas?[M]. Oxford:
Oxford Institute for Energy Studies, 2008.

FRALL PR R M ESE [D]. Jbat: HEA R (), 2016. [QIN D D. Study on pricing mechanism of the XYZ gas
pipeline[D]. Beijing: China University of Petroleum (Beijing), 2016.]

KEMA INTERNATIONAL B. V. Study on methodologies for gas transmission network tariffs and gas balancing fees in Europe[R].
Arnhem: The European Commission, Directorate-General Energy and Transport, 2009.

BEN-TAL A, GHAOUI L El, NEMIROVSKI A. Robust optimization[M]. Princeton: Princeton University Press, 2009.
RIOS-MERCADO R Z, WU S, SCOTT LR, et al. A reduction technique for natural gas transmission network optimization problems[J].
Annals of Operations Research, 2002, 117: 217-234.

FEE, WOLE. mAREERIT SEIM]. ARE: o E AR IR, 2009. [L1Y X, YAO G Z. Pipeline engineering and
management[M]. Dongying: China University of Petroleum Press, 2009.]

OGER O K, COFFRI C, HIJAZI H, et al. Juniper: An open-source nonlinear branch-and-bound solver in Julia[C]//Integration of
Constraint Programming, Artificial Intelligence, and Operations Research. Delft: Springer International Publishing, 2018: 377—386.
ANDREAS W, BIEGLER L T. On the implementation of an interior-point filter line-search Algorithm for Large-Scale Nonlinear
Programming[J]. Mathematical programming, 2006, 106(1): 25—57.

(hH DEE)



