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ABSTRACT

Under extreme disturbances, the safety of natural gas pipeline networks is governed by transient ca-
pabilities to sustain fuel delivery rather than steady-state balance. Existing studies, often grounded in
static assumptions, fail to capture the nonlinear coupling among linepack dynamics, operational
regulation, and demand response. To address this limitation, this study proposes a resilience-oriented
optimization approach that integrates transient hydraulics with priority-based load shedding. From
an operational perspective, system response to extreme disturbances can be interpreted through a
hierarchical defense mechanism comprising passive buffering, active regulation, and adaptive degra-
dation. Two metrics, system survival time and resilience limit, are introduced to quantify the opera-
tional boundaries of emergency conditions. A nonlinear programming model is developed by explicitly
coupling transient flow equations, compressor constraints, and time-dependent response delays. Case
studies on supply interruption and demand surge scenarios reveal distinct mechanisms governing
system resilience. In supply interruption scenarios, resilience relies on the synergy between linepack
buffering and intervention timing; notably, decision latency is found to nonlinearly amplify the required
load shedding intensity. Explicitly utilizing this temporal buffer can reduce required load shedding by
approximately 74% compared to steady-state models. Conversely, under demand surge scenarios, sys-
tem failure is dictated by topological transmission bottlenecks (identified at a 32% demand surge limit),
indicating that operational regulation alone cannot break through the inherent resilience ceiling.
Furthermore, effective load shedding strategies must account for the spatial hydraulic effectiveness of
demand nodes. These findings provide a physically grounded quantification of emergency operability,
offering quantitative operational insights for emergency scheduling and resilience-oriented decision-
making in natural gas pipeline systems.
© 2026 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

intermittency of renewable energy. With the deepening coupling
of electricity-gas systems (Ameli et al., 2017) and the continuous

As a pivotal transition fuel in the global low-carbon strategy,
natural gas plays an indispensable role in supporting power peak
regulation, safeguarding urban energy security, and buffering the
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expansion of cross-regional long-distance pipeline networks, the
systemic importance of natural gas infrastructure within inte-
grated energy systems (IES) has increased significantly (Raheli
et al., 2025). Meanwhile, the vulnerability of gas pipeline infra-
structure to high-impact, low-probability (HILP) events has
become increasingly evident (Sesini et al., 2022). Recent repre-
sentative incidents have underscored the practical urgency of this
issue. Geopolitical conflicts (Schill et al., 2025) trigger abrupt
supply interruptions, while climate-driven load surges (Li et al.,
2022) force pipelines to operate near their physical limits. Such
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Nomenclature

Sets and vectors

¢ Set of compressor stations

Celec Set of electric-driven units

Z gas Set of gas-driven units

Cin(i) Set of compressor stations flowing into node i
Zout(i)  Set of compressor stations flowing out of node i
V4 Set of pipe segments

Fin (i) Set of pipe segments flowing into node i

Fout(i)  Set of pipe segments flowing out of node i
Va Set of nodes

N sup Set of all gas source nodes possessing supply
capabilities

4 Set of five typical user types potentially present in
the system

u Vector of system decision variables

X Vector of system state variables

Q Feasible domain defined by system constraints

Parameters

a Speed of sound, m/s

ao, ay, a; Polynomial fitting coefficients for head-speed—flow
characteristic curve of the compressor

Ax Cross-sectional area of pipe segment, m?

bo, b1, b, Polynomial fitting coefficients for
efficient-speed-flow characteristic curve of the

compressor

Co, €1, ¢2  Polynomial fitting coefficients for surge curve of the
compressor

do, dq, d» Polynomial fitting coefficients for choke curve of the
compressor

dk Diameter of pipe segment k, m

Dfﬂfcasr Predicted demand of user type u at node i at time t,
Nm3/s

g Gravitational acceleration, typically taken as 9.81 m/
SZ

ke Temperature heat capacity ratios

ky Volume heat capacity ratios

LHV Lower heating value of natural gas, kJ/m>

ne Number of active compressor units within the
station

Pgq Pressure under standard conditions, Pa

PIb Lower bound of pressure at node i, Pa

P;‘b Upper bound of pressure at node i, Pa

fate Maximum allowable instantaneous supply rate at
_ source node i, Nm?/s

Qi.dally Maximum allowable daily supply at source node i,
Nm3/d

R The gas constant, J/(kg-K)

Ryp.i Maximum allowable ramp-up rates for various gas
sources, kg/s

Rupu Maximum allowable shedding rates for user u, Nm?/
s

Raown.i Maximum allowable ramp-down rates for various

gas sources, kg/s
Riownuy  Maximum allowable restoration rates for user u,
Nm3/s

N c,t,0
s
St
T

Tstd
Vi
Wy
¢

Pstd
ay

p
MTm

At
Atdelay
AX

Variables

fe cg
F,”tl

out
Fi‘t

avg
Pk.t

qct
max

Aey
min

e

Qct

Amax

Rated rotational speed of the compressors at station
¢, r/min

Upper bound of speeds for the compressors at
station c at time t, r/min

Lower bound of speeds for the compressors at
station c at time t, r/min

System temperature, K

Temperature under standard conditions, K
Geometric volume of the pipe segment k, m>
Shedding priority weight for user type u

The penalty factor

Density under standard conditions, kg/Nm?>
Maximum allowable shedding coefficient for user u
System disturbance factor

Mechanic efficiency of the individual compressors at
station c at time t

Time step size, s

The comprehensive response delay time

Length of the pipe segment, m

Fuel gas consumption rate of the station at time ¢,
Nm?/s

Mass flow rate injected into the pipeline system at
node i at time t, kg/s

Mass flow rate withdrawn from the pipeline system
at node i at time t, kg/s

Polytropic head provided by compressor station c at
time t, kJ/kg

Linepack of pipe segment k at time ¢, Nm>

Mass flow rate at node i within pipe segment k at
time t, kg/s

Mass flow rate at node i for compressor station c at
time t, kg/s

Net inflow mass flow rate within pipe segment k at
time t, kg/s

Pressure at node i at time ¢, Pa

Average pressure of pipe segment k at time t, Pa

Actual volumetric flow rate flowing into the
compressor at station c at time t, m>/s

Surge flow limit for the compressors at station c at
time t, m>/s

Choke flow limit for the compressors at station c at
time t, m>/[s

Volumetric flow rate flowing into the compressor
under standard conditions at station c at time ¢,
Nm?/s

Shedding flow rate for user u at node i at time t, Nm?/
s

Rotational speed of the compressors at station c at
time ¢, r/min

System survival time, h

Gas compressibility factor

Hydraulic friction coefficient of pipe segment
Efficiency of the compressors at station c at time t
Slack variable for pressure violations below the
minimum limit at node i at time t, Pa

System resilience limit
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disturbances, characterized by rapid propagation and high
destructive intensity, far exceed the scope of traditional steady-
state reliability assumptions. Consequently, shifting the opera-
tional paradigm from static reliability to resilience-oriented dy-
namic control has emerged as a shared priority for both operators
and researchers.

While resilience in natural gas pipeline systems has tradition-
ally been evaluated from a static structural perspective, achieving
dynamic operational resilience requires integrating active sched-
uling with transient physical behaviors. To map this transition,
existing studies are reviewed across three interconnected do-
mains. The first category focuses on topological vulnerability. To
evaluate network connectivity and structural bottlenecks, recent
studies have analyzed structural redundancy and robustness based
on complex network theory (Ye et al., 2022), optimized connec-
tivity reliability using minimum path sets and adaptive algorithms
(Yang et al., 2025), and assessed network recovery from a cyber-
physical perspective considering SCADA communication delays
(Marino and Zio, 2021). Furthermore, a multi-dimensional metric
framework was proposed by Yang et al. to identify critical nodes
under different disturbance types by integrating maximum flow
and shortest path algorithms (Yang et al., 2023). Building on this
perspective, further research has explored resilience enhancement
pathways from an infrastructure planning standpoint. By treating
underground gas storage (UGS) facilities as key buffer resources,
these studies simulate failure scenarios to evaluate the efficiency
and construction priority of different UGS sites in mitigating
regional supply shortages (Senderov et al., 2022). While effective
for macroscopic planning, the above studies at the topological and
structural levels typically neglect the hydraulic constraints
compressible gas dynamics, failing to capture the system's actual
delivery capability.

The second category centers on operational optimization and
scheduling strategies aimed at enhancing efficiency, minimizing
energy consumption, and ensuring hydraulic feasibility under both
normal and emergency states. Based on mixed-integer linear or
nonlinear programming models, extensive strategies have been
developed to address specific operational objectives. For normal
economic operations, optimization models have been formulated
to allocate multi-energy gas supplies for carbon emission reduc-
tion (Liu et al., 2022), coordinate load distribution among differ-
ently driven compressors to minimize energy consumption (Zhao
et al,, 2026). Under emergency conditions, operational approaches
have focused on underground storage peak-shaving (Senderov
et al., 2022), or to ensure maximal load delivery during multi-
contingency network disruptions (Tasseff et al., 2022). Some
incorporate stochastic (Zhao et al., 2025) or robust programming
(Meng et al., 2022) to characterize demand uncertainty or coor-
dinate resilience resources (e.g., linepack and compressor flexi-
bility) within integrated energy systems (Qin et al, 2025).
However, most of these studies rely on steady-state assumptions,
implicitly assuming instantaneous supply-demand equilibrium.
By neglecting the buffering window provided by linepack dy-
namics, they inevitably underestimate the system's transient car-
rying capacity under sudden shocks.

The third category focuses on the simulation and mechanistic
analysis of transient hydraulics. At the fundamental modeling
level, recent studies have evaluated the performance of different
numerical algorithms (Koo, 2022) and developed non-isothermal
models to capture complex thermodynamic variations (Jia et al.,
2025). To reduce computational complexity, interpretable ma-
chine learning has also been introduced as an efficient alternative
(Zhou et al,, 2022). From an operational perspective, dynamic
simulations have been further applied to multi-period supply-
demand balancing (Wen et al., 2023) and transient peak-shaving
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under demand uncertainty (Chen et al, 2021). These studies
have laid a solid foundation for understanding the transient
physical behaviors of pipeline systems. However, most of these
works center on operational feasibility, control performance, or
energy efficiency, and only limited efforts have explicitly linked
transient gas flow dynamics with system-level supply resilience
metrics. The core challenge lies in the high nonlinearity and
spatiotemporal coupling of the partial differential equations
(PDEs) governing transient flow. Integrating these complex phys-
ical dynamics directly with system-level active decisions (such as
priority-based load shedding) creates a highly non-convex and
computationally prohibitive optimization problem. To circumvent
this, previous works often rely on purely passive simulations. For
instance, Su et al. (2022) employed graph theory and state-space
models to conduct detailed simulations of dynamic behaviors
under supply interruption scenarios, proposing the linepack
depletion rate as a resilience indicator.

In summary, existing studies still exhibit three critical limita-
tions when addressing extreme dynamic disturbances in natural
gas pipeline systems.

(1) Separation of transient physical dynamics and decision-
making: Many existing emergency scheduling models rely
on steady-state assumptions, by ignoring the temporal
buffering window provided by linepack depletion, these
models fail to accurately quantify how decision latency
(response delay) nonlinearly amplifies the risk of system
failure (Qian et al., 2023).

(2) Neglect of spatial hydraulic effectiveness in load shedding:
Existing shedding strategies often rely on static priority
weights, shedding the lowest-priority loads first regardless
of their spatial locations. However, due to gas friction and
transmission delays, shedding a load far upstream may
provide severely attenuated pressure relief to critical
downstream nodes. By overlooking this spatial hydraulic
sensitivity of demand nodes, existing works fail to capture
the trade-off between immediate spatial pressure support
and nominal priority levels (Yu et al., 2024).

(3) Ambiguous resilience boundaries: There is a lack of rigorous
physical indicators to distinguish failure mechanisms. Spe-
cifically, the distinction between time-dominated failures
(driven by linepack depletion) and space-dominated failures
(constrained by transmission bottlenecks) has not been
clearly established (Shan et al., 2023).

To address these critical gaps and move beyond traditional
static structural assessments, this study focuses specifically on the
intersection of operational optimization and transient hydraulics.
By bridging the disconnect between active scheduling decisions
and dynamic physical behaviors, we establish a comprehensive
approach for operational resilience. Herein, operational resilience
is explicitly defined as the system's dynamic capability to absorb
extreme shocks and sustain critical nodal pressures. By mathe-
matically coupling linepack dynamics with hierarchical defense
strategies into a unified transient formulation, this work provides
a systematic approach to quantify and optimize this capability. The
main contributions are:

(1) Development of a hierarchical resilience defense system: A
comprehensive framework integrating passive linepack
buffering, active resource compensation, and adaptive
priority-based shedding is proposed to mobilize physical
endurance and scheduling resources adaptively.

(2) Formulation of a delay-aware transient optimization model:
By coupling transient hydraulics with nonlinear
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programming, the model rigorously evaluates the system
survival time during decision latency and quantifies the
nonlinear amplification of hydraulic costs caused by delayed
interventions.

(3) Revealing the spatiotemporal decoupling mechanisms of
resilience: To mathematically bound this operational resil-
ience, two key metrics, system survival time and resilience
limit, are defined. Case studies quantitatively demonstrate
that resilience under supply interruptions is governed by
linepack inertia (time-domain), whereas resilience under
demand surges is constrained by topological bottlenecks
(space-domain).

The main structure of the article is as follows: Section 2 ana-
lyzes the resilience defense mechanism and defines resilience
metrics. Section 3 details the technical modeling, including tran-
sient hydraulic formulation and emergency operation optimiza-
tion. Section 4 presents two case studies applying the proposed
approach to reveal the failure mechanisms under supply-side and
demand-side disturbances. Finally, Section 5 concludes the paper.
The overall research framework is illustrated in Fig. 1.

2. Resilience mechanism and metrics

Under extreme disturbances, the safety of natural gas pipeline
systems is governed not by steady-state balance but by the tran-
sient capability to absorb shocks and sustain critical functions.
Rooted in the foundational frameworks of resilience engineering
for delaying failure and avoiding collapse (Patriarca et al., 2018),
this operational resilience practically manifests as the ability to

1. Extreme dynamic disturbances

Supply-side interruption Demand-side surge

i
L * =D * s
Facility S | B -'
failure 4 e ‘23 :
”””””” n.
Geopolitical
cut Extreme cold wave

3. Transient emergency optimization
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sustain service reliability through multi-level regulatory mecha-
nisms as the feasible hydraulic domain contracts (Asadzadeh et al.,
2020).

Distinct from structural resilience, which is topology-focused,
or component resilience, which is device-focused, this study pro-
poses an operational resilience framework. As illustrated in Fig. 2,
the system response is conceptualized as a three-tier defense
mechanism: passive buffering, active regulation, and adaptive
degradation. These mechanisms are activated hierarchically based
on the disturbance intensity and evolution stage.

Passive buffering serves as the foundational physical defense
layer of the system. In the initial phase of a disturbance, or during
the response delay interval, the system relies on intrinsic linepack
to sustain operations. The gas inventory stored within pipelines is
mobilized to bridge the supply-demand gap, mitigating pressure
violations. This mechanism provides an instantaneous, passive
response determined strictly by the system's initial hydraulic state
and geometric capacity (Wang et al., 2023), constituting the
inherent resilience of the pipeline system. It defines the system's
survival time, creating a critical window for subsequent active
interventions.

As linepack depletes, the system activates flexible physical re-
sources. This involves adjusting gas source outputs and modu-
lating compressor set-points to improve pressure profiles.
Crucially, this stage does not await total linepack exhaustion;
rather, it operates within the finite pressure margin preserved by
Tier 1. Its effectiveness is constrained by equipment performance
envelopes (e.g., surge/choke limits) and their coupling with
nonlinear pipeline hydraulics. Therefore, the core imperative of
this stage is to exploit the regulation potential of physical facilities

2. Resilience mechanism and metrics

Tier 1: Passive Tier 2: Active Tier 3: Adaptive
linepack buffer resource comp. priority shedding m
& .
22 R | am  Suvval
_ VkTsw' avg Y h E "
LPu= Z7p,, it ;d g .. ] ﬂt
Resilience |
limit

Transient hydraulic modeling

Discretized Compressor Nodal flow Boundary
PDEs operation balance conditions
ou  oF(U) _ S(U)l ! ! Pre_ss_ure ;
ot ox i ] limit ‘
| aLp, < AMER M ! = Resource |
| s i ' . capacity

Emergency optimization model

Objective: Minimize weighed load shedding & Pressure
violation penalty

Priority-based load j Ramping/ j 3 Response delay
shedding strategy !  Smoothness | constraint
Quutjut =0
Vi € [to, to + Alueiay]
vieNMueu VieMuelU

o
Scenario I: UGS | * z:;@onse
Hwrid o .
v interruption A,
Scenario II: . Eft't':znm;i"’”
Demand surge |,
max

State evolution and
resilience limits

Linepack variation
and survival time

Load shedding under
different response

Fig. 1. Overview of the proposed approach.
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Tier 3: Adaptive degradation (Load shedding)
v’ Priority-based demand reduction
v~ Objective reconfiguration

* System feasibility maintained
with reduced service level

v~ Supply flexibility
v’ Compressor speed adjustment

Tier 2: Active regulation (Sources & Compressors)

/
/
7/ Resilience
¢ limit

Limited by equipment envelopes
and nonlinear hydraulics

v Inherent system resilience
v/ No control action required

Tier 1: Passive buffering (Linepack)
« Limited by initial hydraulic
state and pipeline capacity

Disturbance intensity

Fig. 2. Three-level resilience defense mechanism.

by leveraging the survival window secured by linepack, demon-
strating the system's active capability to withstand sustained
disturbances.

When disturbance intensity further escalates and both linepack
buffering and physical facility regulation approach their operation
limits, the system enters the adaptive degradation stage. To
maintain global feasibility, operational objectives are reconfigured
by actively load shedding (Malik and Sukhera, 2012). Unlike the
previous tiers, this stage sacrifices non-essential loads to protect
critical users (e.g., residential sectors) through a priority-based
strategy. From a resilience perspective, this represents the
optimal feasible state under extreme constraints rather than a
control failure.

To quantitatively evaluate the effectiveness of these mecha-
nisms under extreme conditions, this study defines the following
resilience metrics across temporal and intensity dimensions:

(1) System survival time

System survival time is defined as the maximum duration,
starting from the disturbance onset time tp, during which the
system can maintain all nodal pressures above safety limits
without external load shedding interventions, as expressed in Eq.
(1). This metric quantifies the temporal buffering capacity syn-
thesized by passive linepack and active regulation, serving as a
critical basis for assessing the urgency of emergency response.

(1)

Atsyr — max{f

P, > PP vie .1t € [ty to + 1] }

where Atg, denotes the system survival time, h; P;; denotes the
pressure at node i at time t, Pa; Pl!b denotes the lower bound
pressure at node i, Pa.

(2) Resilience limit

The resilience limit is defined as the maximum disturbance
intensity the system can withstand after exhausting all available
physical regulation measures and maximizing load shedding
strategies. Within this limit, the continuous supply for significant
essential users (e.g., residential loads) can be sustained through
priority-based shedding. As expressed in Eq. (2), this limit repre-
sents the physical boundary of the system dictated by topological
transmission bottlenecks or total supply capacity, beyond which

no operational strategy can prevent failure.
Amax =sup{f>0|3(x,u) € Q(p)} (2)

where Amax denotes the system resilience limit; x represents the
vector of system state variables (e.g., nodal pressures, pipe flows);
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u represents the vector of system decision variables (e.g.,
compressor ratios, load shedding rates); g represents the system
disturbance factor; Q(p) denotes the feasible domain defined by
system physical and operational constraints.

3. Methodology
3.1. Overview and assumptions

This section formulates a transient emergency optimization
model. Unlike steady-state approaches, it explicitly characterizes
dynamic resilience measures, including linepack buffering,
equipment regulation, and priority-based load shedding. To bal-
ance computational efficiency with engineering safety during
emergency response, the model incorporates the following as-
sumptions based on practical engineering scenarios:

(1) One-dimensional isothermal flow: Given the extremely high
length-to-diameter ratio of long-distance pipelines, radial
variations in flow parameters are neglected. Assuming suf-
ficient heat exchange between the gas and the surrounding
soil, the dynamic impact of temperature gradients along the
route is disregarded.

(2) Horizontal pipeline assumption: In high-pressure long-dis-
tance transmission systems, pressure losses caused by fric-
tion dominate over gravitational potential effects. Elevation
changes within the pipeline segments are therefore ignored
in this study.

(3) Fixed compressor unit commitment: During the short-term
transient response to extreme disturbances (typically
within 24 h), the priority is to rapidly mitigate pressure vi-
olations rather than reconfiguring unit commitment. Start-
ing up large-scale compressor units involves significant time
delays (e.g., purging, warming up) and mechanical risks,
which may not match the urgency of the initial emergency
response. Therefore, this study assumes the number of
active units remains constant, with regulation achieved
primarily through rotational speed adjustments. This
assumption represents a conservative strategy to ensure
operational stability during the critical transient window.

3.2. General transient hydraulic modeling

3.2.1. Pipe segment governing equations

The gas flow within pipelines is governed by the laws of con-
servation of mass and momentum, typically taking the form of a
system of partial differential equations (PDEs) (LeVeque, 1992).
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The governing PDEs are discretized using the implicit central dif-
ference method. This scheme ensures unconditional numerical
stability, allowing for larger time steps adapted to the emergency
scheduling horizon while maintaining computational efficiency.

Let %7 denotes the set of pipe segments, .7" denotes the set of
nodes. For any pipe segment k (connecting node i to i+1), the
discretized continuity and momentum equations are expressed as
Egs. (3) and (4) (Chen et al., 2021):

Pie1+Piierr —Pie—Pipay
2At
a? M1 +Miiiteo1 — Miie — Mo
Ak 2AX
=0vVies kex (3)

Petroleum Science 23 (2026) 4243-4258

(7). This equation indicates that the linepack state at the next time
step is strictly determined by the current linepack and the integral
of the net mass inflow over the time interval.

AMl’let 4 AMnEt
LPHl _ LPt + k,t+1 kt

At Vk € T (7)
2/’std

where pgy represents the density under standard conditions, kg/Nm?>.

3.2.2. Compressor station operational constraints

Centrifugal compressor units exhibit highly nonlinear off-
design characteristics. Their operational states are subject to the
dual constraints of thermodynamic laws and mechanical perfor-
mance limits, while exhibiting distinct energy-mass coupling be-
haviors depending on the driver type. Let the set of compressor
stations in the system be denoted as #, which is further divided

2At

Pii1e+Pi1eir — Pie —Pien N 1 (Mk.i,t+1 + M1 — My —

2AX Ak

MI<,i+1,t>

" 2dm2 4

=0Vies ke

where M, ;, represents the mass flow rate at node i within pipe
segment k at time t, kg/s; a is the speed of sound, m/s; A, is the cross-
sectional area of pipe segment, m?; d,, is the diameter of pipe segment
k, m;A denotes the hydraulic friction coefficient of pipe segment; Ax
represents the length of the pipe segment, corresponding to the dis-
cretized spatial step size, m; At is the time step size, s.

Under emergency conditions, linepack serves as the primary
temporal buffer mechanism against sudden disturbances (Su et al.,
2022). To explicitly quantify this buffering effect, the discretized
continuity equation is algebraically reformulated. Let P, =
0.5(P;; +P;,1) denotes the average pressure of pipe segment k at
time ¢, and let AM,‘;? = My ;r — M1, represent the net inflow

mass flow rate. With V,, representing the geometric volume of the
pipe segment, Eq. (3) can be transformed into Eq. (5).
vg vg t t
Pa k,t+1 PZA, a? AMﬂetH +A ;clet
At Vk 2

ke w (5)

Based on the real gas equation of state (EOS) and the definition
of linepack, the linepack LP exhibits a linear relationship with the
average pressure PZ?’tg, expressed as Eq. (6).

V, T
LP,, = Z;P“d Py ke 7 (6)

where Z is the gas compressibility factor. To accurately calculate
the compressibility factor and thermodynamic properties under
high-pressure operating regimes, the BWRS equation of state is
adopted (Ghilardi et al., 2025; Liu et al., 2025), with compositional
parameters sourced from standard industrial databases; T denotes
the gas temperature, K; Py and T4 represent the gas pressure
and temperature under standard conditions, adopted as 101325 Pa
and 293.15 K, respectively, in this study.

By substituting this relationship into the continuity equation,
the linepack state transition constraint is derived, as shown in Eq.

4

_1
2a? <Pi,t+1 + P11 +Pig + Pi+1,t) _ <M1<,i,r+1 + Mpi1,e01 + My + Mk,i+1.r) _‘Mk,i,tﬂ + M1+ Miie + Mg

into the set of gas-driven units Zg,s and the set of electric-driven
Units @gjec, With & = @gas U @¢ec. For a compressor station ¢
whose inlet and outlet nodes are i and i+1, respectively, the poly-
tropic head Hc, provided by the unit must satisfy the thermody-
namic relationship of the polytropic process, expressed by Eq. (8).

Ho =& 7 gr | (P et 1|,vce (8)
C,ffﬁlt it Pl‘t 5 4

where ky and k¢ denote the volume and temperature heat capacity
ratios, respectively; R is the gas constant, J/(kg-K).

Compressor units within each station are required to operate
strictly within their performance envelopes. In this study, poly-
nomial fitting is employed to approximate the various operational
envelopes. The corresponding constraints, formulated based on
the actual volumetric inlet flow and rotational speed under oper-
ating conditions, are presented in Eqs. (9)-(14) (Zhao et al., 2026).
These constraints are used to describe the rapid regulation capa-
bility of compressors following disturbances, forming an essential
physical basis for system recovery capability.

2,
s2
Hct—ao 2 +a] qe,t vVce & (9)
ct0
Seto
L &
Ner = 0.g2, Ve e 7 (10)
sc,t
qi™ = o + €1 Sc + Co St Ve E E (11)
gl =do + dy-sce +dys2,, Ve € © (12)
qmin < g < qIVee (13)
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slc?t <Ser < s?ﬁ’,Vc €€ (14)
where q.r denotes the actual volumetric inlet flow rate flowing
into the compressor at station ¢ at time t, m>/s; Sc, represents the
rotational speed of the compressors at station c at time ¢, r/min;
Scto denotes the rated rotational speed of the compressors at
station c; 5., represents the efficiency of the compressors at sta-
tion ¢ at time ¢; g7 and q?}i" denote the surge flow limit and
choke (stonewall) flow limit, respectively, for the compressors at
station c at time t, m?[s; s¥? and s, represent the upper bound and
lower bound of rotational speeds allowed for the compressors at
station c at time t; ag, ay, ax, bg, by, by, co, 1, €2, do, d1, dy are the
polynomial fitting coefficients.

The mass flow balance within a compressor station is contin-
gent upon the driver configuration of the compressor units. Egs.
(15) and (16) formulate the flow balance constraints for stations
equipped with electric-driven and gas-driven units, respectively.

Mc,iﬁt = Mcﬁi+1,t = NepsedQe,t, V€ € Celec (15)

Mcir = Mcji1e + Nepseafeg = Nepsia- (Qfﬁf +f6,g)7vc € Cgas
(16)

where M ; ; represents the mass flow rate at node i for compressor
station ¢ at time t, kg/s; n. denotes the number of active
compressor units within the station; Q. represents the volu-
metric flow rate flowing into the compressor under standard
conditions at station ¢ at time t, Nm?/s; feg denotes the fuel gas
consumption rate of the station at time t, which can be calculated
via Eq. (17).

feg =He tch,t/’std

e, ¢tm-LHV’ (a7

Ve € Cgas

where 75, represents the mechanic efficiency of the individual
compressors at station ¢ at time t; LHV represents the lower
heating value of natural gas, kj/m>.

3.2.3. Nodal flow balance

The pipe segment equations describe only the internal trans-
mission behavior of gas within individual pipes. To couple the
hydraulic dynamics with system topology and external
supply-demand interactions, a mass balance equation is formu-
lated for each node i within the system. As illustrated in Fig. 3, for

s (Sources/UGS/LNG)

1 Fo
> M

1
keKou(i)

> M

KkeKin(i)

M,¢ Ms,¢

ceCoui)

(Outflow to CS)

ccCin(i)

(Inflow from CS)

,:{ztul
(Different users)

Fig. 3. Nodal flow balance.
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any arbitrary node i, the flow balance constraint at time t is
expressed as Eq. (18).

S Mgie+ D Meje+Fi—

ke 77 (i) ce Cin(i)
(18)
> Myie+ > Mej+Ft | =0vie s
ke ou (i) €€ Cou(i)

where 7, (i) and 7 out (i) denote the sets of pipe segments flowing
into and out of node i, respectively; #},(i) and Zout(i) denote the
sets of compressor stations flowing into and out of node i,
respectively; Fl”; represents the mass flow rate injected into the
pipeline systerri at node i (e.g., from UGS or LNG terminals) at time
t, kg/s; Fft‘" represents the mass flow rate withdrawn from the
pipeline system at node i (e.g., for distribution users) at time ¢, kg/
s.

3.2.4. Boundary conditions & resource constraints
(1) Resource capacity constraints

Pipeline systems typically integrate multiple types of supply
sources, including pipeline gas (originating from upstream gas
fields or transfers from interconnecting pipelines), UGS facilities
utilized for peak shaving, and LNG receiving terminals. These
sources differ in both physical characteristics and operational
limitations. To provide a unified description of supply character-
istics across various sources, let .#’syp denote the set of all gas
source nodes possessing supply capabilities within the system.
During peak periods, the operation of source nodes must simul-
taneously satisfy the physical limits of instantaneous supply rates
and the contractual limits regarding total daily supply, as formu-
lated in Egs. (19) and (20).

0<F}< Qil:?rtlgx’pstd?Vi € A sup (19)
Lo dail

D FY-At < QW pgia, Vi € M sup (20)

=

where Q{ate denotes the maximum allowable instantaneous

max
supply rate at source node i, Nm>/s; Ql.da“y denotes the maximum
allowable daily supply at source node i, Nm>/d.

(2) Nodal pressure safety boundary

Constrained by the design pressure of the pipelines, the pres-
sure at every node must adhere to a corresponding upper limit.
Simultaneously, the pressure supplied to each user must satisfy
specific delivery pressure requirements, as formulated in Eq. (21).

PP <P, <P®vies (21)

where P,.le denotes the upper bound pressure at node i, Pa.

3.3. Emergency optimization model under extreme conditions

Building upon the general transient hydraulic model estab-
lished in Section 3.2, this section introduces emergency shedding
decision variables and a priority-based mechanism to address
extreme disturbance scenarios during peak supply periods.
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Table 1
User priority levels and shedding coefficients.
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Priority level Description Typical user category Max shedding
coefficient
L. Fully protected Rigid load. Critical for public livelihood and social City gas (Residential/Public service sectors) 0%

stability; shedding is strictly prohibited.
Quasi-rigid load. Short-term or minor shedding is
permissible only under extreme crises.

Elastic load. Production processes allow for load
regulation; significant shedding is permissible.

I. Minimally sheddable
I1I. Sheddable

IV. Interruptible

Peak-shaving load. Users with alternative fuel sources

CNG, City gas (Commercial sector) 10%-30%

General industrial, Chemical 50%-80%

Power plants (Dual-fuel), Specific industrial users 100%

or signed interruptible contracts; complete shedding is

permissible.

3.3.1. Priority-based load shedding strategy

To ensure public safety and minimize social impact under
supply shortages, a structured mapping between user types and
supply priority levels is established. Let 7% = {City gas, CNG, In-
dustrial, Chemical, Power plant} denote the set of five typical user
types potentially present in the system. Based on the socioeco-
nomic importance and process characteristics of each user, and
considering the differences in safety risks and economic losses
associated with supply interruption, a four-level security strategy
is formulated (Huang et al., 2021). Each level corresponds to a
specific maximum allowable shedding coefficient ay, as detailed in
Table 1.

Based on Table 1, the constraints for user load shedding are

formulated. Let D{ﬂ‘?casr denote the predicted demand (under
standard conditions) of user type u at node i at time t. A decision
variable Q¢ ¢ is introduced to represent the shedding flow rate
for this specific user type. Consequently, the shedding flowrate at
any instant is constrained by both the user's physical demand
upper bound and their corresponding priority level, as formulated
in Eq. (22).

forecast \/i ~ - g
0 < Qeutjur < auDi ™ Vie S ue #

(22)
In practical pipeline operations, a single delivery station typically
supplies multiple types of downstream users simultaneously,
resulting in significant compositional complexity of the nodal
load. To achieve precise regulation extending from macroscopic
nodal aggregates to microscopic user types, a nodal load model
based on user composition is established. The nodal withdrawal
mass flow rate Fl.‘f;" defined in the hydraulic model (see Section

3.2.3) essentially represents the aggregate of the actual gas con-
sumption of various user types at that node. The relationship be-
tween them is expressed as Eq. (23).

out forecast : e
Fi,t = Z (Di,uit - cht,iu,t) Pstd, V1 € A

uez

(23)

3.3.2. Emergency operational constraints
(1) Load shedding response delay

Emergency response involves inherent latencies due to fault
diagnosis and decision transmission. Let Atge,y, denote the
comprehensive response delay. During this interval, load shedding
is strictly prohibited (see Eq. (24)), forcing the system to rely
exclusively on linepack buffering and active regulation.
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Consequently, the no-load-shedding interval imposed by this
delay constraint serves as the direct basis for evaluating the sys-
tem survival time defined in Eq. (1). If the response delay exceeds
the system's survival time, the pressure limits will be irreversibly
breached before any load shedding intervention can take effect.

Qeutius = 0,Vt € [to, to + Atdelay] Niesuew (24)

(2) Operational smoothness

To ensure the mechanical safety of regulators and avoid
downstream pressure oscillations, ramping constraints are
imposed on both supply adjustment and load shedding recovery,
as formulated in Egs. (25) and (26). Let Ry, ; and Ryqyn ; denote the
maximum allowable ramp-up and ramp-down rates for various
gas sources, Ruypu and Ryown, denote the maximum allowable
shedding and restoration rates for user u.

_Rdown,i < FLt - Fi,t—l < Rupjvw € f/f’/‘SUD (25)

—Raownu < Qeutiue — Qeutiue—1 < Rupu,Vie 4 ,ue % (26)

(3) Nodal pressure violation penalty

To prevent mathematical infeasibility under extreme physical
deficits, the rigid lower pressure bound is relaxed using non-negative
slack variables, as formulated in Eq. (27). This formulation charac-
terizes the magnitude of pressure violations, prioritizing the mini-
mization of violation severity over simple feasibility checks.
Pi+ 6> PP vies (27)
where §;; represents the slack variable for pressure violations
below the minimum limit at node i at time t.

3.3.3. Optimization objective

Under extreme operating conditions, the core objective of
emergency scheduling in pipeline systems is to minimize the
weighted social supply shortage loss. Considering the disparities in
the unit economic value of gas shortages and the social impacts
across different user types, a hierarchical weighting system is
constructed. The total objective function J comprises a socio-
economic loss term and a pressure violation penalty term, as
expressed in Eq. (28).
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T
Z Wu-Qeutjue- At + Z Zf“si,t (28)

ierue t=1ies"

T
minJ =
—1

~

where W, denotes the shedding priority weight for user type u; ¢
represents the penalty factor.

The assignment of priority weights W, is primarily based on
the heterogeneity of social impact as well as the need to guide the
numerical search direction of the optimization. Residential and
public-service gas users are closely related to public safety and
social stability, they are assigned significantly higher weights. In
contrast, industrial and power generation users mainly incur
economic losses and generally possess stronger operational flexi-
bility or buffering capacity, and thus receive relatively lower
weights. This differential weight setting steers the optimization
algorithm to follow the minimum-cost path during the search
process.

3.3.4. Formulation summary

In summary, the emergency operation optimization problem
for natural gas pipeline systems under extreme conditions can be
formulated as the following NLP model, as presented in Eq. (29).
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4. Case study

The emergency optimization model is implemented in Python
using the Pyomo framework and solved via the IPOPT solver,
chosen for its robustness in handling large-scale sparse nonlinear
problems (Wachter and Biegler, 2006). The optimization is solved
on a laptop equipped with an Intel Core i5 processor and 16 GB
RAM. For the tested system comprising 26 nodes and 39 demand
units, with a simulation horizon of 24 h and a time step of 1 h, the
average computation time for each scenario is approximately 40 s,
satisfying the timeliness requirement for emergency decision-
making.

4.1. Case description

The study focuses on a typical long-distance high-pressure
pipeline system with multi-source joint supply (Fig. 4). The to-
pology comprises five supply sources (one main pipeline, two
transfer stations, one LNG terminal, and one UGS facility) and five
compressor stations. Key physical parameters are detailed in
Table 2.

The system serves 39 independent users across 19 delivery
stations. These users cover the five typical user types defined
previously. The baseline load profiles of all delivery users are
selected based on a representative winter day operating condition.
Among them, rigid city gas loads account for approximately 60% of
the total demand. Differentiated priority weights and maximum
shedding ratios are assigned accordingly, as presented in Appendix
Table Al.

To comprehensively evaluate the performance of the proposed
model, two extreme scenarios are designed. The simulation horizon
is 24 h, with a time step of 1 h. A sensitivity analysis on the time step
(15 min, 30 min, and 1 h) was conducted, as detailed in Appendix
Table A.2. The results confirm that the 1-h interval accurately cap-
tures the transient dynamics and system survival time, and strictly
aligns with the practical operational frequency of real-world
dispatch centers, while maintaining high computational effi-
ciency. Scenario 1 considers a sudden UGS failure occurring at

min objective function : Eq. (28) (29a)
s.t. Hydraulic physics : Egs. (3)-(4) (29b)
Compressor station operation constraints : Egs. (8)-(17)
(29¢)
Nodal flow balance : Eq. (18),Eq. (23) (29d)
Source constraints : Eqs. (19)-(20) (29e)
Node pressure limits : Eq. (21), (27) (29f)
Emergency operational constraints : Egs. (24)-(26) (29¢g)
1:C\ﬁ2 3 @4
8 9 10

To Node 8

Z>--

From CS-C

To Node 15

12 13 14
B

Main gas 58 UGS

Transfer gas &1 LNG

D Compressor station

QO Delivery station/Node

—— Pipeline Iig chemical Bi cne
/ﬂ\ City gas h Industrial Power plant

Fig. 4. Topology of the pipeline system.



S.-R. Zhao, L.-L. Zuo, E. Zhu et al.

Petroleum Science 23 (2026) 4243-4258

Table 2
The key physical parameters of the system.
Category Item Value Unit
Pipeline Diameter 963.6-981 mm
Length 7.15-152.3 km
Roughness 0.02 mm
Design pressure 10 MPa
Compressor station Numbers of running compressor [1,1,1,1,1]
Rotational speed range A: [2880,5040]; B: [3660,6405]; r/min
C: [2880,5040]; D: [3000,5250];
E: [ 3660,6405]
Motor type [Electric, Gas, Electric, Electric, Gas]
Operational conditions Minimum allowable nodal pressure 4 MPa
Main supply pressure Fixed at 6 MPa for main gas
Node supply capacity Node 1: 3600; Node 8: 550; 10* m3/d

Node 19: 750; Node 21: 1400;
Node 25: 1060

7.0 220
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i —— Flow distribution
6.5
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F 160
I 6.0 »
= r 140 2
9 5.5 1 120 &
3 g
r 100
3 50 3
o r8o L
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4.0 1 [ 20
0 200 400 600 800 1000 1200
Distance, km

Fig. 5. The resulting initial nodal pressures and flow distributions.

08:00 during the morning peak, focusing on temporal response
capabilities under varying decision delays (Atge,y = 0-4 h). Sce-
nario 2 considers a cold-wave-induced surge in gas demand,
emphasizing the model's spatial scheduling capability and resil-
ience limit. Under this condition, system-wide demand increases
with different ratios (0%-35%). For both scenarios, the initial con-
ditions are derived by solving a steady-state operation optimization
model based on the flow rates at each delivery station at 00:00. The
resulting initial nodal pressures and flow distributions are detailed
in Fig. 5. Furthermore, the baseline daily demand curves for
different types of users are presented in Fig. 6.

4.2. Results and discussion

4.2.1. Scenario 1

Fig. 7 illustrates the system's dynamic evolution under varying
response delays (Atgej.y = 0-4 h), where Fig. 7(a) presents the time
variation of the terminal pressure, reflecting the minimum pres-
sure level within the system, while Fig. 7(b) tracks the total line-
pack inventory.

Prior to the incident, the system accumulates gas inventory
during the nocturnal low-demand period, establishing a sufficient
hydraulic buffer. Following the sudden UGS interruption at 08:00,
which coincides with the morning peak ramping, a severe supply
deficit emerges. Consequently, both the terminal node pressure
and total linepack inventory exhibit a rapid decline.

As observedin Fig. 7(a), extending the response delay from O h to
3 h pushes the system toward its physical resilience limit. When
Atgelay = 3 h, intensive load shedding initiated at t = 11 h barely
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succeeds in arresting the pressure decay, maintaining the mini-
mum pressure just above the 4.0 MPa safety threshold. In stark
contrast, when the delay reaches 4 h, the intervention comes too
late. The accumulated hydraulic deficit becomes unrecoverable,
causing the pressure to irreversibly breach the safety limit at
t = 12 h. Crucially, this bifurcation quantifies the system survival
time Atgyr defined in Eq. (1). The results indicate that under this
specific interruption scenario, the system's intrinsic survival time
lies strictly within the interval of 3 h < Atsyr < 4 h. This value rep-
resents the maximum decision latency allowable before the system
loses its hydraulic recoverability.

A comparison between Fig. 7(a) and (b) further reveals that the
linepack acts as a finite temporal buffer; once this buffer is
depleted beyond a critical point, the hydraulic cost to restore
pressure escalates disproportionately, rendering subsequent in-
terventions ineffective. This result confirms that linepack func-
tions as an accumulated buffering resource for system resilience,
while pressure serves as an instantaneous indicator.

After the response delay period ends and load shedding mea-
sures are activated, the recovery trajectories gradually converge
across different cases. This indicates that response delay primarily
affects the system survival time during the disturbance stage,
whereas the final recovery capability is largely determined by
physical infrastructure capacity and shows limited dependence on
the preceding response history.

To further quantify the impact of response speed on service
levels, Fig. 8 utilizes spatiotemporal heat maps to compare the
load shedding distribution between the no-delay (Atgej,y = 0 h)
and critical response (Atgelay = 3 h) scenarios. Since Level I users
are fully protected throughout the process, their shedding results
are not presented.

In the immediate response case (Atgey = 0 h), shedding is
distributed across a broad time window (08:00-22:00), allowing
for a lower instantaneous shedding intensity by leveraging the
combined effect of linepack and mild demand reduction.
Conversely, under the critical delay scenario (Atgey = 3 h), the
system is forced to concentrate the shedding volume within a
narrowed window to compensate for the deepened deficit. This
results in a sharp spike in shedding intensity between 11:00 and
13:00, significantly increasing the instantaneous impact on users.

A critical observation regarding user priority emerges from the
spatial distribution of shedding. As indicated in the optimization
results, the system prioritizes shedding higher-priority Level Ill users
located at the terminal nodes (e.g., Nodes 23-26) over lower-priority
Level IV users situated upstream. This counter-intuitive strategy is
governed by spatial hydraulic effectiveness: shedding downstream
loads provides immediate and direct pressure relief to the critical
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Fig. 6. The baseline daily demand curves for different types of users.
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Fig. 7. The system's dynamic evolution under varying response delays.

low-pressure points. In contrast, the pressure recovery potential
from upstream shedding is severely attenuated by long-distance
frictional losses. This finding underscores that in emergency states,
the hydraulic sensitivity of a load's location can outweigh its eco-
nomic priority, necessitating a spatially aware shedding strategy.
To further demonstrate the overall advancements of the pro-
posed transient approach, a traditional steady-state optimization
was evaluated. As detailed in Table 3, the steady-state model strictly
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enforces instantaneous flow equilibrium, fundamentally failing to
capture linepack buffering. Consequently, it calculates a 0-h sur-
vival time, triggering total load shedding of 306.83 x 10*m?>. In stark
contrast, the transient model dynamically mobilizes linepack,
extending the survival window to 34 h and reducing total shed-
ding to just 79.68 x 10* m>. This 74.0% reduction quantitatively
confirms the socio-economic necessity of incorporating transient
dynamics into emergency decision-making.
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Fig. 8. The load shedding distribution of different response delay time.

Table 3
Comparison of emergency response performance between steady-state and tran-
sient models.

Model System Total load
survival time shedding, 10* m>

Steady-state optimization Oh 306.83

Transient optimization 34h 79.68

Overall, the results demonstrate that resilience relies on the
synergy between intervention timing and linepack inertia. Exces-
sive delay not only shortens the survival window but also funda-
mentally alters the shedding structure, shifting operational risk
toward higher-priority users. Therefore, emergency scheduling
must balance hydraulic security and social cost by actively utilizing
the limited decision window provided by linepack dynamics.

4.2.2. Scenario 2

Distinct from the supply-side failure in Scenario 1, this section
investigates the system's capability to absorb demand-side shocks.
By incrementally increasing the demand surge ratio (0% to 35%),
the study analyzes the transition from natural regulation to active
intervention, and ultimately to physical collapse. Figs. 9 and 10
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(a) The minimum system pressure

track the evolution of critical variables and compressor operating
points throughout this process. In this analysis, gas sources are
categorized based on their spatial proximity to user demand
centers into remote resources, including the main source and the
transfer source at Node 8, and proximal resources, including UGS,
LNG, and the transfer source at Node 25. Fig. 10 illustrates the
distribution of operating points of the CS-E compressor station,
which is closest to the demand centers, on the compressor per-
formance map under different demand surge ratios.

The background color zones in Fig. 9(a) clearly illustrate three
representative operating regimes as the disturbance intensity in-
creases. The boundaries between these regimes are strictly
determined by the onset of load shedding and the system's resil-
ience limit (i.e., the maximum disturbance maintaining the
4.0 MPa limit).

(1) Robust operating regime. The boundary of this regime rep-
resents the maximum disturbance the system can absorb
purely through physical regulation without initiating load
shedding. In this interval, the system absorbs shocks through
the intrinsic flexibility of existing resources. Supply from both
proximal and remote sources rises synchronously with de-
mand. As shown in Fig. 10, compressor operating points shift

9000 T -
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Fig. 9. The evolution of critical variables as the surge ratio varies.
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Fig. 10. The distribution of operating points of the CS-E compressor station.

from low-speed maintenance modes to high-efficiency re-
gions, providing sufficient boosting to maintain nodal pres-
sures above 4.0 MPa without external load shedding.

(2) Optimized control regime. This regime begins when load
shedding becomes mandatory to prevent pressure viola-
tions. Its upper boundary defines the system's resilience
limit, representing the maximum disturbance under which
the system can still successfully maintain pressures above
4.0 MPa through optimized load shedding strategies. As the
surge ratio exceeds 18%, the system status diverges signifi-
cantly. Without optimization control, the minimum pres-
sure rapidly breaches the safety threshold; conversely,
under the load shedding strategy, the pressure is success-
fully maintained above critical levels, demonstrating clear
optimization gains, as highlighted by the shaded region in
Fig. 9(a). Appendix Table A.3 provides detailed resource
allocation data for this stage, showing that the upstream gas
source has reached its physical output limit while the
downstream source still retains spare supply capacity. This
spatial mismatch is corroborated by Fig. 10, where
compressor operating points shift toward high-flow regions
but remain in the middle of their pressure-ratio envelopes.
This phenomenon confirms that the bottleneck has shifted
from source availability to transmission efficiency. Due to
the quadratic growth of frictional resistance, further
boosting by compressors yields diminishing returns in
downstream pressure recovery. Consequently, the model
triggers load shedding. This measure reduces demand while
improving the global pressure gradient, thereby partially
restoring the effective transmission capability of remote
sources, as evidenced by the secondary output growth of
remote sources in Table A.3. Notably, the top of Fig. 9(b)
shows that the sum of total supply and shedding slightly
exceeds potential total demand. This is not an error but re-
flects the necessary linepack refilling process to restore
pressure, alongside compressor self-consumption under
limit states, highlighting that emergency operation must
balance instantaneous supply-demand while compensating
for previously overdrafted hydraulic potential.

(3) Physical collapse regime. This regime occurs when the
disturbance exceeds the aforementioned resilience limit. As
the surge ratio increases further to 32%, the system hits its
physical capacity limit. Although load shedding approaches
its maximum level, the optimized minimum pressure
inevitably falls below 4.0 MPa. In this phase, compressor
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Fig. 11. The shedding ratios across different user priority levels.

operating points in Fig. 10 become widely scattered. Some
points show high flow but reduced head, indicating severe
oscillations between attempted boosting and shedding-
induced flow drops. This marks the complete exhaustion
of transmission capacity. Failure at this stage is determined
by inherent physical limits rather than scheduling strategy.
The system simply cannot sustain higher demand shocks
given the scale of fully protected high-priority loads.

Fig. 11 details the shedding ratios across different user priority
levels as the surge ratio varies. Level I users remain unaffected
throughout, validating the effectiveness of the hierarchical secu-
rity mechanism under extreme conditions. When the demand
surge ratio is below approximately 22%, the shedding ratio of Level
III users exceeds that of the lower-priority Level IV users. Mirroring
Scenario 1, this phenomenon is driven by spatial hydraulic effec-
tiveness. Level Il users are predominantly located at downstream
terminal nodes where demand reduction offers high sensitivity for
pressure restoration, whereas upstream Level IV shedding is
attenuated by long-distance friction. However, as the surge ex-
ceeds 22%, the local bottleneck expands into a global system
deficit. The optimization strategy then reverts to strict economic
priority, drastically increasing the shedding of interruptible Level
IV loads (>90%) to provide a hydraulic buffer for core users.

In summary, the demand surge analysis reveals that the sys-
tem's resilience limit (identified at a 32% user demand surge) is
fundamentally determined by topological transmission bottle-
necks rather than the total availability of supply resources.
Through the synergistic mechanism of linepack buffering, resource
regulation, and priority-based shedding, the proposed optimiza-
tion approach effectively extends the system's stable operation
zone, ensuring the security of core livelihood gas supply until the
physical infrastructure inevitably hits its absolute hydraulic limit.

5. Conclusions

This study develops a resilience-oriented optimization
approach for emergency operation of natural gas pipeline systems
from the perspective of transient operating mechanisms. The
proposed approach integrates linepack dynamics, regulation ca-
pabilities of gas sources and compressor stations, and priority-
based load shedding into a unified transient hydraulic formula-
tion. In contrast to existing studies that primarily interpret resil-
ience through probabilistic failure or statistical recovery metrics,
resilience in this work is treated as an operational capability
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constrained by physical constraints. Its evolution under distur-
bances is fundamentally governed by the system's ability to
maintain hydraulically feasible operating states.

Comparative analysis of supply-side interruptions and demand
surges reveals that the dominant mechanisms of system resilience
are highly dependent on the physical source of the disturbance:

(1) Under supply interruption scenarios, resilience is primarily
shaped by the temporal coupling between passive linepack
buffering and active scheduling timing. Linepack provides a
finite but critical time window during which corrective ac-
tions remain effective. Specifically, utilizing this transient
buffering capacity grants a 3—4 h survival window and avoids
approximately 74.0% of unnecessary load shedding compared
to traditional steady-state approaches. Delayed intervention
nonlinearly amplifies subsequent load shedding requirements
and risks compromising supply security for high-priority
users. These findings indicate that resilience is sensitive to
the decision window determined by linepack inertia.

(2) Conversely, in this study, resilience under demand surges is
primarily constrained by topological transmission bottle-
necks. As demand increases, system operation shifts from
being supported by linepack and regulation flexibility to be-
ing bounded by inherent hydraulic capacity limits imposed
by friction losses. In such specific scenarios, the resilience
limit, which is identified at a 32% demand surge ratio, is
dictated principally by the network topology and spatial hy-
draulic sensitivity, rather than total supply capacity. Although
priority-based shedding extends the operational window, it
cannot break through this physical ceiling.

The findings offer practical implications for emergency
operation:

(1) Response timing: Excessive reliance on linepack buffering is
a double-edged sword; timely intervention within the sur-
vival time is crucial to avoid escalating hydraulic costs.

(2) Physical limits: Near physical operating limits, further
strengthening supply-side regulation or compressor opera-
tion yields diminishing returns due to transmission
congestion.

Table A.1
Specific parameters of users in the case study.
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(3) Shedding strategy: Under specific topological constraints,
effective load shedding should balance simple economic
prioritization with spatial hydraulic effectiveness (i.e.,
prioritizing loads that are hydraulically sensitive to critical
low-pressure nodes when transmission bottlenecks
dominate).

Finally, it should be noted that the proposed approach, based on
a fixed compressor unit commitment, is primarily applicable to
short-term transient emergencies. For prolonged disturbances
with continuously increasing demand, the evaluated resilience
limits serve as a conservative baseline. Future research will focus
on extending this approach to address discrete commitment de-
cisions (e.g., compressor start-up sequences) and incorporating
uncertainties from renewable energy injection, ultimately broad-
ening the scope to integrated energy system resilience.

CRediT authorship contribution statement

Si-Rui Zhao: Writing — original draft, Visualization, Validation,
Software, Methodology, Formal analysis, Conceptualization. Li-Li
Zuo: Writing — review & editing, Validation, Supervision, Meth-
odology, Formal analysis, Conceptualization. Feng Zhu: Writing —
review & editing, Validation, Supervision, Resources. Bing-Lang
He: Validation, Data curation. Chang-Chun Wu: Writing — review
& editing, Validation, Supervision, Formal analysis,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgment

The work is supported by the Oil & Gas Major Project
(2025ZD14016000).

Appendix

User ID User type Node ID Priority level Max load shedding coefficient
1 City gas 5 1 0
2 City gas 6 1 0
3 Power plant 6 v 1

4 Industrial 6 i 0.5
5 City gas 8 1 0
6 CNG 8 1 0
7 City gas 9 I 0
8 City gas 11 1 0
9 City gas 12 1 0
10 City gas 13 I 0
11 City gas 15 1 0
12 Chemical 15 11 0.4
13 City gas 16 1 0
14 Chemical 16 1 0
15 City gas 17 1 0
16 City gas 17 1l 0.2
17 CNG 17 1 0
18 Chemical 17 11 0.4
19 Power plant 17 v 1
20 CNG 18 [ 0
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Table A.1 (continued )
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User ID User type Node ID Priority level Max load shedding coefficient
21 City gas 18 [ 0
22 Power plant 18 1 0
23 City gas 19 1 0
24 City gas 20 I 0
25 Power plant 20 v 1
26 City gas 21 11 0.2
27 City gas 21 I 0
28 City gas 22 1l 0.2
29 Power plant 23 v 1
30 City gas 23 1 0
31 CNG 23 I 0
32 City gas 24 1 0
33 City gas 25 1 0
34 City gas 25 Il 0.2
35 CNG 25 1 0
36 Power plant 25 111 0.6
37 CNG 26 1 0
38 Industrial 26 il 0.5
39 City gas 26 1 0
Table A.2
Sensitivity analysis of system survival time under different time steps in Scenario 1.
Time step System survival time Minimum nodal pressure, MPa Total shedding volume, m> Computation time, s
1h 3-4h 3.980 79.68 x 104 23.6
30 min 3-35h 3.983 77.69 x 104 49.1
15 min 3.25-35h 3.992 76.34 x 10% 113.7
Table A.3

Variations in resource supply and load shedding with respect to surge ratios.

Demand surge ratio Proximal supply, 10* m3/d

Remote supply, 10* m?/d Load shedding, 10* m3/d

10% 4030 3071 0

12% 4033 3084 0

14% 4037 3097 0

16% 4042 3112 0

18% 4052 3131 0

19% 4100 3142 3.22

20% 4097 3142 4757

22% 4098 3142 142.13

24% 4097 3144 239.08

26% 4097 3144 349.63

28% 4097 3149 435.72

30% 4100 3149 534.08

32% 4100 3150 632.80

33% 4100 3150 681.15

34% 4100 3153 689.55
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