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ABSTRACT

The pipeline transportation and distribution process of natural gas, from production sources to
end consumers, can be divided into three stages: upstream production and supply, midstream
storage and pipeline transportation, and downstream distribution and end-use. In the optimization
of natural gas pipeline networks, considering the full life cycle, multiple uncertainties in planning,
design, operation, and maintenance often affect the efficiency and quality of model optimization.
This study addresses the uncertainty in end-user demand during the operation of natural gas
pipeline net-works and investigates a scheduling method that simultaneously meets user demand
while achieving coordinated optimization of operational costs and carbon emissions. Based on one
year of historical demand data, a normal distribution is fitted to characterize the demand, and
several representative scenarios with corresponding probabilities are extracted through clustering
to capture demand uncertainty. A two-stage stochastic programming model is developed. In the
first stage, the basic operational strategy of the pipeline network is determined, while in the sec-
ond stage, flow, pressure, and compressor power are adjusted according to each demand sce-
nario. The model prioritizes minimizing operational costs and employs the e-constraint method to
transform the carbon emission objective into a carbon emission cap. By systematically varying the
value of €, the Pareto frontier between cost and carbon emissions is delineated. Furthermore, non-
linear constraints are addressed using a combination of piecewise linearization and McCormick
re-laxation. The proposed model is implemented in a real-world case study in China using Python
and the Gurobi solver. Results demonstrate that, compared to conventional methods, the pro-
posed approach effectively reduce carbon emissions by 34.96%, 42.35%, and 36.84% in high,
medium, and low demand scenarios. The method provides clear optimization solutions and sup-
ports in-depth analysis of results, thereby enhancing data management capabilities of pipeline
systems. The model systematically accounts for uncertainties in natural gas demand, offering val-
uable research support and practical references for scheduling decisions in the natural gas pipe-
line industry.
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INTRODUCTION

According to the latest statistics from the American
Gas Association, natural gas has accounted for 25% of
the global energy supply, particularly demonstrating sig-
nificant application advantages in fields such as power
generation, industrial manufacturing, and urban gas utili-
zation [1].
https://doi.org/10.69997/sct.185062
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As the "main artery" of the energy transmission sys-
tem, the scientific nature of natural gas pipeline network
planning and design, as well as the quality of operational
efficiency, directly relate to national energy security,
market stability, and people's livelihood protection [2]. he
modern pipeline transportation system, by establishing a
nationwide transmission and distribution network, has
achieved efficient matching between resource supply
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and market demand, providing stable and reliable gas
supply assurance for various users including industrial
and civil sectors [3]. Systematic pipeline network optimi-
zation design and intelligent dispatch management can
reduce gas transmission losses and operational costs by
up to 33.77% [4], significantly enhancing the market
competitiveness of natural gas supply; it can also effec-
tively reduce carbon emissions resulting from energy
waste, thereby providing positive support for achieve-
ment of carbon peak and carbon neutrality goals.

Alinia Kashan and Molaei [5] confirmed through re-
search that there is a direct correlation between carbon
emissions and operating costs. Based on this, they incor-
porated carbon tax costs into the core composition of op-
erating costs, achieving significant reductions in carbon
emissions from pipeline network systems. Deng et al. [6],
in their research on risk constraints in coupled power-gas
networks, introduced a carbon tracking analysis algo-
rithm that efficiently quantifies the carbon emission in-
tensity at each node and the carbon flow in pipeline seg-
ments, achieving minimization of the total system emis-
sions. Cheng et al. [7] proposed an intelligent method for
intelligent low-carbon operation and maintenance of in-
tegrated energy systems. This method can accurately
and in real-time perceive the system's operational status,
optimization potential, and abnormal conditions, provid-
ing an effective technical pathway for natural gas pipeline
networks to dynamically adjust operation and mainte-
nance strategies based on supply and demand condi-
tions. Based on this, the study further introduced intelli-
gent algorithms such as the BP neural network, simulta-
neously achieving functions such as system energy out-
put prediction, load forecasting, scheduling plan genera-
tion, and carbon emission optimization. Zhou et al. [8]
proposed a hybrid-driven automatic response frame-
work. When coupled with an optimization model, the re-
sulting solution can reduce compressor energy con-
sumption by 4.6% to 10.8% compared to actual opera-
tional schemes. Wen et al. [9], by formulating peak-shav-
ing and flow distribution strategies, constructed a multi-
objective optimization model to achieve collaborative
scheduling optimization for multiple gas sources. The
model considers both economic and environmental ben-
efits, and its feasibility was verified through three case
studies.

From the current research progress, the methods
for low-carbon optimization of natural gas pipeline net-
work operations can be mainly categorized into two
types: oneis to incorporate carbon emissions into the ob-
jective function for optimization, and the other is to treat
carbon emissions as constraints for solving. Current re-
lated research mostly focuses on analyzing scenarios
with certain user demands, while research on low-carbon
optimization for large-scale uncertain demand scenarios
is still insufficient. Existing multi-objective optimization
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studies often set carbon emissions as the objective func-
tion or simplified constraints, lacking a methodological
system that can efficiently solve the Pareto optimal solu-
tions for energy consumption and cost under different
scales of carbon emission constraints, making it difficult
to meet the low-carbon operation requirements in dy-
namic demand scenarios. In studies where carbon emis-
sions are treated as the objective function, this method
can only characterize the direct correlation between car-
bon emissions and operating costs, but lacks a detailed
analysis of the dynamic coupling relationship between
energy consumption and costs under different carbon
emission constraints. Meanwhile, research on the cou-
pled impact of compressor configuration and start-stop
strategies on energy consumption and carbon emissions
is relatively scarce. Additionally, there is a significant re-
search gap in solving the problems of energy consump-
tion optimization and carbon emission control under un-
certain demand in large-scale natural gas pipeline net-
work systems, and a unified methodology that can bridge
the optimization research between certain and uncertain
demand pipeline networks has not yet been formed.
This paper further constructs an optimization model
for natural gas pipeline networks under uncertain de-
mand scenarios. Given that the research object has char-
acteristics such as a large number of stations, long pipe-
line segments, and complex topological structures, lead-
ing to optimization variables in the model that are diverse
in type, numerous in nodes, and large in scale, this paper
adopts a two-stage stochastic optimization model to
quantitatively characterize the demand uncertainty in the
pipeline network system. This model sets carbon emis-
sion indicators as rigid constraints and establishes multi-
step gradient carbon emission constraint conditions. By
solving the cost-minimizing optimization model con-
structed under different demand scenarios through opti-
mization algorithms, it outputs the algorithm iteration
processes and detailed optimization schemes corre-
sponding to each scenario. Subsequently, combined with
the pipeline flow distribution results under each scenario,
the dynamic changes in pressure and flow along the
pipeline network in the optimization scheme are verified
to meet the system operation constraint requirements.
By separately calculating the quantitative values of pipe-
line network energy consumption and carbon emissions
for actual operational schemes and optimization
schemes under different carbon emission constraint lev-
els, the carbon emission-cost Pareto frontier curve cor-
responding to the optimization scheme is finally deter-
mined. Meanwhile, the formulation logic and core basis
for compressor configuration and start-stop strategies
under different demand scenarios, with energy con-
sumption optimization as the core orientation and carbon
emissions as the constraint boundary, are deeply ana-
lyzed. The optimization deduction process of the model
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and implementable detailed implementation plans are
fully presented.

MATHEMATICAL MODEL

Objective Function

The objective function of the two-stage stochastic
programming consists of two parts: the first stage in-
volves fixed costs related to decision variables, and the
second stage involves the expected variable costs real-
ized in response to different scenarios.

(1) First stage

Before uncertainty emerges, initial decisions (such
as facility location and resource allocation) are formu-
lated prior to the manifestation of uncertainty, requiring
consideration of adaptability to multiple possible future
scenarios.

Cfirst = Z(i,j)EAC Yi,j * Ccomp (1)

where,

Crirse—the fixed cost in the first stage, yuan;

Y; j—whether the compressor is on or off; when
Y;; = 1, itindicates that the compressor remains on; when
Y;; = 0, itindicates that the compressor remains off;

Ceomp—the fixed cost per compressor, yuan.

(2) Second stage

The cost in the second stage mainly includes: the
cost of multi-source gas supply calculated based on the
actual demand at user nodes, and the energy consump-
tion cost of electric-driven compressors calculated
based on real-time electricity prices.

Csecond = Cgas + Ceom (2)
Cgas = Z(i,j)sAP Qi,j * Cg (3)
Ccom = Z(i,j)EAC Nci,j * CC (4)

where, Ce.cong—the cost of the second stage, yuan.
The objective function of two-stage stochastic pro-
gramming is the sum of the two-stage costs is Eq. (5).

minf, = Cirgt + Csecond (5)

Constraints

The operational constraints include pipeline flow
constraints, pipeline pressure constraints, compression
ratio constraints, and compressor operation constraints.
Due to the division of three representative scenarios dur-
ing uncertainty modeling, stochastic variables are intro-
duced in the modeling process.

Pipeline flow constraints

The flow on pipeline (i, j) must have upper and lower
bounds:

Hao et al. / LAPSE:2026.0466
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Q™ < Qujs < QI (6)

where, Q; ; —pipeline flow from i to j under scenario s,
m3/h.

Since supply and demand vary across scenarios,
flow balance constraints must be set per scenario as fol-
lows:

Zil(i,j)eN Qj,i,s + q?,s = Zjl(i,j)eN Qi,j,s ’i € Ns (7)
— d -

ZiKi,j)EN Qj,i,S - zj|(i,j)€N Qi,j,s + qi,s’l € Nd (8)

Zi|(i,j)€N Qj,i,s = zj|(i,j)€N Qi,j,s ’ i€ Nn (9)

where, g; ,—supply flow at node i under scenario s, m3/h;
qis—demand flow at node i under scenario s, m*/h.

Node pressure constraints

P < pig < PP (10)
where, p; ;—pressure at node i under scenario s, MPa.
Compression ratio constraints

Zmin < Zis < Zmax (11)

where, z; ;—compressor pressure ratio at node i under
scenario s.

Power constraints

Ncmin < Nci,j,s < Ncmax (12)
where, N¢; ; —power increment from node i to j under
scenario s, kW.
Pipeline pressure drop constraints

AZaygpT
215
CODi,j

piz,s - pjz,s - Li,jQiZ,j,s =0 (13)

Power calculation

¢ _ RTZ, v o v
N=ijs = ; g Qi,j,sE(zu_l - 1) (14)
Nci,j,s =GQ;jsw (15)

Specific constraints and linearization processes can
be found in reference [1].

Solver Configuration

The two-stage stochastic optimization model is im-
plemented using Python programming and solved with
the Gurobi solver in a Python environment. Key solution
parameters are configured as follows: numerical preci-
sion focus mode is set to 2, thread count is 20, and node
file initial memory is 0.5 GB.

Value for e-Constraints

Based on the model optimization results, the e-con-
straint method is further applied to impose carbon emis-
sion restrictions of varying intensities. Using the gradient
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Figure 1. Natural gas pipeline network topology

method, € values are divided into four constraint levels,
covering a spectrum from loose to strict carbon emission
constraint ranges. Combined with case study solution
analysis, on the basis of obtaining the actual optimal en-
ergy consumption values, for different scenarios, upper
and lower constraint intervals with an interval of approx-
imately 2000 kg are set around the optimal carbon emis-
sion values to systematically investigate the impact of
carbon constraints on operational strategies.

CASE STUDY

The case study involves a natural gas pipeline net-
work comprising 8 gas sources (S1-S8), 90 nodes, 77
pipelines, and 13 compressors, as shown in Figure 1. The
upper limit of node pressure is set at 2.9 MPa, and the
lower limit at 0.8 MPa; the maximum transmission

Hao et al. / LAPSE:2026.0466
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capacity for both pipelines and compressors is 566, 340
m3/h. Based on natural gas production and consumption
coefficients in northern China, the gas supply capacity of
each source and the flow distribution in the pipeline net-
work were calculated.

Based on the processing of one-year data, proba-
bility distribution fitting was performed to analyze its sta-
tistical characteristics. As shown in Figure 2, the annual
natural gas demand distribution indicates that the actual
demand distribution does not fully conform to a normal
distribution but exhibits a certain degree of right-skew,
meaning the frequency of higher demand days is higher
than theoretical expectations. This distribution charac-
teristic suggests the following: (1) During winter or ex-
treme weather conditions, natural gas consumption sig-
nificantly increases due to heightened heating demand;
(2) Holidays, seasonal changes, or specific events may
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Figure 2. Natural gas demand distribution throughout the year.

lead to periodic fluctuations in demand; (3) In energy sys-
tem planning, full consideration must be given to "tail
risks" in such distributions to ensure supply security and
system stability.

RESULTS AND DISCUSSION

All obtained results meet the requirement of an op-
timality gap of 0. The three scenarios were solved within
30 seconds, with the longest single-solution time being
26.74 seconds.

Cost-Carbon Emission Analysis

When determining the carbon emission factor val-
ues, this paper analyzes regional disparities based on the
provincial grid emission factor data released by the Min-
istry of Ecology and Environment and the National Bureau
of Statistics. Significant differences exist among prov-
inces, with higher emission factors in North China and rel-
atively lower ones in South China. To ensure consistency
and comparability of the model, this paper ultimately
adopts the national average electricity emission factor,
i.e., 0.608 kgCO,/kWh, as a unified calculation parameter.

Through analysis and testing of multiple sets of ex-
perimental data, the optimization algorithm obtained a
series of optimal solutions. To evaluate the trade-off be-
tween economic and environmental objectives, this study
employs the Pareto frontier analysis method and utilizes
Hao et al. /| LAPSE:2026.0466

the e-constraint method to transform the multi-objective
optimization problem of carbon emissions and costs into
a single-objective optimization problem with cost as the
primary objective. Ultimately, Pareto frontier curves un-
der different demand scenarios, as shown in Figure 3,
were plotted.

The results indicate that the system exhibits a set of
optimal Pareto solutions, including the carbon emission
minimization solution. The Pareto frontier curve generally
shows a downward trend from left to right, indicating a
negative correlation between cost and carbon emissions.
This relationship is primarily driven by compressor start-
stop strategies: as carbon emission constraints tighten,
the cost of adjusting compressor operating states and
flow distribution to reduce emissions gradually increases,
leading to a rising marginal cost of carbon reduction.
The environmental optimal solution shows that to achieve
emission reduction targets, the system needs to increase
the utilization ratio of compressors in the natural gas
pipeline network, resulting in higher operating costs. The
rings in Figure 3 illustrate the relative proportion of opti-
mal cost values under different scenarios. It is clearly ob-
servable that higher user demand corresponds to higher
associated costs.

Analysis of Optimization Strategies under
Different Carbon Emission Constraints

Syst Control Trans 5:2107-2114 (2026) 2111
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Figure 3. Pareto optimal curves for different scenarios.

Under different scenario conditions, by setting dif-
ferentiated carbon emission constraint levels, the natural
gas pipeline transmission system exhibits distinct com-
pressor scheduling strategies and carbon emission con-
straint response characteristics during optimized opera-
tion when coordinating transmission load and multi-ob-
jective trade-offs as user demand varies from high to low.
Details are as follows:

(1) Scenario 0: In high-demand scenarios, the natu-
ral gas transmission system faces high load and flow re-
quirements. Here, the optimization model must balance
large-flow transmission tasks, economic cost minimiza-
tion objectives, and carbon emission constraints. It opti-
mizes compressor start-stop strategies based on multi-
unit collaborative operation. When carbon emission con-
straints are loose, the model prioritizes transmission ca-
pacity assurance, activating a sufficient number of com-
pressors (including some inefficient units) to maintain
system supply-demand balance, prioritizing flow supply
in multi-objective conflicts while striving for economic
cost minimization. Under moderate carbon emission con-
straints, the number of activated compressors is main-
tained at the minimum level required for flow balance.
The system reduces excess carbon emissions and costs
from inefficient operation by excluding inefficient and re-
dundant units while ensuring transmission capacity.
When constraints are strict, compressors are precisely
matched to actual demand, avoiding redundant unit

Hao et al. / LAPSE:2026.0466

activation to reduce operational energy consumption.
This satisfies carbon emission targets and node flow bal-
ance while lowering long-term system energy costs.

(2) Scenario 1: In medium-demand scenarios, sys-
tem transmission loads are relatively moderate with
smoother flow fluctuations. Compressor start-stop strat-
egies here emphasize real-time optimization and dy-
namic adjustment to achieve dual objectives of economic
cost minimization and carbon emission control. When
constraints are loose (large € values), compressors typi-
cally maintain basic flow balance and steady operation
without activating reserve units. Only during significant
load fluctuations are partial compressors fine-tuned for
start-stop, ensuring stable pipeline operation at lower
costs with naturally met carbon emission levels. Under
moderate constraint strength, the system dynamically
adjusts compressor operating states according to load
fluctuations, achieving synergy between economy and
carbon reduction while avoiding unnecessary energy
consumption and maintenance costs. When constraints
are strict (small € values), compressors activate only
high-efficiency units with strong power regulation capa-
bilities, prioritizing minimum carbon emissions to achieve
comprehensive optimization of system energy consump-
tion and economic costs under flow balance and con-
straint conditions.

(3) Scenario 2: In low-demand scenarios, pipeline
system transmission loads are small, and the core

Syst Control Trans 5:2107-2114 (2026) 2112



challenge is avoiding excess energy consumption. Com-
pressor start-stop decisions focus on streamlining oper-
ating units and reducing invalid start-stop to lower en-
ergy consumption and operating costs. When carbon
emission constraints are loose, the system activates only
efficient compressors to meet basic transmission needs
under the goal of minimizing operating costs, indirectly
reducing emissions through lower energy consumption.
Under moderate carbon emission constraints, the system
further controls emissions based on energy conservation,
achieving cost-carbon emission dual-objective synergy
through optimized unit start-stop strategies. When con-
straints are strict, the system adopts a mode combining
high-efficiency compressors with intermittent operation,
avoiding invalid emissions under low loads and continu-
ously reducing energy consumption and related costs
through precise compressor state regulation.

Analysis of Optimization Strategies under
Different Carbon Emission Constraints

Finally, during the model solving process for each
scenario, Pareto optimal solutions are screened from the
solution set through non-dominated analysis. The follow-
ing table summarizes the Pareto solution sets composed
of system operation target costs and corresponding car-
bon emissions under each scenario based on the e-con-
straint method and the two-stage stochastic program-
ming approach, corresponding to high-demand, medium-
demand, and low-demand scenarios, shown in Table 1. It
reflects the actual carbon emissions, energy consump-
tion, and total cost results under different constraint in-
tensities.

Table 1: Impact of carbon emission constraints on cost in
high-demand scenarios

Total Carbon Energy Cal:bO.I"l
Sce- L. Con- Emission
nario Cost Emissions sumption  Reduction
(kCNY) (kg) (MW) (%)
High
De- 1232.8 1640.91 1124 -34.96%
mand
Me-
g':_m 10665  1419.49  97.3 -42.35%
mand
Low
De- 979.2 1303.29 89.3 -36.84%
mand

Under high, medium, and low demand scenarios,
compared to the unconstrained baseline scenario, the
model optimization achieves carbon emission reduction
rates of 34.96%, 42.35%, and 36.84% respectively. The
results demonstrate that this optimization model is sig-
nificantly effective in coordinating carbon emission

Hao et al. / LAPSE:2026.0466
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control and economic cost optimization for large-scale
natural gas pipeline networks, providing feasible sched-
uling strategies for low-carbon operation under varying
demand intensities.

CONCLUSIONS

Addressing the uncertainty characteristics of user
demand, this paper completes typical scenario division
based on the probability distribution characteristics of
annual demand data. Focusing on the operational optimi-
zation of natural gas pipeline systems, this study first
constructs an optimization model minimizing energy con-
sumption, then builds a two-stage stochastic program-
ming model to solve for stochastic variables under differ-
ent demand scenarios. The model selects pipeline flow
and compressor station start-up quantity as core deci-
sion variables, incorporating multiple constraints includ-
ing pipeline strength, pressure, flow balance, and com-
pressor power/speed. During model solving, the g-con-
straint method is employed to convert carbon emission
indicators into constraints, achieving synergistic optimi-
zation of energy consumption and carbon emissions. The
solution results show significant heterogeneity in the re-
duction of optimal system energy consumption under dif-
ferentiated demand scenarios and low-carbon con-
straints. Pareto frontier analysis reveals that carbon
emissions in high, medium, and low demand scenarios
are reduced by 34.96%, 42.35%, and 36.84% respec-
tively compared to actual levels.
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