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Abstract

Compared with other fossil energy sources, natural gas is characterized by compressibility,
low energy density, high storage costs, and imbalanced usage. Natural gas pipeline supply
systems possess unique attributes such as closed transportation and a highly integrated
upstream, midstream, and downstream structure. Moreover, pipelines are almost the only
economical means of onshore natural gas transportation. Given that the upstream of the
pipeline features multi-entity and multi-channel supply including natural gas, coal-to-gas,
and LNG vaporized gas, while the downstream presents a competitive landscape with
multi-market and multi-user segments (e.g., urban residents, factories, power plants, and
vehicles), there is an urgent social demand for non-discriminatory and fair opening of
natural gas pipeline network infrastructure to third-party entities. However, after the fair
opening of natural gas pipeline networks, the original “point-to-point” transaction model
will be replaced by market-driven behaviors, making the verification and allocation of
gas transmission capacity a key operational issue. Currently, neither pipeline operators
nor government regulatory authorities have issued corresponding rules, regulations, or
evaluation plans. To address this, this paper proposes a multi-dimensional quantitative
evaluation model based on the Analytic Hierarchy Process (AHP), integrating both commer-
cial and technical indicators. The model comprehensively considers six indicators: pipeline
transportation fees, pipeline gas line pack, maximum gas storage capacity, pipeline pressure
drop, energy consumption, and user satisfaction and constructs a quantitative evaluation
system. Through the consistency check of the judgment matrix (CR = 0.06213 < 0.1), the
weights of the respective indicators are determined as follows: 0.2584, 0.2054, 0.1419, 0.1166,
0.1419, and 0.1357. The specific score of each indicator is determined based on the deviation
between each evaluation indicator and the theoretical optimal value under different gas
volume allocation schemes. Combined with the weight proportion, the total score of each
gas volume allocation scheme is finally calculated, thereby obtaining the recommended
gas volume allocation scheme. The evaluation model was applied to a practical pipeline
project. The evaluation results show that the AHP-based evaluation model can effectively
quantify the advantages and disadvantages of different gas volume allocation schemes.
Notably, the gas volume allocation scheme under normal operating conditions is not the
optimal one; instead, it ranks last according to the scores, with a score 0.7 points lower
than that of the optimal scheme. In addition, to facilitate rapid decision-making for gas
volume allocation schemes, this paper designs a program using HTML and develops a gas
volume allocation evaluation program with JavaScript based on the established model. This
self-developed program has the function of automatically generating scheme scores once
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the proposed gas volume allocation for each station is input, providing a decision support
tool for pipeline operators, shippers, and regulatory authorities. The evaluation model
provides a theoretical and methodological basis for the dynamic optimization of natural
gas pipeline gas volume allocation schemes under the fair opening model. It is expected to,
on the one hand, provide a reference for transactions between pipeline network companies
and shippers, and on the other hand, offer insights for regulatory authorities to further
formulate detailed and fair gas transmission capacity transaction methods.

Keywords: gas pipeline; fair and open access; capacity allocation; Analytic Hierarchy
Process (AHP); scheme evaluation

1. Introduction
As the social economy develops rapidly, the demand for energy keeps growing.

Natural gas, serving as a clean and efficient transitional energy source, has been playing
an increasingly prominent role in the transformation of the energy structure. However,
its inherent differences from other energy sources have made the issue of pipeline gas
volume allocation a key bottleneck that urgently needs to be broken through. In the past, a
“point-to-point” transaction model was applied in gas transmission networks. Specifically,
the pipeline gas source, user location, and the daily gas distribution volume of users
were relatively fixed, and gas transmission and distribution were strictly implemented
in accordance with the plans specified in the purchase and sales contracts. This model
has severely restricted the vitality of the natural gas market, failed to give full play to the
decisive role of the market in resource allocation, and hindered the efficient operation of
the entire natural gas industry supply chain [1,2].

Compared with crude oil and refined oil, which can be conveniently stored in storage
tanks, the storage cost of natural gas is extremely high. This is because natural gas is
usually stored in the form of Liquefied Natural Gas (LNG), a method that requires a large
amount of energy for refrigeration and liquefaction, resulting in poor economic efficiency.
For long-distance on-land transportation, pipeline transportation is the only economical
option. Tank trucks using the Compressed Natural Gas (CNG) tube bundle storage method
do not have the advantage of large-scale transportation, which also determines that the
supply of natural gas is highly dependent on pipeline transportation capacity.

For this reason, the current pipeline gas volume allocation method has obvious short-
comings: 1⃝ Within the same price region, the longer the transmission distance and the
larger the allocated gas volume, the greater the pipeline transmission revenue. This easily
leads to a shortage of gas supply in areas near the gas source, implying discrimination
against users with short-distance transmission needs; 2⃝ The collection of pipeline transmis-
sion fees does not take into account costs such as compressor energy consumption, labor,
and equipment maintenance. For example, there are differences in energy consumption
and gas supply pressure between the inlet and outlet of the compressor, so it is obviously
unreasonable to implement the same charging standard; 3⃝ According to the hydraulic
and thermal equations of pipeline transmission, different gas volume allocation schemes
along the pipeline will have an impact on the pipeline’s own gas transmission capacity
and in-pipeline gas storage volume. That is, some users should additionally bear the costs
caused by their significant impact on pipeline transportation [3–5]. Precisely due to the
unique properties of natural gas, the above-mentioned issues indicate that the evaluation of
natural gas pipeline gas volume allocation schemes or gas transmission capacity allocation
schemes is an urgent task.
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To solve these problems and promote the healthy development of the natural gas
market, governments and regulatory authorities around the world have successively issued
policies to advance fair and open access to oil and gas pipeline networks. In the early
21st century, the European Union took the lead in promoting the third-party access mech-
anism for natural gas infrastructure and adopted directives such as 2003/55/EC. These
directives require that gas transmission, distribution, and storage facilities provide fair
and non-discriminatory access to third-party market entities, laying the foundation for the
integration and development of the European natural gas market [6]. The 2009 Resolution
715 of the European Commission (EC) has stipulated the Framework Guidelines (FG)
and the scope of Network Codes (NC), including: codes for the safety and reliability of
pipeline networks, network connection, third-party access specifications, data exchange
and settlement, interoperability, operating procedures in emergency situations, capacity
allocation and congestion management specifications, specifications related to the technical
operation of pipeline network access services and system balancing, transparency speci-
fications, balancing specifications, specifications for unified transmission tariffs, and the
energy efficiency of natural gas pipeline networks [7].

In North America, the United States and Canada have also established mature regu-
latory systems for open access to pipeline networks. The U.S. Federal Energy Regulatory
Commission (FERC) introduced a series of regulations requiring pipeline companies to
provide transportation services to all users under equal conditions. These rules standardize
natural gas pipeline pricing mechanisms and capacity allocation methods, ensuring that
pipeline operators serve shippers in a fair and transparent manner. This facilitated a funda-
mental transformation in the U.S. natural gas industry, transitioning from initial natural
monopoly pricing and comprehensive regulation phases to a deregulated stage, further
advancing toward full marketization [8–11].

In Japan, a fair open access system for pipeline facilities was proposed in 2004. How-
ever, due to the dominance of regional monopolies and the lack of a unified nationwide
management system, the effectiveness of this openness has been limited [12]. These inter-
national practices demonstrate that fair and open access to pipeline networks is an effective
means of optimizing resource allocation, enhancing market competition, and improving
infrastructure utilization efficiency.

In China, following the establishment of the China Oil & Gas Piping Network Corpo-
ration (Pipe China) in 2019, a preliminary “X + 1 + X” fair open access system for oil and
gas pipelines has taken shape. This system features multi-entity, multi-channel supply of
upstream oil and gas resources (X), efficient and unified midstream pipeline transmission
(1), and fully competitive downstream sales markets (X). The Chinese government has also
issued multiple policy documents requiring pipeline operators to disclose transmission
capacity and remaining availability, improve the fair access mechanism for oil and gas
pipelines, and promote the fair opening of main and interprovincial pipelines to third-party
market entities [13,14].

As global energy market-oriented reform continues to deepen, fair and open access to
natural gas pipeline networks has become a common trend. However, in the process of
implementing this mechanism, a key challenge has emerged: how to formulate a scientific
and reasonable natural gas volume allocation scheme. The gas volume allocation of nat-
ural gas pipelines involves the interests of multiple parties, including pipeline operators,
shippers, and end-users. It is necessary to take into account not only commercial factors
such as pipeline transportation costs and market demand but also technical factors such
as pipeline storage capacity, pressure drop, and energy consumption. The stable opera-
tion of the pipeline network is the prerequisite and foundation for the production and
processing of natural gas in upstream gas fields and the development of the downstream
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gas-consuming market [15,16]. When the pipeline transmission capacity is limited, an
unreasonable allocation scheme may lead to low utilization efficiency of pipeline capacity,
unfair distribution of interests among various stakeholders, and even pose a threat to the
safe and stable operation of the pipeline network.

The Analytic Hierarchy Process (AHP), with its core advantage of combining quali-
tative and quantitative analysis, has been widely applied to the optimization and evalua-
tion of multi-objective systems. Wang et al. [17] constructed a corrosion risk assessment
model that integrates the improved AHP and Bayesian network for the subsea pipelines
of an oil production plant. This model has established a complete assessment system,
including 2 first-level indicators (internal and external corrosion), 8 s-level indicators, and
27 fourth-level indicators. By introducing grey relational analysis to quantify the relation-
ship between the corrosion rate and various factors, the dependence of the assessment
process on experts’ subjective experience has been effectively reduced, thereby improving
the objectivity and accuracy of the results. He et al. [18] developed a model that combines
AHP and Fuzzy Comprehensive Evaluation (FCE) to efficiently assess and screen oil and
gas reservoirs suitable for conversion into Underground Gas Storage (UGS). This model has
established a complete assessment system and standards, including 6 first-level indicators
and 44 s-level indicators, which can provide objective and accurate technical support for
the screening of UGS targets. To improve the safety management level of LNG receiving
terminals, Tian et al. [19] developed a multi-level safety assessment model based on AHP.
After identifying key safety factors through literature review and expert interviews, AHP
was used to assign weights and sort these factors, ensuring the scientificity and practicality
of the model. The results of this study can provide a basis for the formulation of safety
policies and the revision of standards, thereby improving the overall safety management
level of the industry. Diao et al. [20] adopted a model that combines AHP and fuzzy theory
to assess the risk of domino effects caused by pipeline leaks. AHP was used to evaluate
the competence of experts, and fuzzy theory was applied to convert their judgments into
the occurrence probability of basic events. Qualitative analysis shows that the formation
conditions of flammable mixtures account for the highest proportion in terms of structural
importance. Quantitative results have verified that this hybrid method can effectively
assess the risk of pipeline domino effects and provide support for the risk management and
decision-making of petrochemical pipelines. Therefore, in the complex decision-making
scenario of the fair and open natural gas pipeline network, it is necessary to establish a gas
volume allocation scheme evaluation model. This model should clarify the key influencing
factors of the natural gas pipeline network gas volume allocation scheme, their weight
proportions, and the calculation method of the optimal gas volume allocation scheme. In
this way, the optimal gas volume allocation scheme for natural gas pipelines under the
fair and open model can be reasonably determined, and the core problems of complex gas
volume allocation indicators and difficult quantification of interest conflicts under the fair
and open model can be effectively solved. On the one hand, this can provide a reference
basis for transactions between pipeline operators and shippers; on the other hand, it can
also provide new ideas for regulatory authorities to formulate more detailed and fair gas
transmission capacity transaction rules.

Based on the above background, this paper proposes a multi-dimensional evaluation
system that integrates commercial indicators and technical indicators. The relative impor-
tance of each indicator is quantified through AHP. The Computational Fluid Dynamics
(CFD) numerical method is used to establish and calculate the pipeline network flow model
to accurately assess each evaluation indicator [21]. At the same time, a decision-support
program for evaluating the natural gas pipeline gas volume allocation scheme based on
model and algorithm programming has been developed. This method can not only solve
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the problem of balancing fairness and economy in traditional gas volume allocation but
also provide a standardized evaluation framework for dynamic gas volume transactions
after the opening of pipeline network facilities. The following sections will elaborate on
the construction process of the evaluation model, the method for determining indicator
weights, and the application effect in actual pipeline cases.

2. Establishment of an Evaluation Model for Gas Allocation Schemes
2.1. Model Design

After the fair and open access of pipeline networks is implemented, the evaluation of
natural gas pipeline gas volume allocation schemes becomes more important and complex.
The gas volume allocation may be affected by six factors, including pipeline transmission
fees, line pack, maximum gas storage capacity, gas transmission pressure drop, energy
consumption, and user satisfaction [22]. In this study, these six key factors were adopted
as the evaluation indicators for the schemes. Mathematical formulas and self-developed
software were used to calculate the scores of each evaluation indicator corresponding to
different gas volume allocation schemes, and the weight proportion of each evaluation
indicator was determined based on the Analytic Hierarchy Process (AHP).

In accordance with the principle of fair and open access, targeted analyses were
conducted on each of the six core influencing factors, and the theoretical optimal values of
each evaluation indicator were reasonably set based on these analyses. Among them, the
theoretical optimal values of pipeline transmission fees and gas storage capacity were set
as their respective theoretical maximum values; the theoretical optimal values of pipeline
pressure loss and compressor energy consumption were set as their respective theoretical
minimum values; the theoretical optimal value of line pack was determined according
to boundary conditions such as the maximum operating pressure of the pipeline and the
minimum inlet pressure of the compressor; and a score of 100 was set as the theoretical
optimal value of user satisfaction. Subsequently, the calculated score of each indicator was
determined based on the deviation between each evaluation indicator under different gas
volume allocation schemes and its theoretical optimal value. Combined with the weight
proportion, the total score of each gas volume allocation scheme was finally determined,
thereby obtaining the recommended scheme for the optimal gas volume allocation of
the pipeline.

To enhance the applicability of the evaluation method, mathematical fitting is em-
ployed to establish functional relationships between the gas volumes allocated to each
station and the evaluation indicators. The predetermined indicator weights, along with the
derived functional relationships and algorithms, are embedded into the backend database
of a computer program. A web-based evaluation tool is developed using HTML for the
front-end interface and JavaScript for the core logic. This tool allows users to input pro-
posed gas allocation volumes for each customer, automatically generating an evaluation
score for the scheme, thereby streamlining the assessment process. Furthermore, the pro-
gram can be extended to both pipeline operators and end-users, facilitating data sharing
and supporting the fair and open design of pipeline transmission capacity. The evaluation
process for gas allocation schemes under the fair and open access mode is illustrated in
Figure 1.

2.2. Evaluation Index System

For natural gas pipeline capacity allocation, evaluation indicators are determined
from both commercial aspects (such as transportation tariffs and user satisfaction) and
technical aspects (including line pack, terminal pressure drop, pipeline storage capacity,
and energy consumption). Through multiple case studies, various software tools and com-
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putational formulas are employed to obtain values for each indicator, thereby establishing
a comprehensive evaluation indicator system.

 

Figure 1. Evaluation process of natural gas pipeline capacity allocation scheme under fair and open
access mode.

2.2.1. Commercial Indicators

(1) Transportation Tariff
In natural gas pipelines, the transportation tariff serves as a commercial indicator for

evaluating pipeline transmission. Its calculation is typically based on the volume of natural
gas transported, the transmission distance, and the applicable tariff rate. If the tariff is
determined using a zonal pricing method, the fee for Zone 1 is denoted as f 1, while that for
Zone 2 is denoted as f 2. The calculation formula for the transportation tariff is provided in
Equation (1).

F =
n

∑
i=1

fiQili (1)

In the formula, F represents the pipeline transportation cost (in RMB); fi denotes the
pipeline transportation cost for each price zone (in RMB/(m3·km)); Qi indicates the unit
hourly pipeline transportation volume at different off-take points (in m3); li represents the
calculated distance for each off-take point (in km).

(2) User Satisfaction
When evaluating the overall user satisfaction of the pipeline at offtake points, to

ensure the objectivity and accuracy of the results, the average value of user satisfaction at
all offtake points along the pipeline was calculated and used as the overall satisfaction. This
method can fully reflect the actual feelings of users at each offtake point, thereby obtaining
a more representative evaluation result of overall satisfaction.

By means of the random sampling method, and based on the statistical data of user sat-
isfaction for the pipeline along the Luntai-Turpan section of the First West-East Gas Pipeline
operated by China National Oil and Gas Pipeline Network Group Co., Ltd. (headquartered
in Beijing, China), the correlation between different offtake volumes and user satisfaction
was fitted, as shown in Figure 2. Its empirical formula is approximately a parabolic function
(see Equation (2)), and the R2 value of the fitting formula is 0.9354, which indicates that
the empirical formula has a good fitting degree with the actual user satisfaction. It can be
known from this formula that the nonlinear relationship between gas transmission volume
and user satisfaction leads to the existence of an optimal gas transmission volume. To meet
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market demand and improve service quality, pipeline operators need to optimize user
satisfaction by adjusting the gas transmission volume.

Ei = −9 × 10−11Q2
i + 0.0002Qi − 15 (2)

 
Figure 2. Analysis diagram of user satisfaction curve.

In the formula, Qi represents the gas delivery volume (m3/h); Ei denotes the satisfac-
tion level of each user (points).

The calculation method for the total user satisfaction score can be referred to in
Equation (3).

E =
1
n

n

∑
i=1

Ei (3)

In the formula, E represents the overall user satisfaction of the pipeline (points); Ei

denotes the user satisfaction at different off-take points (points); n indicates the number of
users (households).

2.2.2. Technical Indicators

(1) Line pack
Line pack refers to the volume of natural gas stored within the pipeline at a specific

moment. The calculation formula is provided in Equation (4) [23]. To ensure the rationality
and economy of the line pack, it is necessary to select an appropriate line pack based on
actual conditions.

LP = V × P
PSC

× TSC
T

× ZSC
Z

(4)

In the formula, LP represents the line pack (m3); V denotes the pipeline volume (m3); P
is the actual average pressure of the pipeline segment (MPa); T indicates the actual average
temperature of the pipeline segment (K); Z stands for the actual gas compression factor;
Psc refers to the pressure under standard conditions (MPa); Tsc is the temperature under
standard conditions (K); Zsc represents the ideal gas compression factor.

(2) Pressure Drop in Gas Transmission
The pressure drop in gas transmission is one of the key indicators for evaluating

pipeline transportation performance, reflecting the pressure loss during the natural gas
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delivery process. The starting or ending pressure can be calculated using the Weymouth
equation (Equations (5) and (6)) [24].

p2
Q − p2

Z = CLQ2 (5)

C =
λZ∆∗T
C2

wD5.2 (6)

In the formula, Q represents the volumetric flow rate of the gas pipeline under en-
gineering standard conditions (m3/s); pQ denotes the starting pressure of the calculated
pipeline segment (Pa); pZ indicates the ending pressure of the calculated pipeline segment
(Pa); D is the internal diameter of the pipeline (m); λ stands for the hydraulic friction
coefficient; Z refers to the compression factor of natural gas under pipeline transportation
conditions; ∆* represents the relative density of natural gas; T is the gas transportation
temperature (K); L denotes the calculated length of the pipeline segment (m); Cw is the
coefficient in the Weymouth equation. According to the unit system selected in this paper,
its value is set to 0.3967.

By integrating the Sukhov equation and considering the axial temperature drop caused
by the Joule-Thomson effect, the thermal calculation equation (see Equations (7) and (8))
can be derived [25].

T = T0 + (TQ − T0)e−ax − Di
pQ − pZ

aL
(1 − e−ax) (7)

a =
KπD
Mcp

(8)

In the formula, T0 represents the ambient temperature (K); TQ denotes the starting
temperature of the pipeline segment (K); K is the overall heat transfer coefficient of the
pipeline (W/(m2·K)); M indicates the mass flow rate (kg/s); cp stands for the isobaric
specific heat capacity of natural gas (J/(kg·K)); Di refers to the throttling effect coefficient
of natural gas.

Based on the fundamental equations of hydraulic and thermal calculations for nat-
ural gas, steady-state solutions can be derived to determine the pressure drop during
gas transmission.

(3) Pipeline Gas Storage Capacity
Pipeline gas storage capacity is another key indicator for evaluating the performance

of a pipeline system, reflecting its buffering capability in response to demand fluctuations.
While the gas supply volume from sources remains relatively stable, the gas consumption
of users along the pipeline may vary dynamically over time. Therefore, the storage capacity
of the pipeline’s last segment serves as an effective solution to balance gas supply and
demand imbalances.

The minimum storage capacity is calculated based on the average pressure at the
initial moment of gas storage in the pipeline’s last segment (see Equation (9)), while the
maximum storage capacity is determined by the average pressure at the end of the storage
period (see Equation (10)). The storage capacity of the last pipeline segment can then be
derived (see Equation (11)) [26,27]. The calculation process incorporates key evaluation
metrics such as pipeline volume, compression factor, temperature, and pressure to ensure
the accuracy of the assessment. By applying these formulas, the operational status of the
pipeline system under different gas allocation scenarios can be analyzed, thereby evaluating
its storage capacity.

Vmin =
ppjminVZ0T0

p0Z1T1
(9)
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Vmax =
ppjmaxVZ0T0

p0Z2T2
(10)

VS = Vmax − Vmin =
1
4

πD2lZ
ppjmax − ppjmin

p0

T0

TZ
(11)

In the formula, ppjmin represents the average pressure at the initial moment of gas
storage in the pipeline’s last segment (Pa); ppjmax denotes the average pressure at the end
of the gas storage period (Pa); Vmin indicates the gas storage volume in the last segment
at the initial moment of storage (m3); Vmax stands for the gas storage volume in the last
segment at the end of the storage period (m3); V refers to the geometric volume of the last
pipeline segment (m3); lZ is the length of the last segment involved in gas storage (m); Z1,
Z2 are the compression factors under the average pressure and temperature at the start and
end of the storage period, respectively. They can be approximated as Z1 = Z2 = Z; T1, T2

are the average temperatures of the last segment at the start and end of the storage period,
respectively. They can be approximated as T1 = T2 = T; p0 is the pressure under engineering
standard conditions (Pa); Z0 is the compression factor at pressure p0 and temperature T0;
T0 is the temperature under engineering standard conditions (K).

(4) Energy Consumption
Energy consumption is a critical cost evaluation metric in the natural gas transmission

process and one of the key indicators for assessing the economic rationality of gas allocation
schemes. The energy consumption of compressors during pipeline transportation can be
approximated as the total energy consumption of the pipeline system. The compressor
energy consumption is calculated using Equation (12) below [28].

N = 9.807 × 10−3M
k

k − 1
RZT1

[
ε

k
k−1 − 1

] 1
η

(12)

In the formula: N represents the compressor shaft power (kW); T1 denotes the inlet gas
temperature of the compressor (K); R is the gas constant; Z indicates the gas compression
factor; ε stands for the compressor pressure ratio; η refers to the compressor efficiency, with
a value of 0.94; M is the natural gas mass flow rate (kg/s); k represents the polytropic index
of natural gas, with a value of 1.3.

2.3. Determination of Indicator Weights Based on AHP
2.3.1. Hierarchy Construction and Judgment Matrix Formation

The Analytic Hierarchy Process (AHP) is an effective tool for multi-objective decision
analysis. This method decomposes complex problems into different evaluation indicators
by constructing a hierarchical structure model, and pairwise comparisons of these indicators
are conducted to determine their relative importance in the decision-making process. For
long-distance natural gas pipelines: The goal layer consists of different gas transmission
schemes; The criterion layer includes pipeline transportation cost, line pack, maximum
storage capacity, pressure drop, energy consumption, and user satisfaction; The alternative
layer comprises different operation and management schemes. The AHP hierarchical
structure is illustrated in Figure 3.

When constructing the judgment matrix, pairwise comparisons of different elements
within the same hierarchy need to be conducted to evaluate their relative importance. In the
AHP analysis, an expert group consisting of 5 members was formed, including 1 gas trans-
mission pipeline designer, 2 operation management personnel, 1 financial management
personnel, and 1 regulatory authority staff. The experts were invited to conduct pairwise
comparisons of the indicators level by level, and the 1–9 scaling method was adopted to
assign values to the elements of the judgment matrix. The relative importance between
two elements was quantified by numbers: the number 1 indicates that the two elements are
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equally important; the number 3 means one element is slightly more important than the
other; the number 5 represents one element is obviously more important than the other; the
number 7 denotes one element is strongly more important than the other; and the number
9 indicates one element is extremely more important than the other.

Figure 3. AHP Hierarchical Structure Diagram.

Taking the evaluation indicators of pipeline transportation cost and line pack as an
example, it is generally considered that pipeline transportation cost holds higher impor-
tance for the overall operational efficiency of natural gas pipeline transmission. When
assigning values to these two indicators, pipeline transportation cost would receive a higher
scale value (taken as 2), while line pack would receive a lower scale value (taken as 1/2),
reflecting the relative importance of pipeline transportation cost over line pack. Following
this approach, the judgment matrix is established as shown in Equation (13).

Ai,j =



1 2 3 4 2 6
1
2 1 1

4 2 1
2

1
4

1
3 3 1 3 1

2 2
1
4 3 1

3 1 1
3 3

1
2 2 2 3 1 3
1
4 3 1

3
1
2

1
3 1


(13)

Here, both i and j represent the evaluation indicators: pipeline transportation cost, line
pack, maximum storage capacity, pressure drop, energy consumption, and user satisfaction.

This judgment matrix reflects the relative importance among the evaluation indicators.
Use this judgment matrix to calculate the weight vector of each evaluation indicator and
conduct a consistency test. This will help determine whether the judgment matrix can be ac-
cepted and the relative weights of each evaluation indicator in the decision-making process.

2.3.2. Calculation of Weight Vector and Consistency Check

Calculating the weight vector is an important step in reflecting the relative importance
of each evaluation indicator in decision-making. The calculation of the weight vector is
usually based on a judgment matrix, by solving for the largest eigenvalue of the judgment
matrix and its corresponding eigenvector. The weight vector can be specifically calculated
according to the following steps:

Normalize each column of the judgment matrix, i.e., divide each element by the sum
of its column, to obtain the normalized matrix Bij (see Equation (14)). Specifically, for the
j-th column of the judgment matrix A, the elements are a1,j, a2,j, . . ., amj. Then calculate the

column sum sj =
m
∑

i=1
ai,j, Subsequently, for each element in the j-th column, the normalized

element bi,j =
ai,j
sj

, After this processing, the elements of each column sum to 1. Next, sum
the normalized matrix by rows to obtain a column vector (see Equation (15)). Similarly,
normalize this column vector. Finally, calculate the scoring weight matrix Xi for each
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evaluation indicator, where xi represents the weight of each indicator (see Equation (16)).
The calculation results of the weights for each evaluation indicator are shown in Table 1.

Bi,j =


b1,1 b1,2 . . . b1,6

b2,1 b2,2 . . . b2,6
...

...
. . .

...
b6,1 b6,2 . . . b6,6

 (14)

bj =


∑ b1,j

∑ b2,j
...

∑ b6,j

 (15)

Xj =


x1

x2
...

x3

 (16)

Table 1. Scoring weight table for each evaluation indicator.

Evaluation
Indicator

Pipeline
Transportation Cost Line Pack Gas Storage

Capacity
Pressure

Drop
Energy

Consumption
User

Satisfaction

Weight xj 0.2584 0.2054 0.1419 0.1166 0.1419 0.1357

Among them, i, j ∈ {1, 2, 3, 4, 5, 6} represent pipeline transportation cost, line
pack, maximum gas storage capacity, pressure drop, energy consumption, and user
satisfaction, respectively.

These weights reflect the relative importance of each evaluation indicator in the
assessment, providing a critical basis for subsequent decision-making analysis. However, it
is still necessary to conduct a consistency check on the results. The consistency check is
a crucial step in the Analytic Hierarchy Process (AHP), used to evaluate the consistency
degree of the judgment matrix and ensure the rationality and reliability of the decision
outcomes. By performing the consistency check, it is possible to guarantee the consistency
and precision of the decision-making process, thereby promptly identifying and correcting
logical contradictions within the judgment matrix. The consistency check is typically
carried out by calculating the consistency ratio (CR) of the judgment matrix, as shown in
Equation (17).

CR =
CI
RI

(17)

In the formula, CI is the consistency index that measures the consistency of the
judgment matrix; RI is the average random consistency index of the same order (where the
order n is identical). The value of RI is typically determined by referring to a predefined
table or through calculation.

The formula for calculating CI is shown in Equation (18).

CI =
λmax − n

n − 1
(18)

In the formula, λmax is the maximum eigenvalue of the judgment matrix, and n is the
order of the judgment matrix (i.e., the number of evaluation indicators, which is set to 6 in
this paper).
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If the CR value is less than 0.1, the inconsistency level of the matrix is considered
acceptable; if the CR value exceeds 0.1, the test fails, and the relative importance of each
evaluation indicator must be reassessed until the CR value meets the consistency require-
ment. For calculating the maximum eigenvalue λmax, various numerical methods can be
employed, with the power method being one common approach, and another method
involves direct computation using linear algebra software. This paper utilizes the built-in
tools of the commercial software MATLAB (R2021 b) to directly compute the value of λmax.
For the judgment matrix in the table above, the calculated maximum eigenvalue λmax

is 6.3852, and the consistency index CI is 0.07704. The RI value is typically obtained by
referring to a standard table; for a 6th-order judgment matrix, this paper adopts a typical RI
value of 1.24, resulting in a calculated CR value of 0.06213. Since the CR value is less than
0.1, the consistency test confirms that the consistency of the judgment matrix is satisfactory,
and the weight vectors of all elements are reasonable and reliable.

2.4. Objective Function

After completing the weight vector calculation and consistency test, the process moves
to the scheme evaluation and selection phase. The objective of this stage is to combine
the scheme data with the weight vector to assess the advantages and disadvantages of
each scheme and select the optimal one, i.e., to calculate the total score of each scheme by
integrating the data and the weight vector. For calculating the total score under various
operating conditions, the results of the six evaluation indicators for each condition can first
be multiplied by their respective weights to obtain the score for each indicator. Then, the
overall score for each condition can be calculated by combining the weight distribution and
the results of the six evaluation indicators.

However, due to the differences between the actual data and the ideal state data for
scoring, the actual data need to be converted into percentage-based scores. The ideal state
is set as follows: the pipeline transmission fee and gas storage capacity are at their maxi-
mum values, the line pack is at its theoretical optimal value, the pressure drop and energy
consumption are at their minimum values, and the user satisfaction is 100 points. The calcu-
lated scores of the six evaluation indicators are computed in accordance with Equation (19),
and the total score is calculated based on Equation (20). After the scheme evaluation, the
optimal scheme is determined according to the level of the comprehensive score.

Pj =
Sj

Sjop
(19)

S = Pj × xj (20)

In the formula, j takes values of 1, 2, 3, 4, 5, and 6, representing pipeline transporta-
tion cost, line pack, maximum gas storage capacity, pressure drop, energy consumption,
and user satisfaction, respectively; S denotes the total score; Pj represents the calculated
score for each evaluation indicator; xj is the weight of each evaluation indicator; Sj is
the result score for each evaluation indicator; and Sjop is the optimal result score for each
evaluation indicator.

3. Evaluation Program Development
Establishing a customized evaluation model for pipeline gas distribution allocation

schemes can overcome the limitations of fixed allocation methods and provide a more
comprehensive assessment of the overall benefits of different gas distribution strategies.
This model adopts a multi-objective decision-making approach to form a more holistic
and scientific evaluation system. To more accurately assess the gas distribution schemes
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for different stations, functional relationships between the allocated gas volumes at each
station and the evaluation indicators are established [29]. These functional relationships
serve as the core component of the gas distribution scheme evaluation model, enabling
the assessment of the comprehensive benefits of various allocation strategies. This will
help identify the optimal gas distribution scheme to maximize both economic and social
benefits [30].

The evaluation program operates through a workflow consisting of user-defined
offtake volume settings, computation, result display, and feedback. The user interface
design emphasizes friendliness and ease of use, including layout, input prompts, result
presentation, and operational feedback. The web design adheres to principles of simplicity,
intuitiveness, and efficiency, covering page layout, interactive design, visual design, respon-
sive design, and functional flow. The evaluation program uses HTML as the foundational
structure for web pages, combined with JavaScript to implement interactivity and dynamic
functionality. This allows users to interact via browsers, while JavaScript handles user
inputs, computes results, and updates page content. Program users can also perform data
management and report generation-related operations through the interactive interface,
such as importing, exporting, editing, and storing data related to natural gas pipeline
distribution schemes (including offtake point information, offtake volume settings, pipeline
parameters, etc.). Additionally, data can be sorted, filtered, and edited. The program uses
pop-up windows to receive user-input data, performs background calculations based on
this input, and finally updates and displays the results on the interactive page. The work-
flow of the customized evaluation model for pipeline gas distribution allocation schemes is
illustrated in Figure 4.

The program enables users to input offtake volumes for different compressor stations
and automatically obtains an evaluation score for the corresponding gas allocation scheme.
This ensures fairness in judgment indicators and transparency in data calculations. The
model not only helps decision-makers comprehensively understand the strengths and
weaknesses of gas allocation schemes but also provides critical reference for optimizing
and improving these schemes.

Figure 4. Flowchart of the customized evaluation model for pipeline gas offtake allocation scheme.
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4. Case Study
In this study, a long-distance natural gas pipeline was selected as the research sample.

This pipeline is equipped with 1 gas inlet point, 4 offtake points (marked as A to D),
and 1 compressor station. It has a total length of 900 km, an outer diameter of 1016 mm,
and a wall thickness of 17.5 mm, with a design pressure of 12 MPa and a minimum
pressure requirement of 5 MPa at the offtake points. The pipeline transmission capacity
is 1.2 × 106 m3/h, and the relevant parameters of the pipeline are listed in Table 2. The
topological structure of the pipeline is shown in Figure 5.

Table 2. Basic parameters of the pipeline.

Parameter Value

Pipe material X70
Total pipeline length 900 km

Outer diameter of pipeline 1016 mm
Pipeline wall thickness 17.5 mm

Designed transmission capacity 1.2 × 106 m3/h
Transmission temperature 303 K

Designed pressure 12 MPa
Ambient temperature 278 K

Figure 5. Schematic diagram of the pipeline topology.

4.1. Gas Allocation Schemes

Under normal operating conditions, the offtake volumes at points A, B, C, and D are
204,000 m3/h, 456,000 m3/h, 252,000 m3/h, and 288,000 m3/h, respectively. Considering
a fluctuation range of 80% to 120% for each offtake volume, a total of eight different gas
allocation schemes are designed, as shown in Table 3.

Table 3. Gas allocation at each offtake point under different schemes.

Offtake Point A
204,000 m3/h

Offtake Point B
456,000 m3/h

Offtake Point C
252,000 m3/h

Offtake Point D
288,000 m3/h

Scheme 1 120% 100% 100% 100%
Scheme 2 100% 120% 100% 100%
Scheme 3 100% 100% 120% 100%
Scheme 4 100% 100% 100% 120%
Scheme 5 80% 100% 100% 100%
Scheme 6 100% 80% 100% 100%
Scheme 7 100% 100% 80% 100%
Scheme 8 100% 100% 100% 80%



Energies 2025, 18, 5544 15 of 19

4.2. Calculation Results of Each Indicator

For the eight gas allocation schemes, the basic data of pipeline transmission fee, line
pack, maximum gas storage capacity, transmission pressure drop, energy consumption,
and user satisfaction for each scheme were obtained by calculating with the above formulas
and simulating with TGNET software (V4.0.1), as shown in Table 4.

Table 4. Evaluation indicator parameters for the eight gas allocation scheme.

Operating
Condition

Pipeline
Transportation

Cost/10,000 CNY)
Line Pack/106 m3

Maximum Gas
Storage

Capacity/m3

Pressure
Drop/MPa

Energy Con-
sumption/kW

User Sat-
isfaction

Optimal Ideal Values 119.91 0.42 7,361,674.56 1.04 13,681,225.00 100.00
Normal Operating

Condition 108.11 0.42 6,285,221.06 1.10 18,434,042.00 100.00

Scheme 1 110.63 0.42 5,878,675.38 4.48 17,608,800.00 94.60
Scheme 2 119.91 0.41 5,428,702.15 2.99 13,681,225.00 93.19
Scheme 3 113.48 0.41 5,788,754.33 3.82 15,230,936.00 94.36
Scheme 4 110.06 0.41 5,722,660.63 1.04 14,208,204.00 94.18
Scheme 5 105.60 0.43 6,735,445.15 3.93 19,089,804.00 95.90
Scheme 6 96.32 0.44 7,361,674.56 2.73 21,668,782.00 96.11
Scheme 7 102.75 0.43 6,848,406.62 3.40 20,998,544.00 95.98
Scheme 8 106.17 0.43 6,935,003.11 1.10 21,681,293.00 96.02

The theoretical optimal values of pipeline transmission fee and gas storage capacity are
set as theoretical maximum values; the theoretical optimal values of pipeline pressure loss
and compressor energy consumption are set as theoretical minimum values; the theoretical
optimal value of line pack is determined according to boundaries such as the maximum
operating pressure of the pipeline and the minimum inlet pressure of the compressor;
and the theoretical optimal value of user satisfaction is set at 100 points. Taking the
determination of the theoretical optimal value of line pack as an example, as shown in
Figure 6. The line pack is divided into six major control areas. For a certain natural gas
pipeline, under the condition of satisfying all constraints such as the compressor operating
characteristics of the pipeline system and the minimum pressure requirements of end-users,
the maximum line pack can be determined according to the maximum outlet pressure of
the compressor (the maximum operating pressure of the pipeline), and the minimum line
pack can be determined according to the minimum value of the minimum inlet pressure of
the compressor and the minimum pressure of users. The corresponding target line pack,
allowable line pack, etc., can all be determined within this range according to the principle
of equal division. The theoretical optimal value of line pack is located between the target
high line pack and the target low line pack.

4.3. Recommended Scheme

After obtaining the specific scores for each of the six evaluation indicators, the total
scores and rankings of the eight different schemes were calculated based on the weights of
each indicator, as shown in Table 5. The interface of the developed program is illustrated in
Figure 7.

From the ranking results, it can be observed that Scheme 6 achieved the highest com-
prehensive score of 94.40, indicating that it represents the optimal gas allocation strategy.
This provides decision-makers with robust support for selecting the most suitable pipeline
gas allocation scheme based on specific requirements and conditions in practical applica-
tions. Meanwhile, for schemes with lower scores, further analysis is needed to identify the
underlying causes, and corresponding optimization measures should be implemented to
enhance the overall performance of the gas allocation strategies.
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Figure 6. Determination of the theoretical optimal value of line pack.

Table 5. Data conclusions for eight different operating conditions.

Operating
Condition

Pipeline
Transportation Cost

Line
Pack

Maximum Gas
Storage Capacity

Pressure
Drop

Energy Con-
sumption

User
Satisfaction

Total
Score Ranking

Normal Operating
Condition 91.34 99.37 82.65 74.48 92.00 94.40 93.70 8

Scheme 1 95.72 99.37 76.20 99.03 69.35 93.73 93.69 9
Scheme 2 99.27 98.15 69.07 83.63 83.63 93.69 93.88 5
Scheme 3 96.35 98.15 74.78 92.00 74.48 93.71 93.71 7
Scheme 4 94.88 98.15 73.73 69.35 99.03 93.70 93.73 6
Scheme 5 86.95 98.15 89.78 93.22 74.48 93.88 93.89 4
Scheme 6 83.41 97.29 99.71 83.10 90.38 94.02 94.40 1
Scheme 7 86.33 98.15 91.58 90.38 77.10 93.89 93.96 3
Scheme 8 87.79 98.15 92.95 74.48 92.00 93.96 94.02 2

 

Figure 7. Interface of the natural gas pipeline allocation scheme evaluation program under fair open
access mode.
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5. Conclusions and Outlook
(1) This study applies the fair open access model to the natural gas market, establishing

a weighted scoring framework to evaluate natural gas pipeline allocation schemes. By
implementing a fair and open mechanism, it ensures equal opportunities and resources for
all parties, promoting healthy competition in the natural gas market.

(2) Six evaluation indicators determining the effectiveness of natural gas pipeline
allocation schemes were identified from both commercial and technical perspectives:
pipeline transportation cost, line pack, maximum storage capacity, pressure drop, en-
ergy consumption, and user satisfaction. Using the Analytic Hierarchy Process (AHP), the
weights of these indicators were determined as 0.2584, 0.2054, 0.1419, 0.1166, 0.1419, and
0.1357, respectively.

(3) The six evaluation indicators can be applied in engineering practice to realize the
reasonable evaluation of different gas transmission schemes. The self-developed evaluation
program for natural gas pipeline gas volume allocation schemes under the fair and open
model enables the automatic generation of the evaluation score for a scheme once the
allocated gas volume of different offtake stations is input.

(4) To continuously optimize and enhance the effectiveness of the evaluation system,
making it adaptable to diverse scenarios and needs, additional evaluation indicators and
weight distributions should be incorporated. For example, safety performance indicators
such as natural gas leakage risk at stations and environmental impact indicators like waste
gas emissions could be included. This would enable a more comprehensive assessment of
the advantages and disadvantages of natural gas pipeline allocation schemes.
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