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ABSTRACT

The carbon emissions and cost during the construction phase are significant contributors to the oilfield
lifecycle. As oilfields enter the late stage, the adaptability of facilities decreases. To achieve sustainable
development, oilfield reconstruction was usually conducted in discrete rather than continuous space.
Motivated by economic and sustainability goals, a 3-phase heuristic model for oilfield reconstruction was
developed to mine potential locations in continuous space. In phase 1, considering the process charac-
teristics of the oil and gas gathering system, potential locations were mined in continuous space. In phase
2, incorporating comprehensive reconstruction measures, a reconstruction model was established in
discrete space. In phase 3, the topology was further adjusted in continuous space. Subsequently, the
model was transformed into a single-objective mixed integer linear programming model using the
augmented e-constraint method. Numerical experiments revealed that the small number of potential
locations could effectively reduce the reconstruction cost, and the quality of potential locations mined in
phase 1 surpassed those generated in random or grid form. Case studies showed that cost and carbon
emissions for a new block were reduced by up to 10.45% and 7.21 %, respectively. These reductions were
because the potential locations mined in 1P reduced the number of metering stations, and 3P adjusted
the locations of metering stations in continuous space to shorten the pipeline length. For an old oilfield,
the load and connection ratios of the old metering station increased to 89.7% and 94.9%, respectively,
enhancing operation efficiency. Meanwhile, recycling facilitated the diversification of reconstruction
measures and yielded a profit of 582,573 ¥, constituting 5.56% of the total cost. This study adopted
comprehensive reconstruction measures and tapped into potential reductions in cost and carbon
emissions for oilfield reconstruction, offering valuable insights for future oilfield design and construction.
© 2025 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

reconstructing oilfields. Furthermore, the construction cost of the
OGGS accounts for approximately 30%—40% of the total cost of

As oilfields progress into the mid and late stages, the production
of old wells continually declines, and the water cut rises to over 90%
(Feng et al.,, 2022; Huang et al., 2023). Meanwhile, due to the un-
even distribution of infrastructure and exploitation level in oilfield
blocks, the oil and gas gathering system (OGGS) encounters inef-
ficient operations in its late stage, such as the low load and high-
cost operation at metering stations and pipelines (Ji et al., 2021;
Bai et al, 2022). These inefficiencies can be alleviated by
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oilfield construction (Rahmawati et al., 2012; Liu et al., 2015), and
the carbon emissions during the construction phase are the highest
among all sub-stages over the oilfield lifecycle (Huang et al., 2021;
Xu et al.,, 2022). Thus, the old oilfield is taking a significant social
responsibility for economic operation and environmental protec-
tion (Zhang et al., 2021; Wang et al., 2022; Tang and Li, 2023).
According to the production evolution law of oilfield, the life-
cycle of an oilfield is divided into three phases: the rising produc-
tion phase in the early stage, the stable production phase in the mid
stage, and the decreasing production phase in the late stage (Silva
and Guedes Soares, 2021; Sun et al, 2021; Ji et al, 2023).
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However, several oilfields have entered the late stage of develop-
ment and are facing a series of production challenges (Song et al.,
2013; Yuan and Wang, 2018; Zhang et al.,, 2022). During this
stage, the decline in formation energy leads to decreased produc-
tion of old wells, reduced load ratio of station facilities, and excess
capacity of gathering pipelines. The operation status of oilfields is
not in the economic range (Yuan and Wang, 2018). Additionally, as
the gathering radius of old wells gradually shortens, the current
topology of the OGGS cannot ensure the safe and stable trans-
portation of produced fluids to the processing facilities (He et al.,
2019).

The problems mentioned above hinder the efficient operation of
old oilfields, which can be mitigated through oilfield reconstruc-
tion. On the one hand, to ensure the sustainable development goal
of increasing production in old oilfields, infill wells are drilled in old
blocks to enhance oil recovery (Malallah et al.,, 2021), and new
blocks are developed to increase production (Yan et al., 2021). Thus,
it is vital to ensure that the new wells are compatible with existing
facilities during reconstruction. On the other hand, in order to
achieve economic and efficient operation of old blocks, some low-
load metering stations and gathering pipelines may be recycled to
improve the overall load ratio of the OGGS. However, integrating
new wells into the existing system and recycling old facilities will
change the topology and the operation status of the OGGS. There-
fore, it is highly valuable to explore how to reconstruct oilfields in
an economic and low-carbon manner to enhance the adaptability
between the old and new blocks.

Previous work on the optimization of the oilfield surface system
has primarily focused on new pipe networks. Zhou et al. (2015)
decomposed the optimization of the new pipeline network into
several sub-problems, including dividing well groups, locating
metering stations, determining the connection of trunk lines, and
optimizing pipe diameters. To make the design optimization model
realistic, reservoir dynamics were modeled by Ramos Rosa et al.
(2018), and the hydraulic characteristics of the gathering pipeline
were considered by the piecewise linearization method (Hong
et al., 2019). Additionally, Dbouk et al. (2021) introduced terrain
undulations into the optimization model to project the optimiza-
tion model in 3D space. Intelligent algorithms have also been
employed to solve design optimization models (Wu et al., 2022;
Yue et al, 2023; Liu et al., 2024). For example, unsupervised
learning and clustering algorithms were used to divide well groups
(Wang et al,, 2021). Intelligent algorithms have the advantage of a
fast solution but may fall into local optima as the model size in-
creases (Liu et al., 2019, 2024). The above design optimizations of
new pipeline networks, which consider new wells and ignore the
impact of old systems, can no longer meet the needs of late-stage
oilfield development.

There have been many studies on the reconstruction of various
pipeline systems, especially water pipeline networks, but few on
the OGGS. Due to the aging of pipes, some pipes were replaced, and
Shin et al. (2016) developed an optimization model for rehabili-
tating water pipeline systems to minimize the costs of pipe
replacement, renovation, and repair. The increase in precipitation
reduced the adaptability of urban water drainage networks, so
Iglesias-Rey et al. (2017) proposed a rehabilitation model whose
decision variables included the rehabilitation and replacement of
existing pipes, as well as the operation scheme of pumps. To
address urban water supply disruptions caused by earthquakes,
Taheri and Pishvaee (2024) developed a regret-based redesign
optimization model for the urban water supply network to opti-
mize water flow, construction locations, and pipeline connections.
Although research on water pipeline system reconstruction pro-
vides a reference for old oilfields, there are obvious differences in
their topologies and operation modes. Wang et al. (2018b)
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established an optimization design model for restructuring the
OGGS in the mid to late stages, which adopted measures for recy-
cling pipelines and transfer stations but did not include con-
structing new pipelines. The above research focused on
reconstruction optimization within the existing system. Natural gas
transportation networks are often extended in the late stage, and
multi-period construction optimization models have been estab-
lished (Uster and Dilaveroglu, 2014; Wang et al., 2018c; Hong et al.,
2020). However, these models mainly decide on the new pipeline
construction schemes at different periods, ignoring pipeline recy-
cling. Overall, current optimization efforts on the OGGS recon-
struction separate the internal reconstruction of existing systems
from the integration of new systems, lacking comprehensive
reconstruction measures that combine recycling with new con-
struction of pipelines and facilities.

In the design of pipeline networks, station facilities, such as the
metering station and transfer station, are co-located with wells in
most studies, meaning that these optimization efforts are con-
ducted in discrete space (Zhang et al., 2017; Wang et al., 2018a;
Zhou et al., 2021). Few studies have focused on mining the potential
locations of facilities in continuous space. Wang et al. (2012) and
Silva and Guedes Soares (2019) assumed that the arithmetic mean
of the coordinates of the wells in a well group was the optimal
location of the metering station. He et al. (2019) assigned different
production weights to wells, and took the sum of the product of the
production weights and coordinates of wells as the construction
location of the metering station. With the centroid position ob-
tained through clustering representing the station location,
Sanchez et al. (2022) applied the k-means clustering algorithm to
address the recharging station location problem. The aforemen-
tioned methods are essentially weighting or clustering methods,
and can not adjust the station facilities to the optimal location in
continuous space. Moreover, the OGGS features special process
characteristics, such as connection number and gathering radius
constraints. The traditional Weiszfeld algorithm can address the
station location problem in continuous space, but it does not apply
to the gathering radius constraint (Weiszfeld and Plastria, 2008).
Thus, considering the process constraints of the OGGS, little
attention has been paid to obtaining high-quality potential loca-
tions for station facilities in continuous space.

The objective of network design optimization is usually invest-
ment cost (Ramos Rosa et al., 2018; Allen et al., 2022), reliability (He
et al,, 2019; Wu et al., 2022), and transported volume (Alves et al.,
2016). However, the carbon footprints of the single pipeline, natural
gas transmission system, and crude oil transmission were studied
(Zubail et al., 2021; Xu et al., 2022; Chen et al., 2023), which found
that the construction phase accounts for a significant portion of the
total carbon emissions over the lifecycle. Hence, carbon emission
assessment in the oilfield cannot be overlooked.

Concluded from the reviewed literature, although there are
several optimization studies on the design of new pipeline net-
works, internal reconstruction of existing networks, and multi-
period network construction, oilfield reconstruction presents
unique challenges. The reconstruction measures of oilfields are
comprehensive, including the recycling of inefficient and high-cost
facilities in the old system and the integration of the new system.
Additionally, current pipeline design optimizations are often con-
ducted in discrete space, leading to suboptimal facility locations.
There exists a gap in mining high-quality potential locations of
facilities in continuous space while accounting for the process
characteristics of the OGGS. Lastly, it is necessary to consider the
low-carbon in addition to the economy. To address the above lim-
itations, this study developed a new design model for oilfield
reconstruction to promote the sustainable development of oilfields,
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which made the following contributions.

(1) Taking various reconstruction measures, such as the recy-
cling and new construction of pipelines and metering sta-
tions, a 3-phase heuristic model for the OGGS reconstruction
was proposed. This model can provide economic and low-
carbon construction schemes for the new block. Addition-
ally, this model can connect new blocks and infill wells to the
old oilfield, enhancing the adaptability between new and
existing systems.

(2) Considering the special process characteristics of the OGGS,
phase 1 (1P) mined the potential locations of the newly-built
metering station in continuous space. Phase 2 (2P) obtained
the topology of the OGGS in discrete space. Phase 3 (3P)
adjusted the locations of newly-built metering stations and
the topology of OGGS in continuous space. These phases
effectively mined the potential locations in continuous space.

(3) With the economic and low-carbon goals, the optimization
model could provide a reference for the decarbonization of
the OGGS.

(4) The superiority and applicability of the proposed model were
demonstrated through numerical experiments and two case
studies: one for a new block and another for an old oilfield.

2. Methodology

Fig. 1 shows the research framework of this study, consisting of
data collection, the reconstruction optimization model for oilfields,
numerical experiments, case studies, and results output modules.

2.1. Problem description

As an indispensable component of the oil and gas field surface
system, the OGGS transports production fluid from wells to the
central processing facility (CPF). The process flow of the OGGS is
illustrated in Fig. 2(a). The production fluid from wells is metered at
metering stations. Transfer stations are responsible for pressuring
and heating the production fluid. The CPF dewaters natural gas,
stabilizes crude oil, and recovers natural gas liquid. This study
primarily focused on the scope from the well to the metering sta-
tion, which incurs the highest construction cost and involves the
most complex connection relationship among the entire process
flow of the OGGS.

In the mid to late stages of oilfield development, the reduction in
formation energy shortened the gathering radius of old wells.
Moreover, some old facilities may deteriorate to a point where they
are recycled because of the long-term operation. Therefore, the
reconstruction measures shown in Fig. 2(b) were adopted to
address these issues. If a metering station is recycled, the wells
connected to it must be reassigned to other metering stations.
Additionally, new wells in new blocks and infill wells in old blocks
need to be integrated into the existing OGGS. In other words, as
shown in Fig. 2(b), the pipelines were adjusted in following man-
ners: one “reservation” (some pipelines connecting the old well
and reserved metering station), three “recycling” (the pipelines
connecting the abandoned well and reserved metering station,
some pipelines connecting the old well and reserved metering
station, and the pipelines connecting the old well to recycled
metering station), and four “newly-built” (the pipelines connecting
the old well and reserved metering station, old well to newly-built
metering station, newly-built well to reserved metering station,
and newly-built well to newly-built metering station).

To enhance solving efficiency, the following assumptions were
made in this study.
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1) There was no serial connection between the wells, and each well
was connected to only one metering station.

2) The scope from the well to the metering station was studied,
while the scope from the metering station to the CPF was
excluded.

3) The influences of pipeline height differences and obstacles were
not considered.

2.2. Mathematical model

2.2.1. 1P: mining the potential locations of the newly-built metering
station

The goal of 1P is to mine potential locations of the newly-built
metering station outside the well sites, considering the process
characteristics of the OGGS, such as the maximum processing ca-
pacity and connection number constraints of the metering station,
as well as the gathering radius of the well. As shown in Fig. 3, circles
are drawn with newly-built wells and old wells as the centers and
the gathering radius of wells as the radius. The intersection points
of these circles are defined as the set K°.

In 1P, the candidate locations for the newly-built metering sta-
tion consist of new wells, old wells, old metering stations, and
intersection points, i.e.,, K = ["ul°yJUK®. Where I" is the set of new
wells; I° is the set of old wells; J is the set of old metering stations.
Define I as the union of I°, I*, and I. Where I is the set of recycled
wells. In addition, old metering stations and the pipelines con-
nected to old wells were not recycled in 1P.

(1) Objective function

The objective of 1P is the minimum number of open metering
stations, as follows:

min Fy = "y

keK

(1)

where, v, is a 0-1 decision variable that determines the open
scheme of the metering station in 1P, and if the metering station at
point k is open, it equals 1; otherwise, it equals O.

(2) Constraints
a) Facility existence constraints

If the recycling measure of old facilities is performed, some old
metering stations will be recycled, and the mined potential loca-
tions may not adequately consider the topology information of the
old system. Therefore, old metering stations are not recycled in 1P,
as follows:

v=1VvVke] (2)

In 1P, the pipeline-related reconstruction measures include
constructing new pipelines and recycling the pipelines connecting
to the abandoned wells, so the existence constraints of the pipeline
are as follows:

b .
Bikt :Zi/<t — Z‘.}{t + B{;d viel, VICE_I, vteT

1

3)

where, B, is a 0—1 decision variable, if a pipeline with specification
t exists between well i and point k after optimization, it equals 1;
otherwise, it equals 0. B;,, determines the topology of the OGGS in
1P, including the connections between wells and metering stations
as well as the pipeline specification. Bj;, is a 0-1 decision variable
that determines the new construction scheme of the pipeline in 1P,
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@ New well
@ Old well
@ Abandoned well

% Intersection point

Fig. 3. Diagram of the intersection points of circles.

if a new pipeline with specification t is constructed between well i
and point k, it equals 1; otherwise, it equals 0. Zy, is a known 0—1
variable that represents the topology of the existing system before
1P, if a pipeline with specification t exists between well i and point k
before optimization, it equals 1; otherwise, it equals O. Zl?;g is a
known 0—1 variable that represents the connections between
abandoned wells and old metering stations before 1P, if a pipeline
with specification t exists between abandoned well i and point k
before optimization, it equals 1; otherwise, it equals 0. T is the set of
pipeline specifications.

b) Well constraints

The new and old wells are only connected to one metering
station, while the abandoned well is not connected to the metering
station because the pipelines connecting to the abandoned well
will be recycled, as follows:

Z ZBikt =u°® Viel

keKteT

(4)

where, u° is a known 0—1 variable that represents the type of well,
and if well i is a new well or an old well, it equals 1; if well i is an
abandoned well, it equals O.

Due to friction loss and heat loss, if the pipeline connecting the
well and the metering station is too long, the fluid's temperature
and pressure at the end of the pipeline become low, leading to
potential accidents such as crude oil condensate and excessive back
pressure (Liu et al., 2020). Therefore, the distance between a well
and its connected metering station must be within the well's
gathering radius, as follows:

> Bielie < D> BieRie Viel

keKteT keKteT

(5)

where, L is the distance between well i and point k. R is the
gathering radius of the well i with specification t.

c) Old metering station constraints

The metering station has a fixed number of connection in-
terfaces. Moreover, an excessive processing rate will overload the
furnace and transfer pump in the metering station. Therefore, each
old metering station must meet the requirements for connection
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number and processing capacity, as follows:

SN "By <NP™ vke] (6)
ielteT
> B < QP Vke] (7)
ielteT

where, g; is the production rate of well i. N®* is the maximum
connection number of the old metering station at point k&J. Q"%
is the maximum processing capacity of the old metering station at
point k<].

d) Newly-built metering station constraints
Similarly to the old metering station, if a newly-built metering

station is open at point ke K — J, it must meet the requirements for
the connection number and processing capacity, as follows:

> Bie < (1—v)N+NWMX vk e K ] (8)
ielteT
> giBie < (1 - )N+ QW™ vk e K — ] 9)

ielteT

where, N'€W:maX g the maximum connection number of the newly-
built metering station. Q"¢WMX {g the maximum processing ca-
pacity of the newly-built metering station. N is a sufficiently large
number.

e) Economic flow velocity constraints

The flow velocity in the pipeline is a key factor in determining
the appropriate pipeline specifications. To ensure the economic
construction and operation of the gathering pipeline, the flow ve-
locity should be within an economical range.

qi < ZZBiktUmaxst viel (10)
keKteT

qi>> > By™"S; Viel (11)
keKteT

where, v™3 and ™" are the upper and lower bounds of the eco-
nomic flow velocity, respectively. S; is the cross-sectional area of
the pipeline with specification t.

The model presented in 1P yields the decision variable v. If v, =
1 keK — ], the point k becomes the potential location of the newly-
built metering station. Define the set I as the potential locations of
the newly-built metering station.

2.2.2. 2P: oilfield reconstruction model in discrete space

The goal of 2P is to develop the oilfield reconstruction model in
discrete space. The potential locations of the newly-built metering
station mined by 1P contain extensive information about the pro-
cess characteristics of the OGGS and thus serve as candidate loca-
tions for the newly-built metering station in 2P. These candidate
locations for the newly-built metering station in 2P consist of new
wells, old wells, old metering stations, and the potential locations
of the newly-built metering station mined in 1P, ie, M =
mulPyjult.

(1) Objective functions
a) Economic goal
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The reconstruction cost includes the construction costs of
newly-built metering stations and newly-built pipelines, as well as
the recycling profits of old metering stations and old pipelines, as
follows:

min FeCO CSB + CPB CSR _ CPR (12)
SB= %" PpCB° (13)
meM
B=>"5"> (LB} CBY) (14)
ielmeMteT
=> PLCR;, (15)
mej
R=D"3  (LimB§n CRY) (16)
ielmejteT

where, P}, is a 0—1 decision variable, and if a new metering station
is constructed at point m, it equals 1; otherwise, it equals 0. P§, is a
0—1 decision variable, and if the old metering station at point m is
recycled, it equals 1; otherwise, it equals 0. P}, Py, determine the
new construction and recycling schemes of the metering station in
2P, respectively. Bjy . is a 0—1 decision variable, if a new pipeline
with specification t is constructed between well i and point m, it
equals 1; otherwise, it equals 0. B, , is a 0—1 decision variable, and
if the old pipeline with specification t between well i and point m is
recycled, it equals 1; otherwise, it equals 0. B, ,, B, determine the
new construction and recycling schemes of the pipeline in 2P,
respectively, including the connections between wells and meter-
ing stations as well as the pipeline specification. CS8, CPB are the
construction costs of newly-built metering stations and newly-built
pipelines, respectively. CSR, CFR are recycling profits of old metering
stations and old pipelines, respectively. CBS is the cost of con-
structing a new metering station. CR;, is the profit of recycling the
old metering station at point m. CBY is the cost of constructing the
pipeline with specification ¢ per unit length. CR? is the profit of
recycling the pipeline with specification t per unit length. L;;, is the
distance between well i and point m.

b) Environmental goal
The environmental objective is to minimize the total carbon

emissions, including carbon emissions from the construction and
recycling of metering stations and pipelines, as follows:

min F§" = CESB 4 CEP® 4 CESR + CE™R (17)
CE® = > PhEB® (18)
meM
CEP®=>">""> " (LimB},EB}) (19)
ielmeMteT
CER = " PRER® (20)
meM
CEPR=>">""(LimBG:ER?) (21)
ielmejteT

where, CESB, CEPB are the carbon emissions of constructing newly-
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built metering stations and newly-built pipelines, respectively.
CESR, CEPR are the carbon emissions of recycling old metering sta-
tions and old pipelines, respectively. EBS, ERS are the carbon emis-
sions of constructing a new metering station and recycling an old
metering station, respectively. EB? is the carbon emissions of con-
structing the pipeline with specification ¢ per unit length. ERY is the
carbon emissions of recycling the pipeline with specification t per
unit length. EBS, ERS, EBP and ERY are obtained by carbon footprint
analysis (Chen et al., 2023), detailed in Supplementary Material,
Section S3.

(2) Constraints
a) Facility existence constraints

The reconstruction measures for the metering station include
reservation, recycling, and new construction, so the existence
constraints of the metering station are as follows:

s _ pb n
Pm *Pm + Pm

—PS, YmeM (22)

PS, <P2 vmeM (23)
where, P}, is a 0—1 decision variable that determines the recon-
struction scheme of the metering station in 2P, and if a metering
station exists at point m after reconstruction, it equals 1; otherwise,
itequals 0. P, is a known 0—1 variable that represents the existence
scheme of the old metering station before reconstruction, and if a
metering station exists at point m before reconstruction, it equals 1;
otherwise, it equals 0. Eq. (22) determines whether there is a
metering station at point m after reconstruction. Old metering
stations may be recycled, as expressed in Eq. (23).

Similar to the metering station, the existence constraints of the
pipeline are as follows:

zib

imt

BC

imt

Bime =Zime — Ziine + Bijne — viel,vmeM,VvteT (24)

Bft <Zime Viel, VmeM, VteT (25)
where, B;;;;; is a 0—1 decision variable, and if there is a pipeline with
specification t between well i and point m after reconstruction, it
equals 1; otherwise, it equals 0. Z;,, is a known 0—1 variable, and if

a pipeline with specification t exists between well i and point m

before reconstruction, it equals 1; otherwise, it equals 0. Zf‘rgt isa
known 0—1 variable, if a pipeline with specification t exists be-
tween abandoned well i and point m before reconstruction, it
equals 1; otherwise, it equals 0. Eq. (24) determines whether there
is a pipeline with specification t between well i and point m after
reconstruction. Old pipelines may be recycled, as expressed in Eq.
(25).

b) Well constraints

The new and old wells are only connected to one metering
station, while the abandoned well is not connected to the metering
station because the pipelines connected to the abandoned well will
be recycled, as follows:

> Bime=pf° Viel

meMteT

(26)

The new and old wells must meet the gathering radius
constraint, as follows:
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Well belonging to other well groups

(b)

Oy = (x y°)
A0

p
(X CEIWy yDEﬂ)

ym pru)

W,
Fig. 4. The optimization step in continuous space.
> BimeLim< > > BimeRie Vil 27) > Bimt< (1 — Py, +P51)N+N$ax vmej (28)
meMteT meMteT ielteT
> 4iBime < (1= P+ Py )N+ Q™ vmeJ (29)

c) Old metering station constraints

If there is an old metering station at point m after reconstruc-
tion, this station must satisfy the requirements for the connection
number and processing capacity, as follows:
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ielteT

where, Nj® is the maximum connection number of the old
metering station at point me&j. Q¥ is the maximum processing
capacity of the old metering station at point mej.
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d) Newly-built metering station constraints

Similarly to the old metering station, newly-built metering
stations must satisfy the requirements for connection number and
processing capacity, as follows:

> Bime < (1-Pp)N+N"WMX ymeM (30)
ielteT

D> aiBime < (1-Pp)N+QW™X vmeM (31)
ielteT

e) Economic flow rate constraints

G < D) Bimy™*S; Viel (32)

meMteT
Gi> > > Bimy™"S; Viel (33)

meMteT

The model presented in 2P can provide a reconstruction solution
in discrete space, which includes the construction locations of
newly-built metering stations and new pipelines, and whether old
metering stations and old pipelines should be recycled.

2.2.3. 3P: adjusting the locations of metering stations and topology
in continuous space

The reconstruction scheme provided by 2P is optimal only in
discrete space. However, the newly-built metering station could be
located anywhere in the continuous space that satisfies the gath-
ering radius constraint for each well in the well group. Thus, there is
a possibility for improvement in the locations of newly-built
metering stations and the connection relationships between wells
and metering stations. To address this issue, Cooper's algorithm,
which consists of an optimization step in continuous space and a
re-allocation step in discrete space, is employed (Cooper, 1964). The
optimization step optimizes the locations of metering stations in
continuous space, followed by the re-allocation step to adjust the
connection relationships. These steps alternate until the topology
cannot be further improved. The traditional Weiszfeld algorithm is
commonly used to solve the optimization step, but it has a limi-
tation as it cannot consider the gathering radius constraint (Vardi
and Zhang, 2001). Therefore, a projection operation was incorpo-
rated into the Weiszfeld algorithm in the optimization step to
consider the gathering radius constraint, and the modified Cooper's
algorithm is as follows.

Step 1 (S1): The optimization step in continuous space

Fig. 4 illustrates the procedure for S1 with an example. As shown
in Fig. 4(a), four new wells are connected to one newly-built
metering station. The gathering radius of each well was
expressed as:

Ri= > BimRy Viel

meMteT

(34)

Define well group set C = {p, q, m, n}. Point O is the location
recommended by 2P for a newly-built metering station. S1 adjusts
the point O to the optimal location within the intersection area in
Fig. 4(a). The projection operation incorporated into the Weiszfeld
algorithm is described in detail below:

(1) As shown in Fig. 4(b), (x°¢", y“°M) is the center of the smallest
circle that encloses all wells in the set C. If (x®", y“*?) lies in
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the intersection area, then define the initial iteration location
(xt,y") = (xcen yceny: otherwise, (xf,y") = (x°,y°).

(2) Get the recommended location (x",y") by the traditional
Weiszfeld algorithm (Vardi and Zhang, 2001). As shown in
Fig. 4(c), if (x",y") lies in the intersection area, i.e., (x,y")
(x¥1 y"1), set the next iteration location (xt*1,yt+1) = (xW1,
y"1), and proceed to step (4); if (x¥,y") does not lie in the
intersection area, i.e., (x",y%) = (x"2,y"?), and go to step (3).

(3) The detailed procedure for step (3) is as follows:

® Define set ScC as the wells that do not satisfy the gathering
radius constraint relative to (x*,y"). As shown in Fig. 4(c),
S ={m,p}.

® Define (x°,y°) as the coordinate of a well sS. Define set B as
the points that are Rs away from well s and lie on the segment
connecting (x,y*) and (x",y"). As shown in Fig. 4(d), B =
{(xP-Pro_yp:Proy (xmpro ymproyi The point in the set B that is
cloest to (xt,y") is chosen as the next iteration location (x'*1,
yt+1)' ie., (Xt+1,yt+l) — (xm,pro’ym.pm)_

The derivation of the mathematical expression of step (3) is
detailed in Supplementary Material, Section S1.

(4) If |(xt1,yt*1), (x, )| < €1, gO to (S2), otherwise, return to
step (2). 1 is a small value.

Step 2 (S2): The re-allocation step in discrete space

As shown in Fig. 4(d), the recommended location of the newly-
built metering station is moved from (x,y!) to (x*+1,yt*1)_If there
are Wy and W, wells near the well group set C, the distances be-
tween the recommended location and both W; and W, wells
become shorter, and it is possible that W; and W, wells may be
merged into the well group set C from other well groups. The
connection between wells and metering stations can be further
optimized by modifying the optimization model of 2P.

The modification to the model of 2P is that the locations of
newly-built metering stations are predetermined by S1, so only the
connection relationship between the metering station and the well
is optimized in S2. For example, the location of a newly-built
metering station is moved from point O to (x™,y™) as shown in
Fig. 4(d), and then the location of this newly-built metering is
predetermined as (x™,y™) in the model of 2P.

If the change in the objective goal does not meet the accuracy
requirement (AF, < &), return to S1; otherwise, the loop ends. ¢; is
a small value.

2.3. Solving methods

There was a clear trade-off between economic and environ-
mental goals, and the augmented e-constraint method (AUGME-
CON) was adopted to solve the multi-objective model in 2P
(Mavrotas, 2009; Mavrotas and Florios, 2013). Further details about
the AUGMECON are presented in Supplementary Material, Section
S2. Besides, the optimization models of 1P and 2P, and the re-
allocation step in 3P are mixed integer linear programming
(MILP) models, which were solved by the optimization solver
GUROBI 11.0 based on the branch and bound algorithm (Neumann
etal,, 2022). As an algorithm for solving the MILP model, the branch
and bound algorithm is known for high stability and the ability to
find the globally optimal solution (Tomazella and Nagano, 2020). Its
basic principle involves initially relaxing integer variables into
continuous variables to convert the original problem into a relaxed
problem. Subsequently, the feasible solution space is continually
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Table 1

Optimization effect of the 1P and 3P.

The

With potential location (considering 1P)

No. The number Gathering Without potential location (without considering 1P)

optimization

radius, m

of wells

ratio of cost, %

63[’

52P

3P

2P

1P

3P

2P

The number of
(C3P), 10® newly-built metering

Cost

The number of Cost Computation

The number Computation

of potential time (t1}), s

locations
(add'P)
14.1

The number of

(C3P), 10° newly-built metering

Cost

Computation

(C28), 10° time (t2), s

Cost
¥

(CZ), 10% time (t2), s
¥

the potential
locations

stations (NumZ)

¥

stations (Numg}))

¥

left in 2P (add?)

113

23.68
19.39
11.3

21.76
17.24
10.12
21.71

219

24,978
19,110
17,246
47,890
36,904
32,848
80,472
62,658
57,390

04
0.3
0.3

25,618
19,662
17,584
49,011
37,910
33,620
82,080
64,067
58,260

04
0.6
1.0
14
2.7
4.5

314

32,728
23,707
19,443
62,552
45,711
36,429

03

32,741
23,759
19,564
62,602
45,827
36,643

1000
1500
2000
1000
1500
2000
1000
1500
2000
1000
1500
2000

50

)]

13.7

7.6

4.5
218

10.2

20.5

0.3
03

()
(3)

10.3

8.1

139

23.44
19.27

9.83
25.58

413

14
1.2
1.2

5.1

28.0

59.5

1.1

(4) 100

(5)
(6)

17.28
8.25

24.16

259

149

20.6

393

1.0

19.1

8.3
36.1

16.1

25.6
100.9

1.1
41

65.8

6.9
239
102.5

48.2

108,139

108,234
73,478
62,390

(7) 200

(8)
(9)

14.34
717
23.94

12.81

40.1

49

23.2

339

58.0

73,150
61,823

4.2

6.62
22.51

313

136,803 105.9

4.8

139,593 204

9.0
60.8

25.0

36.9
162.4

44

42.6
396.7
1159.2

82.6
5

179,860
120,358

107,183

17.0

180,152
121,233

108,191

(10) 400
(11)
(12)

9.83
5.34

8.77
5.21

62.5

108,529
101,459

19.6

110,604
102,554 383

86.9 6.2 38.0

174

53.8

7.9

43.1

574

19.7

(C3F, — €30y /C3F, < 100%. 6% and 6°" characterized the optimization effect of the potential locations mined in 1P of 2P and 3P, respectively.

(2 — ) /C2, x 100%, 6°F =

Note: 62
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partitioned into subregions (branch), and the lower bound for
each branch is computed (bound). Ultimately, the optimal solu-
tion is found through iterative cycles (Watanabe et al., 2023;
Denat et al., 2024).

3. Numerical experiments

The numerical experiments aimed to verify the optimization
effect of the potential locations of the newly-built metering sta-
tion mined in 1P and the modified Cooper's algorithm in 3P. The
following cases were compared: (1) potential locations were not
generated, i.e., the 3-phase heuristic model without considering
1P; (2) potential locations were mined in 1P of the 3-phase heu-
ristic model, i.e., the 3-phase heuristic model considering 1P.

In numerical experiments, the locations of wells were gener-
ated randomly. The number of wells was [50, 100, 200, 400], and
the gathering radius was [1000, 1,500, 2,000, 2500] m, respec-
tively. The production rate of a new well is 150 m>/d. The basic
parameters for the pipeline and metering station are detailed in
Supplementary Material, Section S3, and a detailed description of
the symbols used in the numerical experiments is shown in
Supplementary Material, Section S4. To minimize random error,
each numerical experiment was repeated 20 times, and the
averaged results are shown in Table 1. The computation time of 3P
was less than 1 s, so it was not reported in Table 1. The mathe-
matical models were run on a personal computer with 16 GB RAM,
an AMD Ryzen 3700X 8-Core Processor (3.6 GHz) and a Radeon RX
590 Series graphics card.

As shown in Table 1, the potential locations of the newly-built
metering station mined in 1P significantly cut the costs. For
example, in numerical experiment No. (10), 82.6 potential loca-
tions of the newly-built metering station were added, and the cost
in 2P fell from 1.802 x 108 to 1.396 x 108 ¥, leading to an opti-
mization ratio of 22.51%. Meanwhile, the cost in 3P fell from
1.799 x 108 to 1.368 x 10% ¥, with an optimization ratio of 23.94%.
Moreover, it was observed that the number of newly-built
metering stations considering 1P (Numg'g ) was overall much
smaller than the number of metering stations without considering
1P (Numa,"p). The above phenomenon inferred that the reason for
the cost reduction is that the potential locations mined in 1P can
significantly decrease the number of newly-built metering sta-
tions. As for the computation time of 2P, because of the small
number of potential locations mined in 1P, there was no signifi-
cant difference in the computation of 2P time between the

3000

/] without potential location (without considering 1P)
2500 4 777 with potential location (with considering 1P)

2000 A

1500 A

1000 A

Cost reduction by 3P, 10° ¥

500 o

1000 1500 2000 | 1000 1500 2000
100 wells

50 wells 200 wells 400 wells

Gathering radius, m

Fig. 5. Cost reductions after applying 3P.



vv6

Table 2
Comparison of different methods for generating potential locations.
No. The number of  Gathering 1P 2P 3P The selection
wells radius,m The number of potential ~ The cost of 2P, 10° ¥ The optimization ratio The cost of 3P, 10° ¥ The optimization ratio O.f
. . . potential
locations of the newly-built of 2P, % ratio of 3P, %

. . locations, %
metering station

Random 1P of the 3- Random form  Grid form 1P of the 3- ;2P )élr’i Random form  Grid form 1P of the 3- ;3P /1;’1 Mran Ngri Nep

form phase heuristic (CZ,) (Cérpi) phase cr) (Cérlz) phase

(add'®) model (add'?) heuristic heuristic

model (CZ) model (C3F)

(1) 50 1000 334 141 31,923 31,650 25,618 19.75 19.06 31,886 31,600 24978 21.66 20.96 8.05 8.13 80.14
(2) 1500 235 10.2 22,933 22,942 19,662 14.27 14.30 22,795 22,788 19,110 16.16 16.14 7.85 7.93 74.38
3) 2000 19.6 8.1 18,492 18,537 17,584 491 5.14 18,319 18,341 17,246 585 597 6.87 6.25 55.28
(4) 100 1000 63.3 28.0 60,741 60,640 49,011 19.31 19.18 60,657 60,535 47,890 21.05 20.89 7.98 7.81 78.00
(5) 1500 47.7 20.6 44,347 44,254 37,910 14.51 14.33 44113 43,995 36,904 16.34 16.12 7.28 7.77 72.33
(6) 2000 36.0 16.1 35,425 35,453 33,620 5.10 5.17 35,047 35,123 32,848 6.27 6.48 6.70 5.14 51.71
(7) 200 1000 106.5 48.2 103,338 102,909 82,080 20.57 20.24 103,066 102,624 80,472 21.92 21.59 7.04 7.27 74.87
(8) 1500 75.9 33.9 71,645 71,641 64,067 10.58 10.57 71,115 71,048 62,658 11.89 11.81 6.49 6.95 68.44
9) 2000 58.8 25.0 59,544 59,379 58,260 2.16 1.88 58,905 58,740 57,390 2.57 230 4.81 4.32 35.87
(10) 400 1000 1771 82.6 173,248 172,520 139,593 19.43 19.09 172,660 171,890 136,803 20.77 2041 6.69 7.05 73.61
(11) 1500 122.2 56.2 118,987 119,014 110,604 7.05 7.07 117,817 117,832 108,529 7.88 7.90 6.36 6.14 67.53
(12) 2000 97.2 43.1 103,534 103,524 102,554 0.95 0.94 102,522 102,577 101,459 1.04 1.09 3.60 3.66 18.35

. @ 2P o 32P o33P o 33P o
Note: @ Ay, = (Cahy, — C25)/CH, x 100%, Agyy = (Cgﬁ -3 /Cég x 100%, Aizn = (Gily — C2F) JC % 100%, Agri = (Cgﬁ - /Céfi x 100%.
@ Nran, Ngri and 7, are the selection ratio of potential locations. The selection ratio of potential locations = The number of potential locations left in 2P from the set I* + The number of the potential locations of the newly-built

metering station (add™ or add'”) x 100%.

ID 32 Ung A-M ‘Suppm M ‘uayd [

6S6—6¢6 (5207) Zz 2uas wnajoL1ad
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Fig. 6. Pareto frontier of case 1.

numerical experiment that mined potential locations in 1P (tgg )
and not generating potential locations (t&v[;). In numerical experi-
ment No. (10), 82.6 potential locations increased the calculation
time of 2P from 17.0 to 20.4 s.

The modified Cooper's algorithm in 3P could lower the pipeline
construction cost, thus reducing the total cost. Fig. 5 shows the cost
reductions after applying 3P when potential locations of the newly-
built metering station were mined in 1P, as well as when the po-
tential location of the newly-built metering stations was not
generated. In 3P, the connection relationship between metering
stations and wells was adjusted, while the number of newly-built
metering stations remained unchanged. Consequently, the cost
reductions after applying 3P quantified the reduction in pipeline
construction cost. Furthermore, the cost reductions after applying
3P with potential locations were larger than those without poten-
tial locations. For example, in numerical experiment No. (10), when
the potential locations mined in 1P, the cost reduction was
2.79 x 108 ¥ which was larger than the cost reduction (2.92 x 10° ¥)
when there were no potential locations. Thus, it was found that the
potential locations mined in 1P had an indirect optimization effect
on the cost of 3P. Finally, as the gathering radius increased, the gap
between the cost reductions after applying 3P with potential lo-
cations and those without potential locations was gradually
narrowed.

To evaluate the quality of the potential locations mined in 1P,
three methods for generating potential locations were compared:
(1) potential locations mined in 1P of the 3-phase heuristic model,
(2) potential locations generated in random form, and (3) potential
locations generated in uniform (grid) form. To further demonstrate
the superiority of method (1), if method (1) generated n potential
locations, methods (2) and (3) generated (ceil(\/ﬁ))2 > 2n po-
tential locations.

The potential locations of the newly-built metering station
mined in 1P exhibited high quality. As indicated in Table 2, for 2P,

the costs obtained by method (2) (CZ) and method (3) (Céfi) were

higher than those obtained by method (1) (cggj). For example, in
numerical experiment No. (10), the optimization ratios of 2P in

random (%)) and grid (Aéfi) forms were 19.43% and 19.09%,

respectively. The previous law also held for 3P, as evidenced by the
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fact that the costs obtained by method (2) (C2F)) and method (3)

(ng) were higher than those obtained by method (1) (C3}). For

example, in numerical experiment No. (10), the optimization ratios

of 3P in random (12}, ) and grid (A;fi) forms were 20.77% and 20.41%,
respectively. Furthermore, the selection ratios of potential locations
generated by methods (2) (1,,) and (3) (1g) were lower than
those by method (1) (7). Overall, despite the higher numbers of
potential locations generated by method (2) and method (3)
compared to method (1), the optimization effects achieved by
method (2) and method (3) were lower than those achieved by
method (1).

4. Case studies

Two hypothetical cases were selected as research objects to
validate the superiority and applicability of the proposed model in
both new block construction and old oilfield reconstruction.

4.1. Case 1: A new block

In this case, the basic data for 46 new wells are presented in
Fig. 7(a). The notation “a|b” next to the new well represents “well
number| production rate”. The notation [i, j, k] next to the metering
station represents [metering station number, number of wells
connected to the metering station, amount of fluid processed at the
metering station].

As shown in Fig. 6, there are 16 Pareto frontier points, each
representing an optimal solution. Some of the Pareto frontier points
are close to each other, and enlarged views of points ¢ and d are
given at the top of Fig. 6. Point a (economic goal) and point p
(environmental goal) were selected for further analysis.

The optimization process under the economic goal is shown in
Fig. 7. Fig. 7(a) presents the optimal solution for 1P, involving five
potential locations for newly-built metering stations. The optimal
solution for 2P is shown in Fig. 7(b), where the metering stations
[1], [2], [3], and [4] were from potential locations, resulting in the
selection ratio of potential locations being 80%. However, the po-
tential location where metering station [5] was located in Fig. 7(a)
was abandoned, and metering station [5] was constructed at W26
in Fig. 7(b).

The 3P was iterated three times. Fig. 7(c) and (d) shows the first
iteration. Fig. 7(c) illustrates the optimization process of S1, where
the locations of all six metering stations changed, with metering
station [3] undergoing the most significant adjustment. Further-
more, Fig. 7(d) illustrates the optimization process of S2. As the
distance between metering station [3] and W36 was shortened in
S1, W36 was assigned to metering station [3] from metering station
[4]in S2. Similarly, the connection relationships of W14, W19, W30,
and W31 also changed due to the location changes of metering
stations in S1.

Fig. 7(e) and (f;) shows the second iteration. Fig. 7(e) shows the
optimization process of S1, and the locations of metering stations
whose connections changed in the first iteration were adjusted.
Taking the metering station [6] as an example, it no longer con-
nected to W14 on its up and W30 on its below, while the W19 on its
left was merged into it from the metering station [2], as shown in
Fig. 7(d). Consequently, as shown in Fig. 7(e), the metering station
[6] moved in the direction closer to W19 to reduce the pipeline
length. The optimization process of S2 is shown in Fig. 7(f1), where
W31 and W30 were reconnected to metering stations [5] and [6],
respectively. Fig. 7(f,) shows the third iteration. The locations of the
metering stations [5] and [6] changed slightly, while the topology of
the OGGS did not change. The final topology and pipeline
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Fig. 7. The optimization processes of (a) 1P, (b) 2P, and (c—f) 3P under the economic goal.

specifications are shown in Fig. 1 and Table S6, Section S5.1.

In previous pipeline network design optimizations, metering
stations were typically co-located with wells, meaning the opti-
mization studies were conducted in discrete space. Thus, the
optimization result of 2P without generating potential location was
employed as the baseline case in this study. Compared to the
baseline case, the proposed model had significant advantages.
Table 3 presents the optimal results with different methods. In the
baseline case, the cost and carbon emissions were 12,314,257 ¥ and
2,558,301 kg COye, respectively. Under the economic goal, the 1P of
the proposed model mined five potential locations, and four of
them remained in 2P, resulting in a high selection ratio of 80%.
Compared to the baseline case, the cost in 2P decreased to
11,187,881 ¥, achieving an optimization ratio of 9.15%. The cost in 3P

decreased to 2,651,562 ¥, with an optimization ratio of 10.45%.
Under the environmentally optimal conditions, the total carbon
emissions were reduced to 2,373,840 kg CO,e, which was 7.21%
lower than those of the baseline case (2,558,301 kg COxe).
Furthermore, the 3P of the proposed model effectively reduced
the cost and carbon emissions, and the potential locations mined in
1P could enhance the optimization effect of 3P. Building on the
baseline case, adjusting the locations of metering stations in
continuous space through 3P decreased the cost from 12,314,257 to
12,212,186 ¥, achieving an optimization ratio of 0.83%. Meanwhile,
the carbon emissions were decreased from 2,558,301 to
2,520,365 kg CO.e, achieving an optimization ratio of 1.48%.
However, when potential locations were mined in 1P of the pro-
posed model, the 3P reduced the cost from 11,187,881 to 10,935,888
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Table 3
Optimal results with different methods.
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Without generating potential location (no 1P)

Economic goal Environmental goal

Generating potential location In 1P
In 1P In the random In the grid
1P Number of intersection points / 970 / / 970
Number of newly-built metering stations | 6 / / 12
Number of potential locations mined in 1P | 5 16 16 5
2P Length of the newly-built pipe, m 31,672 38,086 35,779 31,626 37,262
Cost, ¥ 12,314,257 11,187,881 11,873,690 12,307,967 15,075,656
Carbon emissions, kg COze 2,558,301 2,757,023 2,711,208 2,559,322 2,388,309
3P Number of newly-built metering stations 8 6 7 8 10
Length of the newly-built pipe, m 30,923 36,236 34,519 30,824 37,057
Cost, ¥ 12,212,186 10,935,888 11,702,009 12,198,758 15,047,776
Carbon emissions, kg COye 2,520,365 2,651,562 2,636,863 2,511,892 2,373,840
Cost optimization ratio of 2P (vs. no 1P), % / 9.15 3.58 0.05 —34.75 (vs. economic goal)
Cost optimization ratio of 3P (vs. no 1P), % 1045 418 0.11 —37.60 (vs. economic goal)
Cost optimization ratio of 3P (vs. 2P), % 0.83 2.25 1.45 0.89 0.18
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Fig. 8. Construction plan of an old oilfield in the late stage.

¥, with the cost optimization ratio increasing to 2.25%. Meanwhile,
the carbon emissions decreased from 2,757,023 to 2,651,562 kg
COye, with the carbon emission optimization rate rising to 3.8%. The
reason why 3P could reduce carbon emissions and cost lies in the
shortened length of newly-built pipelines. Since 2P took the new
wells, old wells, old metering stations, and the potential locations
mined by 1P as the candidate locations, the optimization process of
2P was conducted in discrete space. However, 3P could further
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adjust the newly-built metering stations to the optimal location in
the continuous space, thereby shortening the length of the newly-
built pipelines. As shown in Fig. 7 and Table 3, under the economic
goal, when potential locations were mined in 1P, the number of
newly-built metering stations in 2P was the same as that in 3P, but
the length of new-built pipelines decreased from 38,086 to
36,236 m.

Finally, the potential locations mined by the proposed method
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Table 4
Basic parameters of old metering stations.
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Number of old metering Maximum connection number/The connection number

Maximum processing capacity/The fluid volume processed before Recycling profit,

stations before optimization optimization, m?/d 103y
1] 97 1200/800 350
2] 10/9 1230/1133 420
3] 8/5 780/335 250
[4] 75 1300/635 380
[5] 5/5 900/548 280
6] 9/6 1200/725 370
7] 9/8 1200/954 350
18] 9/5 1080/602 290
[9] 8/5 1200/516 360
[10] 9/6 1400/814 410

3000 -

—*’— Pareto frontier

X Partial feasible solution

2900

2800

2700 -

2600

Carbon emissions, 10° kg CO,

2500 -

2400 T T T T
10000 11000 12000

Cost, 10° ¥

Fig. 9. Pareto frontier of case 2.

proved superior to those generated in grid and random forms. For
example, under the economic goal, when potential locations were
mined in 1P, the cost optimization ratios of 2P (vs. no 1P) (9.15%), 3P
(vs. no 1P) (10.45%), 3P (vs. 2P) (2.25%) were the highest among all
methods. In addition, although the numbers of potential locations
generated in the grid and random forms were more than twice that
mined in 1P, the costs of the latter were less than those of the
former. The above phenomena indicated that the 3-phase heuristic
model performed well in new blocks.

4.2. Case 2: an old oilfield

Fig. 8 shows the construction plan of an old oilfield in the late
stage, which includes 58 old wells, 48 new wells, 3 abandoned
wells, and 10 old metering stations. The basic parameters of the old
metering stations are shown in Table 4, and the maximum
connection number and processing capacity of the newly-built
metering station are 10, 1400 m>/d, respectively.

As shown in Fig. 9, there are 15 Pareto frontier points in this
case, where point a corresponds to the reconstruction scheme
under the economic optimum and point o corresponds to the
reconstruction scheme under the environmental optimum.

The optimization process under the economic goal is shown in
Fig. 10. As shown in Fig. 10(a), in 1P, six potential locations were
mined, five of which were left in 2P, and one was abandoned in 2P,

resulting in a selection ratio of potential locations being 83.3%. 3P
underwent two iterations. As shown in Fig. 10(a) and (b), in the first
iteration, all five new metering stations moved significantly in S1,
and the connection relationships of W101 and W95 were changed
in S2. As shown in Fig. 10(c), in the second iteration, only the
metering stations [14] and [15] were adjusted. Additionally, the
final reconstruction plan involved the recycling operations, as
detailed in Table 5 and Fig. 10. Specifically, one old metering station
and twelve pipelines, nine of which were connected to old wells
and three to abandoned wells, were recycled, yielding 582,573 ¥
and emitting 13,642 kg COe. The final topology and pipeline
specifications are shown in Fig. 2 and Table S7, Section S5.2.

The constraints directly influence the development of the
optimization scheme. As shown in Fig. 10(d), the new well W69 was
connected to metering station [2]. Suppose no wells were discon-
nected from metering station [2], its processing rate would reach
1280 m?/d, exceeding its maximum processing capacity (1230 m?/
d, Table 4). Thus, under the constraints of Eq. (31), the old well W11
was assigned from metering station [2] to metering station [1].
Moreover, all wells met the gathering radius constraints to ensure
the transportation of production fluids through gathering pipelines
to metering stations. For example, under the constraints of Eq. (27)
and economic consideration, the new well W86 was connected to
metering station [13], which was within the gathering radius,
rather than being connected to metering stations [12], [14], or
others. Additionally, Eqs. (22) and (23) also served as constraints.
Taking the old metering station [9] as an example, the known 0—1
variable PB, for this station was set to 1. Under the economic
objective, the 0—1 decision variables for this station were deter-
mined as P}, = 0, P;, =1, and P;, = 0. It can be observed that these
known and decision variables satisfied the constraints of Eqs. (22)
and (23). Finally, the known 0—1 variable u}° for the abandoned
wells was set to 0, while " = 1 for both old and new wells. Under
the constraint of Eq. (26), all gathering pipelines connected to the
abandoned wells were recycled, while each old well and new well
was connected to a metering station.

As shown in Fig. 11(a) and (b), the load ratio and connection
ratio of the old metering station rose dramatically after optimiza-
tion, with the average load ratio increasing from 60.8% to 89.7% and
the connection ratio increasing from 74.2% to 94.9%. These results
indicated that the 3-phase heuristic model effectively enhanced the
resource utilization of the old oilfield. As shown in Fig. 11(c), the
average load ratio of the new metering station was 77.1%, and the
average connection ratio was 70.0%. The lower load ratio and
connection ratio of the newly-built metering station could be
attributed to the lower well density in the new block. As more infill
wells are drilled in the new block in the future, the load ratio and
connection ratio of the newly-built metering station will gradually
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Fig. 10. The optimization processes of (a) 1P, 2P, and (b—c) 3P under the economic goal.

increase.

Table 6 shows the optimal results with different methods.
Similar to case 1, under the economic goal, when the potential lo-
cations of the newly-built metering station were mined in 1P, the
economic indicators were the best among several methods, indi-
cating that the 3-phase heuristic model had an excellent perfor-
mance in reconstructing old oilfields. For example, the cost of
generating potential locations in 1P was 10,479,060 ¥, which was
9.48% lower than the cost (11,577,075 ¥) without generating po-
tential locations. As for the carbon emissions, sacrificing 32.20% (vs.
economic goal) of the cost could lead to the environmental opti-
mum. Under the environmentally optimal conditions, the total
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carbon emissions were 2,483,120 kg CO,e, which was 8.84% lower
than that under the economic goal without generating potential
locations (2,724,085 kg COe).

4.3. Sensitivity analysis

Wellhead pressure and temperature during the design phase are
obtained through reservoir simulations. However, uncertainties in
reservoir parameters, such as porosity and permeability, often
result in discrepancies between the gathering radius during the
design phase and that during the operation phase (Silva and Guedes
Soares, 2021). Additionally, unpredictable factors like rainfall
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Table 5
Profit and carbon emissions of recycling.
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Connection Specification Length, m Recycling profit, ¥ Carbon emissions, kg CO,e
0ld pipelines connected to old wells W11-[2] 111 477 20320 1067
W25-[5] 1l 304 10944 516
W26-[5] 1l 869 31284 1472
W48-[9] [ 272 8650 399
W49-[9] 1 610 19398 893
W50-[9] 1l 411 14796 696
W51-[9] Il 895 32220 1516
W52-[9] Il 619 22284 1049
W56-[10] 1l 487 17532 825
Old pipelines connected to recycled wells W107-[3] 1 629 20002 912
W108-[3] [ 442 14056 641
W109-[7] I 348 11066 505
Old metering station [9] 360000 3152
Total recycling profit, ¥ 582573 Total carbon emissions, kg CO,e 13642

Table 6
Optimal results with different methods.

Without generating potential location (no 1P) Economic goal

Environmental goal

Generating potential location In 1P
In 1P In the random In the grid
1P Number of intersection points / 3250 / / 3250
Number of newly-built metering stations | 6 / / 10
Number of potential locations mined in 1P | 6 16 16 6
2P Cost, ¥ 11,638,899 10,703,443 11,040,303 11,638,899 13,866,761
Carbon emissions, kg COye 2,750,264 3,040,612 2,835,759 2,750,264 2,492,798
3P Number of newly-built metering stations 7 5 6 7 10
Number of reserved metering stations 9 9 9 9 10
Number of recycled metering stations 1 1 1 1 0
Cost, ¥ 11,577,075 10,479,060 10,989,928 11,577,075 13,839,029
Carbon emissions, kg COze 2,724,085 2935971 2,814,115 2,724,085 2,483,120
Cost optimization ratio of 2P (vs. no 1P), % / 8.07 5.16 0 —29.68 (vs. economic goal)
Cost optimization ratio of 3P (vs. no 1P), % 9.48 5.07 0 —32.20 (vs. economic goal)
Cost optimization ratio of 3P (vs. 2P), % 0.53 2.14 0.46 0.53 0.20

during construction may lead to project delays and increase the
pipeline construction cost. Conversely, advancements in pipe
manufacturing processes reduce manufacturing costs. Further-
more, the maximum connection number and processing capacity
varies among different types of metering stations. Overall, it can be
found that the external conditions of OGGS are dynamically
changing.

In this section, sensitivity analysis was conducted to assess the
impact of the aforementioned parameters on the reconstruction
scheme. With the economy as the objective, the proposed method
generated optimized reconstruction schemes for case 2. Due to
variations in gathering radius among wells and differences in
pipeline construction cost per unit length among pipeline specifi-
cations, the factors of gathering radius and pipeline construction
cost were introduced. These factors refer to the ratio of the gath-
ering radius to the unit gathering radius and the ratio of pipeline
construction cost per unit length to unit cost, respectively. The unit
gathering radius denotes the gathering radius of the well during
the design phase, and the unit cost denotes the current pipeline
construction cost per unit length.

4.3.1. The gathering radius

The shorter the gathering radius was, the more significant the
influence of the gathering radius on the reconstruction scheme
was. Specifically, as shown in Fig. 12, with the increase in gathering
radius, the total cost and total carbon emissions initially decreased
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sharply, followed by a gradual stabilization. Additionally, as the
gathering radius increased, a decreasing trend was observed in the
number of newly-built metering stations, accompanied by an
increasing trend in the length of newly-built pipeline. The total cost
and carbon emissions exhibited a similar trend to the number of
newly-built metering stations, implying that the number of newly-
built metering stations was the primary factor affecting the eco-
nomic and low carbon indicators of the reconstruction scheme.

4.3.2. The pipeline construction cost per unit length

As shown in Fig. 13(a), the increase in pipeline construction cost
per unit length led to an increase in the number of newly-built
metering stations and a reduction in the length of newly-built
pipeline. In addition, since 1P was unaffected by the pipeline con-
struction cost per unit length, the number of potential locations
mined in 1P remained unchanged. The above two phenomena were
the main reasons for the decrease in the selection ratio of potential
locations when the factor of pipeline construction cost was 1.6, 2.3,
3.2, and 3.6. As shown in Fig. 13(b), the total cost increased linearly
with the pipeline construction cost per unit length.

4.3.3. The maximum connection number and processing capacity of
the newly-built metering station

The sensitivity of the maximum connection number and pro-
cessing capacity is shown in Fig. 14, where <a, b, c>
denotes < maximum connection number, maximum processing
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Fig. 11. The load ratio and connection ratio of metering stations.
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capacity, optimization result>. The following discussion was based
on a fixed maximum connection number (10) to reveal the sensi-
tivity of the maximum processing capacity. When the processing
capacity was raised from 400 to 1000 m?>/d, the number of newly-
built metering stations dropped from 19 to 6, and the total cost
dropped from 23,187,493 to 11,184,484 ¥, resulting in a 51.7%
reduction in total cost. However, all parameters stabilized when the
maximum processing capacity further increased. For instance,
when the processing capacity exceeded 1300 m>/d, the total cost
and carbon emissions remained unchanged at 10,479,060 ¥ and
2,935,971 kg COye, respectively. Therefore, it can be inferred that
there was a margin for the maximum processing capacity of the
newly-built metering station.

The maximum connection number had a similar impact on the
reconstruction scheme as the maximum processing capacity, and a
margin for the maximum connection number was also identified.
Specifically, when the number of metering stations exceeded 8,
there were no changes in the number of newly-built metering
stations, the length of newly-built pipelines, the total cost, and the
total carbon emissions. In summary, for case 2, the maximum
processing capacity and connection number of the newly-built
metering station could be adjusted from 1400 to 1300 m?/d and
from 10 to 8, respectively, i.e., moving point D to point C, improving
the load ratio of the OGGS.

5. Discussions

Based on the case studies and sensitivity analyses, several
meaningful results that could provide recommendations were
presented and worth discussing in this section.

In previous pipeline network design optimization, station fa-
cilities (e.g., metering stations) were generally co-located with
existing facilities (e.g., wells), so previous optimization efforts were
operated in discrete space (Uster and Dilaveroglu, 2014; Liu et al.,
2019; Hong et al., 2020; Zhou et al., 2021, 2024). Differently,
considering the process characteristics of the OGGS, the potential
locations were mined in continuous space in this study. In case 1,
the study achieved a maximum cost reduction of 10.45% and a
maximum carbon reduction of 7.21%. Thus, conducting recon-
struction optimization in discrete space no longer meets the eco-
nomic and low-carbon development of the OGGS, and the decision-
maker should shift their attention from discrete to continuous
space to further mine high-quality potential locations. Meanwhile,
although this study focused on the “well-to-metering station”, it
also provided a reference for on-site designers to explore high-
quality construction locations for the transfer station and CPF in
continuous space.

Optimization studies on the new pipeline network design, and
multi-period network construction have been widely conducted
(Ramos Rosa et al.,, 2018; Hong et al., 2020; Wu et al., 2022; Yue
et al., 2023; Liu et al., 2024). However, these studies often focus
on constructing new facilities and overlook the recycling of old
ones. In case 2, the recycling measure was applied to an old oilfield,
and one low-load metering station and twelve pipelines were
recycled, yielding a profit of 582,573 ¥, which accounted for 5.56%
of the total cost. Therefore, decision-makers can integrate recycling
with new construction to diversify oilfield reconstruction strate-
gies. This approach not only reduces reconstruction cost but also
lowers operation cost by improving the load ratio of the facilities.

The sensitivity analysis revealed that the gathering radius
obviously impacted the optimization scheme, particularly when
the gathering radius was limited. Generally, in old and low-
permeability oilfields, insufficient formation energy often results
in a smaller gathering radius (Jiang et al, 2024), so on-site
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designers should accurately simulate the gathering radius of wells
during the design stage. Underestimating the gathering radius may
lead to a sharp increase in the reconstruction cost and carbon
emissions. Subsequently, the sensitivity analysis showed that as the
pipeline construction cost per unit length declined, the number of
newly-built metering stations decreased while the selection ratio of
potential locations rose. Therefore, it is necessary for decision-
makers to introduce new technologies to reduce the pipeline
construction cost.

Finally, as shown in Fig. 14, when the maximum connection
number and processing capacity were limited, there was a signifi-
cant decrease in total cost and carbon emissions with increasing
maximum connection number and processing capacity. However,
in case 2, once the maximum connection number exceeded 8 and
the maximum processing capacity exceeded 1300 m?>/d, the total

cost and carbon emissions stabilized. Therefore, on-site designers
should put sufficient effort into selecting the appropriate type of
metering station during the design phase, such as the multi-factor
analysis. This approach prevents high construction cost and carbon
emissions during the construction phase due to insufficient
connection number and processing capacity, as well as avoids the
low load ratio during the operation phase caused by excessive
connection number and processing capacity.

6. Conclusions

In response to the demand for the reconstruction of OGGS,
guided by sustainable development, this study developed a 3-
phase heuristic model based on potential location mining in
continuous space to evaluate the carbon emissions and cost during
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the reconstruction phase. Numerical experiments demonstrated
the superiority and applicability of the proposed model. The results
showed that a small number of potential locations could effectively
reduce the reconstruction cost. Moreover, the high quality of po-
tential locations mined in 1P was evidenced by the higher selection
ratio of potential locations compared to those generated in random
and grid form.

Case studies revealed that the proposed model performed well
in both new blocks and old oilfields. In case 1, the proposed model
reduced the cost by up to 10.45% and carbon emissions by up to
7.21% compared to the baseline case. These improvements were
attributed to the fact that the potential locations mined in 1P
reduced the number of metering stations, and the modified Coo-
per's algorithm in 3P optimized the locations of metering stations
in continuous space to shorten the pipeline length. For the old
oilfield reconstruction, the economic indicators were best when
potential locations were mined in 1P, compared to random and grid

forms. Additionally, introducing the recycling measure led to the
recovery of one metering station and twelve pipelines, yielding a
profit equivalent to 5.56% of the total cost. Lastly, the average load
ratio of old metering stations increased from 60.8% to 89.7%, and
the average connection ratio of old metering stations increased
from 74.2% to 94.9%, indicating an improvement in resource utili-
zation of the old oilfield.

Sensitivity analysis indicated that the reconstruction cost and
carbon emissions were highly sensitive to the low gathering radius,
so on-site designers should prioritize evaluating the gathering
radius for the oilfields with low gathering radius. Moreover, the low
pipeline construction cost could increase the selection ratio of
potential locations, thereby enhancing the optimization effective-
ness of the proposed model. Furthermore, sensitivity analysis
suggested that there was a margin to reduce the maximum
connection number and processing capacity of the newly-built
metering station to 8 and 1300 m®/d in case 2, respectively. This
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adjustment could improve the load ratio of metering stations,
promoting the economic and low-carbon operation of the OGGS.

The economic and carbon reduction potentials were tapped in
continuous space for oilfield reconstruction in this study, which
serves as a reference valuable for developing economic and low-
carbon reconstruction plans for oilfields. Further research could
be conducted based on this study. Over time, the compatibility
between the reconstruction design scheme and the actual opera-
tion status of the OGGS will inevitably decrease. Thus, an operation
optimization model for the OGGS should be developed to adjust the
flow directions and equipment operation schemes, improving the
operation efficiency. Additionally, this study primarily focused on
the OGGS. Since the operation status of the water injection network
influences that of the OGGS through the reservoir, it remains a
challenge to conduct reconstruction optimization research on “in-
jection system—reservoir-OGGS” for the integrated management of
oilfields.
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