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Abstract
The well factory mode can effectively reduce the drilling, platform and fracturing cost in shale gas development. The scale 
effect is an important factor affecting the flowback fluid treatment cost, and the number of wells covered on the platform 
directly affects the flowback fluid treatment scale. Based on this knowledge, multi-objective optimization of water resources 
management is carried out to study the optimal balance between economic cost and environmental impact under given con-
ditions. The result of numerical example analysis shows that increasing the number of wells per platform can significantly 
reduce 25.02% of water resources management cost and 27.2% of sewage discharge. Based on it, the optimization model of 
platform position under well factory mode is established. The proposed model studies the relationship among water resources 
management cost, drilling cost and platform position. At the same time, according to the genetic algorithm, this paper devel-
ops a strategy to solve the optimization model. The case study indicates that the optimization model can reduce the platform 
amount in a given area and increase the number of wells per platform. The study demonstrates that the proposed model can 
give full play to the technical advantages of the well factory, which significantly reduces the cost of shale gas development 
by 12.67% and 27.2% of sewage discharge.

Keywords  Well factory · Scale effect · Water resources management · Multi-objective optimization · Genetic algorithm · 
Platform optimization

1  Introduction

Shale gas development has the characteristics of large quan-
tity, poor quality and difficulty in mining. It is difficult to 
carry out an economical and efficient model for large-scale 
development methods through traditional theories. There-
fore, it is necessary to create cluster horizontal wells, to 
increase the number of wells per platform and reduce the 
number of well factory platforms. Shale gas development 
first needs to determine the well pattern in the target area, 
then the location and number of platforms, and the relation-
ship between each platform and the target. Optimizing the 
location of the drilling platform could reduce the cost of 

shale gas development. The concept of platform position 
optimization was first proposed by Devine and Lesso [1], 
who developed a model for offshore drilling. Since then, 
it has been studied by many scholars [2–4]. The solving 
algorithms for optimization model established by predeces-
sors mainly include implicit enumeration method [5], graph 
theory algorithm [2], clustering analysis method [6], genetic 
algorithm [7], etc. The objective function mainly includes 
the minimum total well depth, the minimum sum of horizon-
tal displacement and the minimum drilling cost. On the basis 
of minimum drilling cost, Wang established an optimization 
model of well factory platform position considering learn-
ing effect [8]. Most of the above studies have been applied 
to field practice of horizontal well development in shale gas 
fields, with drilling cost as the optimization objective. The 
objective function is usually just the accumulation of drilling 
cost with respect to a single well. However, water resource 
management is also an important factor affecting the opti-
mization of platform location (Fig. 1).

As fracturing technology and horizontal drilling technol-
ogy rapidly improving, the development potential of shale 

 *	 Yongsheng Liu 
	 yongsheng@cugb.edu.cn

1	 Key Laboratory of Deep Geological Drilling Technology 
of Ministry of Natural Resources, China University 
of Geosciences, Beijing 100083, China

2	 Oil and Gas Transportation and Marketing Deportation, 
Tarim Oilfield, Korla 841000, China

http://orcid.org/0000-0002-3598-5351
http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-021-05777-3&domain=pdf


11160	 Arabian Journal for Science and Engineering (2022) 47:11159–11170

1 3

gas is gradually revealed [9]. Hydraulic fracturing requires 
a large number of freshwater [10] and produces wastewa-
ter with high salinity [11], which brings great harm to the 
environment. To solve the above problems, many studies 
on water resources management have been applied in the 
shale gas development. Shih and Krupnick [12] considered 
the interests of multiple parties and established a frame-
work for a multi-objective sewage management planning 
model. Zhang et al. [13] established an uncertain optimiza-
tion model for shale gas wastewater treatment by taking the 
minimum economic cost as the objective function. Bartho-
lomew and Mauter [14] established a mixed-integer linear 
programming model considering the two goals of the maxi-
mum economic cost and minimum environmental impact. 
Existing water resources management literature only con-
sidered the issues of water access and sewage distribution, 
ignoring the scale effect of sewage treatment. Under the well 
factory model, the scale effect plays a vital role in sewage 
treatment cost, and it is also an important factor that affects 
the optimization of platform location.

2 � Process of Treatment and Reuse 
of Flowback Fluid

One of the main processes for shale gas development is 
hydraulic fracturing. The part of the injected fluid that 
returns to the surface is called the flowback fluid, which is 
high in salinity. If it is not treated, flowback fluids will con-
taminate the aquifer and surface water [15]. The composition 
of flowback fluid changes constantly during flowback pro-
cess, and the total dissolved solids (TDS) are used to express 
the total amount of dissolved substance in the flowback fluid 
[11]. The first few days after hydraulic fracturing is called 
the flowback period. At this time, a surprising amount of 
sewage flows back to the surface, which contains a low TDS 
value and can be reused after simple treatment. In the pro-
duction period of shale gas, the TDS value of flowback fluid 

will gradually increase to a peak constant value [16], and the 
flowback rate will gradually decrease and become stable. For 
sewage during the production period, decision-makers will 
conduct on-site treatment or deep well injection based on 
scientific calculation and optimization [17] (Fig. 2).

2.1 � Scale Effect

Obviously, it is convenient to deal with flowback fluid in 
centralized way for well factory development mode. As the 
number of fractured wells on the platform increases, the 
scale of the flowback fluid correspondingly increases. Mean-
while, the unit treatment cost of flowback fluid decreases 
significantly.

The recycling process of fracturing flowback fluid is 
mainly composed of sedimentation filtration and other tech-
nical units which efficiently remove suspended particles, col-
loids, bacteria and other impurities in flowback fluid to meet 
the requirements of recycling. The field treatment of frac-
turing fluid is mainly affected by raw water quality, equip-
ment scale and treatment grade. In this paper, the treatment 
of flowback fluid in production period is divided into three 
levels according to the treatment grade. Primary treatment 
clarifies and removes suspended solids; secondary treatment 
softens and removes hardness ions; three-stage treatment 
is desalination and reduces TDS concentration. After these 
three levels of treatment, the flowback fluid will reach the 
standard of discharge and can be used again.

The operating costs which have a nonlinear relationship 
with the processing scale mainly include energy consump-
tion, medicinal materials, personnel costs, etc. Dore classi-
fied sewage based on the different pollutants contained in 
sewage and first proposed treatment curve considering scale 
effect [18]. In the actual sewage treatment unit, the following 
function can be used to express the specific relationship:

(1)yt = �1x
�2
t + �t

Fig. 1   Shale gas development model diagram in mountainous areas

Fig. 2   Example flowback volume vs. TDS profile
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yt represents the equipment operation and maintenance cost 
per unit handling capacity;xt is the processing scale designed 
for the device; �t represents error coefficient; �1 and �2 refer 
to regression coefficient (Fig. 3).

3 � Mathematic Model

In shale gas development, drilling cost and water resource 
management cost make up the relatively large part of the 
total cost, so these two factors should be taken into account 
when optimizing well factory platform mode. The optimiza-
tion problem of platform [19] can be expressed as follows: On 
the premise of the given configuration of the horizontal well, 
the optimal parameters (including location, platform number, 
platform allocation and water resources management param-
eters [20]) can minimize the total cost. Actually, this is a 0–1 
integer programming problem. After elaborating the objec-
tive function and constraints, the optimization model can be 
established.

3.1 � Transportation Cost

In shale gas development, the transportation of water resources 
includes clean water and sewage. The influencing factors of 
transportation involve transportation cost per unit distance, 
transportation volume and total distance [21]. The cost of 
sewage transportation represents transporting sewage from the 
well site to the abandonment well, which can be expressed by 
considering truck transportation

The clean water transportation cost [22] denotes transporting 
the clean water from the water source to the well site

The sewage produced two weeks before the return period is 
set as l1 class, and the sewage produced after the production 

(2)Costtruck = Ctruck
⋅ Dj,s ⋅

∑
j

∑
i

∑
t

f
disposal

i,j,t

(3)Cos ttube = Ctube
⋅ Dj,d ⋅

∑
j

∑
i

∑
t

f
fw

i,j,t

period is set as l2 class. Hydraulic fracturing process includes 
l1 and l2.

Cos ttruck stands for sewage transportation cost; Cos ttube 
represents the transport cost of clean water; Ctruck is the unit 
distance transportation cost per unit of flowback fluid trans-
ported by truck; Ctube is the unit distance transportation cost 
per unit of freshwater transported by pipe; Dj,s represents the 
distance between abandonment well s and platform j ; Dj,d 
denotes the distance between water source d and platform j ; 
f rw
i,j,l,t

 represents the level l sewage volume used in hydraulic 
fracturing of well i of platform j in week t ; f fw

i,j,t
 is the clearwa-

ter of well i transported to platform j in week t; f disposal
i,j,t

 repre-
sents the quantity of sewage directly discarded from well i of 
platform j in week t;Fi,j,t is a constant, which represents the 
water required for fracturing of well i of platform j in week t ; 
Fi,j is the total amount of water required for fracturing of well 
i of platform j , t′

i,j
 is the time required to complete fracturing 

of well i of platform j.

3.1.1 � Sewage Management During Flowback Period

According to engineering experience from literature works, 
most of the flowback period is within 7–14 days [13, 23]. It is 
difficult to determine the fluctuation of flowback sewage in the 
flowback period every day, so this paper takes a week as the 
unit time. If the actual flowback period is less than two weeks, 
it can be reflected by reducing the average weekly flowback 
rate. Therefore, it is meaningful to select the first two weeks as 
the flowback period, which is beneficial to model construction.

During the flowback period, the amount of sewage pro-
duced by well i of platform j is related to the flowback rate 
and the total water required for hydraulic fracturing of the well 
[20]. The specific relationship is given as follows:

There would be reusing and abandonment of the flowback 
sewage produced in the first two weeks of hydraulic fractur-
ing directly.

(4)f
fw

i,j,t
+
∑
l

f rw
i,j,l,t

= Fi,j,t,∀i, j, t

(5)
t
�

i,j∑
t=0

Fi,j,t = Fi,j,∀i, j

(6)
t
�

i,j
+2∑

t=t
�

i,j
+1

F
fb

i,j,t
= �fbFi,j,∀i, j, t

�

i,j

(7)f
fbdisposal

i,j,t
+ f directuse

i,j,t
= F

fb

i,j,t
,∀i, j, t

Fig. 3   Processing cost versus processing scale
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The recycled flowback drainage shall not exceed the flow-
back drainage available at the wellsite. The sewage produced 
during the return period is placed in a series of centralized 
storage tanks. Referring to the idea of state transfer equation, 
the following equations can be obtained:

The amount of indirect abandoned sewage in the flowback 
period is affected by the amount of flowback sewage and the 
total amount of reuse.

F
fb

i,j,t
 represents the flowback liquid quantity of well i at 

platform j in week t of flowback schedule; �fb said flowback 
rate of fracturing in the first two weeks; f fbdisposal

i,j,t
 , f directuse

i,j,t
 is 

the decision variable, f fbdisposal
i,j,t

 means the amount of sewage 
discarded in return period of well i of platform j in week t
, f directuse
i,j,t

 means the amount of sewage reused in return period 
of well i of platform j in week t; f disposal

fbo
 represents the total 

amount of sewage produced in flowback period that needs 
to be transported to the disposal well, because it is not 
directly reused to the subsequent fracturing process; fbxt is 
the total amount of available sewage stored in the centralized 
pool at the beginning of week t , and fbyt is the total amount 
of remaining available sewage after the configuration of 
pressure cracking fluid at the end of week t.

3.1.2 � Sewage Management During the Production Period

During the production period of shale gas, the amount of 
sewage produced by well i of platform j is also related to 
the flowback rate and the total water required for hydraulic 
fracturing. The specific relationship is as follows:

The sewage produced during the production period of 
shale gas can be managed by reuse after on-site treatment 
and direct disposal.

The recycled flowback drainage shall not exceed the flow-
back drainage available at the wellsite. The sewage produced 
during the return period is placed in a series of centralized 

(8)fbxt − fbxt−1 =
∑
j

∑
i

f directuse
i,j,t

,∀t

(9)
∑
j

∑
i

f rw
i,j,l1,t

≤ fbxt − fbyt,∀j, t

(10)f
disposal

fbo
=
∑
j

∑
i

∑
t

F
fb

i,j,t
−
∑
j

∑
i

∑
t

f rw
i,j,l1,t

,∀i, j, t

(11)
∑
t

F
pr

i,j,t
= �prFi,j

(12)f onsite
i,j,t

+ f
prdisposal

i,j,t
= F

pr

i,j,t
,∀i, j, t

storage tanks. Referring to the idea of state transfer equation, 
the following expression can be obtained:

The total amount of abandoned sewage includes the dis-
carded sewage in the flowback period after hydraulic fractur-
ing of each well at each well site and the other comes from 
production period. The specific expression is as follows:

The amount of indirect abandoned sewage in the produc-
tion period is affected by the amount of sewage treated on-
site and the total amount of reuse.

F
pr

i,j,t
 represents the flowback fluid quantity of well i of 

platform j in week t at production period; �pr represents the 
flowback rate during production period; f prdisposal

i,j,t
 , f onsite

i,j,t
 is 

the decision variable, f prdisposal
i,j,t

 represents the quantity of 
sewage discarded in production period of well i of platform 
j in week t , f onsite

i,j,t
 represents the quantity of sewage reuse in 

production period of platform j in week t ; f disposalpro  represents 
the total amount of sewage produced in production period 
that needs to be transported to the disposal well, because it 
is not directly reused to the subsequent fracturing process; � 
is parameters, said the recovery rate of sewage; fbxt is the 
total amount of available sewage stored in the centralized 
pool at the beginning of week t , and fbyt is the total amount 
of remaining available sewage after the configuration of 
pressure cracking fluid at the end of week t.

3.2 � Sewage Treatment Cost

On-site treatment is a technology for flowback fluid, which 
can effectively reduce the impact on environment. At the 
same time, the reuse of sewage can greatly reduce the con-
sumption of freshwater resources. The field treatment con-
sists of three levels. Primary treatment involves coagulation 
and sedimentation, and an analogy is made with data from 
a small municipal sewage treatment plant. The secondary 
treatment involves lime soda softening, and its operation and 
maintenance cost model are based on McGivney’s model of 
the same process at various sewage treatment plants [24].
Third-stage treatment reducing salt content in flowback fluid 
includes reverse osmosis, electrodialysis, thermal method, 
etc. The operation cost mainly lies in power consumption, 

(13)prxt − prxt−1 = � ⋅
∑
j

∑
i

f onsite
i,j,t

,∀t

(14)
∑
j

∑
i

f rw
i,j,l2,t

≤ prxt − pryt,∀j, t

(15)f
fbdisposal

i,j,t
+ f

prdisposal

i,j,t
= f

disposal

i,j,t
,∀i, j, t

(16)f disposal
pro

=
∑
j

∑
i

∑
t

f onsite
i,j,t

−
∑
j

∑
i

∑
t

f rw
i,j,l2,t

,∀i, j, t
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which is less affected by scale effect [25]. The operation and 
maintenance costs of each processing level are expressed 
as follows

The total operation and maintenance cost of on-site treat-
ment of sewage produced during the shale gas development 
and production period can be obtained

When the amount of sewage treated on-site is less than 
the minimum treatment scale, the treatment cost is no longer 
affected by the scale effect. Therefore, when considering the 
scale effect, the amount of sewage treated on-site is required 
to meet the following expression

f onsite
i,j,t

 is the decision variable, representing the amount of 
sewage treated on-site at well i of platform j in week t;y1

j,t
 , 

y2
j,t

 and y3
j,t

 represent the operation and maintenance costs of 
each processing level of platform j in week t , respectively; 
Cos tonsite represents the cost of sewage treatment on-site; 
f onsite
min

 represents the minimum on-site processing size.

3.3 � Water Resources Management

Based on the original research, we introduce the scale effect 
into water resources management. The flowback fluid has 
a high concentration of dissolved solids, fracturing agents 
and other substances. Without on-site treatment, sewage will 
cause waste of water resources and do harm to the environ-
ment. Water resources management involves the allocation 
of clean water, sewage treatment and the recycling of treated 
sewage, which is a systematic engineering problem (Fig. 4).

Water resources management usually needs to consider 
the economic cost and the environmental impact compre-
hensively. The environmental impact is represented by the 
amount of sewage reinjected into the deep well, and the 

(17)y1
j,t
= 124.0

(∑
i

f onsite
i,j,t

)−0.452

,∀i, j, t

(18)y2
j,t
= 109.8

(∑
i

f onsite
i,j,t

)−0.584

,∀i, j, t

(19)y3
j,t
= 0.417

(∑
i

f onsite
i,j,t

)−0.3048

,∀i, j, t

(20)Cos tonsite =
∑
j

∑
i

∑
t

f onsite
i,j,t

⋅ (y1
j,t
+ y2

j,t
+ y3

j,t
),∀i, j, t

(21)
∑
i

f onsite
i,j,t

≥ f onsite
min

economic cost is represented by the transportation cost and 
the treatment cost [26]. The economic cost of the treatment 
is expressed as

The environmental impact of the treatment solution is 
expressed as

EW  represents environmental impact; EN  is the eco-
nomic cost; Costtruck stands for sewage transportation cost; 
Costtube represents the transport cost of clean water; 
Costonsite represents the cost of sewage treatment on-site; 
f
disposal

i,j,t
 represents the amount of sewage directly discarded 

from well i of platform j in week t .
Consider minimizing economic cost and environmental 

impact, the multi-objective optimization [20] function of 
water resources management is expressed as

E∗
N

 is the minimum economic cost; E∗
W

 represents the 
minimum environmental impact; w1 and w2 represent the 
relative importance weight of economic cost and environ-
mental impact when the sum of the two is 1; Enew

W
 and Enew

N
 

are the normalized environmental impact and economic 
cost, respectively. When w1 and w2 take different values, 
different optimal solutions can be obtained.

(22)EN = Costtruck + Costtube + Costonsite

(23)EW =
∑
j

∑
i

∑
t

f
disposal

i,j,t
+ f

disposal

fbo
+ f disposal

pro

(24)minF = w1E
new
W

+ w2E
new
N

(25)Enew
W

=
EW

E∗
W

(26)Enew
N

=
EN

E∗
N

Fig. 4   Water flow in shale gas development
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3.4 � Drilling Cost

Single well drilling cost is closely related to borehole track, 
casing design, drilling and completion technology, etc. [27, 
28]. Under the premise of drilling and completion construction 
scheme, single well drilling cost can be regarded as a function 
of horizontal section length, lateral displacement and longi-
tudinal displacement between wellhead and target. Figure 5 
shows the relative position relationship between platform and 
horizontal segment. Point O represents the platform and line 
AB represents the horizontal segment.

The lateral length is independent of the platform location, 
so the cost of lateral drilling part is not taken into account. 
The drilling cost expression of single well j of the platform is

Here,

Here, li,�i,j and �i,j represent the length of the horizontal 
segment of i , longitudinal offset and lateral offset between 
platform j and the horizontal segment of i ; d1 , d2 , d3 and d4 
represent the correlation coefficient of drilling cost of a single 
well; Xj and Yj represent the coordinates of the center point of 
the j platform; xA,i , yA,i , xB,i and yB,i represent the coordinates 
of the heel end and finger end of the horizontal segment of i , 
respectively.

3.5 � Cost of Platform

The platform cost can be regarded as a function of the number 
of wells drilled on the platform [29], which is expressed as:

(27)fi,j
(
li, �i,j, �i,j

)
= d1�

2
i,j
+ d2�i,j + d3�

2
i,j
+ d4�i,j

(28)
�i,j =

|||
(
yB,i − yA,i

)
Xj −

(
xB,i − xA,i

)
Yj − xA,iyB,i + yA,ixB,i

|||∕li

(29)�i,j =

√(
Xj − xA,i

)2
+
(
Yj − yA,i

)2
− �2

i,j

(30)pj = �
[
a0 + b0

(
Nj − 1

)]

 pj represents the construction cost of platform j ; � said plat-
form of the construction costs per unit area; Nj represents the 
number of wells drilled on platform j;a0 and b0 are constants.

3.6 � Well Factory Platform Optimization

Based on the existing research [30], the proposed model 
takes the influence of water resources management on well 
factory location into account. To sum up, the total cost of all 
platform wells includes drilling cost, platform cost and water 
resources management cost, which is expressed as

Constraint conditions:

 and

Here, pj represents the construction cost of platform j ; wj 
represents the transportation cost of reinjection processing 
of platform j ; fi,j represents the drilling cost of single well 
i of platform j ; EN is the cost of platforms water resources 
management;NW represents the number of wells to be built; 
NP represents the number of platforms to be built; Nmax rep-
resents the maximum number of wells drilled on the plat-
form. fmax represents the maximum drilling cost per well; ti,j 
is the decision variable. If well i is completed by platform j , 
ti,j = 1; otherwise, ti,j = 0.

4 � The Strategy of Solution

For the platform position optimization method, the previ-
ously used algorithms are only applicable to some specific 
simpler systems. The well factory platform optimization can 
be solved quickly according to the principle of genetic algo-
rithm [31]. When using genetic algorithm [32] to solve the 
established model, the corresponding relationship between 
well and platform is considered in coding, crossover and 
mutation operation. On the basis of the traditional genetic 
algorithm [7], this paper adds the dynamic penalty function, 

(31)min Z =

NP∑
j=1

[
Nw∑
i=1

ti,jfi,j + pj

]
+ EN

(32)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

NP∑
j=1

ti,j = 1,∀i, j

NW∑
j=1

ti,j = Nj,∀i, j

Nj ≤ Nmax,∀j

fi,j ≤ fmax,∀i, j

(33)ti,j ∈ {0, 1},∀i, j

Fig. 5   Schematic diagram of the relative position between platform 
and horizontal section
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which can reduce calculating time and minimize the pos-
sibility of falling into local optimal result.

4.1 � Initialization and Encoding

The initial population is generated by random selection, and 
binary coding is used in the coding process. If the number 
of wells and the number of platforms are NW and NP , the 
decision matrix is NW × NP . In the decision matrix, each row 
can only have one 1, which means that each well can only be 
drilled by one platform. The sum of each column should not 
be greater than Nmax , indicating that the number of wells in 
one platform should not exceed its maximum capacity. For 
the convenience of operation, the decision matrix is trans-
formed into NW × NP elements of the vector, and on behalf 
of a chromosome. Taking three wells on three platforms as 
an example, the coding process is as follows (Fig. 6):

4.2 � Choose

In the selection operation, the chromosome with the high-
est fitness function value is selected according to the given 
fitness function for the next operation. To ensure that the 
number of wells drilled by platform j do not exceed the 
maximum capacity of the platform, the fitness function is 
limited by penalty factor. If the number of wells drilled by 
platform j is greater than the maximum capacity of the plat-
form, the penalty term is added to punish it. The dynamic 
penalty function method [33] is a direct and effective method 
to deal with constraint optimization problems. The fitness 
function is expressed by:

(34)

F = Nwfmax + NPCmax + ENmax − Nj ≤ Nmax

NP∑
j=1

[
Nw∑
i=1

ti,jfi,j + pj

]
− EN

(35)

F = Nwfmax + NPCmax + ENmax − Nj > Nmax

NP∑
j=1

𝜎

Nw∑
i=1

ti,jfi,j −

NP∑
j=1

pj − EN

F is the fitness function, fmax is the maximum allowable 
cost of single well drilling, Cmax is the maximum cost of plat-
form construction, ENmax is the maximum cost of platform 
water resources management, � is the penalty factor.

In the dynamic penalty function method [34], the penalty 
factor � varies with the number of iterations. S-type penalty 
function can ensure local convergence and global searching 
ability, as shown in Fig. 7.

gen is the number of iterations, Gmax is the maximum 
number of iterations, and k1 and k2 are parameters, whose 
values directly affect the range of �.

In the initial stage, the small value of the penalty function 
enables the population to obtain the optimal global solution. 
In contrast, at the last stage, the large value of the penalty 
function limits the search for the feasible region and forces 
the population to converge to the optimal solution.

After the fitness function of each chromosome is calcu-
lated, the roulette is used to select the chromosome, and the 
selection probability of the chromosome can be calculated 
by the following formula.

Here, Pi represents the selection probability of chromo-
some i;� said representation selection probability of con-
stant;Fi represents the fitness function value of chromo-
some i;Fmax represents the maximum fitness function in the 
population.

(36)�(gen) = 10k1(1 + (k2 ⋅ gen∕Gmax)
−2)−1

(37)Pi = e
−�

Fmax−Fi

Fmax

Fig. 6   Encoding diagram

Fig. 7   Variation in � versus gen
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4.3 � Cross

The crossover operation can randomly exchange the genes of 
two chromosomes and generate new chromosomes. In this 
paper, the single-point crossover method is adopted. Con-
sidering the constraints in the established model, the genes 
after the crossover position are exchanged.

Pcross  represents  the  in te rsec t ion  pos i t ion ; 
unidrnd

(
Nw − 1

)
 means to randomly generate an integer 

between 1 and Nw − 1.

4.4 � Variation

Mutation operation can randomly change the selected chro-
mosome genes, thus avoiding local convergence of the algo-
rithm. Taking three wells and three platforms as an example, 
the schematic diagram of crossover and mutation operations 
is shown in Fig. 8.

5 � Case Study

A shale gas development well site in a mountainous area of 
Sichuan Province, China, is selected as the research object. 
There is a first-class tributary of the Yangtze River near 
the well site with abundant water, and a water transport 
pipeline is built between the well site and the water source. 
This paper referred to relevant literature and quoted water 
resources management parameters of a shale gas area in 
Sichuan, China [35]. It is assumed that the sewage produced 
in the flowback period meets the standard of direct reuse, 
and the sewage produced in the production period can meet 
the standard of reuse after on-site treatment.

(38)Pcross = unidrnd
(
Nw − 1

)
Np + 1

5.1 � Well Site Situation

It is known that the planned number of wells in a shale block 
is eight. After measurement, fifteen potential platform posi-
tions are determined to be selected, and the maximum num-
ber of wells that each platform can accommodate is eight 
[30]. Water management parameters, target coordinates of 
horizontal section and platform positions to be selected are 
shown in Tables 1, 2 and 3, respectively. Assuming the flow-
back rate during the flowback period is 6.5%, the production 
rate during the production period is 0.1%.

5.2 � Water Resources Management Optimizing

The weight of economic cost and environmental impact 
takes 0.1 as the step length, from 0 to 1, respectively, and 
the sum is 1. When the environmental impact w1 is 1 and the 
economic cost w2 is 0, the solving problem is transformed 
into a single-objective optimization problem considering 
only the optimal environmental impact. When the economic 
cost w2 is 1 and the environmental impact w1 is 0, the solu-
tion problem is transformed into a single-objective optimiza-
tion problem considering only the optimal economic cost. It 
is assumed that the number of possible wells on each plat-
form is 2, 4 and 8. Optimization results are shown in Fig. 9.

In the original model [8, 14], the water resources man-
agement cost would reduce linearly as the sewage flow 
increases. However, because the proposed model considers 
the scale effect, the linear relationship is not maintained. The 
analysis results show that the optimization model consider-
ing scale effect can effectively reduce the cost. This occurs 
because the more sewage treated on-site, the lower the unit 
treatment cost. Moreover, as the number of wells per plat-
form increases, the cost reduces as well. The minimal value 
of the cost can reach $1,510,984 when the wells number per 
platform is 8. This is because the amount of sewage gener-
ated by the platform will increase as the number of wells on 
the platform increases. Therefore, the proposed model is 
appropriate for the development of well factory platform.

Decision-makers can change the weight coefficients to 
make specific decisions according to preferences (including 

Fig. 8   The crossover and mutation operation diagram of the genetic 
algorithm

Table 1   Water management parameters

Parameters Value Units

Truck transport cost [36, 37] 0.3 $∕m3
km

Pipeline transport cost [38, 39] 0.1 $∕m3
km

Minimum processing scale [18] 50 m3

Water requirement for single well [40] 19,000 m3

Sewage recovery rate [36, 41] 75 %
Abandon well to wellsite distance [36, 37] 5 km
Distance from water source to well site [38, 39] 15 km
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environmental impact and economic cost). Under the same 
weight, the results of water resources management are dif-
ferent with respect to various numbers of platform. When the 
weight of environmental impact is w1 = 0.9 and the weight 
of economic cost is w2 = 0.1 , water resources management 
results are shown in Table 4.

It can be seen that environmental impact and economic 
cost reduce as the number of wells per platform increases. 
When the number of platform wells reaches the maximum, 
the water resource management cost is $1,289,059, and 
41,984 cubic meters of sewage is discharged. Compared with 
without considering scale effect, the water resource manage-
ment cost was reduced by 25.02%, and the total amount of 
sewage disposal was reduced by 27.2%. At the same time, 
the more the number of platform wells, the more sewage 
will be treated on-site. The analysis results show that the 
scale effect can effectively increase the proportion of sew-
age reuse, thereby improving the water use efficiency of the 
well factory.

Table 2   Platform position Platform Coordinates X Coordinate Y Platform Coordinates X Coordinate Y

1 − 400 100 9 200 0
2 − 200 100 10 400 0
3 0 100 11 − 400 − 100
4 200 100 12 − 200 − 100
5 400 100 13 0 − 100
6 − 400 0 14 200 − 100
7 − 200 0 15 400 − 100
8 0 0

Table 3   Horizontal target 
coordinates

Target A Coordinates X Coordinates Y Target B Coordinates X Coordinates Y

1 − 600 300 9 − 600 750
2 − 200 300 10 − 200 750
3 200 300 11 200 750
4 600 300 12 600 750
5 − 600 − 300 13 − 600 − 750
6 − 200 − 300 14 − 200 − 750
7 200 − 300 15 200 − 750
8 600 − 300 16 600 − 750

Fig. 9   Water resources management optimization results

Table 4   Water resources 
optimization results considering 
scale effect ( w

1
= 0.9 , w

2
= 0.1)

Number of wells per 
platform

Environmental impact 
(m3)

Economic cost ($) Percentage of sew-
age treated on-site 
during production 
(%)

8 41,984 1,289,059 75.2
4 47,060 1,486,230 73.1
2 52,460 1,655,433 70.5
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5.3 � Well Factory Platform Optimization

It was assumed that the vertical depth of the horizontal well 
was the same, and when the horizontal well i was completed 
by the j platform, the expression of the drilling cost of a 
single well is

The platform construction cost of drilling Nj wells is

Here, the crossover probability and mutation probability 
were set to 0.8 and 0.2, respectively, in genetic algorithm, 
and the population size was set to 300. The optimization 
results under different preference weights are shown in 
Table 5.

The optimal economic cost is $1,786,784, and the optimal 
environmental impact is 15,200 m3. The above results refer 
to a single-objective consideration, so the optimal environ-
mental impact and the optimal economic cost can never be 
achieved at the same time. For example, when the weight of 
environmental impact is higher, it will result that the envi-
ronmental impact is relatively lower and the economic cost 
is relatively higher. Decision-makers can obtain specific 
decisions based on the affordability of economic cost and 
environmental impact. With the weight increase in environ-
ment impact, the number of wells per platform changed from 
4 to 8, which shows that the well factory model is conducive 
to the reduction in environmental impact. This result tells 
us that when developing shale gas areas with high environ-
mental requirements, decision-makers should maximize the 
number of wells per platform.

Assuming that the weight of environmental impact is 
w1 = 0.9 and the weight of economic cost is w2 = 0.1 , the 

(39)
fi,j
(
li, �i,j, �i,j

)
= 4.5 × 10−5�2

i,j
+ 0.01�i,j + 2.5 × 10−5�2

i,j
+ 0.01�i,j

(40)pj = 50 + 3
(
Nj − 1

)

Table 5   Well factory platform 
optimization results

The weight of environ-
mental impact w

1

The weight of eco-
nomic cost w

2

Environmental 
impact (m3)

Economic cost ($) The number 
of wells per 
platform

0 1 121,904 1,786,784 4
0.1 0.9 120,176 1,823,171 4
0.2 0.8 118,124 1,866,294 4
0.3 0.7 115,532 1,920,731 4
0.4 0.6 112,184 1,973,868 4
0.5 0.5 107,648 2,042,906 4
0.6 0.4 101,276 2,136,922 4
0.7 0.3 91,340 2,279,576 4
0.8 0.2 74,168 2,519,963 8
0.9 0.1 41,984 2,718,400 8
1 0 15,200 2,940,325 8

Fig. 10   The optimal platform location considering scale effect

Fig. 11   The optimal platform location without considering scale 
effect
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platform position optimization results were obtained as 
shown in Figs. 10 and 11.

It can be seen that after considering the scale effect, eight 
wells are drilled by one platform. Without considering the 
effect of scale, the result is to build two platforms, each with 
four wells. The total expense with scale effect is $2,718,400, 
a decrease of 12.67% compared to the total expense without 
scale effect of $3,112,570. Considering the scale effect, the 
total sewage disposal volume is 41,984 m3, which is 27.2% 
less than the total sewage disposal volume of 58,739 m3 
without considering the scale effect (Table 6).

6 � Conclusion

In well factory mode, the scale effect can significantly affect 
the water resources management and the shale gas devel-
opment. The water resources management considering the 
scale effect has lower unit sewage treatment costs, which is 
beneficial to the continued development of shale gas. The 
example analysis shows that the scale effect can reduce the 
cost of water resources management by 25.02% and the sew-
age discharge by 27.2%. The proposed model considering 
the water resources management can reduce the number of 
platforms and increase the number of wells per platform, 
which is beneficial to the application of well factory mode 
technology. The optimization of well factory platform 
location can be solved quickly according to the principle 
of genetic algorithm. The weight of environmental impact 
is the important factor affecting the platform location. For 
case study analysis, the scale effect in shale gas development 
can take full advantage of the well factory mode and reduce 
the cost of shale gas development by 12.67% and 27.2% of 
the sewage discharge. This paper’s results would provide 
theoretical support and practical guidance for platform opti-
mization and water resources management in the shale gas 
development with scale effect.
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