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Abstract 
To maximize a horizontal well production, we need to determine the optimum direction and horizontal well 
length that maximizes the gas field recovery for a certain constant flow rate called by plateau rate. This problem 
is conventionally solved by using a reservoir simulation model and trial and error procedure that consumes 
considerably a lot of time and efforts. This study uses a random search method, i.e., Genetic Algorithm (GA), to 
solve this optimization problem and it very much eases to find the best well location with less time and efforts 
consumed. 
Along the general technique in directing a horizontal well towards the least principal stress of rocks, this study 
considers the geomechanics effects that influence the gas production performance. And also, the drainage area of 
horizontal well will be considered in this study to obtain the optimum horizontal well direction and length. In 
order to do this, a new proposed objective function for the GA has been constructed based on basic reservoir 
properties (i.e., porosity, permeability and gas saturation) and geomechanics properties (i.e., Young’s modulus 
and Poisson’s ratio). The results of the proposed method are validated using a reservoir model and economics 
evaluation. 
It may be concluded that the applying GA, with the appropriate objective function, can give accurate and faster 
results compared with the trial and error method using reservoir simulator, technically and economically, and 
also the proposed method is able to reduce the amount of works considerably time. 
Keywords: horizontal well, geomechanics, drainage area, Genetic Algorithm 
1. Introduction 
Until now, the determination of the optimum horizontal well direction and length has usually been conducted by 
using a conventional trial-and-error method, when placing coordinates at a geological or reservoir model and 
then running with a simulator to obtain the gas recovery; this process requires experience, considerable time, and 
a relatively high cost. Especially when addressing oil or gas fields that have relatively large size, we are faced 
with the possibility of a remarkably large number of solutions (locations of wells), which causes the 
conventional methods to become ineffective and inefficient. 
Generally, the exhausted trial and error procedures have to be run to obtain the optimal production scenario in 
forecasting future reservoir performance. It spends quite a lot of time and cost of applying some case sensitivity 
of the development scenario with trial and error procedure. 
Basically, longer horizontal well section will give higher gas recovery. However, after certain length, increasing 
the horizontal well length causes the plateau time period and recovery factor of the reservoir decreased. Hence, 
there are some considered parameters in applying the horizontal well length, such as: (1) Reservoir boundary. 
Reservoir production performance will be lower in the area near the reservoir boundary. This phenomenon 
happened because of the drainage radius achieved by the well near the reservoir boundary is narrower. Thus, 
increasing the horizontal well length too close to the reservoir boundary will not give higher gas recovery. (2) 
Low reservoir properties quality. If the horizontal well section has reached the bad reservoir properties zone, it 
will reduce the gas production. Furthermore, if the bad zones penetrated by the horizontal section are the high 



mas.ccsenet.org Modern Applied Science Vol. 11, No. 9; 2017 

115 
 

pressure zone, then the field will experience the significant decreasing in production. 
Logically, one would like to create fractures which are perpendicular to the horizontal wells in the vertical plane. 
The purpose is to enhance vertical permeability and to increase the productivity of horizontal well. The direction 
of the fracture orienting from the horizontal well is the same as that for vertical wells, i.e., parallel to the plane of 
minimum principle stress (Joshi, 1990). Therefore, if a horizontal well is drilled along the low principle stress 
direction, then the stimulated fractures will be perpendicular to the horizontal well. However, if the horizontal 
well is also drilled along the maximum principle stress direction, then the stimulated fractures will be parallel to 
the horizontal well. Therefore, if the horizontal well is to be stimulated, it is important to consider the local 
directions (Joshi, 1990). Horizontal well drainage area is one of the important variables needed to be determined 
in the production forecast of horizontal wells. By knowing the drainage area, we can determine the wells spacing 
required so that there will be no production interference between the wells. The drainage area can be calculated 
by using either of the methodologies proposed by Joshi in 1990 and 1991. These two methods consider only the 
geometry of the drained surface, and no other factors such as reductions in productivity that triggers pressure 
loss through the productive section (Saavedra et.al, 2001). 
As a directed random search technique, Genetic Algorithm (GA) might be offered as an approach to select best 
production scenario without having a deal with the optimization parameter directly and to replace the 
conventional trial and error procedure efficiently. A genetic algorithm model is developed in order to execute 
effectively reservoir simulation results to find an optimal development scenario in a significantly reduced time. 
GA technique can simplify the optimization problem because it is not directly working with much information 
about the optimization problem. In this study, GA as a directed random search technique is applied to select an 
optimum development scenario for X gas field. The X gas field is developed from one horizontal well with a 
crucial parameter of horizontal well direction and length that influence much on the plateau time production, as 
well as on the recovery factor. GA has a role to replace the conventional reservoir simulation technique of trial 
and error procedure in finding the best horizontal well direction and length for maximizing plateau time 
production in X gas field, technically and economically. 
In previous study results (Ariadji, 2012), we can see that the best direction of horizontal well is 3150 with the 
optimum length 700 meter which yields 7.173 years of plateau time. As shown in the simulation results in 
previous study (Ariadji, 2012), sensitivity in horizontal well direction and length gives different production 
performance from the reservoir. Basically, longer horizontal well section will give higher gas recovery. However, 
after certain length, increasing the horizontal well length causes the plateau time period and recovery factor of 
the reservoir decreased. Hence, there are some consideration parameters in applying the horizontal well length: 
(1) Reservoir boundary: Reservoir production performance will be lower in the area near the reservoir boundary. 
This phenomenon happened because of the drainage radius achieved by the well near the reservoir boundary is 
narrower. Thus, increasing the horizontal well length too close to the reservoir boundary will not give higher gas 
recovery. (2) Low quality of the reservoir properties: If the horizontal well section has reached the bad 
reservoir properties zone, it will reduce the gas production. Furthermore, if the bad zones penetrated by the 
horizontal section are the high pressure zone then the field will experience the significant decreasing in 
production.  
2. Method and Materials 
X gas field that will be used in this study is located about 7.5 km east of Java in the part of South Madura Basin 
with area ± 1.6 km2. South Madura Basin is located around East Java Sea structural area. The fluid sample was 
taken during Drill Stem Test (DST) that performed in the gas zone of X-1 exploration well, which it shows that 
the methane composition was 95.83%. Thus, the X field reservoir fluid can be categorized as dry gas. 
The reservoir thickness of X field is 443 ft. The Gas Water Contact (GWC) is located at depth -1362 mSS based 
on log analysis and RFT plot. The GWC is used to estimate the gas reserves in X gas field. The volumetric 
calculation shows the Initial Gas in Place (IGIP) in X gas field based on 2P reserves model is 128.3 BSCF. 
A full field 3D numerical simulation model of X gas field (as shown in Figure 1) has been constructed in order to 
analyze and investigate reservoir fluids distribution and to optimize reservoir fluids production. The seismic 
interpretation result, exploration and development well log data were used in static reservoir model construction. 
Other data, such as fluid properties, rock properties (permeability, relative permeability and capillary pressure), 
and tubing performance were added to make the dynamic reservoir model. 
The dimension of X gas field fine grid is 82i x 69j x 40k, with the size of each grid is 50 x 50 meter. Because the 
reservoir geomechanics data of X gas field which are required in reservoir simulator (Young’s modulus, 
Poisson’s ratio, Biot’s constant) are not available, then we will generate those required data by using normal 
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distribution and data from some references. 

 
Figure 1. Reservoir model of X gas field: Gas saturation map 

 
In GA, the random searching technique can be derived from the evaluation of the objective function, or it also 
might be known as fitness function. The objective function will be generated by using the basic reservoir and 
geomechanics properties, which are porosity, permeability, gas saturation, Young’s modulus and Poisson’s ratio. 
Figure 2 explain about how GA approach applied in this study. However, reservoir simulator is still required to 
validate whether the GA can give some good solutions on this production optimization problem.  
 

 
Figure 2. Production optimization procedure with GA 

 
In this study, there are several problem limitations and assumptions, which are: 
a. This study only observes one development scenario, which is one horizontal well which is drilled only in 

one layer of reservoir model  
b. Production constraint applied in this production optimization is 25 MMSCF/day of gas rate and 250 psia of 

Tubing Head Pressure (THP) 
c. Because the geomechanics data are not available, then we will generate it using Gaussian distribution 

(normal distribution) 
d. The vertical well radius rev for horizontal well drainage area calculation is 50 meter. 
2.1 Drainage Area of Horizontal Well  
Horizontal well drainage area is one of the important variables needed to be determined in the production 
forecast of horizontal wells. By knowing the drainage area, we can determine the wells spacing required so that 
there will be no production interference between the wells. The drainage area can be calculated by using either of 
the methodologies proposed by Joshi in 1990 and 1991. These two methods consider only the geometry of the 
drained surface, and no other factors such as reductions in productivity that triggers pressure loss through the 
productive section (Saavedra et.al, 2001). Calculation methods are illustrated in Figure 3(a) would represent the 
Method 1. It is assumed that the area is consisted of a rectangle with base L and height 2rev and two semi-circles 
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with a radius of rev (Saavedra et.al, 2001). The drainage area of horizontal well Ahw is calculated with the 
following equation: 

     = + 2         (1) 
where L is the length of the horizontal well and rev is the drainage radius of a vertical well in the same area. 
Figure 3 (b) represents the Method 2. Method 2 uses the assumption that the drainage area is an ellipse, 
calculated with the following equation: 

 =           (2) 
Where a is half the major axis of the ellipse and b is half the minor axis of the ellipse. 

      =	 +          (3) 

and  
           =	  .           (4) 

 
Figure 3. Common methods to calculate area drained by horizontal wells (Saavedra et.al, 2001) 

  
2.2 Geomechanicss 
Described model of Darcy flow imply that the flow assumed in laminar condition, since geomechanics affect 
reservoir permeability that will be smaller during production lifecycle, and if it not applied in fractured reservoir 
so the Darcy’s law still valid (Settari, 2002). 
The geomechanics model considered to use an isothermal, poroelastic medium with small strains, while three 
basic relationships for a poroelastic theory (Shu, 2003) are: 

a) Stress equilibrium + + = 0         (5) 

+ + = 0         (6) 

+ + = 0         (7) 

b) Strain displacement (volume strain) = + + = . 	       (8) 
c) Stress can be defined in strain terms (poroelastic theory), i.e.: = ( + 2 ) + + − = + 	2 −      (9) = + ( + 2 ) + − = + 2 −       (10) = + + 	( + 2 ) − = + 2 −       (11) 
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where Young’s modulus ( ) and Poisson’s ratio ( ) as variable in shear modulus = ( , ) = ( ), and 

Lame’s constant = ( , ) = ( )( ).  is Biot’s poroelastic constant which represents the interactions 

between rock and fluid. Biot’s constant  value is ranging from 0 to 1.  = 0 means that no interaction 
between rock and fluid. And also, the pore pressure does not affect the rock stress. From those stress equations, 
we could conclude that stress is related with Poisson’s ratio and Young’s modulus. These two geomechanics 
parameters will be used later for the input of reservoir simulator. Table 1 shows the average value of 
geomechanic properties that will be used in this GA study.  
 
Table 1. The geomechanic properties used in this GA study 

Geomechanic Properties Average Value

Biot’s constant 1 

Young’s modulus 7972.5 bar 

Poisson’s ratio 0.22 
 
2.3 Genetic Algorithm 
Optimization problem solving using conventional search methods are often not reliable to determine the 
optimum solution in non-linear multimodal functions. Even, some of the conventional search methods apply trial 
and error procedure by using a lot of amount of data and efforts to obtain the optimum solution. This method is 
exhausting to be done. In several cases, an efficient random search method might be required to avoid trial and 
error procedures and to decrease time and efforts consumed to obtain the optimum solution. 
A Genetic Algorithm (GA) is a directed random searching technique inspired by natural evolution mechanism in 
optimization problem, invented by Holland (Holland, 1975). There are four conditions that influence the 
evolution process (Holland, 1975): 
 Reproduction ability of the organism 
 Reproduction process 
 Individual diversity in a population 
 Difference in survival ability 
GA can find the global optimum solution in complex multi-dimensional search spaces. Survival of the optimum 
fittest among a population of individuals, selection criteria, and a reproduction strategies are inspired from the 
natural evolution theory and used as the genetic operators in the artificial environment.  
A simple GA flowchart methodology is described in Figure 4. Selection mechanism in GA uses the genetic 
operators employing to manipulate individuals in a population over several generations to improve their fitness 
in optimizing the solution gradually. Individuals in a population can be formed into chromosomes link and 
usually represented as a strings of binary numbers. In this case, conversion of real numbers into binary numbers 
and re-conversion techniques is very important in selecting the optimal solution. 
Genetic algorithms do not use much knowledge about the problem to be optimized. GA work with codes to 
represent the parameters influencing the optimization problem that they do not deal directly with those 
parameters. Thus, some matters to be solved in using GA application include: 
1. how to represent the problem parameters, 
2. how to create the initial population of possible solutions, 
3. how to select or devise a suitable set of genetic operators, and 
4. how to design the interface between the problem environment and the GA model to know the quality of the 

found solutions whether they are the optimal solution for the problem. 
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Figure 4. Flowchart in optimization with genetic algorithm 

 
In this study, the control parameters for the GA are listed as shown in Table 2. Choosing a large size of 
population results in a bigger probability of converging to global optimum, however, it consumes more 
computation time, and thus, we chose 100 as the population size. To give a quick convergence to the global 
optimum solution, we chose a high value of the crossover probability that is 0.95. On the other hand, we chose a 
very low value of the mutation probability that is 0.05 to avoid instability and prominent diversity of the 
population. In this study, we used a maximum number of iteration as a stopping criterion for the GA calculation. 
Here we used 1000 iterations. We have observed that this number of iterations is sufficient to achieve a global 
optimum solution (Ariadji et.al, 2012). 
 
Table 2. GA control parameters 

GA Parameters Value

Population Size 100

Crossover probability 0.95

Mutation probability 0.05

 
2.4 The Optimization Problem 
The objective function at grid (x,y) is a simple formula which is generated from the basic reservoir and 
geomechanics properties. In this study, we will consider the drainage area of horizontal well. Thus, we need to 
define and discretize which grids are included as horizontal well drainage area. Then, we will use those grids in 
constructing the objective function. The purpose of the discretization is to simplify the horizontal well drainage 
area and to ease the making of GA code. The illustration of dicretization of horizontal well drainage area is 
shown in Figure 5 and Figure 6. The gray grids represent the horizontal well drainage area.  
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Figure 5. Discretization of horizontal well drainage area (two half circles and a rectangle) 

 
Figure 6. Discretization of horizontal well drainage area (ellipse) 

 
Let (xo,yo) be the horizontal well location, (x,y) represents the horizontal well tip grid and (xi,yi) represent the 
grids of the horizontal well drainage area. Thus, we construct the objective function for this optimization 
problem as follows below. ( , ), ( , ) = ∑ ( , )      (12) 
where ( , ) = ∅( , ). ( , ). ( , )( , ). ( , ) 	 ;      (13) ∅( , )  = porosity at grid (x,y), fraction; ( , ) = gas saturation at grid (x,y), fraction; 
 ( , ) = permeability at grid (x,y), mD; ( , ) = Young’s modulus at grid (x,y), bar; ( , ) = Poisson’s ratio at grid (x,y), fraction. 
The numerator part of f consists of the multiplication of basic reservoir properties, i.e., porosity, permeability and 
gas saturation. As we know that those reservoir properties have great influence in production performance. 
Higher value of porosity and gas saturation at (x,y) means that (x,y) will have more gas saturated in porous rock 
instead of the properties with lower value. And also, the fluid will be easier to flow through the rock that highly 
permeable. Thus, higher numerator part of f means better production performance. The denumerator part of f 
consists of the multiplication of geomechanics properties, i.e., Young’s modulus and Poisson’s ratio. From the 



mas.ccsenet.org Modern Applied Science Vol. 11, No. 9; 2017 

121 
 

sensitivity analysis that we have done before, we could see that the lower of those geomechanics properties will 
give better production performance. Then, we put it as the denumerator of f.  
Because of the horizontal well will be drilled through more than a grid in reservoir model, then the objective 
function F that we constructed is a summation of f(xi,yi) where (xi,yi) is the horizontal well drainage area . Note 
that f and F have no specific physical interpretation. However, we believe that it will be sufficient to represent a 
model for optimizing the production rate. Note that all of reservoir and geomechanics properties at (x,y) have 
been normalized for keeping the fairness of the influence of every properties. 
Hence, we can obtain the optimum direction by using the (xo,yo) and (x,y) coordinates, as mathematically 
explained below. Suppose that vector u is on a vector that is constructed by the horizontal well, and vector v is a 
north direction vector. Thus, the optimum direction of the horizontal well α in the counter clockwise direction 
could be obtained from  

          = cos .‖ ‖.‖ ‖                                              (14) 

where u = (x0 – x y0 – y) and v = (0 1). We can also determine the length of horizontal well L (in meter) by using 
Pyhtagoras theorem, which is 

         =	 ( − ) + ( − ) 	.                                     

(15) 
In this study, we have known that the initial location (kick-off point) of horizontal well is located in grid =42 and	 = 34. The constraint that we used in this study is that the horizontal well cannot be drilled over the 
reservoir boundaries (i.e., 	26 ≤ ≤ 54 and 18 ≤ ≤ 53 ). And also, we would optimize the optimum 
direction α for a certain length L of horizontal well (i.e., for = 500	meter). Thus, the optimization problem of 
this study is 

 	 (42,34), ( , )  	  26 ≤ ≤ 54 18 ≤ ≤ 53 
 = 	500 m       (16) 

2.5 Economic Evaluation 
To determine the most optimum length, we should do the economic analysis. Figure 7 shows the Production 
Sharing Contract (PSC) that is used for the economic calculation.  
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Figure 7. Production Sharing Contract diagram 

 
Here are the assumptions used in economic calculation. 

• Heating Gas Value: 1000 btu/scf 
• Gas Price: 8 US$ / MMBTU 
• Operating Cost: 2 US$/MSCF 
• First Tranche Petroleum (FTP): 20% 
• Contractor Take before tax: 53.47% 
• Contractor Take after tax: 30% 
• Domestic Market Obligation (DMO): 25% 
• No DMO holiday 
• DMO fee: 25% 
• Depreciation: double declining balance  
• Surface Facilities: 10 MMUSD 
• Well Vertical Length before Kick Off point: 1589 meter 
• Marginal Attractive Rate of Return (MARR): 20% 

For gas market, the economic analysis will be only done at the plateau period (based on the contract of plateau 
rate with the buyers). From the assumptions above, we could tell that the difference investment for each case of 
horizontal well will be determined by drilling cost per foot. The vertical lengths of wells before Kick Off point 
for all cases are similar, i.e., 1589 meter. Drilling cost depends primarily on well location and well depth 
(Bourgoyne, 1991). The location of the well will govern the cost of preparing the wellsite, moving the rig to the 
location and the daily operating cost of the drilling operation (Bourgoyne, 1991).  
Drilling costs tend to increase exponentially with depth (Bourgoyne, 1991). In this study, we examined two types 
of drilling cost. First, we used the constant drilling cost per foot (CPF), i.e., 6000 US$/ft. Second, we used an 

PSC DIAGRAM
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Contr. Equity Equity to be Split Gov. Equity

Government Share

Cost Recovery
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44%
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Net DMO
25%

Taxable Income

Tax
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exponential equation to estimate drilling cost as shown in the formula below: =           (18) 
Where: 

   = drilling cost, US$; 
   = well depth, ft; 	,   = constants which depend on the well location.  

Because the empirical drilling cost data are not available, we will use the assumptions to estimate the value of a 
and b to give realistic horizontal well drilling cost estimations in recent time, i.e., a = US$ 5,000,000 and b = 
3.45 x 10-4 ft-1. The figure below shows the comparison between two types of drilling cost. We can see that 
drilling cost of constant CPF gives linear profile of drilling cost while the exponential drilling cost gives 
exponential line profile of drilling cost. The exponential drilling cost tells us that if we drill longer horizontal 
well, the cost will increase exponentially due to technical considerations, such as cutting transport (longer 
horizontal well causing harder to transport the cutting), pipe sticking, mechanical problems, etc. which is more 
realistic. However, the drilling cost with constant CPF is frequently used sometimes because it is more simple 
and easier.  

 

Figure 8. The comparison of drilling cost between constant CPF and exponential drilling cost 
 
3. Results and Discussion 
3.1 Trial and Error 
Before we use Genetic Algorithm (GA) to determine the optimum horizontal well length and direction, we have 
also done trial and error procedure in X gas reservoir model with geomechanic effects. The purpose of this trial 
and error is to give some comparisons for GA method whether this GA method could give a better and faster 
solution.  
We will use trial and error procedure to gain only the best direction of horizontal well. The horizontal well 
section will be in fixed length, i.e. 500 meter. Figure 9 shows the horizontal wells that will be checked by trial 
and error. 
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Figure 9. The trial and error procedure for determining the optimum direction of horizontal wells (gray line) 

 
The results summary of the trial and error is shown in Figure 10 and Table 3. Based on the trial and error, we 
obtained that the optimum direction for 500 meter of horizontal well section length is 450 which yields 7.45 
years of plateau time.  

 
Figure 10. The results of trial and error for L = 500 m 

 
Table 3. The results summary of the trial and error procedure 

Direction angle (
0
) Length (meter) Plateau Time (years) Method 

0 500 7.1 Trial and error 
45 500 7.45 Trial and error 
90 500 6.98 Trial and error 
135 500 7.3 Trial and error 
180 500 7.18 Trial and error 

 
3.2 Genetic Algorithm Results 
Table 4 shows the result of GA simulation. Figure 11 shows the new proposed horizontal well that is resulted by 
GA method with L = 500 meter. The two types of drainage area give similar result of the optimum direction 
angle, i.e., 690.  
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Figure 11. The new proposed well that is resulted by GA method 

 
After we obtained the optimum direction, then we will validate the new proposed well using commercial 
reservoir simulator. Figure 12 shows the result from the reservoir simulator for L = 500 meter and α = 690. From 
Table 4, we could see that the GA method yields a good result, although the plateau time is shorter compared 
with trial and error results (the difference is only 0.02 years). However, the GA could give the optimum result 
faster without using a lot of reservoir simulator runs. Moreover, the GA is a very reliable and efficient tool to 
determine the optimum direction and length of horizontal well. 

 
Figure 12. The result for L = 500 meter and α = 690 

 
Table 4. The results summary of the horizontal well with L = 500 m 

Direction angle ( ) Length (meter) Plateau Time (years) Method 
0 500 7.1 Trial and error 

45 500 7.45 Trial and error 
90 500 6.98 Trial and error 

135 500 7.3 Trial and error 
180 500 7.18 Trial and error 
69 500 7.43 GA 

 
After we found out that GA could produce a good result in determining the optimum direction, then we would 
use GA to obtain the optimum length. We would choose the most optimum direction and length for horizontal 
well. Then, we will compare for each L (i.e., for =	 500	, 400, 300, 200, 100  ) economically. Thus, the 
optimization problem is  

 	 (42,34), ( , )  	  26 ≤ ≤ 54 
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18 ≤ ≤ 53 	 = 	 500	, 400, 300, 200, 100       (17) 
Table 5 shows the results from GA simulation for all horizontal well length L. It shows that two types of the 
drainage area give similar results, except for L = 100 meter. Figure 13 shows the visualization of horizontal wells 
resulted from GA simulation. We can see that all of horizontal wells have slightly different direction angles. All 
of horizontal wells have direction angles ranging from 00 – 900. It means that that area has the best reservoir and 
geomechanic properties. 
 
Table 5. The results from GA simulation 

L 
(meter) 

α 
(0) 

GA Fitness Value for drainage area 
A rectangle and two half circles Ellipse

500 69 126.6 121.7
400 74 122.21 114.37
300 59 90.3 87.9 
200 56 66.5 58 
100 0 45.2 - 
100 90 - 28.6 

 

 
Figure 13. The GA results for various horizontal well lengths 

 
After we obtain those results from GA simulation, then we will validate it using commercial reservoir simulator 
to see how long the plateau time that will be resulted. Figure 14 show the results from reservoir simulator. We 
can see that all of the horizontal wells give quite good results. The plateau time is ranged between 5 – 7.5 years.  

 
Figure 14. The results for all horizontal wells resulted from GA simulation 
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Table 6. The GA results summary from reservoir simulator 
Direction angle (0) Length (meter) Plateau Time (years) The increment of plateau time (years)

0 100 5.48 - 
90 100 5.48 - 
56 200 6.59 1.11 
59 300 7.08 0.49 
74 400 7.28 0.2 
69 500 7.43 0.15 

 

 
Figure 15. The increment of horizontal well length vs plateau time 

 
From Table 6 and Figure 15, we could see that the longer horizontal wells give the longer plateau time. However, 
when the horizontal well length L is longer than 200 meter, the increment of plateau time is quite small and not 
significant (i.e., less than 0.5 years). Thus, we can conclude that the horizontal well with α = 560 and L = 200 m 
resulting 6.59 years of plateau time is the optimum horizontal well scenario in X gas field. However, we still 
need to evaluate all of these results economically to determine which is the best horizontal well direction and 
length.  
3.3 Economic Evaluation 
All the tables and figure below shows the result of the economic analysis calculation. 
 
Table 7. The summary of economic analysis of drilling cost with constant CPF 

Economic Indicator Units Scenario 1
100 m 

Scenario 2 
200 m 

Scenario 3 
300 m 

Scenario 4 
400 m 

Scenario 5
500 m 

Total Investment MUS$ 43,248.03 45,216.54 47,185.04 49,153.54 51,122.05 
Contractor NPV@0% MUS$ 31,567.48 39,025.88 41,949.25 42,739.25 43,184.11 
Contractor NPV@10% MUS$ 19,700.20 23,245.05 24,331.78 24,310.01 24,141.87 
Internal Rate of Return % 261.64% 234.79% 176.64% 134.78% 110.27% 
Profitability Index Fraction 1.46 1.51 1.52 1.49 1.47 
Payout Time Year 1.37 1.42 1.53 1.65 1.75 
Government NPV@0% MUS$ 224,885.59 276,231.19 298,166.82 306,358.32 312,147.46
Government NPV@10% MUS$ 146,504.19 171,011.44 180,627.32 183,666.10 185,690.28

* MUS$: thousand US Dollar 

 
Table 8. The summary of economic analysis of exponential drilling cost 

Economic Indicator Units Scenario 1
100 m 

Scenario 2 
200 m 

Scenario 3 
300 m 

Scenario 4 
400 m 

Scenario 5
500 m 

Total Investment MUS$ 43,824.98 47,878.69 52,418.21 57,501.75 63,194.53 
Contractor NPV@0% MUS$ 31,507.83 38,358.87 40,524.00 41,432.20 41,938.65 
Contractor NPV@10% MUS$ 19,642.48 22,563.36 22,826.12 22,634.31 22,202.98 
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Internal Rate of Return % 252.87% 158.52% 99.70% 75.58% 60.65% 
Profitability Index Fraction 1.45 1.47 1.44 1.39 1.35 
Payout Time Year 1.39 1.58 1.80 1.89 1.95 
Government NPV@0% MUS$ 224,368.29 274,236.05 294,358.90 299,317.16 301,330.43
Government NPV@10% MUS$ 146,085.09 169,493.01 177,808.04 178,442.44 177,651.90

 

 
Figure 16. Net Present Value vs Horizontal Well Length 

 

Figure 17. Internal rate of return vs Horizontal Well Length 

 
From the above results, we could see that all of scenarios from both of drilling cost estimation methods give 
interesting results for the investor. For example, the Net Present Value (NPV) for all scenarios are ranged from 
19 million US$ to 24 million US$. In addition, the internal rate of return (IRR) of all observed horizontal wells 
length give good results, i.e., above 50% (above MARR = 20%). It shows that all of these projects are very 
interesting to be implemented.  
From Figure 16, constant CPF drilling cost gives more optimistic NPV than exponential drilling cost. It happens 
because based on Figure 8, the exponential drilling cost has higher cost value than constant CPF drilling cost. 
Then, with same gross revenue, the exponential drilling cost will give lower NPV results. 
However, based on Figure 16, both of drilling cost estimation methods lead to the same conclusion. If we drill 
longer horizontal well then the increment of NPV will decrease, and moreover, the NPV will decline after a 
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certain horizontal well length. Then, we can decide which the most optimum horizontal well length is. We could 
see that L = 300 meter gives the largest Net Present Value, i.e., 24,331.78 MUS$ for constant CPF drilling cost 
and 22,826.12 MUS$ for exponential drilling cost. Thus, from the above economic analysis, we can conclude 
that the most optimum horizontal well direction and length to be developed in X gas field is the horizontal well 
with α = 590 with L = 300 meter.  
4. Conclusion 
The proposed objective function in GA method without loosing accuracy could significantly reduce the amount 
of reservoir simulation work in finding the best horizontal well direction and length. Using the limited reservoir 
properties data and few reservoir simulation runs, GA could obtain acceptable and accurate results. The proposed 
GA procedure can be an effective and efficient alternative tool to determine the optimum horizontal well 
direction and length in field development scenario, technically and economically. 
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Nomenclature 

 = Biot’s Constant 
 = Porosity 
 = Density	
 = Stress 
 = Reservoir pressure, psia 
 = Fluid viscosity 
 = Permeability 

 = Rock strain 
 = Fluid density 
 = Rock density  σ  = Maximum horizontal stress 

 = Modulus Young v = Poisson ratio 
 = Rock modulus  

 = Shear modulus 
  = Lame’s constant 

 
Copyrights 
Copyright for this article is retained by the author(s), with first publication rights granted to the journal. 
This is an open-access article distributed under the terms and conditions of the Creative Commons Attribution 
license (http://creativecommons.org/licenses/by/4.0/). 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


