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Abstract 6 

Complex interactions between hydraulic fractures and natural fractures often result in highly 7 

complex fracture networks that might lead to bypassed resources damaging the economic 8 

viability of developments. In this study the impact of natural fractures of the formation on 9 

production from hydraulically fractured wells is studied using a recently developed fracture 10 

upscaling method (FUM). By capturing the distribution of complex fracture networks using 11 

FUM, a novel idea of changing the well orientation to optimise recovery is proposed. It is 12 

shown that with a natural fracture spacing of 15 m a small change in well orientation up to 30° 13 

from the standard orientation can increase the recovery by up to 15% for natural fractures at an 14 

angle of at least 60° with 𝜎ℎ𝑚𝑎𝑥. The increased recovery is a result of the natural fractures and 15 

stress orientation complementing each other to assist the propagation of hydraulic fractures 16 

deeper into the formation. It is also shown that as natural fracture density increases (fracture 17 

spacing decreases) the effect of changing the well orientation becomes more significant. 18 

Changing the well orientation when there are two perpendicular planes of natural fractures is 19 

also investigated. However, no optimal orientation can be found in these cases, suggesting there 20 

needs to be a strong average directionality of the natural fractures in the reservoir to support a 21 

beneficial well orientation change.  A simple economic analysis shows a small well orientation 22 

change can allow a larger well spacing which could lead to a direct reduction in the cost of 23 

developing a shale reservoir. The results also show the positive effect this has on the NPV of 24 
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the project with different gas prices, and a rapid positive NPV status reducing the risk of 25 

investment. 26 

Keywords: Hydraulic fracturing, Horizontal well orientation, Natural fractures, Optimisation 27 

1. Introduction 28 

The development of horizontal drilling and hydraulic fracturing unlocked vast quantities of 29 

hydrocarbon resources that were previously inaccessible. However, the high cost of completion 30 

and falling hydrocarbon prices have also been a major concern for the shale industry. 31 

Therefore, there is now an increased demand to optimise this process as much as possible. 32 

Shale resources in North America have been developed rapidly using a ‘Factory Drilling’ 33 

process which aimed to drill lots of wells quickly with a similar design which massively 34 

reduced drilling and completion costs (Rexilius, 2015). Wells should be located close enough 35 

together to recover the hydrocarbons as quick as possible without overlapping the drainage 36 

areas of neighbouring wells to avoid over-capitalisation (Lalehrokh & Bouma, 2014). In the 37 

past, wells have been drilled close together to maximise early production and net present value 38 

(NPV). Following the recent drop in hydrocarbon prices there has been an interest in increasing 39 

the efficiency of these operations even further rather than prioritising early production.  40 

Early studies aimed primarily at the design of single wells and models only focussed on 41 

recovery from single wells. These have been used to determine optimal completion design but 42 

fail to capture the interaction and interference between multiple wells in close proximity such 43 

as in the development of shale resources. Modelling recovery from multiple wells in close 44 

proximity is more difficult and not always possible using conventional simulators. Analytical 45 

modelling has shown that reservoir permeability and the fracture area are the most important 46 

factors to consider when optimising the well spacing (Lalehrokh & Bouma, 2014). Numerical 47 

studies have also shown the challenges of determining optimal stage and cluster spacing when 48 
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considering complex geological models (Cullick et al., 2014). In a study conducted by Sahai 49 

et al, numerical simulations have been used to model the recovery from large areas to determine 50 

optimal spacing focussing on the production from stimulated reservoir volumes (SRV) and 51 

external reservoir volumes (XRV)  (Sahai et al. 2012). This study showed that production from 52 

XRV is irrelevant when considering shale gas production. It has been shown that as oil/gas 53 

pricing increases a tighter well spacing can be justified and vice versa (Belyadi & Smith, 2018). 54 

The distribution of proppant within the fractures has also been shown to be important when 55 

considering the optimal well spacing and interference between neighbouring wells. Frac hits 56 

are defined as when a hydraulic fracture propagates into an existing well or fracture of a 57 

neighbouring well. These are often used to determine the efficiency of the fracturing as they 58 

give an indication of the extent of fractures. Some studies have concluded that frac hits 59 

negatively affect overall recovery and determined that frac hits should be minimised by 60 

increasing well spacing (Yaich et al., 2014; Malpani et al., 2015). It has also been suggested 61 

that frac hits do not necessarily indicate that well spacing could be increased as proppant is 62 

unlikely to have filled the fractures and the wells may not exhibit interference during later 63 

stages of production  (Cao et al., 2017). The effect of frac hits has also been investigated in 64 

highly complex formations containing natural fractures and it was found that frac hits can result 65 

in high interference allowing multiple completed wells to be produced from a single well head 66 

representing a reduction in required surface equipment and associated costs  (Yu et al. 2017a). 67 

Hydraulic fractures propagate in the least energy configuration. In a homogenous formation 68 

this is in a plane perpendicular to the minimum principal stress. In most shale formations the 69 

maximum principal stress is vertical and therefore hydraulic fractures propagate in a vertical 70 

plane. To achieve the most efficient recovery, wells are drilled perpendicular to the maximum 71 

horizontal stress (i.e., in the direction of the minimum horizontal stress) resulting in fractures 72 

propagating perpendicularly away from the well (Wang, 2016). Drilling wells in this 73 
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orientation also ensures the wells are mechanically stable and avoids costly well collapses and 74 

failures during the drilling process. 75 

Microseismic event data has shown that fractures do not always propagate in a planar manner 76 

away from the wells, and it was inferred that more complex fracture networks are generated 77 

during hydraulic fracturing. This is because shale formations are not homogeneous. A major 78 

contributing factor to this effect is the presence of planes of weakness in the formation such as 79 

natural fractures. Because the hydraulic fractures propagate in the configuration that requires 80 

the least amount of energy, they often exploit these weaknesses resulting in highly complex 81 

fracture networks. This has been demonstrated numerically with a single stage of 82 

demonstrating the impact of different cluster spacings, injection pressures and natural fracture 83 

geometries on the fracture network complexity (Wu & Olson, 2016). Other factors such as 84 

stress shadow effects also add to this complexity. This results in highly complex fracture 85 

networks which many previous studies have simplified when studying production and 86 

determining optimal well and stimulation design. Further studies showed that complex natural 87 

fracture networks are formed when a low in-situ differential stress and a high density of poorly 88 

cemented natural fractures exist (Jamison & Azad, 2017). It has been shown that the fracture 89 

cluster positions can be optimised considering hydraulic-natural fracture interactions (Wang & 90 

Olson, 2020). Computational studies have also determined the critical role of in-situ differential 91 

stress on the influence of natural fractures for the propagation of hydraulic fractures (Zou et 92 

al., 2016). In Zou et al.’s study, it was found that in-situ differential stresses greater than 10 93 

MPa lead to simple transverse fractures instead of complex fracture networks.  94 

While there have been many studies on the propagation of the hydraulic fractures in naturally 95 

fractured formations, most of the previous studies have investigated the optimisation of 96 

production from such formations using simplified fracture geometry in models and simulations 97 

such as simple planar features extending from wellbores. Simulators are now able to capture 98 
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the complex mechanics of fracture propagation and represent more realistic fracture networks. 99 

These complexities can be incorporated by using different approaches such as Embedded 100 

Discrete Fracture Model (EDFM) methods, or grid upscaling methods e.g., Fracture Upscaling 101 

Model (FUM) developed by Sherratt et al. (2020) that are computationally fast. 102 

Previous research has shown the significant impact of natural fractures on the propagation of 103 

hydraulic fractures and concluded that natural fractures can cause hydraulic fractures to deviate 104 

from the direction of maximum horizontal stress (Sherratt et al., 2020). In the same study, the 105 

investigators demonstrated that the angle between the plane of the natural fractures with the 106 

orientation of maximum stress can hinder hydrocarbon recovery from a single well up to 20%. 107 

In another study conducted by Olson and Taleghani (2009), it was  reported that fracture path 108 

complexity is greatest when the horizontal differential stress is low and natural fractures are at 109 

a large angle with the favored hydraulic fracture direction which maximised the number of 110 

interactions. Furthermore, Yu et al. (2017a) investigated the effect of well spacing on complex 111 

hydraulic fracture networks in the presence of natural fractures using the standard well 112 

orientation (Yu et al., 2017a). They investigated the flow and interference between 113 

neighbouring wells through both complex hydraulic fracture networks and open natural 114 

fractures in the reservoir. It was concluded that connecting hydraulic fracture networks result 115 

in significant interference between wells compared to connecting natural fracture networks 116 

where interference was minimal. Therefore, it was reported that well spacing is the most 117 

important element of well design for maximizing production. They also demonstrated tight 118 

well spacing in naturally fractured formations can lead to significant interference between 119 

wells, and production can be optimized by producing from only one well at a time. However, 120 

there has been no investigation on the effect well orientation and its optimisation on 121 

hydrocarbon recovery when natural fractures are present in a shale reservoir. 122 
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Gas recovery from hydraulically fractured wells relies on gas diffusion and flow from matrix 123 

blocks toward hydraulic fracture networks. When wells are placed close together the recovery 124 

will be high as the average distance between the centre of the rock matrix block to fracture 125 

networks is short. However, this massively increases the development costs i.e., hydrocarbon 126 

recovery is maximised, but economics are not optimum. Optimisation requires finding a 127 

balance between lowering the field development cost by increasing the well spacing and the 128 

delayed recovery from the stimulated formation between wells.  129 

In this study we ask the question; if a formation is naturally fractured, and we drill wells in a 130 

different orientation, can the recovery be increased? And if so, how much can a change in well 131 

orientation increase the efficiency of the production? Figure 1 shows a schematic of the 132 

proposed method in this study to be used instead of the current method for fracturing and 133 

development of naturally fractured shale reservoirs. 134 

 135 

Figure 1 – Schematic of the proposed and current method for developing naturally fractured 136 

shale reservoirs 137 
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Therefore, to answer the above questions we have used numerical tools and demonstrated that 138 

changing the well orientation in naturally fractured formations could lead hydraulic fractures 139 

to propagate deeper into the formation allowing the well spacing to be increased and lowering 140 

the costs of development. Compared to the case with standard well orientation this represents 141 

an opportunity to increase the economics of a project without decreasing expected recovery 142 

from a formation. These outcomes could also benefit the oil-bearing tight formations 143 

developments where the recovery factor of enhanced oil recovery processes depend on the 144 

matrix block sizes, solvent diffusion rates among others to optimise the production  (Sherratt 145 

et al., 2018, Zhu et al., 2020, Sheng, 2019). In the rest of this study, we explain the details of 146 

these findings.   147 

This study is divided into different sections. In the next section, we present the method used to 148 

model hydraulic fractures and simulate production from the wells. Then after, in the results and 149 

discussion section, firstly the impact of the orientation of natural fractures on production is 150 

demonstrated while keeping the well orientation constant and perpendicular to the maximum 151 

horizontal stress, 𝜎ℎ𝑚𝑎𝑥. Then the impact of rotating the well is investigated to determine an 152 

optimised solution for maximising the recovery. In addition, the effect of different natural 153 

fracture spacings is elaborated. Furthermore, we investigate the effect of natural fracture and 154 

well orientations on recovery when there are two sets of natural fracture planes perpendicular 155 

to each other. Finally, a brief economic analysis that shows the potential impact of changing 156 

the well orientation in shale gas field development is presented, and it is followed with the 157 

summary and conclusions section. 158 

2. Method  159 

The focus of this study is to investigate the effect of well orientation on the gas production 160 

from hydraulically fractured wells in shale formations that contain natural fractures. We 161 
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evaluate natural fracture characteristics to develop an approach to determine the best well 162 

orientation to maximize recovery and/or efficiency which can be of benefit to oil and gas 163 

companies and practicing engineers in field development plans. To achieve this, a method is 164 

required for modelling hydraulic fracture propagation in naturally fractured formations and the 165 

production from the resulting fracture networks. The Fracture Upscaling Method (FUM) is 166 

used to capture the complex flow behaviour of discrete fracture models in a dual-permeability 167 

finite difference-based reservoir simulator (Sherratt et al., 2020). This enables the coupling of 168 

complex finite element based hydraulic fracture simulators with conventional reservoir 169 

simulators. In this study Schlumberger Kinetix is used to model hydraulic fracture simulation 170 

using the unconventional fracture model (UFM) (Petrel Kinetix, Schlumberger, 2017). This 171 

can capture complex interactions between neighbouring propagating fractures, interactions 172 

with natural fractures, stress shadow effects, fluid leak-off and proppant transport within the 173 

fractures (Kresse et al., 2013). FUM could be used with other fracture propagation simulators 174 

to study effects that are not captured by this software. 175 

The fracture networks generated are output as discrete fracture models describing the geometry 176 

and distribution of properties such as aperture and proppant concentration along the fracture. 177 

These fracture networks are exported as text files containing the fracture geometry and 178 

properties ensuring that no data is lost between the fracture modelling and upscaling. FUM was 179 

developed in C++ which combines these discrete fracture objects with a dual permeability 180 

finite difference-based reservoir simulation grid. The details of this method have been 181 

presented and tested against field data in a previous study (Sherratt et al., 2020). The FUM uses 182 

a numerical method to change the properties of the grid to capture the effect of the discrete 183 

fracture network they contain. It calculates the fracture permeability of a cell, 𝒌𝒇 containing a 184 

section of the hydraulic fracture network as follow: 185 
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𝒌𝒇 = 𝛼
𝑤𝑓
2

12

(

 
 
|𝒏̂𝒇×(𝒆𝒙×𝒏̂𝒇)|

𝐴𝑓𝑥

𝐴𝑥

|𝒏̂𝒇×(𝒆𝒚×𝒏̂𝒇)|
𝐴𝑓𝑦

𝐴𝑦

|𝒏̂𝒇×(𝒆𝒛×𝒏̂𝒇)|
𝐴𝑓𝑧

𝐴𝑧 )

 
 

          (1) 186 

The fracture is characterised by the aperture, 𝑤𝑓, and the average plane normal vector, 𝒏̂𝒇. The 187 

coefficient 𝛼 = 2 × 10−5 is used to represent the effect of proppant on fracture permeability 188 

(Yu et al., 2017b). 𝐴𝑓𝑥, 𝐴𝑓𝑦 and 𝐴𝑓𝑧 are the area of intersection between the fracture plane and 189 

the cell faces. The other terms all account for properties of the grid cell.  𝐴𝑥, 𝐴𝑦 and 𝐴𝑧 are the 190 

cell face areas in each grid axes direction and the unit vectors in Cartesian coordinates are 𝒆𝒙, 191 

𝒆𝒚 and 𝒆𝒛. When cells contain multiples fractures, the effects of all fractures contained by the 192 

cell can be summed for each fracture as follows: 193 

𝒌𝑓 = ∑ 𝒌𝑓𝑖
𝑛
𝑖=1            (2) 194 

where n is the number of fractures contained in the cell. 195 

FUM can be used with a complex 3D grid with a distribution of reservoir properties but in this 196 

study a simple single layer grid is used with a homogeneous distribution of properties.  197 

This finite difference-based grid can then be imported into any conventional reservoir simulator 198 

to model production. In this study, CMG-GEM, a multiphase flow reservoir simulator, is used.  199 

To evaluate the performance the stimulation and production of a representative section (250 m 200 

of the well) between two parallel wells, W1 and W2, is considered as shown in Figure 2. The 201 

well orientation is expressed as the angle (𝜃𝑤) between the well and the maximum horizontal 202 

stress (𝜎ℎ𝑚𝑎𝑥) direction. The wells in Figure 2 have the standard well orientation (the base case 203 

in this study) perpendicular to 𝜎ℎ𝑚𝑎𝑥 with an angle 𝜃𝑤 = 90°. This study investigates the effect 204 

of recovery using different orientations which are always expressed relative to the orientation 205 

of 𝜎ℎ𝑚𝑎𝑥. A well spacing, 𝑆𝑤 of 300 m is used for all simulations except when stated in section 206 
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3.5 for the economic analysis. Hydraulic fracture stimulation is performed up to the Simulation 207 

Boundary which is shown as a green region in Figure 2. The simulation boundary is large 208 

enough that it is beyond the maximum extension of hydraulic fractures. Production is then 209 

modelled from the region between the two wells, the production volume, represented by the 210 

orange region in Figure 2. The production volume and simulation boundary are different 211 

because full fracture propagation is modelled but to increase the computational efficiency of 212 

the production model, only production from the region between the two wells is considered. 213 

This approach limits the number of fracking stages to be modelled and also reduces the size of 214 

the production model which decreases the time required to run many simulations but can still 215 

be used to determine the recovery performance between two wells which is representative of a 216 

full well model.  217 

 218 

Figure 2 – Schematic of the region being investigated for hydraulic fracture stimulation 219 

modelling and production modelling 220 

The reservoir is assumed to contain natural fractures in a vertical plane that fully intersect the 221 

target shale formation. These are described by their length, 𝐿𝑛𝑓, spacing, 𝑆𝑛𝑓 and their 222 
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orientation 𝜃𝑛𝑓 which is expressed as the angle between the plane of the fracture and 𝜎ℎ𝑚𝑎𝑥 as 223 

shown in Figure 2. In this study, a mean natural fracture length,  𝐿𝑛𝑓 = 30 m with a standard 224 

deviation of 3 m and the mean natural fracture spacing, 𝑆𝑛𝑓 = 15 m with a standard deviation 225 

of 2 m are used (Ma & Holditch, 2015). The impact of the orientation is one of the main 226 

parameters investigated in this study. Due to the non-uniqueness of the natural fracture 227 

realisations, there can be some variation in the results. We tested the use of multiple realisations 228 

for each case and based on the tests, we found that after three realisations the average 229 

production has converged, and hence further realizations do not significantly impact the 230 

accuracy. Therefore, at least three realisations for each case are created and averaged to 231 

increase the accuracy. 232 

Natural fractures are considered to be sealed or partially sealed. Therefore, they represent a 233 

plane of weakness in the formation that may be exploited by propagating hydraulic fractures 234 

but do not contribute to the ability of the formation to conduct fluid flow unless they are 235 

exploited by the propagating hydraulic fractures. 236 

2.1. Hydraulic Fracturing Scheme 237 

By using the unconventional fracture modelling software, Kinetix, we are able to capture 238 

complex 3D propagation of hydraulic fractures in addition to interaction with natural fractures, 239 

the stress shadow effect between stages and the distribution of proppant within the fracture 240 

networks among other phenomenon.  241 

Many different factors such as reservoir properties, well design and stimulation parameters can 242 

be defined and incorporated into these simulations. Each well section is completed with 3 243 

stages of hydraulic fracturing 47 m apart, each with 4 perforation clusters 16 m apart and is 244 

completed with 1,300 m3of slickwater and 198,000 kg of sand proppant injected at a rate of 9.5 245 

m3 per minute. The other parameters required to model the hydraulic fracture propagation are 246 
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detailed in Table 1. The information is based on a field case and are typical values for shale 247 

formations in North America (Yu et al., 2017b).  248 

It should be noted that the UFM model also has some limitations such as the maximum fracture 249 

height must be constrained which requires consideration of geological boundaries that may 250 

stop the growth of fractures. In this study this value is taken from Yu et al. (2017b) and is kept 251 

constant throughout all cases. However, if UFM is applied to another field then careful 252 

consideration should be given to these values. 253 

Table 1 – Reservoir and fluid properties used to model hydraulic fracture propagation from 254 

(Yu et al., 2017b) 255 

Property Value 

Permeability (𝑚𝐷) 0.0008 

Porosity  0.12 

Maximum Horizontal Stress (𝑘𝑃𝑎) 51,200 

Minimum Horizontal Stress (𝑘𝑃𝑎) 48,263 

Initial Reservoir Pressure (𝑘𝑃𝑎) 31,026 

Poisson Ratio  0.23 

Young’s Modulus (𝑘𝑃𝑎) 2.06 × 107  

Natural Fracture Coefficient of Fraction  0.6 

Natural Fracture Toughness (𝑘𝑃𝑎 ∙ 𝑚
1

2)  550 

Shale Gas Composition CH4 

2.2. Production Modelling 256 

CMG-GEM, a compositional multiphase flow reservoir simulator, is able to capture many 257 

complexities of flow in shale formations. The reservoir permeability and porosity are detailed 258 

in Table 1. A pressure dependant permeability modulus is included to account for the pressure 259 

dependant nature of shale formations (Pedrosa Jr., 1986). 260 

𝒌𝒎 = 𝒌𝒎𝒊𝑒
−𝛾𝑚(𝑃𝑚𝑖−𝑃𝑚)        (3) 261 
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𝒌𝒇 = 𝒌𝒇𝒊𝑒
−𝛾𝑓(𝑃𝑓𝑖−𝑃𝑓)         (4) 262 

where 𝒌𝒎𝒊 and 𝒌𝒇𝒊 are the initial matrix and fracture permeabilities respectively at the initial 263 

matrix pressure 𝑃𝑚𝑖 and fracture pressure 𝑃𝑓𝑖. The matrix permeability modulus, 𝛾𝑚 and 264 

fracture permeability modulus, 𝛾𝑓 are defined in Table 2 (Zhang & Emami-Meybodi 2020). A 265 

non-Darcy modifier is also applied to the fractures using the Forchheimer correction to Darcy’s 266 

Law  (Forchheimer, 1901). The beta correction is calculated as,  267 

𝛽 =
𝛼𝑔

(𝑘𝑘𝑟𝑔)𝑁1𝑝
          (5) 268 

where 𝑘 is the absolute fracture permeability and 𝑘𝑟𝑔 is the relative gas permeability. The 269 

constants 𝛼𝑔 and 𝑁1𝑝 are given in Table 2 (Evans & Civan, 1994). A Klinkenberg correction, 270 

𝑃𝑘𝑟 is applied to the matrix to account for slip flow (Letham & Bustin, 2016). Gas desorption 271 

from the shale is also accounted for using a Langmuir isotherm (Arri et al., 1992, Hall et al., 272 

1994). The number of moles of component j absorbed per kg of rock is calculated using the 273 

equation below, 274 

𝑞𝑗 =
𝑞𝑗,𝑚𝑎𝑥𝐵𝑗𝑃

1+𝐵𝑗𝑃
          (6) 275 

where 𝑞𝑗,𝑚𝑎𝑥 is the maximum number of moles of component j adsorbed per kg of rock, 𝐵𝑖 is 276 

the Langmuir isotherm parameter. This has been fit against field data from Yu et al. (2017b) to 277 

determine the values in Table 2 (Sherratt et al. 2020). The initial water saturation of fractures 278 

and the fracture porosity are also detailed in Table 2. 279 

Table 2 – Reservoir and fluid properties used to model gas production 280 

Property Value 

𝑀𝑎𝑡𝑟𝑖𝑥 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑚𝑜𝑑𝑢𝑙𝑢𝑠, 𝛾𝑚 (𝑘𝑃𝑎−1) 4.35 × 10−6 

𝐹𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑚𝑜𝑑𝑢𝑙𝑢𝑠, 𝛾𝑓 (𝑘𝑃𝑎
−1) 4.35 × 10−5 
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𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑔𝑎𝑠, 𝑞𝐶𝐻4,𝑚𝑎𝑥  (
𝑚𝑜𝑙

𝑘𝑔 𝑜𝑓 𝑟𝑜𝑐𝑘
)  0.23  

𝐵𝐶𝐻4 (𝑘𝑃𝑎−1) 2.9 × 10−4 

𝑃𝑘𝑟 (𝑘𝑃𝑎) 500 

𝛼𝑔 (𝑚
−1) 4.76 × 109  

𝑁1𝑔 (-) 1.021 

Initial water saturation of fracture  1.0 

Initial Water Saturation of matrix  0.10 

Shale density (𝑘𝑔.𝑚−3) 1992  

Fracture porosity  0.001 

Reservoir Temperature (℃) 55 

 281 

The bottom hole pressure schedule for the wells is shown in Figure 3 which extended from the 282 

field case in Yu et al., 2017b for 5,000 days of production. In addition to this the matrix and 283 

fracture relative permeabilities are shown in Figure 4. 284 

 285 

Figure 3 – Bottom hole pressure schedule for wells W1 and W2 during production expressed 286 

as days since the beginning of production 287 
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 288 

Figure 4 – Relative permeability curves for the matrix and fracture (Daigle et al., 2015)  289 

A previous study tested the sensitivity of FUM with grid cell sizes ranging from 1 m×1 m×25 290 

m to 8 m×8 m×25 m demonstrating results are accurate even with coarse grids (Sherratt et al., 291 

2020).  Therefore, in the current study, to capture the complex hydraulic fracture networks in 292 

the presence of natural fractures, a fine grid of 2 m×2 m×25 m (less than the minimum natural 293 

fracture spacing of 5 m used in this study) can resolve complex fracture geometry and provide 294 

accurate results. Thus, a grid cell size of 2 m×2 m×25 m is used throughout this manuscript. 295 

This results in models with 125×150×1 grid cells. Simulations were ran using a desktop 296 

computer with an Intel Xeon E5645 CPU with 6 cores at 2.40 GHz and 64 Gb RAM. The 297 

simulation of hydraulic fracture propagation (Kinetix) takes approximately 30 minutes to run 298 

for each case, then the fracture upscaling (FUM) takes less than 5 minutes, and the simulation 299 

of 5,000 days of production (CMG-GEM) takes approximately 30 minutes to 1 hour. 300 

3. Results and Discussion 301 

3.1. Impact of Natural Fracture Orientation 302 

To investigate the impact of natural fracture orientation, hydraulic fracture propagation was 303 

modelled with different natural fracture orientations. In this section, the well orientation is fixed 304 
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perpendicular to the maximum horizontal stress (𝜃𝑤 = 90°) consistent with the current practice 305 

in industry (standard orientation). The hydraulic fracture and natural fracture networks (𝜃𝑛𝑓 =306 

0° and 𝜃𝑛𝑓 = 90°) are shown in Figure 5 in blue and black, respectively. The stimulated 307 

reservoir volume (SRV) is shown in yellow for the region between the wells. As discussed 308 

earlier, hydraulic fractures propagate in a configuration that requires the least amount of 309 

energy, therefore, as they meet natural fractures they often propagate along the natural fracture 310 

as this requires less energy. If the fractures are at a high angle to the maximum horizontal stress 311 

this can result in highly complex networks that deviate a long way parallel to the well instead 312 

of deep into the formation away from the well. This tendency is shown in Figure 5b and results 313 

in poor access to the hydrocarbons far away from the well which translates to a lower 314 

production. The SRV is clearly much smaller and does not extend as deep into the formation 315 

with natural fractures perpendicular to 𝜎ℎ𝑚𝑎𝑥 in comparison to parallel to 𝜎ℎ𝑚𝑎𝑥. It should be 316 

highlighted that the presence of a hydraulic fracture does not guarantee a good connection 317 

between the well and the formation as the aperture may not be great enough. This implies that 318 

full upscaling and production modelling is required to determine the efficiency of each fracture 319 

network. 320 

 321 
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Figure 5 – Fracture networks (blue) and hydraulic fractures (black) with a) 𝜃𝑛𝑓 = 0° and 322 

b) 𝜃𝑛𝑓 = 90°, with 𝜃𝑤 = 90°, 𝑆𝑛𝑓 = 15𝑚 and 𝐿𝑛𝑓 = 30𝑚. The stimulated reservoir volume 323 

is shown in yellow for the region between the wells   324 

For each fracture that propagates away from the well the maximum extension perpendicular 325 

and parallel to the well can be estimated to find the average extension in these directions for 326 

the network of hydraulic fractures associated with each natural fracture angle as shown in 327 

Figure 6. When natural fractures are parallel to 𝜎ℎ𝑚𝑎𝑥, 𝜃𝑛𝑓 = 0°, the hydraulic fractures can 328 

propagate up to 90 m (fracture half-length) perpendicular to the well but this is reduced to less 329 

than 50 m when the natural fractures are perpendicular to 𝜎ℎ𝑚𝑎𝑥, 𝜃𝑛𝑓 = 90°.  330 

 331 

Figure 6 – Average extension of hydraulic fractures perpendicular and parallel to the well with 332 

different natural fracture orientations, 𝜃𝑛𝑓, with 𝜃𝑤 = 90°, 𝑆𝑛𝑓 = 15𝑚 and 𝐿𝑛𝑓 = 30𝑚   333 

Using FUM to upscale the hydraulic fractures the cumulative production for different natural 334 

fracture orientations is shown in Figure 7. In this study, cumulative production corresponds to 335 

the recovery from the production volume shown in Figure 2 from both well segments. Multiple 336 

natural fracture realisations are created for each scenario and the production is averaged to plot 337 
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this graph. This shows that as the angle between natural fractures and maximum horizontal 338 

stress (𝜃𝑛𝑓) increases, the recovery decreases. Based on the cumulative production at different 339 

times (after 500 to 2,000 days) that recovery can be decreased by as much as 25-35% due to 340 

the negative impact of natural fractures. Therefore, the reduction in recovery in Figure 7 can 341 

be associated with the tendency of hydraulic fractures to propagate along natural fractures 342 

instead of away from the well into the formation. 343 

 344 

Figure 7 – Cumulative production with different natural fracture orientations and standard well 345 

orientation 𝜃𝑤 = 90° for 𝑆𝑛𝑓 = 15 𝑚 and 𝐿𝑛𝑓 = 30 𝑚. Circle, triangle and cross symbols 346 

represent the discrete data points after 500, 1000 & 2000 days, respectively 347 

The advantage of propagating fractures deep into the formation away from the well is that a 348 

larger volume of the formation becomes connected to the well and as a result a larger volume 349 

of hydrocarbons can be recovered. This may also mean that less wells are required to produce 350 

the hydrocarbons and as a result well spacing could be increases which represents a large 351 

reduction in the cost of producing the resource which is investigated later in this study. An 352 

increase in propagation of hydraulic fractures along the direction of the well could indicate that 353 

stage/cluster spacing could be increased which may also represent a reduction in the 354 
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development costs, but this is not investigated in this study. This has been addressed in a 355 

previous modelling study, and it was found that decreasing cluster spacing can increase fracture 356 

complexity, but this doesn’t necessarily mean recovery will be increased (Zou et al., 2016). 357 

Figure 8 shows the pressure distribution in the formation at different times with natural 358 

fractures at 0° and 90° to the maximum horizontal stress. This shows the limited penetration 359 

of hydraulic fractures when natural fractures are at a high angle with the maximum horizontal 360 

stress, leading to a poor recovery from the formation in the centre between the wells. 361 

 362 

 363 

Figure 8 – Reservoir pressure distribution with natural fracture orientations 𝜃𝑛𝑓 = 0° and 364 

 𝜃𝑛𝑓 = 90° with standard well orientation 𝜃𝑤 = 90°, 𝑆𝑛𝑓 = 15𝑚 and 𝐿𝑛𝑓 = 30𝑚 365 

The pressure distribution confirms that when natural fractures are at a high angle to the 366 

maximum horizontal stress depletion by hydraulic fractures will be limited. Therefore, there is 367 

a need to consider the impact of natural fractures on shale gas field development plans to 368 

minimise their negative effects on drilling and fracturing costs. 369 
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3.2. Impact of Well Orientation 370 

The main aim of this study is to investigate if there is a better well orientation than the current 371 

practice in industry (standard orientation) which is parallel to the minimum horizontal stress 372 

(𝜃𝑤 = 90°). The results in the previous section have highlighted that the orientation of the 373 

natural fractures can have a large impact on recovery as hydraulic fractures tend to propagate 374 

along natural fractures. Successful hydraulic fracturing results in a good connection between 375 

the shale formation and the well. This requires the hydraulic fractures to propagate deep into 376 

the formation away from the well to connect large volumes of hydrocarbon containing shale 377 

reservoirs to the well in addition to high fracture conductivity. Therefore, the directionality of 378 

the natural fractures may hinder the ability of hydraulic fractures to propagate deeply into the 379 

formation away from the well. In this section we test if a change in well orientation, as shown 380 

in Figure 9 may be more optimal and increase recovery from between the wells. As the well 381 

orientation is decreased from the standard orientation, 𝜃𝑤 = 90°, such that natural fractures 382 

will become more perpendicular to the wells, the component of the maximum horizontal stress 383 

parallel to the well hinders the fracturing in theory, but the weak natural fractures will help 384 

propagate the fractures away from the well. Therefore, the change in the well orientation results 385 

in hydraulic fractures propagating deeper into the formation which may have a dominant 386 

positive effect than the negative effect of the component of the maximum horizontal stress 387 

parallel to the well.  However, with further decreasing 𝜃𝑤 the efficiency of changing the well 388 

orientation may diminish. This is tested in this study to determine the well orientations that 389 

show an increase in recovery.  390 
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 391 

Figure 9 – Diagram showing the simulation schematic of the proposed change of well 392 

orientation 393 

Three different natural fracture orientations are investigated; 𝜃𝑛𝑓 = 80°, 60°, 40°. For each 394 

natural fracture orientation fracture stimulation is simulated using a range of well orientations 395 

starting from the industry standard orientation 𝜃𝑤 = 90° through  𝜃𝑤 = 0°. In this study the 396 

horizontal well orientation is rotated in the direction so that fractures become more 397 

perpendicular to the well. It is expected that a rotation in the other direction would result in 398 

hydraulic fractures more parallel to the well which is likely to hinder the ability of hydraulic 399 

fractures to propagate deep into the formations and therefore not investigated in this study. 400 

Once the hydraulic fracturing has been simulated the fracture networks are exported and 401 

upscaled using FUM so that production can be simulated. 402 

Figure 10 (a) and (b) show the fracture networks with the standard well orientation 𝜃𝑤 = 90° 403 

and a small rotation 𝜃𝑤 = 70°, respectively. The fracture networks in Figure 10 (b) show the 404 

effect of hydraulic fractures propagating further towards the neighbouring well when the 405 

orientation is changed. 406 
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 407 

Figure 10 – Fracture networks with 𝜃𝑛𝑓 = 80° a) standard well orientation 𝜃𝑤 = 90° and b) a 408 

rotated well with 𝜃𝑤 = 70°, with 𝑆𝑛𝑓 = 15𝑚 and 𝐿𝑛𝑓 = 30𝑚. The stimulated reservoir 409 

volume is shown in yellow for the region between the wells    410 

The reservoir pressure distribution for the standard well orientation 𝜃𝑤 = 90° and 𝜃𝑤 = 70° is 411 

shown in Figure 11. This demonstrates the tendency of hydraulic fractures to propagate further 412 

away from the well in which results in a larger stimulated reservoir volume is created and the 413 

recovery would be higher. 414 

 415 
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Figure 11 - Reservoir pressure distribution with the standard well orientation 𝜃𝑤 = 90°  and 416 

changed by 20 degrees 𝜃𝑤 = 70° with 𝑆𝑛𝑓 = 15𝑚 and 𝐿𝑛𝑓 = 30𝑚 417 

Therefore, this shows the recovery could be increased by simply changing the well orientation 418 

requiring no significant extra investment.   419 

Figure 12 shows cumulative recovery after 500, 1,000 and 2,000 days of production with 420 

varying natural fracture orientations, 𝜃𝑛𝑓 and well orientations, 𝜃𝑤. It can be concluded that 421 

the maximum recovery is not always achieved with the standard well orientation perpendicular 422 

to the maximum horizontal stress, 𝜃𝑤 = 90°. The term recovery multiplier (RM) is defined 423 

below as the ratio between recovery at a given well orientation in comparison to the standard 424 

well orientation 𝜃𝑤 = 90°. 425 

𝑅𝑀 =
𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑎𝑡 𝜃𝑤

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑎𝑡 𝜃𝑤=90°
         (7) 426 
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 427 

Figure 12 – Cumulative production with different well and natural fracture orientations and the 428 

recovery multiplier to the standard well orientation 𝜃𝑤 = 90° with 𝑆𝑛𝑓 = 15𝑚 and 𝐿𝑛𝑓 = 30𝑚 429 

Figure 12 (a) and (b) show that when the natural fractures are nearly parallel to the minimum 430 

horizontal stress (𝜃𝑛𝑓 = 80°) recovery can be slightly increased by up 10-20% with a change 431 

of well orientation to 𝜃𝑤 = 60° 𝑡𝑜 80°. However, once the well orientation is changed beyond 432 

this, there is no increase in recovery and there is a decrease in recovery in comparison to the 433 

standard well orientation 𝜃𝑤 = 90°. This is due to the dominance of the maximum horizontal 434 
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stress component parallel to the well that forces hydraulic fractures to propagate more laterally 435 

along the well rather than towards the neighbouring well. It can be seen that for 𝜃𝑛𝑓 = 60°, 436 

similarly, a small change in well orientation to 𝜃𝑤 = 70° increases recovery up to 10%. A 437 

smaller range of well orientations show an increase in recovery with a non-standard well 438 

orientation for 𝜃𝑛𝑓 = 60° than 𝜃𝑛𝑓 = 80°. And when the natural fractures are more parallel 439 

with the maximum horizontal stress, 𝜃𝑛𝑓 = 40°, there is no orientation that shows an increased 440 

recovery. This suggests that in this case the orientation of the maximum horizontal stress is still 441 

a major dominating factor determining the propagation of hydraulic fractures on a macro scale. 442 

Therefore, these results indicate that when natural fractures are more perpendicular to the 443 

maximum horizontal stress there is a greater chance that a change in the well orientation away 444 

from the standard orientation to be beneficial. As highlighted in section 3.1 when natural 445 

fractures are more perpendicular to the maximum horizontal stress production is impacted to 446 

most severely with the standard orientation. Therefore, the worst cases also present the best 447 

opportunity to increase production by changing the well orientation.  448 

There are also limitations to the method used in this study which should be noted. The 449 

efficiency of rotating the well orientation has only been tested under a single geological and 450 

stress condition in this study. Both of these can affect the propagation of hydraulic fractures 451 

and under different circumstances the results may be different. In this study, the differential in-452 

situ stress is small and the natural fracture planes are weak. Both of these factors make it easy 453 

for hydraulic fractures to propagate along the natural fractures and therefore well orientation 454 

change is more likely to be favourable. When natural fractures are tougher, or the differential 455 

stress is higher then hydraulic fractures will require more energy to propagate along natural 456 

fractures and it is more likely that they will cross over natural fractures instead of propagate 457 

along them. In this scenario the effect of changing the well orientation is unlikely to increase 458 
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recovery or efficiency. In addition to this, other effects such as fracture reorientation from the 459 

perforations may also restrict flow from the fractures into the well reducing recovery. This 460 

study has focused on the fracture propagation into the formation and not around the wellbore. 461 

Therefore, these effects have not been captured but to verify these conclusions they should be 462 

considered when changing the well orientation. However, these results demonstrate that on a 463 

macro-scale the tendency of hydraulic fractures to propagate along natural fractures could 464 

increase recovery which warrant further investigation such as laboratory or field tests. 465 

3.3. Impact of Well Orientation with Different Natural Fracture Spacings 466 

The results in section 3.2 showed that changing the well orientation can increase the recovery. 467 

In a previous study it has been shown the natural fracture spacing can also have a large effect 468 

on hydraulic fracture propagation, while natural fracture length has less of an effect (Sherratt 469 

et al., 2020). Therefore, in this study we elaborate on the effect of changing the well orientation 470 

with different natural fracture spacings. To investigate this effect, three natural fracture 471 

orientations 𝜃𝑛𝑓 = 40°, 60°, 80° with natural fracture spacings of S = 5, 10, 15 and 20 m, were 472 

used to model hydraulic fracture stimulation and recovery with various well orientations.  473 

The effect of well orientation on cumulative recovery with various natural fracture orientations, 474 

𝜃𝑛𝑓 and natural fracture spacings 𝑆𝑛𝑓 is shown in Figure 13. Three natural fracture realisations 475 

were generated and averaged for each point in each graph. 476 
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 477 

Figure 13 – Cumulative production with different well and natural fracture orientations and the 478 

recovery multiplier to the standard well orientation 𝜃𝑤 = 90° for different natural fracture 479 

spacings 𝐿𝑛𝑓 = 30𝑚 480 

For natural fractures that are almost parallel to the standard well orientation, 𝜃𝑛𝑓 = 80°, it was 481 

previously shown that with 𝑆𝑛𝑓 = 15 𝑚 the recovery was only increased with a small change 482 

in well orientation and with well orientations  𝜃𝑤 < 60° recovery was negatively impacted. 483 
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However, Figure 13 shows that when 𝑆𝑛𝑓 is decreased and fracture density is higher, the 484 

recovery is increased at more significant well orientation changes. In particular, when 𝑆𝑛𝑓 =485 

5 m the results show that recovery is greatest when 𝜃𝑤 = 0° which is completely perpendicular 486 

to the standard well orientation. In addition to this, the maximum recovery multiplier (RM) 487 

increases with higher fracture density and small natural fracture spacing 𝑆𝑛𝑓. This suggests that 488 

as the fracture spacing reduces, their effect on hydraulic fracture propagation stays dominant 489 

for a wider range of well orientations, over the negative effect of the maximum horizontal stress 490 

component (parallel to the well orientation). In section 3.2 the maximum observed increase in 491 

recovery was less than 20%. However, with decreased natural fracture spacing this is increased 492 

to 40%. The results also show that an increase in recovery is observed with a small orientation 493 

change for all natural fracture spacings up to 20 m. 494 

With 𝜃𝑛𝑓 = 60° the observed trend is similar to 𝜃𝑛𝑓 = 80°. However, with a natural fracture 495 

spacing 5m the increase in recovery does not keep increasing as the well orientation is changed 496 

from 𝜃𝑤 = 90° to 𝜃𝑤 = 0° and instead the peak recovery and optimal well orientation is about 497 

𝜃𝑤 = 40°. However, even at 𝜃𝑤 = 0° recovery is still greater than the standard well orientation. 498 

With 𝜃𝑛𝑓 = 40° and natural fracture spacing 𝑆𝑛𝑓 = 15 m  in section 3.2 there was no well 499 

orientation that increased recovery compared to the standard well orientation. However, Figure 500 

13 (d) and (f) show that changing the well orientation can achieve an increase in recovery of 501 

approximately 5% with a natural fracture spacing of 10 m and approximately 17% with a 502 

natural fracture spacing of 5 m.  503 

In summary, these results elaborate that fracture spacing plays a large role in the propagation 504 

of hydraulic fractures. As highlighted before, changing the well orientation increases recovery 505 

by combining the competing effects of the stress orientation and the natural fractures to 506 

propagate hydraulic fractures away from the well and deep into the formation. When the natural 507 
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fracture spacing is decreased, it would increase the dominance of the natural fractures on the 508 

propagation of hydraulic fractures and decreases the dominance of the maximum stress 509 

orientation, therefore, the well orientation can be changed to a greater amount. 510 

It should be noted in our study, geomechanical properties such as fracture strength and 511 

differential stress are kept constant.  These properties could impact the ability of hydraulic 512 

fractures to propagate along natural fractures and therefore have an impact on the results and 513 

should be investigated further if real field data is available. As previously highlighted, other 514 

fracture properties such as length will also impact the effectiveness of changing the well 515 

orientation. Overall, the results in this study suggest that changing the well orientation could 516 

be beneficial in naturally fractured formations where there can be a marginal increase in 517 

recovery with no extra investments. Geological uncertainty in the reservoir also presents 518 

significant challenges as these results show that changing the well orientation does not always 519 

increase recovery. If the geological properties such as natural fracture spacing, orientation or 520 

fracture toughness vary away from the well the results may not be as expected. 521 

3.4. Two Perpendicular Planes of Natural Fractures 522 

In previous sections, we have only considered a single set of natural fracture planes. As 523 

discussed, hydraulic fractures tend to propagate along the natural fractures, this results in 524 

fracture networks aligned with the orientation of the natural fractures. In this section, we further 525 

investigate the impact of recovery when there are two sets of natural fracture planes at 90° to 526 

each other as shown in Figure 14. As the natural fractures are perpendicular to each other there 527 

is no need to define the orientation of both sets and instead just the orientation of one set can 528 

be defined. We assume both sets have the same properties and the length 𝐿𝑛𝑓 = 30 m and 529 

spacing 𝑆𝑛𝑓 = 15 m. All other properties are defined in Table 1 and Table 2. 530 
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 531 

Figure 14 – Schematic of the wells and two perpendicular planes of natural fractures with equal 532 

properties 533 

The cumulative production with different natural fracture orientations is shown in Figure 15. 534 

Three realisations for each scenario (𝜃𝑛𝑓 and 𝜃𝑤) are generated and the average cumulative 535 

production for each case is taken. This suggests that recovery is slightly increased when one 536 

set of natural fractures is closely perpendicular to the well and that recovery is most negatively 537 

impacted when both the fracture sets are 45° to the well orientation. This can be explained as 538 

when one set is almost perpendicular to the well, the propagating hydraulic fractures are aided 539 

by the set that is nearly perpendicular to the well. When the angle is greater, the propagating 540 

hydraulic fracture interacts with lots of the natural fractures which all propagate greatly along 541 

the direction of the well rather than into the formation. Recovery is not maximum when 𝜃𝑛𝑓 =542 

0° because the propagating hydraulic fractures are highly unlikely to intersect the fractures 543 

perpendicular to the well and therefore cannot easily propagate along them, i.e., natural 544 

fractures parallel to the well hinder the propagation of hydraulic fractures. 545 
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 546 

Figure 15 – Cumulative production with different orientations of the two natural fracture 547 

planes, 𝜃𝑛𝑓 with 𝜃𝑤 = 0°, 𝐿𝑛𝑓 = 30𝑚 and 𝑆𝑛𝑓 = 15𝑚 548 

The cumulative production with different well orientations, 𝜃𝑤 and natural fracture orientations 549 

𝜃𝑛𝑓 is shown in Figure 16. This shows the general trend of recovery decreasing as the well 550 

orientation is changed and therefore there is no optimal orientation other than the standard well 551 

orientation 𝜃𝑤 = 90°. 552 

 553 
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Figure 16 – Cumulative production with different well orientations, 𝜃𝑤 and different natural 554 

fracture orientations 𝜃𝑛𝑓 with = 𝐿𝑛𝑓 = 30𝑚 and 𝑆𝑛𝑓 = 15𝑚 555 

In sections 3.2 and 3.3, the results showed that production could be increased by changing the 556 

well orientation to utilise the tendency of hydraulic fractures to propagate along natural 557 

fractures to ensure hydraulic fractures propagate deep into the formation. However, when there 558 

are two sets of natural fracture planes perpendicular to each other the effects of each set cancel 559 

out each other and therefore no change in well orientation can result in an increased recovery. 560 

The two sets of natural fracture planes scenario in this study is an extreme case and there will 561 

be cases when there are two sets of natural fractures with a smaller angle between them. In 562 

such cases, the effects might complement each other, resulting in a directional tendency. 563 

Therefore, the smaller angle between the sets of natural fractures could result in a higher chance 564 

of being able to increase recovery by changing the well orientation, however this requires 565 

further studies.  566 

3.5. Economic Analysis of Increasing Well Spacing 567 

The results in this study have shown that under many conditions the recovery can be increased 568 

by changing the well orientation. The recovery factor achieved after 5,000 days for the standard 569 

well orientation (𝜃𝑤 = 90°) and the optimised well orientation (𝜃𝑤 = 70°) with natural 570 

fracture angle 𝜃𝑛𝑓 = 60° with different well spacings is shown in Figure 17. This shows that a 571 

higher recovery factor is achieved using the optimised well orientation and this increase is 572 

limited when well spacing is decreased. This also demonstrates that by changing the well 573 

orientation the same recovery factor can be achieved using a larger well spacing representing 574 

a reduction in the cost of developing the resource.  575 
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 576 

Figure 17 – Recovery factor after 5,000 days with different well spacings 𝑆𝑛𝑓 = 15 𝑚,  𝐿𝑛𝑓 =577 

30 𝑚 and 𝜃𝑛𝑓 = 60° for well orientations 𝜃𝑤 = 90° and 𝜃𝑤 = 70° 578 

Figure 17 shows that the same recovery factor can be achieved by using the standard well 579 

orientation (𝜃𝑤 = 90°) and 𝑆𝑊 = 300 𝑚 as a well orientation of 𝜃𝑤 = 70° and 𝑆𝑊 = 350 𝑚. 580 

We can use these two scenarios to perform a simple economic analysis of changing the well 581 

orientation. Considering a reservoir section of 2,400 m × 2,100 m × 25 m. With the standard 582 

well orientation and 𝑆𝑊 = 300 𝑚 a recovery factor of 55% can be achieved over 5,000 days 583 

would require 8 wells for the reservoir section of 2,400 m. However, achieving the same 584 

recovery factor with 𝜃𝑤 = 70° only requires 7 wells in the same time period. Typical costs for 585 

lease accusation (LA), royalty costs (RC), site preparation (SP), drilling and completion costs 586 

(D&C), operating costs (OPEX) and taxes are taken from a previous economic study and 587 

detailed in Table 3  (Eshkalak et al., 2014).  588 

Table 3 - Economic parameters used for the economic analysis (Eshkalak et al., 2014). 589 

Property Value 

Shale reservoir dimensions (𝑚) 2,400 × 2,100 × 25 
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Cost of single well: drilling, completion, stimulations ($) 3,444,882 

Target recovery factor (RF) after 5,000 days (%) 55 

Gas price ($/MMBtu) 3.00, 4.00  

Operating Costs: OPEX ($/Mscf) 1.00 

Site preparation costs: SP ($/well) 40,000 

Lease Acquisition Cost: LA ($/acre) 3500 

Royalty Costs: RC (%) 15 

Tax Rate: Federal + State (%) 45 

Discount rate, r 0.1 

 590 

The main savings will come from the reduction in costs of drilling and completing an extra 591 

well. A simple analysis of the reduction in costs is shown in Table 4. This shows that the profit 592 

per square metre can be increased by optimising the well orientation from $47.31 to $48.00. 593 

This may appear to be a small increase, but it requires no extra investment to achieve which 594 

makes this small increase significant when we develop an entire field in which hundreds of 595 

wells are drilled. 596 

Table 4 – Simple economic comparison between standard and optimised well orientation 597 

Property Standard Well 

Orientation 

Optimised Well 

Orientation 

Well Spacing required for target RF (𝑚) 300 350 

Number of wells required  8 7 

Total cost of drilling  ($) 27,559,056 24,154,174 

Revenue from Gas (4$/MMBtu) ($) 228,013,841 228,013,841 

Simple profit ($) 238,457,092 241,901,974 

Profit per square metre ($/𝑚2)  47.31 48.00 

   

The simple analysis in Table 4, only takes into account the drilling & completion costs and 598 

doesn’t take into account the net present value (NPV) of cash flows, OPEX, royalty costs or 599 

taxes. A more in-depth economic analysis can be conducted by determining the capital 600 
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expenditure as the sum of the lease accusation, site preparation and drilling and completion 601 

costs, 602 

𝐶𝐴𝑃𝐸𝑋 = 𝐿𝐴 + 𝑆𝑃 + 𝐷&𝐶         (8) 603 

The net present value (NPV) is calculated using the equation below, 604 

𝑁𝑃𝑉 = ∑
𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑡−𝐶𝐴𝑃𝐸𝑋𝑡−𝑂𝑃𝐸𝑋𝑡−𝑅𝐶𝑡−𝑡𝑎𝑥𝑒𝑠𝑡

(1+𝑟)𝑡
𝑁
𝑡=0       (9) 605 

Where t is the number of years from the beginning of production and N is the total number of 606 

years production is simulated for. A discount rate of 𝑟 = 0.1 is used in this study. This analysis 607 

is based on two gas prices of 3.00 $/MMBtu and 4.00 $/MMBtu (1 MMBtu ≈ 28,26 sm3). The 608 

actual gas price will have a big impact on any economic analysis and fluctuation in the gas 609 

price over the 5,000 days of production is not accounted for in this study. Other variables 610 

needed for this analysis are detailed in Table 3. The NPV with time following the beginning of 611 

production is shown in Figure 18 for the different well orientations for two different gas prices. 612 

 613 

Figure 18 – NPV of the case with the standard well orientation (θw = 90°) and θw = 70° with 614 

two different gas prices 615 
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This shows that changing the well orientation and increasing the well spacing can increase the 616 

NPV of shale gas developments. The main difference is the reduction in CAPEX costs from 617 

$27.56 million to $24.15 million due to less wells being required. The time to which the NPV 618 

becomes positive is also decreased by up to several years just by changing the well orientation 619 

to 𝜃𝑤 = 70° which decreases the risk of investment. This analysis does not consider the 620 

economics of operating and maintaining a smaller well stock, however this would further 621 

increase the economic benefit of changing well orientation and increasing well spacing. This 622 

analysis also assumes a large rectangular reservoir. The same results may not be achieved with 623 

more complex reservoir geometries or smaller reservoirs as the orientation of the wells may 624 

limit the number of wells that can be drilled. The method used in this study also has limitations 625 

as each part of this workflow have been independent. A more complete economic analysis 626 

could include dynamic adjustments after each stage as the fracture design may be optimized by 627 

changing the fluid and proppant schedules with different orientations. 628 

4. Summary and Conclusions 629 

This study highlights the impact of natural fractures on the propagation of hydraulic 630 

fractures creating complex hydraulic fracture networks and can be summarized as the 631 

following points; 632 

 Hydraulic fractures exploit and propagate along weak natural fractures which may 633 

not be in the direction of the maximum horizontal stress. This can result in fractures 634 

propagating in a direction lateral to the well in addition to perpendicularly away 635 

from the well. As a result, deep regions of the formation between wells can be 636 

poorly connected to the well via fractures. 637 

 Changing the well orientation in naturally fractured formations from the standard 638 

direction perpendicular to the maximum horizontal stress can combine the effect of 639 

Jo
urn

al 
Pre-

pro
of



 

37 

 

natural fractures and in-situ stress orientation to force hydraulic fractures to 640 

propagate deeper into the formation between wells increasing the SRV and volume 641 

of hydrocarbons accessed by each well increasing recovery. 642 

 The effect of changing the well orientation is greatest when natural fractures are at 643 

a high angle with the maximum horizontal stress and fracture spacing is small. 644 

 The effect of changing the well orientation is only tested in a single geomechanical 645 

scenario with low differential stress and fracture strength. This does not suggest this 646 

result will be universal and further research is required to determine the 647 

geomechanical scenarios that favor changing the well orientation. 648 

 When natural fractures exist in two perpendicular planes with equal distributions 649 

there is no well orientation that results in an increase in recovery compared to the 650 

standard direction perpendicular to the maximum horizontal stress. 651 

 A simple economic analysis demonstrates the savings that can be made by changing 652 

the well orientation and increasing well spacing. This also shows that the time taken 653 

for NPV to become positive is also reduced which decreases risk of investment. 654 
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Highlights: 

 Hydraulic fractures (HFs) can extend along natural fractures (NFs)  

 This can cause bypassed resources and reduced recovery factor 

 The well orientation can be optimised to allow deeper penetration of HFs 

 The well orientation change is useful when NF planes are parallel to 𝜎ℎ𝑚𝑖𝑛 
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