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Introduction and Literature Review
Horizontal wells have offered superior productivity by more 

penetration of the discrete compartments in complex reservoirs 
and providing real help in reducing water and gas coning. Field 
applications and research studies showed that horizontal wells 
offer several advantages such as; increase of contact area with the 
reservoir, delay coning problems of gas/water, ideal to intersect 
fractures for fractured reservoirs, minimize the sand production 
problems, maximize condensate recovery, drilling through thin 
reservoirs, and optimize the development of marginal oil fields 
[1-5]. Drilling cost of a horizontal well is much more expensive 
than that one of a vertical well because of required technology and 
equipment. Therefore, it is important to maximize the economic 
efficiency of horizontal wells by drilling the optimal drain-hole 
length. Good questions need to be answered:  how an optimal 
horizontal length could be determined and be made economical-
ly feasible with consideration of reservoir rock properties and 
production decline. Reservoir engineers and geoscientists gained 
better understanding of lateral and vertical variations of permea-
bility between existing vertical wells. This helped them for better 
planning and application of horizontal wells. The optimization 
process of horizontal well productivity requires consideration of 
spectrum of variables affecting the dynamic flow in heterogeneous  

 
and anisotropic reservoirs plus variation of pressure drop of the 
entire well and reservoir systems. In addition, economic analysis 
has to consider net present values, oil, price, discount rate…etc. 
[6]. developed an economic model for calculating the cost, return 
on investment and discounted net present value over the produc-
tion life of a naturally fractured reservoir by horizontal wells. 

The study did not consider the reservoir anisotropy in reser-
voir matrix and other reservoir/fracture characteristics [7]. cat-
egorized the previous work for horizontal wells into three types 
including (1) models for wells that are infinitely conductive and 
thus are not influenced by pressure drop in the well, (2) models 
where the reservoir is represented by an analytical model for sin-
gle-phase flow, and (3) general models that couple multiphase 
flow simulators with wells. This study developed a semi-analyti-
cal well-model to quantify the effects of both single-phase oil and 
two-phase oil/gas flow pressure loss in the horizontal well on the 
overall well performance. The study did not corporate the eco-
nomic effects of the involved parameters and ignored anisotropic 
effect [8]. indicated that horizontal well technology is costly and 
developed a simplified economic analysis of horizontal wells to 
conclude that the oil price has the greatest effect on the net pres-
ent value (NPV) at a specific well length followed by production 

Abstract

There is a dramatic upsurge in the number of horizontal wells being drilled after they have proven to be cost effective in recovering 
hydrocarbon. Therefore, the determination of optimal horizontal well length with consideration of reservoir anisotropy and economic conditions 
is imperative for better application in anisotropic reservoirs. The purpose of this study is to develop of economic models combining reservoir 
properties and economic variables capable of determine the optimal horizontal drain-hole length.  The newly developed models are capable of 
predict the optimal horizontal well length taking into consideration reservoir anisotropy, production decline model, and economic variables. 
These models correlate net present value (NPV) with exponential, harmonic and hyperbolic decline and are used to investigate the effects of 
reservoir anisotropy, oil price and discount rate on proposed horizontal well length. The results indicated that the reservoir anisotropy and 
production decline mode have a real impact on optimal horizontal length. Generally, the increase of reservoir anisotropic condition decreases 
the NPV of horizontal wells. The oil price and discount rate are also influential factors in economic feasibility of optimal length of horizontal well 
drilled. The application of the new economic models which consider anisotropic condition combined with economic net present value provides 
an effective tool(s) for making accurate decisions about application and profitability of horizontal wells. It also helps reservoir simulation studies.

Keywords: Horizontal wells; Economic models; Optimum wellbore length; Production decline; Vertical wells; Reservoir system; Gas flow; Single-
phase; Well anisotropy; Reservoir matrix; Harmonic decline; NVP; Multiphase flow stimulators

http://dx.doi.org/10.19080/RAPSCI.2019.06.555693
https://juniperpublishers.com
https://juniperpublishers.com/rapsci


0086

Recent Advances in Petrochemical Science

How to cite this article: Shedid A Shedid, Roshdy K Shalaby. Horizontal Well Economic Models Considering Reservoir Anisotrophy and Production Decline . 
Recent Adv Petrochem Sci. 2018; 6(4): 555693. DOI: 10.19080 RAPSCI.2018.06.555693.

taxes and operating costs. The study did not answer the question 
about optimal horizontal well length [9].

 Hu proposed two economic models correlating change of net 
present value with horizontal section. The first model was devel-
oped for vertical and horizontal sections of a well and the second 
model considered horizontal wells without vertical section, as (d 
NPV/L) and (d NPV/dL), respectively.  This study proposed that 
the 3,711 ft and 4,670 ft were the optimal lengths for the two 
models, respectively. The proposed models [9]. were based only 
on cost and did not consider any reservoir properties and flow 
aspects. Orodu et al. [10]. developed a holistic approach for in-
flow and vertical lift performance and optimized the horizontal 
well length by considering net present value, vertical well pres-
sure drops and diameter of drain hole. The study concluded that 
horizontal length of 4,000 ft is an optimal horizontal well length 
considering variable capital and operating costs. The study did 
not provide a model combing both reservoir and economic con-
ditions. Dosunmu & Osisanya [11]. developed a simplified prob-
abilistic economic model based on an elliptical drainage area but 
without consideration the effect of anisotropic condition of pro-
ducing formations. This study assumed single-phase, incompress-
ible oil, isothermal condition, and homogeneous reservoir with 
directional change in permeability. The study concluded that the 
optimal length for horizontal well was 5,000ft.

Production decline curve analysis (DCA) using real produc-
tion data has been used successfully for predicting well perfor-
mance and life. The DCA technique is based on empirical decline 
models having good justifications. Three DCA models have been 
developed and used as (1) exponential decline (constant fraction-
al decline), (2) harmonic decline, and (3) hyperbolic decline. Iden-
tification a representative decline model can be achieved by plot-
ting the real production data versus time using a semi-log scale.  If 
the plot of log (q) versus time (t) shows a straight line the decline 
data, follow an exponential decline model. If the plot of q versus 
Np shows a straight line an exponential decline model should be 
adopted. If the plot of log (q) versus log (t) shows a straight line, 
the decline data follow a harmonic decline model. If the plot of Np 
versus log (q) shows a straight line, the harmonic decline model 
should be used. If no straight line is seen in the above-listed plots, 
the hyperbolic decline model may be verified by plotting the rel-
ative decline rate. The objective of this study is to develop three 
economic models for exponential, harmonic and hyperbolic de-
cline modes with consideration of formation anisotropy, oil price 
and discount rate for the determination of the optimal horizontal 
well length.

Development of Economic Models for Optimal 
Horizontal Well Length

An optimal horizontal well length should maximize the net 
present value (NPV) and also consider variable reservoir prop-
erties. The newly-developed models below are based on the fol-
lowing assumptions (1) steady-state flow of an ideal fluid, sin-
gle-phase, isothermal condition, and homogeneous reservoir (2) 

isotropic reservoir rocks (constant directional permeability but 
different in horizontal and vertical directions), and (3) the pres-
sure drop in the wellbore is very small compared to the drawdown 
in the reservoir, as recommended by Penmatcha et al. [7]. The to-
tal cost for drilling a horizontal well (Cw) involves cost of drilling 
the vertical section (Cv) and cost of drilling the horizontal section 
(Chs). The total cost can be considered to be the sum of the two 
costs such as; Cw = Cv + Chs. Vertical well section cost (Cv) includes 
tangible costs such as; moving, casing/wellhead and cementing, 
drill bits, drilling mud and chemicals, and cased hole logging costs 
plus daily operating costs such as; daily rig cost, overhead, sup-
plies, living and transportation. The cost of horizontal section 
(Chs) depends mainly on time plus all parameters required for the 
vertical section. In addition, drilling cost of horizontal section also 
includes costs for directional drilling, surveying equipment and 
well logging services, special rental equipment and professional 
supervision. 

The variable cost for a single horizontal well (Chs) was pro-
posed by Ruddy and Hills and given below:

Cv = L* Cvf   ...............................................................................(1)

Chs = Cc + Cd* t .......................................................................(2)

Cw=Cv+Chs... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(3) 
Where

L= Length of the vertical well, ft

Cvf= Average footage cost of vertical drilling, $/ft

Cv= Total average cost of the vertical section, $

Cc= Cost associated for drilling the turning radius section 
(curve), $

Cd= Cost of daily operating rate, $/day

Chs= Cost for a single horizontal well, $

Cw= Total average cost of horizontal well, $

t= Time required to drill the horizontal interval, days

The time (t) is estimated by applying a least-square regres-
sion analysis of the straight-line relationship between the hori-
zontal length (x-axis) and the inverse of the daily drilling progress, 
1/ROP (hr./ft (y-axis). The optimization of horizontal well length 
requires calculation of the net-present-value (NPV), which is de-
fined as follows:

( )
( ) wn

op C
i

CPN
NPV −









+

−∆
=∑ 1

 ................................................................. (4)

where

ΔNp = incremental oil production, stb

Co   = cost per barrel of oil, $

Cw   = cost of drilling and completion of the well, $

p   = oil price per barrel ($40, $50, $60)
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i   = discount rate, %/year

n   = number of years

The incremental gain of oil production from a horizontal well 
is given as:

tQN hp ∆=∆ · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ( 5 ) 
where

Qh= Steady State Horizontal Production Rate, stb/day

Δt = Incremental Time, Year

Substituting incremental oil production (ΔNp) from equation 
5 into equation 4 yields;

( )
( ) wn

oh C
i

CPtQNPV −








+
−∆

=∑ 1
 .................................................................. (6)

The above model, equation 6, correlates the NPV and horizon-
tal well flow rate.

Horizontal well economic model based on exponential 
decline 

Several models have been developed to calculate horizontal 
well production with consideration of well anisotropy; such as 
Giger et al. equation (1984), which is presented below;

( ) ( ) ( ) ( )woo
h rhLnLXLnhB

PKq
2///

007078.0
βµ +
∆

= ····································(7)

Where ( )
( )eh

eh

rL
rL

X
2/

2/11 2++
=  and    ( )vh KK /=β  (7-A)

where  

  = anisotropic factor,   µo   = viscosity of the oil, cp

rw = radius of the wellbore, ft,  h    = formation thickness, ft

L   = horizontal well length, ft,      Kv = vertical permeability, md 

Bo = oil volume factor, bbl/stb,  K   = permeability of the for-
mation, md

Kh = horizontal permeability, md,  reh = equivalent radius of 
horizontal well, ft

In practice, the following form of exponential decline from 
horizontal well is used:

tb
ih

eeqq **= ············································(8)

Where qi is the production rate at time (t) = 0 and be is an em-
pirical constant to be determined based on production data. The 
decline constant (be) can simply be estimated as decline rate (d) 
for harmonic mode as described [12]. as below;

12

21

PP NN
qqd

−
−

=   (1/year)··············································(8-A)

Rearranging equation 8-A provides the following form of ex-
ponential decline, which is used for calculating the incremental 
cumulative production (ΔNp) as expressed as below:

d
qqN i

P
−

=∆    ······················································(8-B)

To convert the Np in the above, -equation, equation 8-B, to 
stock tank barrel (stb) it should be multiplied by 365 days.

Inserting cumulative produced oil (ΔNp) of exponential de-
cline, equation 8-B, into the net present value equation, equation 
4, yields the following equation;
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Substituting Giger’s equation for horizontal flow rate (qh), 
equation 7, into the NPV equation, equation 9, results in a new 
economic model considering the reservoir anisotropy and other 
well characteristics. This horizontal well economic model is capa-
ble to predict the net present value (NPV) for exponential decline 
under different reservoir anisotropic conditions. 

Horizontal well economic model based on harmonic 
decline 

In practice, the same procedure of Giger equation is applied 
in calculating the flow rates for different lengths and different an-
isotropy. Also, the same economical parameters are used as for 
the exponential case. However, the difference comes in the equa-
tions below: 

( ) b
ii tdbqq /11 −+=   ································· (10)

 Actually, equation 10 is used for both the harmonic and hy-
perbolic decline models. However, they are different from each 
other in the value of the decline constant b. For the harmonic case, 
the commonly used value of constant b is equal to one (b = 1.0).  
Therefore, the harmonic decline equation above, equation 10, can 
be reduced to the form below:

( ) b
ii tdqq /11 −+=       ··············································(11)

Where di is annual decline rate of production. The cumulative 
produced oil for harmonic decline is given by the following equa-
tion:

( ) ( )[ ]qLnqLn
b
qN i

h

i
P −= ··········································(12)

Where qi is the horizontal well production rate at time (t) = 0, 
bh is a harmonic empirical constant and its value can determine 
as the slope of the straight line in the plot of log (q) versus log (t).

Substituting equation 12 into the NPV equation, equation 4, 
results in the following harmonic decline economic model 
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Substituting Giger’s equation for horizontal flow (qh) into 
equation 13 results in the new economic model. This model cor-
relates the reservoir anisotropy with the NPV under harmonic de-
cline of production.

Horizontal well economic model based on hyperbolic 
decline 

The following form of hyperbolic decline, equation 10, is used 
for calculating the cumulative production (Np):

( ) b
ii tdbqq /11 −+=      ···································· (10)
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As discussed, the harmonic case, that the same equation 10 is 
used for the two cases, however, in the hyperbolic decline constant 
(b) is not equal to zero or one. The following form of hyperbolic 
decline is used for calculating the cumulative production (Np):

( ) ( )bb
i

i

b
i

p qq
db

qN −− −
−

= 11

1  ·················································(14)

Where qi is the initial production rate at t = 0, b is an empirical 
constant to be determined based on production data. The hyper-
bolic decline constants a and b can be estimated from a plot of log 
(q) versus time (t).
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Substituting Giger equation for horizontal flow (qh) into the 
above-equation, equation 15, results in the new economic model.  
This model, equation 15, represents a new tool capable to predict 
the NPV as a function of reservoir anisotropic condition (Kh/Kv) 
under hyperbolic decline.

Result and Discussion

Figure 1: Effect of Reservoir Anisotropy on Horizontal Well 
Production.

To indicate the effect of reservoir anisotropic conditions, hor-
izontal well production rate is calculated for different rock an-
isotropy using Giger’s equation, as shown in Figure 1. This figure 
reveals an important effect of anisotropy and shows that increase 
of reservoir anisotropy between horizontal and vertical perme-
ability (Kh /Kv) decreases the oil production. This Figure 1 also 
indicates that the effect of reservoir anisotropy increases as the 
horizontal well length increases. The newly developed econom-
ic models consider different oil prices, discount rate, reservoir 
anisotropic conditions, and production decline modes of hyper-
bolic, harmonic and exponential. The results of these models will 
be used as guidance for selection of the optimal well length with 
the highest NPV. Table 1 lists the fluid properties used and eco-
nomic constants applied. The horizontal flow rates are calculated 
and then those amounts of barrels are converted to revenue using 
three different oil prices of 40, 50 and 60$ US. Then the capital 
expenditure and the operating costs are deducted. The capital ex-
penditure is represented in the cost of drilling the horizontal well, 
while the other costs represent the operating costs and taxes. Us-
ing the generated profit of each along the 8 years; the NPV was 
calculated for different oil production decline models.

Table 1: Reservoir and Economic Parameters Used.

Reservoir Parameters Economic Parameters

Well radius 0.34 ft Time-8 years

Oil viscosity 10cp Operating costs 10 $/bbl

Drainage area 40acre Discount rate 10%

Decline rate 0.6 Taxes & Royalties 20 $/bbl

Oil FVF (Bo)1.20 bbl/STB Cost of horizontal drilling 500$/ft

Anisotropy (kh/kv)0.3, 0.6, 0.9, 1.2 Vertical well operating cost 100$/
day

Harmonic constant (b)= 1.0 Horizontal well operating cost 
200$/day

Exponential constant (be)= (dq/
dNp) Oil prices 40, 50 and 60$ US/bbl

Hyperbolic constants (a, b) from 
plot of log (q) vs. log (t)

Discount rates 2, 4, 6, 8, 10 and 12 
% /year

Daily production Qo is constant for 
one year

Effect of reservoir anisotropy on nvp under different 
decline modes

Figure 2a: Effect of Anisotropy on NPV for Different Horizontal 
Lengths (Exponential Decline at Oil Price = 40 $ US).

Figure 2b: Effect of Anisotropy on NPV for Different Horizontal 
Lengths (Harmonic Decline at Oil Price = 40$ US).

The newly developed economic models are used to calculate 
the net present value (NPV) for different horizontal well lengths 
from 1,000 to 7,000ft and under different reservoir anisotropic 
conditions. The results are graphically presented for exponential, 
harmonic and hyperbolic decline modes in Figures 2a-2c. respec-
tively. The goal of the study is to determine the optimum well 
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length with consideration of reservoir anisotropy for different 
production decline models. The above-figures 2a-2c. reveal that 
the optimum horizontal well length (which provides the maxi-
mum NPV) is 6,000 ft for exponential decline and 5,000 ft for oth-
er decline modes, respectively. This optimal length is determined 
to be 6,000ft for exponential decline and 5,000ft for harmonic and 
hyperbolic decline modes and under different reservoir anisotro-
pic conditions. It is important to note that for all of the above three 
cases the net present value of horizontal wells decreases as the 
reservoir anisotropy increases.

Figure 2c: Effect of Anisotropy on NPV for Different Horizontal 
Lengths (hyperbolic decline at oil price = 40$ US).

Effect of oil price on NVP under different decline modes 

Figure 3a: Effect of Oil Price on NPV for different Horizontal 
Well Lengths Under Exponential Decline.

Figure 3b: Effect of Oil Price on NPV for Different Horizontal 
Well Lengths Under Harmonic Decline.

The effect of oil price on NPV of horizontal wells is investi-
gated under different production decline modes of exponential, 
harmonic and hyperbolic. The attained results are depicted in fig-
ures 3a-3c. below. Figure 3a reveals that the increase of oil price 
increases the profitability of horizontal wells and the optimum 
length providing the maximum NPV is at 6,000ft for exponential 
decline model of production. Figures 3b & 3c indicate that the op-
timum well length is at 5,000 ft for both harmonic and hyperbolic 
decline models for different oil prices. The three figures above, fig-
ures 3a-3c. indicate that the maximum NPV of horizontal wells de-
pends on the production decline model. Therefore, determination 
of the optimum horizontal well length has to consider the produc-
tion decline mode of the reservoir under development.

Figure 3c: Effect of Oil Price on NPV for Different Horizontal 
Well Lengths Under Hyperbolic Decline.

Effect of discount rate on selected horizontal well 
length

Discount rate is an important economic parameter affecting 
applications of horizontal wells. The harmonic decline model and 
an oil price of 60$ US are used to study the effect of different dis-
count rate on the NPV of horizontal wells. The calculated results 
are presented in figure 4 below. The increase of discount rate de-
creases the NPV of horizontal wells, as depicted in figure 4. At con-
stant proportions figure 4 also indicates that the optimal horizon-
tal length is at 5,000ft and it is independent on the discount rate.

Figure 4: Effect of Discount Rate on NPV for Different Horizontal 
Well Lengths, Harmonic Decline at Oil price= 60 $ US.

Comparison of different production decline models
An oil price of 60$ US is used with constant discount rate and 

reservoir properties to compare the results of exponential, har-
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monic and hyperbolic decline models. The results of the calculat-
ed NPV are graphically presented versus horizontal well length 
in figure 5 below. at oil price = 60$ US. Figure 5 reveals that the 
maximum NPV for horizontal wells depends upon the production 
decline model representing the reservoir. It can be concluded that 
both harmonic and hyperbolic models calculate the optimum well 
length to be 5,000ft while the exponential models provide another 
optimum horizontal length of 6,000ft.

Figure 5: Comparison of NPV for Different Decline Models at 
Oil Price = 60 US$.

Conclusion
Determination of optimal horizontal well length requires con-

sideration of reservoir anisotropy and economic variables for a 
feasibly economic hydrocarbon recovery. The following pertinent 
conclusions of this study are summarized below:

a) Reservoir anisotropy has a paramount effect on the pro-
duction of horizontal wells. In general, the increase of reservoir 
anisotropy (Kh/Kv) decreases the oil production and its effect in-
creases as the horizontal well length increases.

b) New economic models have been developed for horizon-
tal wells. These models correlate the reservoir behavior of anisot-
ropy and production decline mode with the economic variables of 
oil price and discount rate.

c) The optimal drain-hole length of horizontal wells de-
pends upon the production decline model representing the res-
ervoir. This optimal length has been determined to be 5,000ft for 
harmonic and hyperbolic decline models and 6,000 ft for the ex-
ponential one.

d) The increase of oil price increases the profitability of 
horizontal wells while the increase of discount rate decreases it. 
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