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Thermal recovery techniques including Fast-SAGD process increases 
the production efficiency of heavy oil reservoirs. Effective parameters in 
this study included injection and production rates, height of the injection, 
production, and offset wells, production and injection cycles, and pressure 
of the offset wells. In this study, optimization studies were performed. The 
objective function was defined as the cumulative steam injection to the 
produced oil to recovery factor. As optimization studies is a time- consuming 
process, discretized form of effective parameters were applied in this study. 
Three methods of discretization were selected including linear, square, and 
logarithmic techniques and their results were compared. In this approach, 
discretization was based on the results of sensitivity analysis without the 
exact recognition of the reservoir parameters. Applying this technique, the 
optimization speed increased three times while the accuracy of the results 
remained constant. The difference between the optimization results in the 
continuous and discrete states was less than 3%. Moreover, simulation 
results of the fast-SAGD process with two cycles were presented in terms 
of RF, CSOR, temperature and pressure distributions, and the produced oil 
from SAGD and injected steam to the offset well.

1. INTRODUCTION
Three main classes for EOR techniques include 

thermal techniques [1, 2], chemical processes [3, 
4], and injection methods [5]. For the heavy oil 
samples, thermal methods are more applicable. 
The basis for all these thermal techniques is the 
injection of hot fluids which leads to the viscosity 
reduction. A number of more practical techniques 
for the thermal recovery include Cyclic Steam 
Stimulation (CSS), Steam Assisted Gravity Drainage 
(SAGD), in-Situ Combustion (ISC), and Continuous 
Steam Injection (CSI). In SAGD method, two 
horizontal wells are drilled in parallel. The upper 
well is applied for the steam injection and the lower 
well is utilized for the oil production. This would be 
possible as heat is transferred from the upper well 

to the lower one where the viscosity of the heavy 
oil would reduce and result in the increase of oil 
production while flowing to the production well 
[6]. Unheated areas of this method would reduce 
the process efficiency. The extension of the steam 
chamber in vertical direction would lead to the 
development of the steam chamber in sideway 
while attaining an impermeable layer, which results 
in increasing the effect of gravity force [7-10]. In 
CSS method, using a horizontal offset well, the 
steam chamber is propagated with lateral growth 
and efficiency of the process would increase [11-
14]. In this hybrid-SAGD technique, considering 
different number of cycles for the injection of 
the steam, start-up time, soaking and production 
periods would be possible. This technique is 
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called Fast-SAGD method [15-19]. This process 
was simulated by Shin and Polikar [20]. Results 
revealed that the operating costs increased. 
More oil was produced in Fast-SAGD process 
and the cumulative steam to oil ratio (CSOR) was 
reduced in comparison to SAGD method [21]. 
An optimization study of fast-SAGD process was 
also performed by Shin and Polikar [19]. Steam 
injection pressure, rate of steam injection, and 
location of offset well were optimized. The oil 
production rate increased 35% and CSOR value 
reduced, leading to 24% enhancement in the 
energy efficiency. The optimum pressure of the 
edge well was obtained by Jeong et al. [15] using 
artificial neural network technique. A field scale 
study was done by Rios et al. [22]. The beginning 
of the CSS process and its impact on NPV was 
determined using the sensitivity analysis. Kamari 
et al. [23] also performed a comparative study 
on Fast-SAGD and SAGD methods in a fractured 
reservoir. To completely study the sensitivity 
analysis, the interaction parameter should be 
considered. For the complicated problems in 
petroleum engineering, this might be a time-
consuming process.

In this study, discrete form of variables was 
applied to decrease the optimization run time. 
Decreasing the search space leads to obtaining 
the optimum point in a shorter time. One possible 
problem would be decreasing the accuracy 

of the results in comparison to the optimum 
point of the continuous space. To overcome this 
obstacle, a systematic approach was applied. To 
maintain the accuracy of the results, sensitivity 
analysis was performed. The influence of each 
variable for the optimization was examined on the 
objective function using the Minitab software. The 
optimization variables were then transferred from 
the continuous to the discrete space. The process 
was simulated using CMG STARS and optimized by 
the genetic algorithm.

2. Research Method
This study was based on Kamari et al. [23] model 

and consists of 30× 5× 10 grid blocks in x,y, and 
z directions with reservoir size of 150, 1000, and 
50 ft, respectively. An offset well and two pairs of 
injection and production wells were also located in 
the reservoir. The black oil simulator was applied 
in CMG STARS. Three pseudo- components were 
selected for the oil sample characterization namely, 
CO2–C1, C2–C6, and C7+ with mole fractions of 
0.1124, 0.1854, and 0.7022, respectively. The 
schematic of the model with loci of the SAGD 
wells is depicted in Figure 1. The characteristics of 
the Fast-SAGD process are represented in Table 1. 
The temperature and quality of the injected steam 
were 600 F and 0.9, respectively. The fluid and 
rock characteristics are represented in Table 2. 

Figure 1. Schematic of the model and loci of SAGD wells
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Table 1. Characteristics of Fast-SAGD process in one-cycle mode [1]

 Variable Value
SAGD production well height 4 ft.
SAGD injection well height 44 ft.
SAGD production well BHP 1100 psi
Max SAGD injection well rate 1000 bbl/day
Max SAGD injection well pressure 1320 psi
Offset well height 4 ft.
Offset production well BHP 1100 psi
Soak Time 25 day
Injection onset time 0 month

Injection period 6 month

Offset well injection pressure 1950 psi
Offset well injection rate 1000 bbl/day

Table 2. Reservoir Rock, Fluid Properties [1]

Parameter Value
Fracture Permeability 2000 md
Fracture porosity 0.006%
Rock Matrix Porosity 0.195%
Matrix Horizontal Permeability 50 md
Matrix Vertical Permeability 50 md
Matrix Oil Saturation 85%
Fracture Oil Saturation  95%
Reservoir Pressure 1200 psi
Reservoir temperature 140 F
Residual Oil Saturation 40%
Residual Water Saturation 15%
Viscosity 4000 cp
Formation Thermal Conductivity 24 Btu/day.ft.F
Oil Thermal Conductivity 2 Btu/day.ft.F
Matrix Heat Capacity 30 Btu/ft^3.F

2.1 Optimization
Genetic algorithm was applied as one of the 

most practical approaches for optimizing the 
oil industry problems. Optimization variables 
included pressure, injection and production rate 
of offset well, heights of offset and SAGD wells, 
and injection and production times of the offset 
well. The objective function of this study was:

Objective function= CSOR/RF
where CSOR represents the ratio of cumulative 

steam injection to the produced oil and RF stands 

for the recovery factor. Decreasing the value of 
the objective function leads to increasing the 
value of oil production and decreasing the steam 
production rate. The primary random population 
for the genetic algorithm was 20 members. The 
crossover fraction was 0.8. For the stopping 
criteria, the repetition of the population members 
was not changed in 20 consecutive generations. 
The process was terminated while the best results 
were not obtained in 20 successive generations, in 
a change range of 1e-6.
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2.2 Discretization 
Converting the continuous interval of a variable 

into several intervals and selecting a point 
representative of that interval is called discretization. 
The number of the nodes is called steps, and the 
consecutive distance of each two points is called 
step length. The discretization leads to increasing 
the optimization speed. The continuous space for 
variables x and y is represented as a square. For the 
discretized form, this space is converted to a number 
of specified points. The optimum solution may be 
placed in points other than those are specified in 
the discretized form. In this case, the actual optimal 
point would tend to the closest defined point. This 
would lead to errors in the solution which could 
be reduced by increasing the discretization steps 
to an optimum value in terms of the accuracy of 
the results and run time. For large values of the 
discretization steps, there is a little difference in 
the results of continuous and discrete modes and 
the discretization would not lead to the increased 
values of speed in the optimization process. As a 
result, the effect of optimization variables should 
be defined on the objective function using the 
empirical and analytical techniques. Empirical 
techniques are applicable for reservoirs with well-
defined characteristics to forecast the reservoir 
behavior for any variations. For the reservoirs 
without the fully defined characteristics, analytical 
approaches are applied to study the model 
sensitivity to various parameters.

2.2.1 Sensitivity Analysis
In this section, sensitivity analysis of the input 

parameters is studied for the model outputs. Minitab 
software was applied for this purpose. A two-level 

factorial technique was also applied for defining the 
number of runs and the analysis of variance for the 
mathematical analysis of the results. 

2.2.2 Defining the number of steps for the 
discretization

In the next step, a logical connection was 
established between the sensitivity value for 
each parameter and the number of steps. For this 
purpose, three various functions were defined 
namely, square, logarithmic and linear. These 
functions are represented as follows [24]:

exp( )i i

i i

i i

y ax b

y ax b
y ax b

= +

= +

= +

�

(1)

These functions are used to define the step 
number for other parameters using the variables 
with minimum and maximum effects. In this study, 
the number of steps allocated to the variables with 
the least and the most error values were defined 
as 3 and 20, respectively, using trial and error. 
Figure 2 represents the number of steps for each 
function. The minimum number of steps refers to 
logarithmic function and the maximum number 
of steps is for the square function. In this section, 
five cases are considered which are represented 
in Table 3. Specified values were assigned to 
the steps of the least and the most values of 
sensitivity. These are applied for determining the 
best number of steps for the optimization.

Figure 2. variations of number of steps with sensitivity for the square, linear, and logarithmic function
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Table 3. The selected cases for discretization

Min StepsMax StepsCases
53Case1

103Case2
203Case3
255Case4
3510Case5

2.2.3 Discretization of continuous parameters
Specified number of steps has been calculated 

using the sensitivity analysis for different cases in 
Table 3. Variables should be transferred from the 
continuous to the discrete space. For variable x in 
the range of 0 to 1, if the number of steps is equal 
to n, the length of each segment would be:

)1()1( −×= ii n
n

S � (2)

The value of iF in a specified segment would 
be:

)1()
1

1( −×
−

= ii n
n

F � (3)

For x in the range of 0 and 1:
If :

iii FxfSxS =→<≤ + )(1 � (4)

Figure 3 represents the discretization of variable 
x using three steps. In this figure, the values of S 
are equal to 0, 0.33, 0.66, 1. Moreover, F values 
are 0, 0.5, and 1. The initial and end point of each 
range are also considered in the optimization. 
Therefore, for x between 0 and 0.33, the value of 
f(x) would be 0, and for the range of 0.33 to 0.66 it 
would be 0.5. Briefly, using the sensitivity analysis, 
the effectiveness of each variable on the objective 
function was determined. Implementing the linear, 
square, and logarithmic functions, the number 
of discretization steps would be determined for 
each of the selected variables. Finally, using the 
discretization equations, continuous variables 
were transferred to the discrete space. 

Figure 3. Displaying the discretization of variable x using 3 steps

3. Results and Analysis
3.1 Sensitivity Analysis of the model

Effectiveness of each of the selected variables is 

represented in Table 4 in which various parameters 
and their effects are shown on the objective 
function.

Table 4. Sensitivity analysis results

variables Range of Variation Results
SAGD production well height 4-44 ft 23.22 
SAGD injection well height 4-36 ft 14.65 
SAGD production well BHP 36-76 psi -15.67
max SAGD injection well rate 7-90 bbl/day 0.152
max SAGD injection well pressure 0-36 psi 4.598
Offset well height 3-21 ft -15.9
Offset production well BHP 1600-220 psi -1.64
Soak Time 1000-1400 month -3.02
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Higher values of sensitivity analysis lead to 
assigning more nodes to the converted discrete 
variables. The most sensitivity refers to the 
height of SAGD injection well, and the minimum 
sensitivity is assigned to the maximum injection 
rate of SAGD injection well.

3.2 Comparison of different functions with 
continuous state 

The number of steps allocated to each parameter 

in logarithmic, linear, and square functions is 
reported in Table 5. The maximum number of steps 
is attributed to the linear function. On the other 
hand, the logarithmic function introduced the least 
repetition of the steps. For all cases, the maximum 
number of the discretization steps is attributed to 
the height of production well with value of 20 and 
the minimum number of the discretization steps is 
for the maximum injection rate for SAGD injection 
well with the value of 3.

Table 5. The specified number of steps for each of the variables

Number of steps
Parameters

LinearSquareLogarithmic
202020SAGD production well height 
141610SAGD injection well height 
141610SAGD production well BHP
333max SAGD injection well rate
694max SAGD injection well pressure

151711Offset well height 
463Offset production well BHP

584Soak Time

0.7316.960.082a
2.865.941.083b

Figure 4. Comparison of the best optimum point in various generations in case 3

Figure 4 represents the accuracy of the results in 
discretized form for case 3 as the best case in terms 
of accuracy and the number of repetitions. Values 
of the best objective functions using the genetic 
algorithm for the discrete and the continuous 
states for each generation are represented in this 
figure. In discrete state, where the linear function 
was applied to determine the number of steps, 
results were the same as the continuous state 
for the least generation. Their difference was 

the reduced run time for the discrete state. This 
denotes the significance of the newly developed 
approach in the oil industry. Using the described 
discretization approach led to a decrease in the 
simulation time considerably, while the difference 
between the optimization results in the continuous 
and discrete states was less than 3%. To compare 
the results of discrete and continuous variables, 
the optimization was performed using the terms 
reported in Table 6.
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Table 6. Optimization conditions for the continuous and discrete parameters

Offset 
production 
well BHP 

(psi)

SAGD 
production 

well 
BHP(psi)

Offset 
well 

height 
(ft)

SAGD 
injection well 
max pressure 

(psi)

Soak Time 
(month)

SAGD injection 
well max 
injection 

rate(bbl/day)

SAGD 
production 
well height 

(ft)

SAGD 
injection 

well height 
(ft)

Variable Range1000-2000
1200-
2200

3-210-360-604-4436-684-44

Step Size (x)1001003310888

Step Size (2x)2002006620161616

Figure 5 shows the optimization results of the 
genetic algorithm for the continuous problem 
and the discretized one with discretization step 
length of x and 2x. As represented in this figure, 
the number of function evaluations (NFE) for the 
continuous state is approximately 2000, while for 
the discretized states with length of x and 2x, this 
parameter would be 750, and 400, respectively. 
This means that the optimization speed for the 
discrete variables is more in comparison to the 
continuous state. As most of the recalled data 

by the optimization procedure are repetitive, 
omitting them would increase the optimization 
speed furthermore. So, not only the number of 
NFE is reduced, but also the number of saved 
data in databank would reduce. Figure 6 indicates 
that for this state, the number of saved data 
for the continuous and two discrete cases are 
2000,360, and 140, respectively. This algorithm 
would not affect the optimization speed in the 
continuous state, as all the variables have the 
same variations.

Figure 5. Results of objective function for the continuous and discrete variables

Figure 6. Number of data saved in data bank for the continuous and discrete variables
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To compare the results of the continuous and 
discrete variables, the recovery factor and CSOR 
values were compared in various conditions. 
The error values for each technique were also 
compared. Figure 7 represents the values of 
the discrete and continuous parameters for the 
recovery factor, CSOR, and the recovery factor, 

respectively. These curves are depicted for the 
optimum values. It is inferred from the figures 
that the discretization error was for the first 1500 
days in which the offset well was injected and the 
pressure and injection rates were different in the 
various discretization conditions. 

Figure 7. Values of the discrete and continuous parameters for the RF, CSOR, and the objective function

Table 7 reports the error values of the recovery 
factor and CSOR for the two periods of 5 and 8 

years from beginning of the process. 

Table 7. Error value for the continuous and discrete parameters

r value for RF in 
8 years

r value for RF in 
5 years

r value for CSOR in 
8 years

r value for CSOR in 
5 years

Continuous1111
Discrete x0.99990.99910.99550.9961

Discrete 2x0.99780.99320.93850.9698

It is inferred from the table that by increasing 
the step size, the error value would increase. But it 
is not significant. On the other hand, these results 
were obtained for the reduced values of NFE. 

3.3 Simulation results for the fast-SAGD process 
with two cycles

In this simulation, the first injection cycle was 
18 months, the soak time was 2 months, and 
the production cycle was 6 months. The second 
cycle included a 6-month steam injection, a 
2-month soak time, and production till the end 

of the reservoir lifetime. The maximum bottom 
hole pressure of the offset well for the optimum 
condition is 2000 psi and the maximum steam 
injection rate is 800 bbl/day obtained from the 
genetic algorithm. Figure 8 shows that for the 
injection cycles (green curve) in offset well, the 
oil production rate increased and the CSOR value 
decreased. The optimum value for the CSOR is 
2.88 and for RF is 69.36%. The recovery factor also 
increased in this period (blue curve) which is due 
to the high pressure of the offset well. 
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Figure 8. Curves of RF (blue), CSOR (red), and injection cycles in offset well (green)

As the injection pressure of the offset well is 
more than that of SAGD well, the average reservoir 
pressure also increased in different injection 
cycles. In Figure 9, the green and blue curves 

are the bottom hole pressure and the average 
reservoir pressures, respectively. As it is clear, 
for the injection cycles in offset wells the average 
reservoir pressure also increased.

.
Figure 9. Effect of the injection pressure in offset well on the reservoir average pressure

Pressure distribution for the 3rd, 6th and 9th 

months after the production are shown in Figure 
10. It is clear from this figure that the pressure 

front is moving to the SAGD well. The temperature 
distribution is more uniform in the 12th month.

Figure 10. Pressure distribution in offset well for the 3rd, 6th and 9th months 
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Figure 11 represents the average temperature of the reservoir.

Figure 11. Average reservoir temperature in the injection and production cycles

As the figure clearly shows, the average reservoir 
temperature is more for the injection cycles. This 

is due to the high volume of the injected steam to 
the reservoir.

Figure 12. Oil production curve for the produced oil from SAGD well and injected steam to offset well

In addition, as Figure 12 clearly shows for 
the injection cycles in SAGD well, the produced 
increases which is due to the high pressure of the 
injected steam which pushes oil to the SAGD well.

4. Conclusions
1- By applying the new technique, the 

optimization speed increased three times and the 
accuracy of the results remained constant. The 
difference between the optimization results in the 
continuous and discrete states was less than 3%.

2- In the newly presented approach, the 
discretization is based on the sensitivity analysis 

without the exact recognition of the reservoir 
parameters. Mathematical analysis was applied to 
forecast the reservoir behavior and to perform the 
discretization of the continuous variables. 
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چکیده مشخصات مقاله

 Fast-SAGD فرایند  شامل  نفت  تولید  افزایش  حرارتی  تکنیکهای 
در  شود.  می  نفت سنگین  مخازن  در  تولید  وری  بهره  افزایش  به  منجر 
این پژوهش، مطالعات بهینه سازی مربوط به این فرایند انجام شده است. 
تابع هدف به عنوان نسبت تجمعی بخار تزریقی به نفت تولیدی تقسیم 
برمیزان بازیافت نفت تعریف شده است. فرم گسسته پارامترهای موثر در 
این مطالعه مورد استفاده قرار گرفته است. در این روش، گسسته سازی 
دقیق  شناسایی  بدون  آنالیزحساسیت  تحلیل  و  تجزیه  نتایج  براساس 
سرعت  تکنیک،  این  از  استفاده  با  پذیرد.  می  صورت  مخزن  پارامترهای 
باقی  ثابت  نتایج  دقت  که  حالی  در  یافت  افزایش  برابر  بهینه سازی سه 
گسسته  و  پیوسته  های  حالت  در  سازی  بهینه  نتایج  بین  تفاوت  ماند. 
کمتر از 3٪ بود. علاوه بر این، نتایج شبیه سازی فرآیندFast-SAGD  با 
تولیدی  نفت  میزان  و  فشار  دما،  توزیع   ،RF، CSOR نظر  از  دو سیکل، 
است. شده  ارائه  انحرافی  چاه  به  تزریقی  بخار  مقدار  و   SAGD ازچاه 
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