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Abstract 
Undoubtedly, plenty of hydrocarbon sources are located in carbonate rocks, 
particularly those which are naturally fractured that is still needed to study 
their characterization, because of their complex and unconventional behavior. 
Therefore, applying any processes that cause Enhancing Oil Recovery (EOR) 
from Naturally Fractured Reservoirs (NFR) seems necessary and useful. How-
ever, selecting the best developed scenario is always challenging. Screening cri-
teria would determine the possibility of implementing an EOR process. While, 
utilizing trade marketing simulators can solve this problem. Moreover, simu-
lation can evaluate other parameters such as water cut and gas-oil ratio. In 
this research, an aquifer-supported Iranian NFR with two parts that are sepa-
rated to each other with a shale layer is considered in order to select the best 
EOR scenario. The fluid model is created using PVTi software. Various pro-
duction scenarios included natural depletion, water flooding, miscible carbon 
dioxide injection, water-alternating-gas (WAG) injection, simultaneous wa-
ter-alternating-gas (SWAG) injection, hybrid injection, and gas recycling are 
simulated in ECLIPSE Compositional (E300) and their recovery factor rec-
orded as the target parameter. The developed scenarios are designed in a way 
that gives the optimized results, i.e. higher recovery factor, less water cut as 
well as the less gas-oil ratio. As a result, SWAG shows better conditions and is 
recommended for the further studies of the reservoir management plan in the 
future. Also, the role of the aquifer in the SWAG scenario is positive by creat-
ing a natural WAG in addition to the SWAG. Additionally, the average reser-
voir pressure through fractures reduces less in the SWAG than the other Scena-
rios, the oil and gas production rate reduce less in the SWAG and SWAG/ 
miscible gas respectively than the other scenarios. The maximum and the 
minimum water cut are related to the water flooding and SWAG, respectively. 
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Finally, the simulation approach of EOR screening in NFR is better than other 
approaches, from the perspective of economic issues as well as the simplicity 
of the methods.  
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1. Introduction 

Normally, production from an oil reservoir is started with the help of the stored 
energy in the reservoir, and after a while, depending on reservoir conditions, this 
energy decreases and will not able to produce and finally goes to the stage that 
production is not economical. Oil production by this natural mechanism called 
the primary production and EOR processes begin at this stage. EOR focuses on 
the process that distinguishes oil production process from the initial oil production 
process [1] [2] [3]. Undoubtedly, energy demand is growing annually and oil will 
be the dominant source for next two decades [4], as a consequence of applying 
extraction technology is critically significant. Therefore, applying new technolo-
gies for improving oil recovery from conventional reservoirs or exploitation of 
unconventional reservoirs could be an appropriate strategy [5]. Conventional oil 
reservoirs are easy to access, while, unconventional sources are absolutely chal-
lenging. Development of new emerging technologies such as horizontal drilling 
and hydraulic fracturing is a solution to produce more oil from unconventional 
reservoirs. In contrast, Improved Oil Recovery (IOR) and Enhanced Oil Recovery 
(EOR) target the remained oil in conventional reservoirs to increase the recovery 
factor. 

Water flooding and gas injection are two common methods usually called sec-
ondary recovery in order to maintain reservoir pressure. Tertiary recovery or EOR 
is another technique to produce further oil. 

EOR is a term corresponded to methods applied for recovering oil from a pe-
troleum reservoir beyond that recoverable by primary and secondary methods 
[6]. Primary and secondary recovery target the mobile oil through the reservoir, in 
contrast, EOR targets the immobile oil that is trapped due to the capillary and/or 
the viscous forces. In another way, the main objective of all EOR methods is the 
reduction of the residual oil as well as increasing the volumetric (macroscopic) sweep 
efficiency or improving the displacement (microscopic) efficiency, as compared 
to an ordinary water flooding. Regarding the first mechanism, the volumetric sweep 
efficiency is improved by reducing the mobility ratio between the displacing and 
the displaced fluids (e.g., polymer flooding, water-alternating-gas processes). Ac-
cording to the second mechanism, the oil displacement efficiency gets better by 
the reducing oil viscosity (e.g., thermal flooding), the capillary force or the in-
terfacial tension (e.g., miscible flooding). 
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It is important to identify the volume of remaining oil and the drive mechan-
isms that are essential to improve recovery beforehand implementing an EOR 
process. In addition, selecting the most proper EOR method is crucial important 
[7] [8] [9]. Hydrocarbon reservoirs vary in their rock and fluid properties and 
their development scheme could be different. Utilizing screening criteria is the 
first part of the analysis and could determine the possibility of any scenario [10] 
[11], however, this tool cannot determine the value recovery factor at the end of 
the project [12]. Therefore, applying simulation methods can solve this problem 
in order to investigate the possibility of any scenario. From another point of 
view, hydrocarbon reservoir is not a static phenomenon although its properties 
will alter during production. Simulation can track the whole changes and state 
the conditions to be applied for making a decision about future of the field 
(Figure 1). 

Iran possesses lots of conventional oil reserves and will play a significant role 
in the preparation of fossil fuel resources in near future and should step its  
 

 
(a) 

 
(b) 

Figure 1. Distribution of proved reserves in the different regions [13]. 
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production up by means of EOR technologies. At present, many of Iranian oil 
reservoirs are at their second period of the life-time and their productivity is de-
creasing. In addition, exploration of new oil reservoirs takes time and expendi-
ture. Therefore, EOR implementation is absolutely essential to exploit more oil 
from these mature reservoirs. Notice that, at this particular time most of these 
reservoirs produce by their natural mechanisms (i.e. crude production in these 
reservoirs is controlled by active aquifer, gas cap, or rock and fluid expansion.) 
and just a few cases are under immiscible gas injection [14]. Most of these re-
servoirs have carbonate rock type which is naturally fractured. From another 
point of view, enormous consideration should be taken into account for imple-
menting EOR in naturally fractured reservoirs (NFR). As mentioned above, EOR 
screening should be the first step. Unfortunately, the provided screening criteria 
have less focus on NFR. On the other seeking for a better solution like utilizing 
simulation can reduce uncertainty [15]. 

As literature surveys, Dollarhide field in West Texas under CO2, WAG, and 
hybrids of both processes was modeled and simulated. Simulation results show 
that 8.8% of reservoir hydrocarbon volume gas injected. Then WAG with a ratio 
of 1/1 with 4.42% of volume hydrocarbon reservoir was applied. The ultimate 
recovery of hybrid shows 2.1% of reservoir oil volume lower than the WAG and 
0.7% of reservoir oil volume higher than the gas injection [16]. Water and gas 
injectivity test was done in the WAG (tertiary level) in the San Andres Forma-
tion of Mabee field and was simulated in pilot plants in form of hybrid and 
compared with experimental results. The results indicate good agreement be-
tween models and experimental results. Injectivity of carbon dioxide during the 
second injection cycle and water injectivity increases in comparison to water 
flooding before WAG [17]. Water flooding is applied in many oil fields in the 
North Sea after production is decreased and will soon require improved oil re-
covery processes (IOR), such as a decrease in pressure, gas injection, and WAG. 
So, WAG injection process in the hydrophilic micro model was studied after 
water flooding [18] [19] [20] [21] [22]. Asphaltene precipitation affected by oil 
production and gas injection during WAG in one of Abu Dhabi’s oil reservoirs 
was studied with the help of infrared spectral analysis system technology [23]. 
One of the Kuwait carbonate reservoirs undergoing processes of CO2, WAG, and 
SWAG (water injection from the upper reservoir layer and gas injection from 
the lower reservoir layer) was simulated. Finally, economic process for the re-
servoir, 9 years alternately water injection from the upper reservoir layer and gas 
injection from the lower reservoir layer and injection of 6% of the pore volume 
for carbon dioxide injection was offered in five stages [24]. A part of the reser-
voir in the Jilion oil field (in China) with a reverse nine-point model, the process 
of WAG (water alternately carbon dioxide) was simulated compositionally. The 
simulation results and test pilot show that WAG injection after water flooding is 
an effective method for low permeable reservoirs and causes production reduc-
tion and water cut increasing [25]. Weyburn oil field is one of the largest oil 
fields in the United States that carbon dioxide was injected in September 2000. 
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The injection and production data of last years from various sections of the 
reservoir were examined by 9 spot model. The production results by the dif-
ferent regions with vertical production and injection wells related to WAG have 
a good match with the model provided by Kinder Morgan for numerous in-
dustrial standard [26]. The carbon dioxide injection thermodynamic criteria 
were investigated to Ivanic oil field located 35 miles from the capital of Croatia. 
WAG for EOR has shown the most appropriate process [27]. Finally, the CO2-oil 
molecular diffusion in the miscible CO2 injection through oil reservoirs was stu-
died based on the adaptive neuro-fuzzy inference system (ANFIS) that was ap-
plied to determine the CO2-oil molecular diffusion coefficient in the EOR scena-
rios such as CO2 miscible injection as well as applying the particle swarm opti-
mization algorithm (PSO) to optimize the ANFIS model parameters [28]. 

In this research, EOR screening in a special case of Iranian NFRs which sup-
ported with an aquifer will be investigated. First and foremost, the simulation 
model is briefly discussed. Next, the results of different simulated scenarios in-
cluding natural depletion (production by vertical, horizontal, and deviated well), 
water flooding, miscible carbon dioxide injection, water-alternating-carbon dio-
xide injection, simultaneous-water-gas injection, hybrid injection and gas recy-
cling are discussed. At last by comparing the results of each development scheme 
the best scenario will be introduced. 

2. Methodology  

The case study is a carbonate oil reservoir which is located in the southwest of Iran 
that is no production. Thus, applying various simulation scenarios for the devel-
opment of the reservoir will be beneficial. Simulation studies were performed in 
natural production, water and gas flooding, gas recycling, and water-alternating- 
carbon dioxide injection. In addition, advantages, disadvantages, and efficiency 
of the abovementioned methods were presented within the work.  

Simulation Model: In the provided simulation model, reservoir rock proper-
ties including RCAL (permeability, porosity, etc.) and SCAL (oil-water and oil-gas 
relative permeability) data, aquifer type, reservoir fluid (including oil, water and 
gas) properties, were investigated in order to gain a better knowledge of the re-
servoir to obtain the best simulation results. 

Reservoir Rock Model: The average height of reservoir rock is 278 meters, and 
the cross-sectional area is less than 3 hectares. Initial water oil contact (WOC) is 
at a depth of 2910.7 meters, which is approximately located 4 to 6 meters away 
from the free water level. Other properties related to the reservoir rock and its 
initial conditions are given in Table 1. 
 
Table 1. Rock properties of the reservoir and its fluid saturation. 

Datum Depth 
(m) 

Rock Compressibility 
(1/Bara) 

Kx = Ky 
(md) 

Kz 
(md) 

Swi 
(%) 

Soi 
(%) 

average φ  
(%) 

2910.7 6.48 × 10−5 10.66 1.07 13.7 86.3 15.56 
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Aquifer Model: Presence of aquifer in various oil bearing reservoirs is likely 
which can work as a source of energy to pump oil from beneath the earth to sur-
face. As pressure drop occurs in the reservoir, the water flows from the aquifer 
into the oil layer in order to compensate the pressure reduction. The following 
factors can control the strength of an aquifer: 1) Expansion of water or any other 
known or unknown species in the aquifer, 2) Rock expansion, and 3) Artesian 
flow (the aquifer is located at an elevation higher than the reservoir level). 

Based on the reported information, the aquifer below the reservoir has a vo-
lume of nearly less than 1.8 million cubic meters. Therefore, Carter-Tracy aqui-
fer model is selected to complete the simulation model. Although Carter-Tracy 
aquifer is more suitable for radial symmetrical reservoirs, for other models such 
as the intended one in this research could be applied. The main benefits of this 
model are simple approximation trend to water flow (constant flow rate) and 
avoiding superposition laws.  

Reservoir Water Model: Even though connate water is identical to oil, it is less 
affected by temperature, pressure, and the amount of dissolved gas. Water com-
pressibility in some cases helps to produce a considerable amount of oil at the 
top of the bubble point pressure. Therefore, defining the PVT properties of wa-
ter is of crucial importance. 

Physical properties related to the reservoir water are given in Table 2.  
Oil-Water and Oil-Gas Relative Permeability Model: Permeability is a rock 

characteristic as long as fluid saturation is 100% clear. Rock permeability in the 
presence of a fluid with less than 100% saturation is called effective permeability 
and effective permeability per absolute permeability is called relative permeabil-
ity. Various tests were conducted on the core samples and the required curves of 
relative permeability and capillary pressure for water-oil and gas-oil systems were 
obtained.  

Reservoir Hydrocarbon Model: The reservoir contains only oil and the gas cap 
has not been reported in the upper parts. Furthermore, in the upper regions of 
the reservoir gas saturation is zero. Therefore, the model initially is a single 
phase oil reservoir. It is worth noting that, the reported initial pressure is higher 
than the bubble point pressure that caused an under saturated oil reservoir was 
taken into considerations. Physical properties related to the reservoir fluid are 
given in Table 3.  

Reservoir Fluid Model: In this part reservoir fluid model was created by PVTi 
which is the PVT module of ECLIPSE software from Schlumberger. A variety of 
experimental data which are obtained through the PVT tests, conducted in the 
laboratory with reservoir pressure and temperature, were imported as input into  
 
Table 2. Water properties of the reservoir obtained from PVT tests. 

Water Formation  
Volume Factor 

(m3/SCM) 

Gas-Water  
Ratio 

(m3/bbl) 

Water  
Specific Gravity 

(-) 

Water  
Compressibility 

(1/Bara) 

Water  
Viscosity 

(cp) 

1.023 0.46 1.1 4.3251 × 10−4 0.297442 
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Table 3. Fluid properties of the reservoir. 

C7+ Mole  
Percent 

(%) 

Oil Formation  
Volume Factor 

(m3/SCM) 

Gas-Oil Ratio 
(SCMg/SCMo) 

Oil Gravity 
(API) 

Bubble  
Pressure 
(Bara) 

Initial 
Pressure 
(Bara) 

Initial  
Temperature 

(˚k) 

47.28 1.289 78.51 22 136.33 304 369.1 

 
the software to regress the equation of state. The equation of state used to model 
the reservoir fluid is Peng-Robinson (PR) EOS. 

Fugacity coefficient of component i in a liquid phase of hydrocarbon mixture 
can be calculated from Equation (1) as below: 

( ) ( ) ( ) ( )
( )
( )
1 21 2

ln ln ln
2 2 1 2

LL
iL L i i

i L
m mm

Z Bb Z bAZ B
B a bB Z B

ψ
ϕ

α

+ +−   = − − − −  
  − −  

 (1) 

In the same way, fugacity coefficient of component i in the gas phase of hy-
drocarbon mixture can be calculated from the above-mentioned equation.  

Different relationships are provided to calculate the interaction coefficient be-
tween different species in PR equation of state which is valid for mixtures con-
taining N2, CO2, and CH4. For hydrocarbon mixture containing CO2, following 
equations are presented: 

2
2 1 0ij rj riK T Tδ δ δ′ = + +                         (2) 

( )0 0.4025636 0.1748927 log jδ ω= +                  (3) 

( )1 0.94812 0.6009864log jδ ω= − −                   (4) 

( )2 0.741843368 0.441775log jδ ω= + .                (5) 

To correct ijK ′  to pressure, equation (6) can be used as follow: 

( )51.044269 4.375 10ij ijK K P−′= − ⋅× .                 (6) 

Finally, flash calculations are applied as a part of reservoir fluid model due to 
the compositional simulation. 

Reservoir Gridding: Reservoir pore volume is equivalent to 6.12 MMSCM and 
the 3-dimensional view is as Figure 2(a) and Figure 2(b). This model has dis-
cretized 22 × 22 × 100 grids in x, y and z direction respectively. Thirteen lower 
grids in the z-direction are in the aquifer and layer 11 is an impermeable shale 
that divides the reservoir into two parts. The upper part of the reservoir is low 
permeable and the production of oil from the producing wells in this area are 
low. Permeability in the z-direction is considered as 0.1 of horizontal permeabil-
ity. Distribution of porosity and permeability changes widely in different regions 
as well as the fluids saturation and oil-water contact which is leading to an in-
credible uncertainty in the study of reservoir rocks, fluids and the amount of oil 
in place. It is worth noting that, the basic reservoir model has 12,100 blocks 
which have risen to four times higher to achieve high accuracy calculation. Al-
though this process increases the runtime but will bring more accurate results. 
In total, about 1500 blocks of 48,400 blocks of reservoir rock model are related to 
the aquifer. 
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(a) 

 
(b) 

Figure 2. Schematic of the gridded system of the reservoir. 
 

Drilling path and perforation locations were selected in a manner to gain the 
optimum value of oil production. Despite low permeability, aquifer acted in a 
way that prevents the release of gas in the system. It is critically important to 
note that, the release of gas below the critical gas saturation in the system leads 
to the reduction in residual oil saturation which finally contributes to further oil 
recovery. This possibility only will occur in completed vertical wells with the 
high flow rate in the porous layers 14 - 19 and 29. Due to the reservoir hetero-
geneity in this area aquifer did not have the ability to respond quickly to pres-
sure. However, saturation in these areas quickly reaches to critical gas saturation 
and gas flows freely through the wells (i.e. GOR increases). 

Production Scenarios Simulation: Different simulation scenarios of primary, 
secondary, and tertiary recovery have been carried out with ECLIPSE composi-
tional (E300) software.  

3. Results and Discussion  

First and foremost, the obtained results of static and reservoir fluid models are 
investigated then simulated production scenarios and their results are taken into 
account.  
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Reservoir Rock, Water, Relative Permeability, and Hydrocarbon Models Re-
sults 

With the help of required physical properties, PTH, which is the critical thre-
shold pressure for penetration of water flow into the reservoir, is calculated as 
1.18 Bara. In accordance to oil wet reservoir rock, residual oil saturation is ap-
proximately high and non-wetting phase (water) is drained by wetting phase (oil) 
and there is a drainage process which critical threshold pressure for starting of 
this that is around 1.18 Bara. The holes uniformity coefficient, λ, which shows 
pore size distribution, is calculated as 0.875. It is crystal clear that the pore size 
distribution is absolutely high and there is a wide range of pore sizes. Owing to 
high pore size distribution, low λ, there is high capillary pressure within the re-
servoir which requires huge forces for displacing oil phase.  

With the help of water viscosibility, Cµw, which is calculated as 1.0152 × 10−4 
1/Bara, can be showed water viscosity variation with the pressure. However, the 
calculated water density of reservoir conditions is reported as 1095 kg per cubic 
meter, (SGwat = 1.1) respectively. However, formation water density has been re-
ported 1120 kg per cubic meter at standard conditions (SGwat = 1.12). So, this 
shows that decreasing density due to temperature increasing impact is dominant 
in comparison to increasing density due to the pressure increasing impact. 

Tests conducted on the reservoir rock sample  and Figure 3(a) and Figure 
3(b) show the rock dynamic data for water-oil and gas-oil system. The fitting 
method of the relative permeability curves is the linear regression technique. 

Also, the components percentage ternary diagram and the phase diagram of 
crude oil show the hydrocarbon phase is an ordinary black oil with the critical 
temperature and pressure 556.19 K and 96.05 Bar, respectively, while, bubble 
point pressure is 138 bar. 

When injecting carbon dioxide into the oil sample, although the injection pres-
sure is less than First Contact Miscibility (FCM) pressure, Multi Contact Misci-
bility (MCM) could be accounted for low pressures. Software calculations show 
that evaporation multi stage miscible injection at pressure 208.6 Bara and the 
composition of the mixture in the final stage as well as its properties are pro-
vided in Table 4. 
 
Table 4. The composition of the mixture in the final stage of MCM process and its prop-
erties. 

MCM Calculation 
Vaporizing Drive Injection Gas CO2 MCMP  

at 208.6 Bara and 369 ˚K 

Fluid Properties Co. Z (-) X (-) Co. Z (-) X (-) 

Mole Weight (kg/ml) 66.3041 CO2 74.3153 74.3153 IC4 0.2302 0.2302 

Z-Factor (-) 0.6609 N2 0.0916 0.0916 NC4 0.7593 0.7593 

Viscosity (cp) 0.1844 H2S 0.009 0.009 IC5 0.369 0.369 

Density (kg/m3) 682.378 C1 0.0007 0.0007 NC5 0.4613 0.4613 

Molar Vol (m3/kg.ml) 0.0972 C2 1.7992 1.7992 C6 0.3653 0.3653 

  C3 1.3431 1.3431 C7+ 13.2552 13.2552 
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(a) 

 
(b) 

Figure 3. Relative permeabilities curves. 
 

Simulation Scenarios Results 
Primary Recovery: Natural Depletion 
First Scenario: Natural Production with Vertical Wells 
In the simulation of the natural production process of the reservoir, two pro-

duction wells were completed at the corners of the reservoir (P1, P2), which 
produced at a specific bottom hole pressure and same flow rate (100 m3/Day) for 
40 years. As production is initiated, pressure declines, therefore, aquifer water 
invasion rate into the oil zone increases and water cut rises as well. Oil produc-
tion rate decreases due to energy drop of the reservoir, however, oil production 
rate of production well number 1 is higher in contrast to well number 2 that is 
due to the fact that well number 1 penetrates a high permeable zone. All in all, 
selecting the proper zone for drilling a production well is crucially important 
which can vitally impact on oil production rate, pressure decline and finally wa-
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ter invasion rate into the oil zone for compensation of pressure drop. Natural 
production recovery factor is obtained 30.62% till the end of simulation time. 
Due to the high volume of results, the Figure of this section has been ignored. 

Second Scenario: Natural Production with Horizontal and Deviated Wells 
Due to several reasons like low vertical permeability, layers with different 

permeability, and close location of productive layers to the aquifer or under the 
shale layer in this study, the possibility of horizontal wells drilling was uncertain 
and drilling deviated well as well as horizontal well could be a logical scenario. 
The deviated well was completed in the more permeable part of the reservoir, the 
blocks around the block (1, 1) and the 300 meters in length horizontal well was 
completed in the block (22, 22) both in the permeable layer 72. Oil production 
rate in both cases decrease because of pressure decline, however, oil production 
rate for deviated well is higher than horizontal well. It is because of high drai-
nage radius of deviated well in many productive layers in comparison to one 
productive layer which horizontal wells will cross. Although water cut in both 
cases rises as oil production rate decreases, water cut increment for the horizon-
tal well is higher than deviated well owing to the fact that its drainage radius is 
close to the aquifer (to 98%). Due to the high volume of results, the Figure of 
this section has been ignored. 

Secondary Recovery: Water Flooding 
The presence of the aquifer is vitally significant where as it can supply requires 

pressure for water penetration into an oil bearing layer by means of hydrostatic 
head of water. Water injection rate of 200 SCM/Day requires a large value of 
pressure in order to flow water into the oil zone (almost 550 Bara in early simu-
lation time) in which leads to migration of injected water and oil into the aquifer 
that limits aquifer rate into the oil layer (water injection rate is higher than 
WOC pressure). In contrast, water injection rate of 100 SCM/Day is too low and 
causes no water injection, whereas oil spread into the aquifer that contributes to 
water coning. Therefore, by examining different water injection rates the optim-
ize value of 113 SCM/Day was determined. At this oil exploitation rate, the aquifer 
can feed into the oil zone. Water cut of this process is obtained around 40% and 
oil production rate changes from 190 SCM/Day to 48 SCM/Day at the end of 
simulation time. Furthermore, after 25 years aquifer rate into the oil zone de-
creases. By the way, although the aquifer is limited, water flooding could be abso-
lutely a good candidate for pressure maintenance. Water flooding recovery fac-
tor is obtained 44.25% till the end of simulation time. Due to the high volume of 
results, the Figures of this section have been ignored. 

Tertiary Recovery: Miscible Carbon Dioxide Injection 
Injecting CO2 at a rate of 20,000 SCM/Day can supply a pressure difference in 

which at this pressure and reservoir temperature CO2 changes to the liquid. 
Moreover, high CO2 injection rate causes gas to reach the production wells in 
early time. It is critically important to note that, the presence of a high percen-
tage of CO2 in the extracted fluid can bring enormous damages in surface facili-
ties or oil-gas separation systems like corrosion, as well as reducing gas heating 
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value. To add, it is clear that low CO2 injection rate leads to the small amount of 
recovered oil in comparison to high injection case. Therefore, based on try and 
error an optimized value of injection rate at 12,000 SCM/Day can provide the 
required circumstance such as suitable aquifer injection rate, CO2 injection pres-
sure, gas front velocity, and oil production rate. The important point that should 
be taken into account is that the value of produced gas is identical to that is in-
jected i.e. 12,000 SCM/Day.  

CO2 injection conducted in 100 meters below and 10 meters above the shale 
layer and this layer permeability heterogeneity causes a low gas rise in the gas 
front. So, in order to gas penetrate into the low permeable zone, high amount of 
penetration exist in the contact between this layers and injection well and low 
penetration in the contact between high permeable layer and injection well. So, 
the CO2 injection rate is considered lowly. The same as other miscible gas EOR 
methods, CO2 can increase bubble point pressure due to the solubility of the gas 
in the oil. By this, the enriched oil moves towards the production well. Because 
of pressure depletion below the bubble point in the vicinity of the production 
well gas is liberated from oil and production gas oil ratio (GOR) increases. Gas 
injectivity is always an important factor through EOR operation that depends on 
rock and fluid properties, reservoir and injection pressure difference as well as 
injection rate. At the beginning of simulation, gas injectivity increases, while 
production GOR increment is low. Therefore, miscible CO2 injection in high vo-
lume is not afforded to maintain the reservoir pressure. Furthermore, methane 
mole fraction in produced gas decreases from 62% to 36% and heptane plus com-
ponent mole fraction in produced oil decreased from 48% to 35% which is show-
ing high CO2 mole percent in produced gas and oil. At last, noting that misci-
ble CO2 injection recovery factor is obtained 48.74% till the end of simulation 
time. 

These mentioned explanations are obvious in Figures 4-6. 
Tertiary Recovery: Water-Alternating-Carbon Dioxide Injection (WAG) 
In this process, the bulk of oil-carbon dioxide that has a good mobility (k/μ), 

is displaced by injected water. The mobility ratio which is created between in-
jected fluid and reservoir oil assists to create a stable movement of the two 
fronts. Injection rate was applied as the main injection control agent, which the 
optimum rate of continuous carbon dioxide gas injection was used. The various 
ratio of water to gas injection including 1, 2 and 4 which are equivalent to water 
injection rates of 28.25 SCM/Day, 56.5 SCM/Day, and 113 SCM/Day respectively 
were simulated. By the way, water to gas injection ratio of 4 yields the highest 
recovery factor. While the gas injection rate is 12,000 SCM/Day for one year 
then water injection rate is 113 SCM/Day for one year and this will be repeated 
on a period for 5 cycles (10 years). Cycles more than 5, due to the thickness of 
the formation causes gas carry over in higher parts, while, cycles less than 5 con-
tributes to high water cut in the wells. In the last thirty years simulation time, 
with water flooding will be continued with a constant flow rate of 113 SCM/Day. 
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(a) 

 
(b) 

Figure 4. (a) Injection well bottom hole pressure and carbon dioxide mole fraction in 
produced gas; (b) Total aquifer water volume into the oil zone and GOR vs. time under 
three miscible carbon dioxide injection scenarios. 
 

 
Figure 5. Injection well bottom hole pressure, well injectivity, and production well gas oil 
ratio vs. time under optimum miscible carbon dioxide injection scenario. 

https://doi.org/10.4236/ijg.2018.91002


A. Ejraei Bakyani et al. 
 

 

DOI: 10.4236/ijg.2018.91002 32 International Journal of Geosciences 
 

 
(a) 

 
(b) 

Figure 6. (a) Gas production rate and carbon dioxide and methane mole fraction in pro-
duced gas; (b) Total gas production, heptane plus component mole fraction in produced 
oil and total well water cut vs. time under optimum miscible carbon dioxide injection 
scenario. 
 

Moreover, the solution gas-oil ratio rise compared to the other alternating in-
jections is minimal. Most remarkable point in the three intended scenarios is 
that water production rate in the last twenty years of the simulation is close to 
each other. In contrast, water cut in the early years of the simulation is not iden-
tical since water injection was carried out in the low permeable layers. Finally, 
the ratio of water to gas injection was selected as 4 for an optimum process. It is 
worth noting that, higher injection rates, limits the influence of aquifer rate in-
vading into the oil zone, while, water injection pressure is high enough. In dif-
ferent scenarios of WAG, gas failures and GOR began to increase in periods oc-
curred near the same time. The rate of GOR increment in different scenarios is 
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very slow, for instance, in water to gas injection ratio of 4, GOR from 98.2 
SCMg/SCMo reaches to 100.2 SCMg/SCMo.  

By reducing reservoir pressure during production injection pressure will de-
crease. Water injection in comparison to gas injection decreases the aquifer rate 
into the oil zone, due to the fact that water has a higher pressure against the 
aquifer. In the first three cycles, aquifer rate into the oil zone increases in water 
injection as well as the gas injection, while, in the next cycles, aquifer rate into 
the oil zone decreases, however, this decline rate is so little. At last, recovery fac-
tor is obtained 46.74% till the end of simulation time which is the better result in 
comparison to miscible CO2 injection and it is because of less gas requirement. 

These mentioned explanations are obvious in Figure 7 and Figure 8. 
Tertiary Recovery: Simultaneous-Water-Gas Injection (SWAG) 
In this process called SWAG water injection from high part and gas injection 

from the low part of the horizontal well is done. The main purpose of this me-
thod is pushing a high volume of reservoir oil by using of density property of the 
fluid is injected into the reservoir. To compare this scenario to other scenarios 
injection rate was selected as the half capacity of WAG (56.5 SCM/Day for oil 
and 6000 SCM/Day for gas). Injection water tends to move towards the bottom 
of the reservoir, and a movement in the vertical and horizontal directions (due 
to pressure drop in the productive layer), while gas is injected from the bottom 
tend to move upward movement in the direction of its injection. In the case of 
this particular reservoir which permeability changes in the different layers, in 
practice when water is injected into the reservoir due to low permeability to Z 
direction may move towards the bottom very poorly. If in these conditions don’t 
be produced from the upper layers, the pressure required to inject water is high-
er than the average reservoir pressure. While the aquifer rate into the oil reser-
voir in the area near the gas injection is better than water injection and pressure 
required to inject gas into the reservoir at a lower point is approximately 60 Bara  
 

 
Figure 7. Effect on water to gas ratio on oil in place, GOR, and water production rate in 
WAG. 
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(a) 

 
(b) 

Figure 8. (a) Total water cut, carbon dioxide mole fraction in produced gas, and oil pro-
duction rate; (b) Water injection rate, aquifer rate into the oil zone, and injection well 
bottom hole pressure in 5 cycles vs. time under WAG ratio 4 scenario. 
 
lower than water injection. When injected gas reaches to the production well, 
aquifer water reaches and causes water coning which causes gas production rate. 
Gas production rate in this process is higher than the process of miscible CO2 
injection at the end of simulation time. The main reason is high-pressure areas 
under water injection which injected gas stops carry over. SWAG recovery factor 
is obtained 48.84% till the end of simulation time which is the better result in 
comparison to WAG and miscible CO2 injection. 

These mentioned explanations are obvious in Figure 9(a) and Figure 9(b). 
Hybrid Injection 
Hybrid processes could be a choice to combine different processes in order to 

examine innovative scenarios. Since the reservoir rock is oil-wet, gas injection at  
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(a) 

 
(b) 

Figure 9. (a) Water and gas injection well bottom hole pressure and aquifer rate into the 
oil zone; (b) Gas production rate and total water cut, and heptane plus component mole 
fraction in produced oil vs. time under SWAG scenario. 
 
the first stage is capable of reducing the viscosity and surface tension and con-
sequently increase the capillary number and reduction of residual oil saturation. 
At this stage, CO2 is injected at a rate of 12,000 SCM/Day for approximately 22 
years, then WAG injection is started with the same gas and water injection rate. 
The combination of miscible CO2 and WAG injection as a hybrid process has a 
recovery factor of 48.27% till the end of simulation time which reveals a better 
result in comparison to WAG due to long time simulation of miscible gas injec-
tion. 

These mentioned explanations are obvious in Figure 10(a) and Figure 10(b).  
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(a) 

 
(b) 

Figure 10. (a) Water injection rate, aquifer rate into the oil zone, and GOR; (b) Total wa-
ter cut, carbon dioxide mole fraction in produced gas, and injection well bottom hole 
pressure vs. time under hybrid scenario (first miscible carbon dioxide injection then 
WAG injection). 
 

Tertiary Recovery: Gas Recycling 
Without a shadow of a doubt, burning associated gas produced from the oil 

reservoirs is a major problem in Iran’s oil industry, while, this is the sources of 
injection to reservoirs for EOR purpose. Gas recycling into the reservoir is vitally 
precious due to the presence of available and cheap injection source. The gas 
production rate of the intended reservoir is less than 2000 SCM/DAY in early 
time. Due to the fact that high percentage of produced gas is methane and 
ethane, the required pressure for injection of this volume of gas does not change 
the gas into the liquid. In addition, gas recycling does not impact on aquifer 
performance and oil production rate is higher than natural production as well. 
In the first twenty years, gas production rate decreases because of oil production 
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rate as well as reservoir pressure drawdown. Then, gas injection rate starts to in-
crease as gas front reaches to the production well as a consequence gas produc-
tion rate increases. Produced gas composition is constant since methane mole 
fraction is constant, while, produced fluid composition is not constant because 
of increasing methane mole fraction and heptane plus reduction. Gas recycling 
recovery factor is obtained 46.261% till the end of simulation time which is bet-
ter result in comparison to natural production, however, it is 2.1% less than 
miscible CO2 injection, while, does not associate with corrosion, gas-oil separa-
tion problem, and gas condensation in high-pressure injection in comparison to 
miscible CO2 injection. 

The whole mentioned explanations are obvious in Figure 11 and Figure 12.  
 

 
(a) 

 
(b) 

Figure 11. (a) Injection well bottom hole pressure, gas injection rate, and GOR; (b) Total 
well water cut, oil production rate, and aquifer rate into the oil zone of gas vs. time under 
gas recycling scenario. 
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Simulated Processes Comparison 
Some comparisons have been conducted between simulated processes and are 

shown as Figures 13-15. 
Note that, selected conditions in different scenarios for injected fluids are as 

Table 5. 
 

 
Figure 12. Methane mole fraction in produced gas and fluid and heptane plus mole frac-
tion in produced fluid vs. time under gas recycling scenario. 
 

 
(a) 

 
(b) 

Figure 13. Effect of different scenarios on the average reservoir pressure and the total 
water cut. 
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(a) 

 
(b) 

Figure 14. Effect of different scenarios on the oil and gas production rate. 
 

 
Figure 15. Effect of different scenarios on heptane plus and carbon dioxide mole fraction. 
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Table 5. Selected condition for injected fluids in different scenarios. 

Scenario 
 

Injection Fluid  
Volume  

(SCM/Day) 

Injection  
Region 

(z-number) 

Started Injection  
Pressure (Bar) 

Water Cut 
(qw/qtotal) * 100 

(%) 
Water CO2 Water CO2 Water/Gas 

Water Flooding 113 - 
45 - 82 

7 - 9 
- 340 40 

Miscible CO2  
Injection 

- 12,000 - 
25 - 82 

8 - 9 
330 18 

WAG 113 12,000 
25 - 82 

8 - 9 
25 - 82 

8 - 9 
330 23 

SWAG 56.5 6000 
13 - 17 

8 - 9 
77 - 80 

- 
340 
330 

24.2 

Hybrid 113 12,000 
25 - 82 

8 - 9 
25 - 82 

8 - 9 
330 19.3 

4. Conclusions 

The studied reservoir has been divided into two parts by the shale layer which 
effects on the pressure and fluid communication between two parts. The required 
data regarding the two parts were assigned to obtain the accurate results through 
the simulation study. 

There is a wide range of porosity and permeability in the reservoir, i.e. the re-
servoir has high heterogeneity. In addition, the fluids saturation and the oil-water 
contact vary in different regions which lead to an enormous uncertainty. 

Consequently, horizontal well has a minor impact on the reservoir performance 
since the majority of layers have little permeability, while, deviated well can in-
crease the productivity by creating high surfaces with formations.  

Also, considering an injection rate equivalent to the produced gas can com-
pensate the pressure drop by the aquifer that can enhance the recovery factor up 
to 10%.  

Moreover, during the natural depletion from the reservoir, oil production is 
reduced due to the pressure decline. It is clear that, while the reservoir pressure 
is above the bubble point pressure, the solution GOR remains constant and the 
gas production rate is a function of the oil production rate. 

In the cases which CO2 is utilized as an injectant, the increment of gas pro-
duction is owing to the fact that the injected gas front reaches to the production 
well. 

In WAG process, the water-gas injection ratios of 1, 2, and 4 were examined 
and the interesting point in the simulated results is that, the identical water flow 
rate at the end of each scenario. The water-gas ratio of 4 was selected as the most 
suitable case and its injection flow rate was taken from the optimum processes of 
water and carbon dioxide flooding.  

Recovery of the defined hybrid process is more than WAG because of its longer 
duration of miscible gas injection. This method has relatively the higher water 
cut and the slower solution GOR growth in comparison with the carbon dioxide 
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injection. 
Based on the simulation results, it was seen that SWAG process has more effi-

ciency than others and reduces the rate of the pressure decline. Even, in the bot-
tom parts of the reservoir, if a shortage of gas injection is faced and the injection 
flow rate is cut off, the water influx creates a natural WAG.  

Eventually, the recycling into the reservoir can increase recovery factor around 
16% more than the natural depletion. It is worth noting that, the produced gas is 
injected into the lowest point of the injection well. 
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