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A B S T R A C T

The combination of carbon dioxide enhanced oil recovery (CO2-EOR) and permanent CO2 storage in mature oil
reservoirs has the potential to provide a critical near-term solution for reducing greenhouse gas (GHG) emissions.
This solution involves the combined application of carbon capture and storage from power generation and other
industrial facilities with CO2-EOR. In order to reduce CO2 capture costs flue gas, which consists mainly of N2 and
CO2, injection has been proposed. The main aim of this research is to investigate flue gas injection in a mature oil
field located in Turkey where CO2 EOR had been applied between 2003 and 2012. Injected CO2 was produced
from a nearby small natural CO2 reservoir with limited resource. Due to the availability of nearby flue gas source
(cement factory) and a pipeline for gas transportation, which was built to transport natural gas from the oil field to
cement factory, there is a huge opportunity to decrease project costs. A 3D compositional simulation model was
built after a detailed fluid characterization. After history matching 31 years of production, injection, saturation
and pressure history, a comparative study was conducted to examine the efficiency of flue gas injection compared
to CO2 injection for simultaneous EOR and storage purposes. Storage capacity of the oil field as well as the
contribution of raw flue gas injection and CO2 injection to oil recovery were studied. Effect of injected gas type,
gas solubility and operating parameters on storage and recovery were investigated. Results showed that pure CO2

injection leads to higher oil recovery and CO2 storage, if injection continued for at least 25 years. Before this
threshold injection time, flue gas injection and pure CO2 injection resulted in comparable oil recoveries. It was
also concluded that pressurizing the reservoir with raw flue gas injection followed by pure CO2 injection may
improve the project economics.
1. Introduction

One of the major sources of anthropogenic greenhouse gases is
cement industry. An average of 5% of the CO2 emissions is due to
cement industry (Arachchige et al., 2013). Flue gas containing high
amount of CO2 is emitted during cement clinker production and
during fuel combustion. Composition of the flue gas depends on the
fuel used for combustion process, but it mainly consists of N2, CO2,
water vapor, O2 and SO2. Sulfur, NOx, CO, CO2 and dust are some of
the air polluting components that may be present in flue gases
(Testo, 2004).

CO2 and non-CO2 emissions produced as flue gas during cement
production can be sequestered in underground geologic formations
such as coal seams, mature or depleted hydrocarbon reservoirs and
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deep saline aquifers (Bender, 2011). There are four basic mechanisms
that required for long term successful geologic CO2 storage: strati-
graphic/structural, residual, solubility and mineral trapping (Zhang
and Song, 2014). If there is a good seal, CO2 will be trapped perma-
nently and will be immobile with the contribution of these
mechanisms (Kovscek, 2002). There are many studies in the literature
that discuss CO2 storage and CO2 EOR (Wickramathilaka and Willis,
2011; Shaw and Bachu, 2002; Jessen and Stenby, 2007; Eide et al.,
2015; Beckwith, 2011; Pike, 2006; Reichl et al., 2015, Rao and
Hughes, 2011); however, only a few studies have been made on
flue gas injection (Koch and Hutchinson, 1958; Fong et al., 1992;
Huang, 1997; Zhang et al., 2006; Shokoya et al., 2005; Rivera de la
Ossa et al., 2010; Trevisan et al., 2013; Dong and Huang, 2002; Fong
et al., 1992). Majority of these studies was focused on maximizing
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Table 1
Flue gas stream, composition and properties used for simulation.

Factory Operating Level Low Medium High

CO2, % 24.5 24.5 24.5
N2, % 75.5 75.5 75.5
Mass Flow,CO2, kg/hr 45,637 68,456 91,275
Mass Flow,N2, kg/hr 88,409 132,613 176,818

Fig. 1. Cement factory to injectio

Fig. 2. Field stru
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the oil recovery not flue gas storage. Injecting raw flue gas into oil
reservoirs is very attractive because these reservoirs have structural
seals for trapping that are well studied and characterized. These
fields have surface facilities and wells which will also decrease the
capital investments of the storage project. Injecting flue gas into pro-
ducing oil fields may result in incremental oil recovery and make the
storage project more feasible. Availability of the flue gas source has
n wells pipeline schematic.

cture map.

& injection history.



Fig. 4. Porosity distribution map.
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strong effect on project economics.
In this study, flue gas storage capacity of a CO2 flooded oil reservoir

was determined. It was assumed that injected flue gas was transported
from a nearby cement factory by using available pipelines and injected by
deriving benefit from facilities that were pre-used for CO2 flooding
project. Contribution of raw flue gas injection to oil recovery was
examined by conducting compositional numerical simulation. A
comparative study was conducted to investigate the efficiency of flue gas
injection compared to CO2 injection for simultaneous EOR and storage.
Effect of injected gas types, CO2 solubility, and operating strategies on
storage and recovery were studied.

2. Case study

2.1. Flue gas source

Emissions related with cement industry can be divided into two
groups; CO2 emissions and others. CO2 emissions occur during the
0.01

0.1

1

10

100

1000

10000

0 0.1 0.2 0

Pe
rm

ea
bi

lit
y,

 m
d

Porosity, %

L1-L2-

Fig. 5. Permeability & porosity relationsh

1035
process of calcination (Eq. (1)) and also occur during energy produc-
tion. Majority of the CO2 (50%) is released during calcination. This is
followed by fossil fuel combustion (40%), transportation (5%) and
electricity consumption (5%) (Mahasenan et al., 2005). Average CO2
released during the production of portland cement in USA is 0.927 kg
of CO2 per 1 kg of cement (Marceau et al., 2006). Gross CO2 emissions
factor for China's cement sector is 0.883 kg of CO2 per 1 kg of cement
where 0.415 kg comes from calcination and 0.467 kg comes from
energy production (Shen et al., 2014). CO2 is not the only greenhouse
gas emitted to atmosphere during cement production. SOx, NOx, CO,
N2, O2 and volatile organic compounds and dust may also be released
during cement production. Among these CO2, NOx, SOx, CO and some
of the volatile organic compounds are greenhouse gases. Amount of
these emissions is based on cement type, cement production method
and type of fuels used for the process. Flue gas composition used in
this study (Table 1) is taken from (Nazmul, 2005). It is assumed that
NOx, SO2, O2 and H2O are removed from the flue gas before injecting
into reservoir.
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Fig. 6. Relative Permeability vs. Water & Gas Saturation for Layer-1.
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CaCO3 þ heat ←→ CaO þ CO2 (1)

Cement factory whose flue gas is to be used is located in Turkey
Fig. 7. Capillary Pressure vs. W
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close to heavy oil field where the injection will be carried out. Cement
production has been started in 1975. Factory was reconstituted in
1980 to operate with natural gas and coal as an alternative fuel to oil
due increasing oil prices (Mardin Cement, 2015). Natural gas had been
ater Saturation for Layer-1.



Table 2
Molar compositions of oil.

Component Mol, % Component Mol, % Component Mol, %

H2S 0.00001 C10 13.359 C24 0.45
CO2 0.0003 C11 10.36 C25 0.12
N2 0.0001 C12 5.67 C26 0.27
CH4 1.0021 C13 5.94 C27 1.83
C2 1.33 C14 4.82 C28 1.33
C3 1.66 C15 5.74 C29 0.87
nC4 2.54 C16 1.57 C30 0.14
iC4 0.67 C17 2.22 C31 0.36
nC5 0.05 C18 2.3 C32 0.31
iC5 0.02 C19 0.28 C33 0.28
C6 2.479 C20 0.61 C34 0.23
C7 3.7506 C21 1.11 C35 0.22
C8 11.71 C22 0.67 C36 þ 0.3
C9 12.69 C23 0.74 – –

Table 3
Summary of the reservoir model properties.

Parameters Values Units

Number of cells in the x direction 152
Number of cells in the y direction 54
Number of cells in the z direction 13
Number of gridblocks 106,704
x gridblock size 50 m
y gridblock size 50 m
z gridblock size 3–5 m
Total pore volume 1.62Eþ08 Rm3
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supplied between 1982 and 2012 from a nearby gas field. CM is the
main camp where all the production from nearby fields was gathered.
To transport the natural gas from CM camp to cement factory, 100 km
long and 600 diameter pipeline was constructed (Fig. 1). In this study,
the idea is to use the same pipeline for flue gas transportation to
reduce the project costs. Instead of transporting natural gas from the
camp to factory, flue gas will be transported from cement factory to
camp and then to compressor station. Pipeline between CM camp and
compressor station is 10 km long and has a 4” diameter. Since
measured CO2 emission data from the factory is not available, clinker
Fig. 8. Laboratory Observed D
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production data was used to calculate the amount of gas emissions.
Using average clinker production (2400 tons of clinker per day) and
IPCC default value of fraction of lime in clinker (64.6%) (Gibbs et al.,
2001), clinker emission factor was calculated as 0.507 tons of CO2 per
tons of clinker by using Eq. (2). As a result, CO2 emission was calcu-
lated as 1217 tons/day from calcining process and CO2 emission from
fuel combustion was calculated as 973.6 tons/day. Total gas flow rates
are given in Table 1 for different operating levels of the
cement factory.

EFclinker ¼ fraction CaO*(44.01 g/mole CO2 /56.08 g/mole CaO) (2)

2.2. Field development

The heavy oil carbonate reservoir was discovered in 1985 (Bender
ata vs Simulation Results.



Fig. 9. History match of the field oil-water-gas production rate, and pressure.
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and Yilmaz, 2014). The reservoir began primary production in 1985
and developed with 41 wells (Fig. 2). Peak daily oil production
reached to 300 s m3/day in 1987 (Fig. 3); however, there was a sharp
decline after 1987 due to lack of pressure support, low voidage
displacement, low API and high oil viscosity. Production plateau
period had started in 1994 and continued until 2002. Continuous CO2
injection was started in May 2003 by 7 injection wells. The effect of
the CO2 injection on oil production was seen after 12 months of in-
jection period corresponding to breakthrough time of CO2. It had been
observed that oil production increased and water production
decreased in the field. Due to high gas oil ratios in the production
wells and low sweep efficiencies, water alternating gas injection had
been started in 2007 that doubled the daily oil production (Fig. 3).
More than 240 Msm3 of additional oil was produced by CO2 injection
with 900 sm3/sm3 CO2 oil ratio. However, after stopping the CO2 in-
jection in 2012 due to depletion of CO2 reservoir, decline in oil pro-
duction has started again and today daily oil production decreased to
half of the project time's production.
2.3. Model development

2.3.1. Geologic description
The heavy oil field is located in a tectonically active area in

Turkey dominated by WSW-ENE oriented faults, anticlinal features
and southerly formation dips (Bender and Yilmaz, 2014). The
reservoir is bounded by a sealing normal fault at the north. Crest of
the asymmetric anticline dipping towards the south leant to this
normal fault. There are three major partially sealing NW-SE
oriented strike slip faults (Fig. 2). Main production formation is
Alt Sinan Formation with an average thickness of 60 m. From core and
log studies, it was understood that there are three facies in
the reservoir. In the simulation study, these facies were represented by
three different layers. Bottom layer has 10–18% of porosity
bearing wackestone with very low permeability. Second layer has
15–20% of porosity bearing packstone with low permeability
1038
(Cobanoglu, 2001). Top layer has 22–30% of porosity bearing grain-
stone with the highest permeability where main production is taking
place. Thickness of the first layer increases from west to east of the
field and thicknesses of the second and the bottom layers decrease
from west to east.

2.3.2. Rock & fluid properties
By using well logs and core data, porosity and permeability distri-

butions were determined. Porosity was computed from neutron-density
logs and gamma ray-sonic logs where available. As a result porosity
distribution map shown in Fig. 4 is obtained. Based on the analysis of all
core data, a relationship was established between porosity and perme-
ability for each layer (Fig. 5). Available special core analysis tests were
used to construct relative permeability curves representing oil-water and
gas-oil system (Fig. 6). Capillary pressure and relative permeability
measurements were used together to calculate the irreducible water
saturation and residual oil saturations. Leverett J-function was used to
combine all capillary pressure measurements obtained from cores
(Fig. 7). Initial water saturation for each grid cell was calculated by using
the constructed J-function. Similar plots were developed for layer 2
and 3.

Oil gravity is 12 0API with a very high viscosity of 480 cp at
reservoir conditions. PVT reports and routine API measurements show
that there is no areal and vertical change in API gravities in the field
(Bender and Yilmaz, 2014). Bubble point pressure is around 50 psia
and oil formation volume factor at reservoir conditions is 1.03 rm3/
sm3. Solution gas oil ratio is 1.8 sm3/sm3 at initial reservoir
conditions.

2.3.3. Fluid characterization and component lumping for compositional
simulation

Compositional simulation requires an equation of state model (EOS)
that describes the relationship between pressure, volume and tempera-
ture of a gas or liquid. Molar composition of produced oil given in Table 2
was used in ECLIPSE PVT_I. Characterization of heavy plus components



Fig. 10. History match analysis of oil production rate, oil production cumulative, water cut & pressure.
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was conducted by using their corresponding molecular weight. Three
parameter Peng Robinson EOS, which is a modified version of Soave-
Redlich-Kwong EOS was used to calculate the phase behavior (Peng
and Robinson, 1976).

To appropriately simulate the flue gas flooding project, CO2, N2,
and CH4 gasses were used as pure components. It is quite common to
lump C2-C3 and C4-C6 based on their similar molecular weights (Khan
et al., 1992). For C7 two pseudo components and Whitson's method
was used to decide the groups (Whitson, 1983). Components between
C7 and C15 were grouped together and C16 to C36 grouped together.
Accuracy of the grouping process was checked by looking the phase
diagrams before and after lumping. Created lumping scheme was
tuned by acentric factor of C18þ (Al-Meshari and McCain, 2005) by
matching saturation pressure. Following that, volume shift parameters
of all components were used for the regression of the volumetric data
of CCE and DLE. Volume shift parameters were also tuned to match
liquid density. Finally, viscosity was matched by tuning Zcrit. Fig. 8
1039
presents comparison of CCE and DLE experiment results and simula-
tion results.

2.3.4. Model construction and history matching
The reservoir model was constructed to accurately represent well

spacing, fault locations, structural changes and enable accurate CO2
movement. Table 3 presents the summary of the reservoir model
properties. History match covered 31 years of production and 10 years
of native CO2 injection periods that is subdivided into primary pro-
duction period, continuous gas injection period and water alternating
gas injection periods and decline period after CO2 flooding. Our strategy
was tuning and matching during primary production period and then
checking the others. Fig. 9 shows the history match of the field oil-
water-gas production rate, and pressure. Quality of history match was
checked by well by well using Eq. (3) (Schlumberger, 2013), which
enabled us to quickly check the quality of the match for the whole field
for all time steps for different match parameters. In this equation, “S” is



Fig. 11. Field cumulative oil production, oil rate, pressure, and water production rate for the base case.
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the simulated value, “O” is the observed value, “σ” is the normalization
parameter (average % observed value), “N” is the number of points and
M is the match value that shows the quality of the match. Normalization
parameter was used to conduct a dimensionless match in a certain
range. Fig. 10 shows history match analysis of oil production rate, oil
production cumulative, water cut and pressure. Most of the wells had a
good match except well #3 that is located in an area with a high
uncertainty.

M ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

�
Si� Oi

σ

�2
vuut (3)

3. Results

Primary objective of this study is to increase the oil recovery while
maximizing the flue gas storage. To achieve these goals, history
matched compositional simulation model was used for numerical
predictions. Sensitivity runs were carried out for different injection gas
compositions, producing gas oil ratios (GOR), injection rates and CO2
solubility. All simulation runs were started from 01.01.2016 and field
production predictions for 100 years had been performed under
operational constraints. For all cases, maximum water cut for pro-
duction wells was set as 100% and minimum oil production for each
production well was set as 0 stb/day to be able to continue the storage
project in the absence of oil production. For injection wells, maximum
bottom hole pressure was restrained as 131 bar that was 7 bar less
than the initial reservoir pressure. A base case (do nothing case) was
1040
run for 100 years without any gas injection for comparison purposes.
Oil production had been continued for 29 years until 2045 (Fig. 11).
Additional oil recovery and cumulative oil recovery was estimated as
90,000 sm3 and 1,339,721 sm3 respectively with a recovery factor
of 5.7%.

In the second scenario, effect of CO2 solubility in three phases on
storage and recovery was studied. Fugacity equilibration method was
used to calculate CO2 partitioning between oil and gas (Schlumberger,
2011). Oil and gas densities and fugacity were modeled by using 3-
Parameter Peng Robinson EOS. Due to lack of CO2 solubility data in
water, CO2 solubility was determined by using solubility data from the
literature (Chang et al., 1996). First run was simulated without
enabling the CO2 solubility and second run was studied enabling the
CO2 solubility in three phases. For both of the runs, GOR constraint
was set as 1 000 sm3/sm3 and daily field gas injection was set as
50,000 sm3/day. Flue gas injection was started in 01.01.2016 and
continued for 100 years. Fig. 12 shows oil production cumulative, gas
in place, and CO2 dissolved in aqueous phase for CO2 solubility case
and without CO2 solubility cases. For CO2 solubility case, cumulative
flue gas storage is 1105 MMsm3, total CO2 storage is 268 MMsm3,
CO2 dissolved in water is 19 MMsm3 and recovery factor is 10.09%.
For without CO2 solubility case, cumulative flue gas storage is
1087 MMsm3, total CO2 storage is 262 sm3, and recovery factor is
10.06%. It was found that all of the results are very close to each other
for both cases. For other scenarios, solubility option was enabled for
more accurate results. Table 4 shows summary of the results of
these cases.

One of the most important factors affecting amount of gas



Fig. 12. Cumulative Oil Production, Gas in Place CO2 dissolved in Aqueous Phase and Pressure with and without CO2SOL.
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sequestered is produced GOR constraint. Different GOR constraints (1,
500, 1 000 and 2000 sm3/sm3) were set for production wells to see
the effects of GOR constraint on storage and recovery. When the
simulated GOR reached the set GOR value for each well, perforations
related to that increase was shut down. For all cases, daily field gas
injection was set as 50,000 sm3/day and CO2 solubility option was
enabled. Fig. 13 shows gas in place, CO2 dissolved in aqueous phase,
cumulative oil production, and average reservoir pressure for each
Table 4
Summary of the simulation results.

Case Name Injected
Gas

CO2SOL Flue Gas In Place,
MMsm3

CO2 In Res,
MMsm3

CO2 I
MMsm

Base Case – – 0.00 – –

GOR-1-Inj-50000 Flue Gas ✓ 642.18 190.08 10.09
GOR-500-Inj-50000 Flue Gas ✓ 968.86 221.60 17.14
GOR-1 000-Inj-50000 Flue Gas ✓ 1 105.92 268.29 19.86
GOR-1 000-Inj-50000 Flue Gas – 1 087.26 262.52 Not A
GOR-2000-Inj-50000 Flue Gas ✓ 1 032.12 248.85 18.71
GOR-1 000-Inj-40000 Flue Gas ✓ 1 088.17 260.32 18.79
GOR-1 000-Inj-75000 Flue Gas ✓ 905.61 213.11 15.75
GOR-1 000-Inj-100000 Flue Gas ✓ 853.16 197.28 14.26
GOR-1 000-Inj-150,000 Flue Gas ✓ 843.19 195.86 14.71
CO2 Injection GOR-1 000-
Inj-50000

CO2 ✓ – 1 627.60 80.87
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scenario. For very low GOR (1 sm3/sm3), there was almost no oil
production because gas breakthrough occurred quickly in already CO2
flooded oil field. With the closing wells due to GOR constraint,
reservoir pressure increased quickly in 24 years resulting in limited
increase of gas storage (Fig. 13). Better gas storage and oil recoveries
were achieved in other GOR values. Maximum gas storage (1.1 billion
sm3) and improved oil recovery (10.09%) was obtained when GOR
was set at 1 000 sm3/sm3. Increasing GOR further (2000 sm3/sm3)
n Aqueous Phase,
3

Additional Cumulative Oil
Production, sm3

Cumulative Oil
Production, sm3

RF, %

89,965 1,339,721 5.70
715 1,250,471 5.32
813,576 2,063,332 8.78
1,122,280 2,372,036 10.09

pplicable 1,115,088 2,364,844 10.06
957,440 2,207,196 9.39
1,177,198 2,426,954 10.33
740,067 1,989,823 8.47
615,412 1,865,168 7.94
598,006 1,847,763 7.86
1,568,318 2,818,074 12.00



Fig. 13. Gas in Place and CO2 dissolved in Aqueous Phase, Cumulative Oil Production, and Average Reservoir Pressure.
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did not improve the gas storage and oil production. It was concluded
that gas production control plays a crucial role not only for gas storage
but also for oil recovery. GOR management contributes to better
sweep efficiency. Moreover, oil production decreases after gas break-
through due to high mobility of gas. Results (Table 4) showed that
there is an optimum value for GOR, which maximize the amount of
gas storage.

Optimization of injection rates is carried out to maximize the
storage capacity of the reservoir and to increase the oil recovery. For
all cases, GOR constraint was set as 1 000 sm3/sm3 and CO2 solubility
option was enabled. Simulation time, 100 years, was adjusted to
determine the maximum storage capacity of the reservoir before
exceeding the regulated pressure for all cases. Injection rate for each
well was regulated by the bottom hole pressure constraint of 131 bars,
which was 95% of the initial reservoir pressure. Maximum flue gas
storage of 1.1 billion sm3 and additional oil recovery of 1.12 MMsm3

was achieved by 50,000 sm3 of daily flue gas injection and maximum
oil recovery of 1.17 MMsm3 was reached by 40,000 sm3 of daily flue
gas injection (Table 4). Storage capacity and oil recovery decreased as
the injection rate increased. Higher injection rates caused quick
pressure buildup in the reservoir resulting in limited storage capacity
(Fig. 14). In addition to these, high gas injection rates resulted in early
gas breakthrough so that increased the gas oil ratios which reduce the
oil recovery in long term.
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Finally, continuous CO2 injection was performed instead of flue
gas. Producing GOR was set as 1 000 sm3/sm3 and field gas injection
rate was set as 50,000 sm3/day. Fig. 15 shows the results of the all
cases and red line represents the CO2 injection case. As can be seen
from Fig. 15, CO2 flooding trend is very different when compared
with flue gas injection cases. Highest gas storage and oil recovery
was achieved by CO2 injection case. Gas storage and oil recovery
continued to increase after 100 years. Totally, 1.63 billion sm3 of CO2
was stored and 1.57 MMsm3 of oil was produced during CO2 flooding.
Fig. 16 shows the amount of flue gas storage vs recovery factor for
all cases.

4. Discussion

The results of the full-field compositional simulation have
been used for an examination of the raw flue gas injection, CO2 in-
jection, operating parameters and CO2 solubility. Maximum CO2
storage and oil recovery can be achieved by pure CO2 flooding due to
solubility trapping mechanism, which becomes dominant with
increased CO2 concentration and pressure. CO2 flooding and flue gas
flooding give same oil recovery for a certain time or until a certain
reservoir pressure. After that, effects of CO2 on oil lift its effectiveness.
These effects are oil swelling, viscosity reduction and interfacial ten-
sion reduction due to increased CO2 solubility. Also effect of CO2



Fig. 14. Gas in Place and CO2 dissolved in Aqueous Phase, Cumulative Oil Production, and Average Reservoir Pressure.
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solubility becomes very important after this threshold time. Gas in
aqueous phase (Fig. 15) shows that CO2 dissolved in aqueous phase
increases continuously corresponding to high amount of CO2 storage.
Influence of CO2 solubility during immiscible flue gas injection is
very low due to presence of impurities but it is very important during
pure CO2 injection. For mature oil reservoirs, pressurizing the reser-
voir with the flue gas and then injecting CO2 might give better oil
recoveries. In this way, N2 in flue gas will provide energy to push the
oil and CO2 will dissolve in oil. In addition to these, it has been
observed that water production decreases during the pressurization by
gas injection. Pressure of the oil production layer increases and be-
comes more than the underlying layer's, which is the source of
the water.

Highest oil recovery and gas storage can be achieved with optimized
operating constraints targeting the sweep efficiency. With the increase in
sweep efficiency, reservoir gas storage capacity and oil recovery will
increase. Lower GOR values lead to quick pressure increase that de-
creases the project life, oil recovery and amount of CO2 storage. On the
other hand, higher GOR values give rise to gas production that in turn
decrease oil recovery and gas storage with increased gas mobility and
decreased sweep efficiency. High gas injection rates cause reduced
injectivity due to quick pressure buildup that leads to early gas break-
through. Both of these may cause reduction of both oil recovery
and storage.
1043
5. Conclusions

Flue gas injection in a mature oil field located in Turkey where CO2
EOR had been applied between 2003 and 2012 was studied using a
history matched compositional numerical model. Due to the availability
of nearby flue gas source (cement factory) and a pipeline for gas trans-
portation, which was built to transport natural gas from the oil field to
cement factory, there is a huge opportunity to decrease project costs. A
comparative study was conducted to examine the efficiency of flue gas
injection compared to CO2 injection for simultaneous EOR and storage
purposes. Results showed that

1. Pure CO2 injection leads to higher oil recovery and CO2 storage, if
injection continued for at least 25 years. Before this threshold injec-
tion time, flue gas injection and pure CO2 injection resulted in com-
parable oil recoveries.

2. Amount of flue gas storage was determined as 1.1 billion sm3 and
268 MMsm3 of this gas was CO2. Additional cumulative oil -
production was calculated as 1.12 MMsm3 with a recovery factor
of 10.09%. 1 000 sm3 of flue gas was injected to produce 1 sm3 of
oil.

3. Totally 1.63 billion sm3 of CO2 was sequestered and 1.57 MMsm3 of
oil was produced with continuous pure CO2 flooding. 1 040 s m3 of
CO2 was injected to produce 1 s m3 of oil.



Fig. 15. Gas in Place and CO2 dissolved in Aqueous Phase, Cumulative Oil Production, and Average Reservoir Pressure.
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4. Pressurizing the reservoir with flue gas injection followed by pure
CO2 injection may improve the project economics. However, pure
CO2 injection is the right strategy to maximize the CO2 storage.

5. Gas storage and oil recovery achieved with and without CO2 solubi-
lity were very close to each other for flue gas injection due to impu-
rities in gas.
Fig. 16. Amount of Flue Gas Storage

1044
6. Limiting the production wells with lower GOR constraint, caused the
wells shut down due to quick breakthrough and increased reservoir
pressure suddenly which lead to diminished storage and oil recovery.
Also, higher GOR values were resulted in low storage and recovery
due to high gas mobility when compared with oil. Management of
vs Recovery Factor for All Cases.
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GOR values contributed to better sweep efficiency and better pressure
management.

7. Injection rates need to be optimized to maximize the flue gas storage.
Quick pressure buildup occurred with higher injection rates so that
gas storage was reduced due to decreased injectivity. With higher
injection rates, higher oil recoveries achieved at early times of the
project.
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