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ARTICLE INFO ABSTRACT

Keywords: As the demand of crude oil is increasing along with depletion of conventional oil, unconventional oil is being
Supercritical water flooding extracted to meet the demand worldwide. Heavy oil is one of the largest unconventional crude oil resources,
Aquathermolysis

especially in Canada and Venezuela. Thermal recovery is a promising technology developed over the past de-
cades. Particularly, steam injection is considered one of the most effective thermal recovery processes, but it is
energy-intensive and is not environmentally friendly. Unlike steam injection, supercritical water flooding
(SCWF) is a miscible flooding and in-situ upgrading process and has been experimentally proven as a more
effective process than steam injection. However, it has not been field-proven yet. Therefore, numerical simu-
lation is necessary to show its feasibility. In this paper, we present a numerical simulation workflow for SCWF by
utilizing CMG-STARS and study its sensitive parameters based on simulation outputs. Simulation results show
that SCWF has a better performance due to its gas production from aquathermolysis. Its recovery efficiency can
double when compared to steam injection owing to its in-situ upgrading feature within the same production
window. SCWF is more suitable in thinner, lower porosity and higher permeability reservoirs. Operational pa-
rameters are slightly influencing its reservoir performance, and the influence is negligible as long as a minimum

In-situ upgrading
Miscible flooding
Sensitivity analysis

miscible pressure (MMP) is achieved.

1. Introduction

The latest reports by International Energy Agency (IEA) and U.S.
Energy Information Administration (EIA) predicted that the global en-
ergy demand is surpassing the pre-COVID-19 level with the recovery of
the global economy and the oil demand is rebounding faster than all
other fuels [1,2]. Unconventional oil resources, such as heavy oil and
bitumen, account for 70% of recoverable petroleum resources and are
attracting global interest as one of the best alternatives to conventional
oil [3]. According to the World Energy Outlook (2020), the current
crude oil resources are estimated at over six trillion barrels worldwide,
and over 1.8 trillion barrels are extra-heavy oil and bitumen, which is
about 30% of the total crude oil resources [4]. Over 1.2 trillion barrels
are found in America. Canada and Venezuela are the two largest heavy
oil producers, and almost 50% of the daily crude oil production (total
crude oil production: over five million barrels per day) was from heavy

oil, and bitumen in Canada in 2019. According to IEA, the predictions
from both stated policies and sustainable development scenarios sug-
gested that heavy oil and bitumen will account for four million barrels
per day in the world oil production in 2040, which is a 60% increase
compared to the 2010 level [4,5]. The U.S. Geological Survey (USGS)
defined heavy oil as crude oil with its API gravity between 10 and 20 API
and viscosity over 100 cP; bitumen has an API of less than 10 API but
viscosity greater than 10,000 cP [6]. Majority of heavy oil and bitumen
are located in Alberta and Saskatchewan in Canada and the northern
bank of Orinoco River in Venezuela. Owing to their high viscosity and
density, heavy oil and bitumen are hard to flow in reservoir conditions
due to their ultralow mobility [7,8].

Effective heavy oil recovery always requires a significant reduction
in viscosity and a significant improvement in mobility. Its viscosity can
be significantly reduced when reservoir temperature increases. Thus,
thermal recovery is commonly adopted in an enhanced oil recovery

Abbreviations: IEA, International Energy Agency; EIA, U.S. Energy Information Administration; USGS, U.S. Geological Survey; EOR, Enhanced Oil Recovery;
CHOPS, Cold Heavy Oil Production with Sands; ISC, In-Situ Combustion; CSS, Cyclic Steam Stimulation; SAGD, Steam Assisted Gravity Drainage; SCWF, Supercritical
Water Flooding; RF, Recovery Factor; OOIP, Original Oil In Place; MMP, Minimum Miscible Pressure; SOR, Steam-Oil Ratio.
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Fig. 1. Mechanisms of SCWF (credit to Zhao et al.[15]).
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Fig. 2. Heterogeneous 3D reservoir model and well locations.

Table 1

Reservoir properties.
Parameters Value
Reservoir Area — A [m?] 19,600
Reservoir Depth — D [m] 500
Reservoir Thickness — H [m] 30
Reservoir Temperature — T [ °C] 37
Initial Pressure - P;,; [kPa] 8,576
Average Porosity — ¢ [%] 30
Average Horizontal Permeability - kj [%] 400
Average Vertical Permeability - k, [%] 40
Molar mass of Bitumen — M [kg/kmole] 533
Density of Bitumen - p [kg/m°%] 1,026
Rock Compressibility [kPa~'] 1.80 x 10°
Rock Heat Capacity [J/(m® °C)] 2.35 x 10°
Underburden Heat Capacity [J/(m® °C)] 2.35 x 10°
Overburden Heat Capacity [J/(m® °G)] 2.35 x 10°
Thermal Conductivity of Matrix [J/(day °C)] 6.60 x 10*
Thermal Conductivity of Water [J/(day °C)] 5.35 x 10*
Thermal Conductivity of Water [J/(day °C)] 8.04 x 10°
Gridding Size - I, J, K [m] 4 x 4 x 3.75
Simulation Window [years] 3

(EOR) process aimed to increase the reservoir temperature by injecting
high temperature fluids. The first cyclic steam injection pilot project was
operated by Trintopec in the Palo Seco field in 1966 [9]. Pioneered
works proved that a number of processes can be applied at the field level
to improve heavy oil recovery efficiency, such as cold heavy oil pro-
duction with sands (CHOPS), in-situ combustion (ISC), chemical injec-
tion and flooding, and gas injection [10-14]. The traditional heavy oil
EOR processes can be classified to three groups based on their mecha-
nisms: thermal recovery processes are to reduce the oil viscosity,
miscible flooding processes improve the EOR performance by elimi-
nating interfacial tension, and chemical injection processes decrease the
interfacial tension [15]. Over the past decades thermal processes are
widely selected in field applications. Cyclic steam stimulation (CSS),
steam assisted gravity drainage (SAGD) and steam flooding are three
proven field thermal EOR processes since the 1960s [7,16-18]. In-situ
upgrading which first proposed in 1982 by Hyne et al. is another pro-
cess that allows both upgrading and recovery simultaneously, their work
demonstrated that a steam reaction also triggered a chemical reaction
with oil [19]. Researchers introduced expensive catalysts to improve the
recovery efficiency since the possibility of in-situ upgrading could be
achieved [13]. For example, Elahi et al. introduced a kinetic model of
the in-situ upgrading process of nano-catalysts and experimentally
proved that the viscosity of heavy oil is significantly reduced and the API
gravity increased [20]. Previous studies also proved that supercritical
water can be utilized as a high temperature solvent for heavy oil re-
covery, so that both heavy oil upgrading and viscosity reduction are
achieved at the same time with lower cost comparing to employing
expensive catalysts [21-23].

Supercritical water flooding (SCWF) is a miscible flooding process
reducing the heavy oil viscosity and upgrading it without severe carbon
loss during EOR operations. Supercritical water defines water above its
critical point (374 °C and 22.1 MPa). With this condition, a gas-liquid
phase interface no longer exist, and hydrogen bonds break down. Su-
percritical water more easily flows in porous media and transports heat
and mass than hot water and steam because of no surface intension and
higher density. The mechanisms of SCWF include both reducing oil
viscosity by a thermal process and decreasing seepage resistance
(Fig. 1). Compared to traditional thermal recovery processes, super-
critical water is considered as both a heat carrier and a hydrogen donor
for the EOR. It also creates an ideal homogeneous exploiting and thermal
cracking environment for heavy oil at reservoir conditions. In addition,
carbon loss due to coking caused low recovery efficiency and high en-
ergy consumption in a traditional thermal process. SCWF can effectively
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Values of sensitive parameters. .
Fig. 5. Legend of the result plots.
Sensitive Parameter Reference Value Value Value Value
Val 1 2 3 4
- e We performed a sensitivity analysis based on the reservoir performance
Thickness — H [m] 30 10 20 40 50 (i.e., cumulative bitumen recovery and a cumulative steam-oil ratio)
Average Porosity - ¢ 0.3 0.1 0.2 0.4 0.5 . . . . . . . .
Average Horizontal 400 200 300 500 600 while considering geological properties (i.e., thickness, porosity,
Permeability - k; [mD] permeability, and initial reservoir pressure) and operational parameters
Initial Pressure — Pin; 8,576 7,500 8,000 9,000 9,500 (i.e., an injection rate, injection pressure and injection temperature).
. [kpa] L L Total three scenarios and 63 simulation runs were carried out, and the
nj[e; :jgas?te = Ri 0 €0 40 B N sensitive parameters were determined based on simulation results.
Injection Pressure — Py 25 30 35 - -
[MPa] 2. Methodologies and numerical simulation
Steam Temperature — 420 385 480 - -
Tinj [C]

avoid carbon loss in its recovery process [15,24-31]. Zhao et al.
demonstrated that SWCF can potentially improve the oil recovery by
17% while reducing the thermal energy consumption by 34% through
core flooding experiments. However, there is no evidence yet showing
that SCWF is applicable to the field. Therefore, numerical simulation has
become the sole tool to study its feasibility thus far.

In this work, we proposed a field level 5-spot numerical simulation
workflow with utilizing the CMG-STARS simulator to address the po-
tential influential factors of the SCWF application in bitumen recovery.

2.1. Governing equations

There are three types of governing equations involved in the basic
numerical simulation: the mass conservation for water, steam and oil;
the energy conservation; and Darcy’s equation. The water and steam
equilibrium can be determined according to steam table data [32,33].

Mass conservation : %((/)/)iSi) —V(pU;) —p;g: =0 (€D)]



H. Ma et al.

18000

16000 -

14000

3.

Cumulative Oil (m")

12000 -

10000

8000 -

6000

4000

2000 -

0 le

Days
(a) Cumulative oil production under different thicknesses

200

180 A

160 - /
140 A /

120 A
/ —

~
100 J -

Cumulative Steam Qil Ratio

0 200 400 600 800 1000

Days
(b) Cumulative steam oil ratio under different thicknesses

Fig. 6. Sensitivity analysis of thickness.

Fuel 313 (2022) 122708

i) knop,, OD J knop,, Op J knop,, Op
Wat hase : — (A, k, ¥ A — (Aky ¥ A —(A.k. Y (=
ater phase 5 (A = G)AT T, Wk SRR (kT G,
oh
—7.,=—))A
T aZ)) z

0
=V Sw = Pulcon
b3, (DPuSu = Prleon)

5
d kysp, Op 0 kysp, Op d kysp, 0p
h — (A ky 2 —)A — (A k, = A —(ALk, 2 (=
Steam phase 6x( ok ) 6x) x+ay( yky u ay) y+az( 2k, : (aZ
oh
—7 A
7550
V2 (40,5~ prom)
- bat /): s ﬂ;‘]mnv
(6)

2.2. Model description

The thermal simulator, CMG-STARS, is used in this research to
investigate the performance of bitumen recovery with SWCF. The
gridding system of the base reservoir model was 35 x 35 x 8. The 3D
heterogeneous reservoir was developed consisting only of reservoir
sands with a 5-spot well pattern (four injectors from layers 4 to 8 and
one producer from layers 4 to 6, Fig. 2). The base data source was refined
from a CMG course “Introduction to Thermal EOR Modeling” with the
oil component and its viscosity adopted from Cold Lake Bitumen
[34,35]. The Cold Lake bitumen is one of the most typical bitumen
samples in Canada and has been widely used for research purposes. The
experimental data, especially the viscosity data of the Cold Lake
bitumen properties, is well-established, and the results are proven with
high accuracy [14,35-38]. Table 1 describes the detailed reservoir
properties. Fig. 3 shows the relative permeability curves that we adopted
in the simulation. The following three scenarios were compared: (1)
steam flooding with 0.8 steam quality, 300 °C steam temperature and an
injection bottomhole pressure of 12 MPa; (2) supercritical water injec-
tion without considering aquathermolysis in-situ upgrading; and (3)
supercritical water injection with considering aquathermolysis in-situ
upgrading. The injection pressure for scenarios 2 and 3 was equivalent
at 25 MPa, which is above the bubble point pressure (22.1 MPa) of

Energy conservation : VK, VT — VZ(/),-M,-h,') +0= %[45(2/7,-5[Ui) + (1 = ¢)prUz| 2

kk,;
Darcy equation : u; = 7”—-[Vp,- —p:8VZ)] 3

In Eq. (1), three terms are defined as accumulation, input/output,
and production/injection, respectively. The fluid velocity in Egs. (1) and
(2) is given by Darcy’s equation. Thus, the mass equations for three
phases in three dimensions (3D) are given below:

X d krop, Op 0 kyop, Op 0 krop, Op
I phase : — (A o Py Axt 2 (Ak,=Pe Pyay + 2 4k P (P
Oil phase dx( ok U 0x) x+6y( b 6y) y+0z( ke (az
oh
—7.%a
y,,az)) z

P
=Vos, (0,50 — Pod0)
4)

water, and the steam temperature was 430 °C, which is also above the
bubble point temperature (374 °C). Water exists in the supercritical
phase above its bubble point; thus, the steam quality is equal to 1 for the
SCWF scenarios. The injection rate for all scenarios is defined as 100 m%/
day. The reservoir performance was evaluated based on cumulative oil
production and the cumulative steam-oil ratio for each scenario. Two
groups of variables were studied in our investigation. The geological
properties include thickness — H, porosity — ¢, permeability — k, and
initial reservoir pressure - Py;;. The operational parameters include the
maximum injection rate — Ryyj, injection steam pressure — P, and steam
temperature — T.
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2.3. Properties of the Cold Lake bitumen

The oil component involved in the reservoir model is from the Cold
Lake region in Alberta, Canada. The Cold Lake bitumen has been studied
since the 1970s, and the properties of a bitumen sample has been studied
and well established according to the literature [34-38]. Its average
molar mass is 533 kg/kmol, and its density is linearly calibrated
approximately to 1026 kg/m® at the standard condition. The boiling
point is below 600 °C. The bitumen viscosity dramatically declines with
the increasing temperature and decreasing pressure. The relationship of
viscosity, temperature and pressure of the Cold Lake bitumen was
derived by Mehrotra and Svrcek as follows [35]:

In(u) = exp[22.64 — 3.56InT] + 0.029P @)

where u is the bitumen viscosity, cp; T is temperature, °C; and P is
pressure, MPa. The correlation of the bitumen viscosity and temperature
is thus described in Fig. 4 at atmospheric pressure and 25 MPa. The
viscosity of the Cold Lake bitumen was calculated based on equation (7)
with changing temperature from 25 °C to 500 °C. According to Fig. 4, a
higher viscosity is observed at higher pressure with the isothermal
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condition. The results are consistent with the experimental observations
published by Mehrotra et al. [35], and the viscosity significantly
decreased from 3700cp to 20cp and was approximate to O cp starting
from 180 °C under the standard condition pressure. When the fluid
temperature exceeds 150 °C, the increasing pressure will no longer
trigger the significant impact on the bitumen viscosity.

2.4. Aquathermolysis

We considered the aquathermolysis chemical reaction in scenario 3
due to the in-situ upgrading process. The chemical reaction is believed to
occur when the reservoir temperature exceeds 300 °C [39,40]. The
mechanisms of heavy oil upgrading by supplying supercritical water can
be attributed to two aspects, effects of physical properties and chemical
effects. The chemical role of supercritical water as a hydrogen donor has
been proven when the temperature exceeds 425 °C [24,41]. Gas com-
ponents including methane, carbon dioxide, hydrogen sulfide, hydrogen
and a small amount of low molecular weight hydrocarbons will be
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produced from the aquathermolysis reaction. We defined the reaction in
CMG-STARS with the bitumen and supercritical water as the reactants
and the gas mixture as the final product.

RCH,CH,SCH; +2H" +20H™ < RCH; + CO, + H, + CH, + H,S 8

The results of scenario 3 reported from CMG-STARS provided a gas
volume production rate with the unit of m®. We calculated the equiva-
lent volumetric oil due to the aquathermolysis reaction at the standard
conditions according to the ideal gas law.

RT,.
as = o 9
VP ©
M,
Voitse = Moig X —22 (10)

oil

where n is the number of moles; M is the molar mass; V. is the volume at
the standard conditions; ps. is the bitumen density at the standard con-
ditions; T is the standard condition temperature equal to 288 K; Py, is
the standard condition pressure equal to 1 atm; and R is the gas constant
equal to 8.21 x 10 [(m3.atm)/(mole+K)]. We adopted the molar
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balance of the reactions and calculated all the chemical products from
the gas phase. Implementing these into CMG-STARS, we need the molar
mass of the reactants and the products. Since we consider all the gas
products as one product, we only simulate one chemical reaction in
CMG.

3. Result and discussion

Totally, seven sensitive parameters were studied in each scenario
with their values in Table 2. A total of 63 simulation runs were per-
formed in this study, and the detailed results are provided in Table A.1.
The cumulative oil production and steam-oil ratio were employed as the
output results from the simulation, the recovery factor (RF) was calcu-
lated accordingly for each run, and the sensitivity analysis of RF was
conducted based on these output results within the three-year produc-
tion window. The recovery factor is defined as the ratio of cumulative oil
production to the original oil in place (OOIP) within the simulation time
window. The legend of result plots was presented in Fig. 5. Scenarios 1, 2
and 3 are presented by the color of black, red, and blue, respectively. In
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this part, the cumulative oil production and steam-oil ratio curves were
plotted during the three-year production window. We highlighted the
reference simulation result in each scenario and analyzed the sensitivity
of multiple parameters based on simulation observation. The mecha-
nism of steam flooding is immiscible flooding, whereas the supercritical
water injection triggered the miscible flooding since the injection steam
pressure is over the minimum miscible pressure (MMP) [15]. The MMP
of water and the Cold Lake bitumen was calculated by CMG-Winprop
simulator, which is about 18 MPa at 350 °C. We observed that the
injected supercritical water steam will not perform as well as steam
flooding as an EOR process in the early period due to its miscibility with
bitumen. After the steam breakthrough point (i.e., in our case, about
800 days after steam injection), there will be a significantly incremental
recovery due to the greater mobility of the bitumen and water mixture.
The overall performance of applying supercritical water will be better in
a long-term production window. With considering the aquathermolysis,
the injected supercritical water can react with bitumen and produce gas.
Thus, the cumulative oil production will be higher than steam flooding
in the early stage. However, in scenario 3, the gas phase products from
aquathermolysis are depleted within about 150 days, and hence its
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cumulative oil production shares a similar shape to scenario 2. The cu-
mulative steam-oil ratios (SOR) held a similar shape for both scenarios 2
and 3 and demonstrated that in the early days the injected supercritical
water is miscible with the bitumen. For the immiscible process (i.e.,
scenario 1), a lower cumulative SOR was observed all the time due to its
immediate contribution to the bitumen recovery. Overall, the cumula-
tive SOR of utilizing supercritical water is always higher than traditional
steam flooding due to the miscible process.
3 Poits

RF = &==L200

11
oorp an

3.1. Geological property — thickness

In this part, the impact of reservoir thickness was examined. We
studied the reservoirs with thickness varying from 10 m to 50 m for all
three scenarios. As a result, the total recovered bitumen is not fluctuated
significantly within each scenario. However, the OOIP is negatively
correlated with thickness, which will lead to a lower recovery factor in
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thicker reservoirs. In addition, the miscibility of bitumen and super-
critical water is not efficient for large thickness reservoirs. From Fig. 6
(b), the cumulative SOR in a low thickness reservoir is large owing to the
early water breakthrough. Compared to other scenarios, scenario 3 re-
quires more supercritical water in the early production stage due to the
aquathermolysis chemical reaction.

Overall, the result proved that the cumulative oil produced under
different thicknesses will not vary a lot in the three-year production
period. It is reasonable to extract more oil from thicker reservoirs for all
scenarios; however, a higher recovery factor is desired for thinner res-
ervoirs due to its lower amount of OOIP. It is also difficult for thicker
reservoirs to achieve a miscible flooding process by injecting super-
critical water steam due to the heat loss in the vertical direction. A
higher cumulative SOR is detected at an early stage of SCWF for thinner
reservoirs owing to their smaller OOIP. The overall performance of
SCWF in a long production period is better than traditional steam
flooding even without considering the impact of the aquathermolysis
reaction.

3.2. Geological property — porosity

Porosity is another sensitive parameter according to the simulation
as shown in Fig. 7, and it shares similar features to thickness. Lower
porosity will result in a smaller OOIP in a reservoir. The cumulative oil
production is not significantly impacted due to the fluctuation of
porosity of the reservoir model. Therefore, a better recovery factor is
being expected for lower porosity reservoirs. The simulation results also
illustrate that more gas can be produced in high porosity reservoirs
owing to the aquathermolysis (scenario 3) which can result in a large

cumulative oil production with the same production time window. The
cumulative SOR suggests that more steam is being consumed at an early
stage by applying SCWF method due to the miscibility.

3.3. Geological property — permeability

The cumulative oil production and cumulative SOR are being influ-
enced by a variation in permeability. As shown in Fig. 8, A higher
permeability results in higher cumulative bitumen production for all
scenarios. A lower permeability required a long time for steam to
breakthrough. Thus, during the three-year production period, steam
flooding (i.e., scenario 1) accounts for a better performance than SCWF
without considering aquathermolysis (i.e., scenario 2) with the perme-
ability of 200 mD due to the longer time for steam to breakthrough in
SCWF. The cumulative SOR plots also demonstrate that a lower
permeability reservoir generally required a long time for steam to
breakthrough. Unlike porosity and thickness, a variation in permeability
will not result in a change in OOIP, and thus a large recovery factor in
high permeability reservoirs was being recorded in our examination.

3.4. Geological property — initial pressure

The initial reservoir pressure is not a significant influential factor on
the reservoir performance for both steam flooding and SCWF (Fig. 9).
The impact of the initial reservoir pressure on OOIP is also negligible in
all cases. Thus, an impact of the recovery factor during the simulation
time window is also negligible. However, with considering the in-situ
upgrading by applying supercritical water, it was proven that larger
amount bitumen was able to be extracted underground.
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3.5. Operational parameters

Besides the geological properties, this paper also studied three
operational parameters in the SCWF process, including an injection rate,
injection steam temperature, and injector bottomhole pressure. Since
the mechanism of SCWF is miscible flooding, which differs from tradi-
tional steam flooding, we only performed a sensitivity analysis for sce-
narios 2 and 3. Figs. 10-12 presented the cumulative bitumen produced
from the reservoir and the cumulation SOR in the production time
window. As a result, variations in the injection bottomhole pressure and
steam temperature have no significant impact on reservoir performance
as long as the miscible pressure is reached at the bottomhole condition.
The maximum injection rate can positively affect the cumulative oil
production, but the overall effect is negligible if considering the aqua-
thermolysis reaction.

3.6. Recovery factor

We utilize tornado diagrams to address the impact of each sensitive
parameter on the recovery factor in each scenario (Fig. 13). As a result,
the recovery factors are 6.81%, 8.21% and 12.84% for the basic sce-
narios of steam flooding, SCWF without aquathermolysis, and SCWF
with considering aquathermolysis in the three-year simulation time
window. Thermal recovery techniques play a major role in all three
scenarios. However, only considering the incremental heavy oil recov-
ery due to a high temperature could lead to an underestimation effect by
adopting SCWF. The impact of a chemical process between water and
bitumen needs to be considered as the key mechanism during the EOR
process. The SCWF can recover more bitumen even with only consid-
ering the thermal recovery mechanism in a long production time win-
dow. The in-situ upgrading consideration of aquathermolysis accounts
for a significant increment of cumulative bitumen recovery (i.e., sce-
nario 3 almost doubled the recovery factor of scenario 1 and recovered
4.63% more bitumen compared to scenario 2).

Compared to the operational parameters, the initial reservoir geol-
ogies have more impact on EOR evaluation. The results from all three
scenarios demonstrate that thinner, low porosity and high permeability
reservoirs can have a better performance by applying thermal recovery
processes. Thickness accounts for a major consideration followed by
porosity and permeability. In-situ upgrading causes approximately 35%
improvement in a thinner heavy oil reservoir (i.e., thickness is 10 m in
our case). The initial reservoir pressure has no significant impact in all
scenarios. The only consideration during operations is the injection rate
of supercritical water, but its impact is negligible compared to geological

Appendix

Table A.1 Simulation results summary
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features of a reservoir. The steam temperature and pressure have no
impact on reservoir performance as long as the MMP is achieved.

4. Conclusion

In this work, the numerical simulation of bitumen recovery by uti-
lizing supercritical water was investigated with compared to a tradi-
tional thermal recovery process (i.e., steam flooding). The in-situ
upgrading mechanism was considered for SCWF in our simulation. By
studying the sensitivity of geological and operational characteristics, we
conclude the following key findings:

(1) SCWEF is a miscible flooding process accompanied with an in-situ
upgrading chemical reaction, whereas traditional steam flooding
is an immiscible process. The performance of SCWF is better than
steam flooding in a long term due to the miscibility of water and
bitumen at the early production time.

In-situ upgrading is a necessity to be considered for SCWF. Gas is
produced due to the aquathermolysis chemical reaction and leads
to a significant increase in the recovery factor for a reservoir in
the same production period compared to steam flooding.
Sensitive parameters are ranked as thickness, porosity, perme-
ability, and an injection rate. SCWF leads to outstanding perfor-
mance especially in thinner, low porosity or high permeability
reservoirs. A variation in the initial reservoir pressure does not
affect the reservoir performance based on the results from cu-
mulative oil production and cumulative SOR. The steam tem-
perature and injection pressure also did not affect the reservoir
performance as long as the MMP is reached.

(2
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No. Trails| Model |Sentative Parameter| Value |OOIP [m3]| CumOil [m3] | Cum Gas [m3]|Cum Gas to Oil[ Average CumSOR| Max CumSOR RF
Basel M1 — — 1.02E+05 6948.67 — — 1.46 4.05 6.81%
Base2 M2 — — 1.02E+05 8379.20 — — 12.72 27.21 8.21%
Base3 M3 — — 1.02E+05 8475.00 906959.25 4629.66 12.32 23.65 12.84%

1 M1 Thickness 10 2.34E+04 7004.07 — — 37.96 117.37 29.91%
2 M1 Thickness 20 6.47E+04 4433.37 — — 4.46 10.28 6.85%
3 M1 Thickness 40 1.44E+05 9369.27 — — 0.67 1.61 6.48%
4 M1 Thickness 50 1.85E+05 11913.15 — — 0.44 1.14 6.43%
5 M2 Thickness 10 2.34E+04 5063.01 = = 27.94 84.49 21.62%
6 M2 Thickness 20 6.47E+04 8576.92 = = 18.80 50.72 13.26%
7 M2 Thickness 40 1.44E+05 10906.28 = = 9.38 15.17 7.55%
8 M2 Thickness 50 1.85E+05 15299.29 = = 6.92 8.33 8.26%
9 M3 Thickness 10 2.34E+04 6106.60 1373159.25 7009.42 60.70 181.49 56.01%
10 M3 Thickness 20 6.47E+04 8979.65 735216.25 3752.98 18.72 42.70 19.68%
11 M3 Thickness 40 1.44E+05 7302.26 1269042.25 6477.94 9.58 17.57 9.54%
12 M3 Thickness 50 1.85E+05 15933.15 0.00 0.00 7.04 7.87 8.60%
13 M1 Average Porosity 0.1 3.39E+04 6013.38 — — 3.22 8.23 17.72%
14 M1 Average Porosity 0.2 6.82E+04 6681.35 — — 2.03 5.17 9.80%
15 M1 Average Porosity 0.4 1.34E+05 7072.56 — — 1.20 3.42 5.27%
16 M1 Average Porosity 0.5 1.71E+05 7279.76 — — 0.75 2.48 4.26%
17 M2 Average Porosity 0.1 3.39E+04 5922.33 = = 16.20 32.48 17.45%
18 M2 Average Porosity 0.2 6.82E+04 7109.22 = = 14.15 30.99 10.43%
19 M2 Average Porosity 0.4 1.34E+05 8518.52 = = 11.99 25.30 6.35%
20 M2 Average Porosity 0.5 1.71E+05 9503.21 = = 11.56 23.19 5.56%
21 M3 Average Porosity 0.1 3.39E+04 5730.55 392278.44 2002.42 18.58 29.19 22.79%
22 M3 Average Porosity 0.2 6.82E+04 6105.57 750636.81 3831.70 16.68 26.94 14.57%
23 M3 Average Porosity 0.4 1.34E+05 8518.52 1454136.13 7422.77 14.60 23.66 11.88%
24 M3 Average Porosity 0.5 1.71E+05 5691.95 1749436.50 8930.16 14.00 21.56 8.55%
25 M1 Average Perm 200 1.02E+05 3917.48 — — 0.73 2.06 3.84%
26 M1 Average Perm 300 1.02E+05 5546.76 — — 1.00 3.10 5.43%
27 M1 Average Perm 500 1.02E+05 9536.73 — — 1.64 4.61 9.34%
28 M1 Average Perm 600 1.02E+05 11086.27 — — 1.86 4.69 10.86%
29 M2 Average Perm 200 1.02E+05 3245.66 = = 25.03 50.45 3.18%
30 M2 Average Perm 300 1.02E+05 6518.41 = = 15.57 34.56 6.39%
31 M2 Average Perm 500 1.02E+05 10139.97 = = 9.77 21.42 9.93%
32 M2 Average Perm 600 1.02E+05 10772.09 = = 8.83 19.71 10.55%
33 M3 Average Perm 200 1.02E+05 2013.65 842395.50 4300.09 28.71 54.43 6.19%
34 M3 Average Perm 300 1.02E+05 3643.88 954690.88 4873.31 19.98 33.84 8.34%
35 M3 Average Perm 500 1.02E+05 9176.52 1097413.25 5601.85 11.40 17.58 14.48%
36 M3 Average Perm 600 1.02E+05 10566.98 1132136.88 5779.10 9.97 15.56 16.01%
37 M1 Pressure 7500 1.00E+05 6519.73 — — 3.00 5.85 6.50%
38 M1 Pressure 8000 1.01E+05 6726.20 — — 2.12 4.91 6.65%
39 M1 Pressure 9000 1.03E+05 7358.28 — — 1.45 4.12 7.15%
40 M1 Pressure 9500 1.03E+05 7616.85 — — 1.92 4.81 7.37%
41 M2 Pressure 7500 1.00E+05 8223.43 = = 14.29 29.27 8.20%
42 M2 Pressure 8000 1.01E+05 7087.76 = = 16.68 29.61 7.01%
43 M2 Pressure 9000 1.03E+05 8442.34 = = 12.38 26.23 8.20%
44 M2 Pressure 9500 1.03E+05 8474.47 = = 11.71 25.68 8.20%
45 M3 Pressure 7500 1.00E+05 6006.49 854762.94 4363.22 17.49 27.37 10.34%
46 M3 Pressure 8000 1.01E+05 6260.97 939378.25 4795.14 16.43 25.80 10.93%
47 M3 Pressure 9000 1.03E+05 6727.85 1116526.75 5699.41 14.65 23.22 12.07%
48 M3 Pressure 9500 1.03E+05 6891.98 1206183.63 6157.08 13.96 22.16 12.63%
49 M2 Inj rate 60 1.02E+05 8538.29 = = 6.82 8.44 8.37%
50 M2 Inj rate 140 1.02E+05 11790.04 = = 9.54 13.66 11.55%
51 M3 Inj rate 60 1.02E+05 6809.60 991339.44 5060.38 7.25 9.88 11.63%
52 M3 Inj rate 140 1.02E+05 8650.47 914152.00 4666.37 11.32 17.48 13.05%
53 M2 Inj pressure 30 1.02E+05 8643.75 = = 12.70 25.69 8.47%
54 M2 Inj pressure 35 1.02E+05 8965.47 = = 12.14 23.44 8.78%
55 M3 Inj pressure 30 1.02E+05 8556.62 915312.06 4672.30 7,28 22.62 12.96%
56 M3 Inj pressure 35 1.02E+05 7846.41 936179.00 4778.81 12.33 21.52 12.37%
57 M2 Inj Temperature 385 1.02E+05 8779.92 = = 12.41 25.02 8.60%
58 M2 Inj Temperature 480 1.02E+05 8074.19 = = 12.46 28.86 7.91%
59 M3 Inj Temperature 385 1.02E+05 8411.41 920615.31 4699.37 12.51 22.29 12.84%
60 M3 Inj Temperature 480 1.02E+05 8358.40 901418.81 4601.38 12.38 25.07 12.70%
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