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Analysis of the enhanced oil recovery process through
a bilateral well using WAG-CO, based on reservoir
simulation. Part | — synthetic reservoir model

The paper presents analysis of the selected EOR methods based on the results of reservoir simulations with particular at-
tention paid to WAG method and its SWAG variation consisting in simultaneous and selective injecting of water and CO,
(water through the upper section, CO, through the lower section of the injector). Reservoir simulations have been performed
on two models of synthetic reservoir: one with standard permeability equal to the average permeability of the largest Polish
reservoir and the second one with reduced permeability. Forecasts of oil production with the use of the primary method,
waterflooding method as well as WAG and SWAG methods have been performed for each of these models. For each of these
methods, the cases of oil production by a vertical, standard horizontal and by bilateral well with two sections situated one
above the other were considered. In order to perform the above described forecasts, a number of general assumptions were
made concerning the amount of injected and produced liquids as well as limitations associated with it. The paper presents
a detailed analysis of the reservoir exploitation for each of the cases. Results for total amounts are presented in the table, and
the qualitative assessment is presented based on simulation results including distribution of oil saturation in the reservoir at
the end of exploitation process.
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Analiza procesu wspomaganego wydobycia ropy odwiertem bilateralnym z wykorzystaniem
WAG-CO, w oparciu 0 symulacje ztozowe. Cze$¢ | — model ztoza syntetycznego

W pracy w oparciu o wyniki symulacji ztozowych przedstawiono wybrane metody EOR ze szczegdlnym uwzglgdnieniem
metody WAG i jej odmiany SWAG polegajacej na rownoczesnym i selektywnym tloczeniu wody i CO, (wody gorng sek-
cja odwiertu zattaczajacego, CO, dolng jego sekcja). Symulacje ztozowe przeprowadzono na dwoch modelach syntetyczne-
go ztoza: jednego o standardowej przepuszczalnos$cei, tj. rownej Sredniej przepuszczalnosei dla jednego z najwigkszych pol-
skich zt6z 1 drugiego o przepuszczalnosci zredukowanej. Dla kazdego z tych modeli przeprowadzono prognozy wydoby-
cia ropy przy uzyciu metody pierwszej, metody nawadniania oraz metod WAG i SWAG. Dla kazdej z powyzszych metod
rozpatrzono przypadki wydobycia ropy przez odwiert pionowy, standardowy horyzontalny oraz bilateralny o dwoch sek-
cjach znajdujacych si¢ jedna nad druga. W celu przeprowadzenia powyzej opisanych prognoz przyjeto szereg zatozen ogol-
nych dotyczacych iloéci zattaczanych i wydobywanych ptyndw oraz ograniczen z tym zwigzanych. W pracy przedstawio-
no szczegotowy analize eksploatacji ztoza dla kazdego wariantu. Wyniki dla sumarycznych wielko$ci zestawiono w tabeli,
a ocen¢ jakoSciowa przedstawiono w oparciu o podstawowe wyniki symulacji, w tym rozktady nasycenia ropa w zlozu na
koniec eksploatacji ztoza.

Stowa kluczowe: EOR (wspomagane wydobycie ropy), WAG (naprzemienne zattaczanie wody i gazu), SWAG (jednocze-
sne, naprzemienne zattaczanie wody i gazu), zattaczanie CO,, wypieranie mieszajace, odwierty wielodenne.

Introduction

Production of oil from oil reservoirs that have recently secondary method of reservoir waterflooding. As a result of the
been exploited in Poland is performed mainly with the use of  reservoir exploitation with the use of the primary and the second-
the primary method and, in some cases, also with the use of ary method, approx. 50% of oil remains in the reservoir [14].
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WAG (water-alternating-gas) is alternating injection of gas and
water into reservoir allowing for increase of its oil recovery coef-
ficients. The application of this method allows also for reduction
of negative results of the use of the extremely popular secondary
method that is waterflooding of reservoir or injection of gas. The
use of WAG allows for limitation of water production as well
as reduction of gas-to-oil ratio in production wells. In addition,
the use of CO, as the injected gas increases the displacement ef-
fects due to the miscible displacement mechanism occurring in
specified reservoir conditions [ 19]. On the other hand, alternating
injecting of gas and water at the same time allows to reduce the
problems resulting from excessive water production.

Currently, WAG with the use of vertical, standard horizontal
as well as bilateral wells is used all around the world [2, 5,
10, 11, 20], and the use of CO, in WAG process allows for
improvement of the reservoir recovery coefficients [3, 9, 13,
21, 22]. Particular attention was paid to various versions of
WAG method as the most promising ones from among EOR
(Enhanced Oil Recovery) methods of oil production. The

studies varied from analytical models [18] to an overview of
varieties of the WAG method used in the oil production [12].
In some works the focus was on the position of vertical wells
or the ratio of injected CO, to water in the WAG scheme [4].
Another work focused on comparison of WAG with continuous
CQO, injection [17]. For further improvement of oil recovery
efficiency horizontal wells were used [1, 6, 7, 8, 16].

The paper consists of two parts. This first part constitutes the
analysis of methods of injecting water and gas for the model of
a synthetic reservoir. The basic criterion used to compare various
production scenarios is the total oil production (and equivalently
recovery factor). Based on the conclusions of this part, the imple-
mentation of analogous EOR methods in models of a real reservoir
was applied and analyzed in the second part of the work and is
reported in the subsequent paper. Results of this work also indicate
the usefulness of simulation models for analysis and selection of
EOR methods as applied to oil reservoir production.

The study uses reservoir modeling and simulation software
— Petrel and Eclipse 300 by Schlumberger [15].

Characteristics of synthetic reservoir models

For better understanding and description of phenomena
occurring during EOR processes with the use of water and
gas, three-dimensional models of a synthetic reservoir made of
16800 active blocks creating a regular cube was constructed.
A grid of 31 x 31 x 20 model blocks is homogeneous and
forms a model with the horizontal sizes of 2000 x 1000 m. The
model is also characterized by a homogeneous porosity and
permeability. The model allows for the presence of underlying
water. The reservoir fluid (oil with gas in solution) was modeled
with the compositional simulations. The fluid composition is
that of a real oil reservoir operated in Poland.

The view of the model with cross-section, location of a bi-
lateral production well and vertical injection wells, as well as
initial distribution of oil saturation is shown in Figure 1.

Basic assumptions of the production process simulated
with these models follow:

* initial conditions: p,,; = 557 bar, T,

of 3085 m,
 nominal production of oil from a well, g, = 750 SCm?/d,

=122°C at the depth

 injection of displacement media in the amount equal to pro-
duced fluids volume (the so-called voidage replacement),

» for cases where water is injected, the maximum water
injection rate by a single well, g,,;,, ... = 1500 SCm for

cases where CO, is injected, the maximum CO, injection
rate by a single well, ¢, .. = 50000 SCm*/d,

» well setup applied: so-called 5-point scheme with 4 verti-
cal injection wells located in the corners of the model and
a production well in the model center (Figures 1, 2, 3),

¢ minimum rate of oil production from a well,
Gy = 18.34 SCm’/d,

e maximum water cut, WCT,

max

=0.95 SCm*/SCm’ (after
this value was exceeded the well is closed),

* maximum gas-to-oil ratio, GOR,,,. = 2000 SCm*/SCm’
(after this value was exceeded the production rate is
reduced),

* maximum acceptable depression at the bottom-hole of

max

production wells, AP = 50 bar,

*  minimum bottom-hole pressure in production wells,

Py min = 225 bar,

* maximum bottom-hole pressure in injection wells,

Ppmax = 612.7 bar (110% * p,,),

» forecast duration limit: 30 years.

As the control parameters, in particular well limiting pres-
sures, refer to bottom-hole values then no hydraulic models of
production/injection wells, relating bottom-hole to well-head
quantities, were used.

Results of synthetic reservoir models simulations

For the purpose of this work, simulation forecasts of oil
production were performed for the models with horizontal

permeability equal to an average horizontal permeability of
one of the Polish reservoirs, i.e. k, = 21.42 mD and vertical
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permeability, k£, = 2.14 mD in four groups of cases for varying

methods of production, i.e.:

» simulations of primary method of production — base cases,

+ simulations with secondary method using waterflooding —
cases marked with “I”,

+ simulations with the use of standard WAG — cases marked
with “I17,

» simulations with the use of SWAG method (Simultaneous
Water Alternating Gas). Cases with simultaneous injection
of water and CO, through separate sections of vertical wells

were simulated i.e. water through the upper section and CO,
through the lower section of vertical injection wells — cases
marked with “III”,
For all of the above groups, the following cases were con-

sidered for various types of the production well:

« vertical well — cases marked with letter “A”,

» standard horizontal well — cases marked with letter “B”,

» Dbilateral (double-bottom) well with horizontal sections
located at a distance of 20 m one below the other — cases
marked with letter “C”,

Models with standard permeability (k, = 21.42 mD)

Base cases

According to the above, the base Cases A, B, C were pre-
pared. In Cases B and C the production wells restricted by
the limits listed in the general assumptions were producing
oil with the assumed rate of ¢, = 750 SCm®/d for 3 years and
then they reduced the rate of oil production due to the limit-
ing bottom-hole pressure P,;,, =225 b down to the minimum
economic rate of ¢,., = 18.34 SCm?/d. In the base Case A,
the vertical well limited by the maximum acceptable depres-
sion at the bottom-hole, AP = 50 b, could not produce at the
assumed rate, as a consequence the exploitation time in that
case is extended in comparison to Cases B and C. The recov-
ery coefficients amounted to 14.83%, 17.41% and 16.30%

Oil saturation (SOIL)
Oil saturation

Fig. 1. Three-dimensional model of a synthetic reservoir
produced by a bilateral well. Initial oil saturation

0il saturation (SOIL)
Oil saturation

Fig. 2. Oil saturation in the reservoir at the end of the
production forecast. Base Case C. Standard permeability
k,=21.4mD
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respectively for Cases A, B and C. The higher production of
oil by the standard horizontal well was caused by the reduced
gas-to-oil ratio compared to the case with the bilateral well.
Figure 2 shows a distribution of oil saturation for base Case C
at the end of the production forecast.

Cases with water injection

Similarly to the base cases, the cases of oil production sup-
ported by water injection — Cases IA, IB, IC — were simulated.

In Case IA, similarly to the base case, the factor limiting
the oil production was the maximum acceptable depression
at the bottom-hole. Due to the constant injection of water, the
well reduced its oil production while the water production was
increasing. In Cases IB, IC the wells were producing oil at
the assumed rate throughout the whole period of the produc-
tion forecast. The intensive operation of the injection wells
led to faster inflow of water into the production well and its
watering-out, which caused a drop of the bottom-hole pressure
and consequently the reduction of oil production rate down to
the economic limit and finally well shutting.
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Fig. 3. Oil saturation in the reservoir at the end of the
production forecast. Case IC. Standard permeability
k,=21.4mD

Recovery coefficients amounted to 62.32%, 59.83% and
60.22% respectively for Cases 1A, IB and IC. The highest
production of the vertical well was caused mainly by its larger



distance from the injection wells and its less intensive opera-
tion (lower rate of oil production), which resulted in extended
time of exploitation. However, the differences between this
recovery coefficients are rather small and, thus, do not indicate
any dominating method at least from the technological point
of view. Oil saturation at the end of the production forecast
for Case IC is shown in Figure 3 which presents the effect of
immiscible oil displacement with water covering almost the
entire reservoir, leaving residual oil (S,,., = 30%) in the rocks
were the oil displacement with water occurred. Maintaining the
reservoir pressure also caused no secondary gas cap to appear.

Cases with alternating injection of water and gas (WAG)

Another group of cases are the ones with alternating injec-
tion of water and CO, — Cases IIA, IIB, IIC. These cases assume
injecting of water and CO, in cycle duration of 1 month each
with additional assumption of two wells injecting water and, at
the same time, the other two injecting CO, with fluid switch-
ing from cycle to cycle. This assumption allows elimination
of pressure fluctuations in the reservoir as well as keeping the
demand for CO, and water constant.

In Case IIA, similarly to base Case A and Case 1A, the
vertical well was not able to work with the assumed rate of oil
production. As a consequence, its operation was prolonged to
almost 30 years. Finally, the well was closed by the economic
limit reached due to the rate reduction by the limiting gas-to-
oil ratio. In Cases IIB and IIC, similarly to Cases IB and IC,
an inflow of water into the production well occurs a few years
later than in Case IIA (due to the injection of CO,), causing
higher production of oil from the reservoir. The recovery coef-
ficients amount to 80.01%, 74.71% and 74.81% respectively
for Cases 1A, IIB and IIC. Similarly to the cases with water-
flooding, the recovery coefficients in the cases with vertical
well are higher due to a lower rate of oil production achieved
by the well as well as a greater distance between the vertical
production well and the injection wells. Figure 4 shows an oil
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Fig. 4. Oil saturation in the reservoir at the end of the
production forecast. Case IIC. Standard permeability
k,=21.4mD
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saturation distribution forecast for Case IIC at the end of the
production forecast. It presents the results of both miscible and
immiscible displacement — one can distinguish a zone where
water displaced oil leaving its saturation at the residual level
and another zone where oil was completely displaced by CO,.

Cases with simultaneous injection of water
and gas (SWAG)

The last group of cases refers to the variation of the previ-
ously described WAG method that assumes simultaneous and
selective injection of water and CO, to the reservoir, i.e. CO,
through lower sections of injection wells and water through
their upper sections. The SWAG cases allowed additional
reduction of both water and gas mobility consisting in migra-
tion of the injected gas towards the reservoir top layers thus
limiting the relative permeability of water and migration of
water towards the reservoir bottom layers thus reducing the
relative permeability of gas. In these variations, some kind
of mutual “trapping” of displacing fluids with simultaneous
improvement of the effective oil displacement occurs.
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Fig. 5. Oil saturation in the reservoir at the end of the
production forecast. Case IIIC. Standard permeability
k,=21.4mD

As a result, the use of SWAG causes reservoir pressure
to be maintained at the relatively high level and oil to be ef-
fectively displaced. These effects result in the increase of the
recovery coefficients for Cases II1A, IIIB, IIIC up to the level
of, respectively, 93%, 83.52%, 82.75%. The higher total oil
production by the vertical well is caused by less intensive
operation compared to the horizontal wells cases as well as
its larger distance from the injection wells, and therefore later
migration of the injected fluids to the production well in the
assumed 5-point injection scheme. The effect of both immis-
cible and miscible displacement for Case IIIC is presented in
Figure 5 where a narrowed zone of residual oil can be observed
in the area of the production well in relation to Case IIC, as
well as residual oil in the area of the upper parts of injection
wells surroundings.
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Summary of simulation results for the standard permeability models

The best result was achieved for SWAG method in
Case IIIA in which 4.85 million SCm® of oil was produced
(recovery coefficient of 93%) with injection of water at the
level of 6.15 million SCm® and CO, in the amount of 1.99 mil-
lion SCm’. In this case 2.14 million Nm”® of gas and 1.45 mil-
lion SCm’® of water is produced from the reservoir. It should
also be pointed out that Case IIIA is characterized by a sig-
nificant extension of the production time in comparison to
Cases I1IB and IIIC (27 vs 17 years). The high value of oil
recovery coefficient in the vertical well SWAG case under
analysis has several reasons:

+ selective injection of CO, and water contributes to the
reduced effective migration of the injection fluids to the
production well,

 the distance between injection wells and the vertical pro-

duction well is larger than the distance between injection

wells and the horizontal production well,

* less intensive operation (lower rate of oil production) of the
vertical production well results in lower total injection of
water to the reservoir and, consequently, later watering-out
of the production well compared to the cases with horizontal
production wells and also lower gas-to-oil ratio observed
in this well.

It is worth noting that lower production rate and longer
production period in Case IIIA may turn out to be disadvan-
tageous when economic factors are considered in addition to
the technological ones.

Detailed results concerning the amount of produced and
injected fluids for every case of the models with standard
permeability are shown in Table 1.

Table 1. Basic results for standard permeability models, &k, =21.4 mD

Base A vertical 0.77 0.29 0.24 0.00 0.00 14.83
Base B Primary horizontal 0.91 0.27 0.22 0.00 0.00 17.41
Base C bilateral 0.85 0.29 0.14 0.00 0.00 16.30
IA vertical 3.25 0.55 2.12 0.00 6.43 62.32
1B m‘ﬁttfén horizontal 3.12 0.67 4.96 0.00 8.95 59.83
1C bilateral 3.14 0.68 4.45 0.00 8.47 60.22
ITA vertical 4.17 1.36 1.71 1.06 6.33 80.01
IIB WAG horizontal 3.90 1.16 4.13 0.57 8.49 74.71
Inc bilateral 3.90 1.18 4.20 0.58 8.62 74.81
IIA | SWAG (water | vertical 4.85 2.14 1.45 1.99 6.15 93.00
B | throughtheup- 1y o 00l 436 1.82 425 1.28 8.95 83.52
per section, CO,
mc | through the lower | oy 432 1.83 431 1.28 8.98 82.75
section)
Models with reduced permeability (k, = 2.14 mD)
Base cases production and, consequently, reduced its oil production rate.

Similarly to the models with standard permeability a simu-
lation for three base Cases (primary method) were performed:
A’, B’, C’°, with different types of the production well.

In base Case A’ the vertical well was limited by the maxi-
mum acceptable depression at the bottom-hole (AP = 50 b)
and was not capable of reaching the assumed rate but began
to produce oil at the rate of 90 SCm?/d, which gradually de-
creased during its 30-years’ exploitation period down to the
level of 29 SCm’/d at the end of the forecast. In base Case
B’, the standard horizontal well reached a limit of the accept-
able depression at the bottom-hole a year after starting the
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Next, the minimum of the bottom-hole pressure (P, =225 b)
caused further reduction of oil production rate until reaching
the economic limit. Operation time for this case amounted to
11 years. In base Case C’ both sections of the bilateral well
operated with the assumed rates of ¢, = 750 SCm?/d for two
initial years of production until achievement of the minimum
bottom-hole pressure when the rate gradually decreased. Pro-
duction by the well is finished after almost 8 years as a result
of the rate decreased down to the economic limit.

Recovery coefficients of oil for base Cases A’, B’ and C’
amount respectively to 9.07%, 21.53%, 21.94%. The highest



production of oil by the bilateral well is mainly caused by rela-
tively high level of the well opening to the reservoir rock in this
case of low permeability reservoir. It should be noted that in
this case, the highest production is achieved within the shortest
time of reservoir exploitation. Figure 6 shows the distribution of
oil saturation for Case C’ at the end of the production forecast.
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Fig. 6. Oil saturation in the reservoir at the end of the
production forecast. Case C’ for reduced permeability
k,=2.14mD

Cases with waterflooding

Similarly to base cases, three cases of oil production by the
secondary method of waterflooding were simulated as Case
IA’, IB’, IC".

In Case IA,’ similarly to base Case A’, despite waterflooding,
the oil production by the vertical well was limited by acceptable
depression as well as the minimum pressure at the bottom-hole.
The well started the oil production at the rate of 90 SCm?/d,
which dropped to the level of 41 SCm?/d over its 30-years’ ex-
ploitation. In Case IB’, similarly to the Case B’, the horizontal
well maintained the assumed nominal rate of oil production for
a year, and then, limited by the depression at the bottom-hole,
gradually reduced it so that after 3 years from the beginning it
switched into control by the limiting bottom-hole pressure and
performed the production for the next 27 years of the forecast
with potential continuation in subsequent years according to the
existing trend. Similarly to Case IC’ the production from both
horizontal sections of the production well was reduced after
more than 2 years from the beginning as a result of reaching
the limiting bottom-hole pressure. Next, the bottom section of
the well was watered-out and stopped its operation as a result of
the rate reduction down to the economic limit, while the upper
section operated until the end of the 30-years’ forecast.

Recovery coefficients for Cases IA’, IB’, IC’ amount re-
spectively to 10.48%, 36.74%, 37.09%. Cases IB’ and 1C’
show the highest degree of recovery coefficient, which results
mainly from relatively high level of the well opening to the
reservoir rock that is especially important in this case of low
permeability reservoir. Oil saturation at the end of the produc-
tion forecast for Case IC” is shown in Figure 7 where the effect
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of immiscible displacement of oil by water can be seen, that
covers a smaller part of the reservoir volume compared to the
standard permeability reservoir.
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Fig. 7. Oil saturation in the reservoir at the end of the
production forecast. Case IC’ for reduced permeability
k,=2.14mD

Cases with alternating injection of water and gas (WAG)
Another group of cases are the ones with alternating injection
of water and CO, — Cases IIA’, [IB’, IIC’. These cases assume
cycles consisting of 1 month of water injection and 1 month of
CO, injection with additional assumption of two wells injecting
water and, at the same time, the other two injecting CO, with
fluid switching from cycle to cycle. As before, this assumption
allows elimination of pressure fluctuations in the reservoir as
well as keeping the demand for CO, and water at constant level.
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Fig. 8. Oil saturation in the reservoir at the end of the
production forecast. Case IIC” for reduced permeability
k,=2.14 mD

In Case IIA’, similarly to base Case A’ and Case IA’, the
vertical well was not capable of operation with the assumed
rate of oil production. Its rate was gradually decreasing starting
from 80 SCm’/d down to 43 SCm?/d at the end of the 20-years’
forecast. In Case IIB’, after 1-years’ operation of the oil pro-
duction at the assumed rate of 750 SCm?/d, it dropped initially
as a result of the depression limit, and later (after 16 years of
exploitation) as the result of the minimum, acceptable bottom-
hole pressure. This well can potentially continue production for
another couple of years. In Case IIC’, both horizontal sections
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of the production well produced oil with the assumed rate for
about 2 years, and then they were gradually limited by the
minimum bottom-hole pressure and yet they operated until
the end of the 30-years’ forecast.

Recovery coefficients for Cases IIA’, 1IB’, IIC’ amount
respectively to 11.02, 77.51, 75.06%. The highest recovery
coefficient is reached by the horizontal well with one hori-
zontal section (Case 1IB’) and this result is a consequence of
lower water production compared to Case IIC’. However, the
obtained difference between these two cases is quite small.

Distribution of oil saturation at the end of the production
forecast for Case IIC’ is shown in Figure 8, which directly
presents the size of the zone with completely recovered oil
due to the phenomenon of miscible displacement.

Cases with simultaneous injection of water
and gas (SWAG)

Cases IIIA’, IIIB’, IIIC’ constitute a group of cases utiliz-
ing the SWAG method, that is a modified WAG method with
selective and simultaneous injection of water and CO, to the
reservoir (water to the upper sections and CO, to the lower
sections of the vertical injection wells).

In case of vertical production well (Case IIIA’) the use
of SWAG method does not lead to significant differences in
the results for oil production compared to the standard WAG
method (Case 11A”).

On the other hand, in case of the horizontal production
well, both standard and bilateral one (Cases I1IB’ and I1IC”),

a reduction of oil production can be seen compared to similar
cases with the standard WAG method (Cases IIB’ and 1IC”).
Utilization of SWAG is characterized by more than 2-fold
reduction of the amount of injected water with simultaneous
2-fold increase in the injected CO,. As a result, an accelerated
reservoir pressure reduction occurs, which leads to the reduction
of oil production. Also, the water production is reduced by the
factor of 2 and the gas production is increased by approx. 30%.

Recovery coefficients for the discussed Cases I11A’, I1IB’
and IIIC* amounts respectively to 10.96, 68.40, 66.92%. Dis-
tribution of oil saturation at the end of the production forecast
for Case I1IC’ is shown in Figure 9. This distribution is char-
acterized by clearly weaker effects of oil recovery in miscible
displacement process compared to the results of the standard
WAG method.
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Fig. 9. Oil saturation in the reservoir at the end of the
production forecast. Case IIIC’ for reduced permeability
k,=2.14 mD

Summary for the reduced permeability model

The best result was achieved for the standard WAG method
in Case IIB’ with the use of the standard horizontal production
well with singular horizontal section. In this case 4.04 mil-
lion SCm® of oil is produced (recovery coefficient of 78%)
with injection of water at the level of 6.12 million SCm® and
injection of CO, in the amount of 1.09 billion SCm’. At the
same time 1.16 billion SCm’ of gas and 2.90 million SCm’
of water are produced from the reservoir. The high recovery
coefficient obtained by the standard horizontal well in WAG
method is caused by the following factors:

» effective recovery of oil by CO, in the miscible displace-
ment process,
+ increased contact of the horizontal well with reservoir rock

(larger drainage zone) compared to cases with a vertical well,
» slower migration of the injected water to the production

well (smaller watering-out) and, as a consequence, a longer

period of effective production,
* increased volume of the injected CO, and, as a result, more
effective displacement of oil.
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The above reasons explain the increased oil production by
the horizontal well in WAG and SWAG methods compared to
the cases with the vertical well. It should be noted that WAG
method with the use of horizontal well reproduces approxi-
mately the results of the depletion obtained for the model with
standard (larger) permeability. On the other hand, in the reduced
permeability models, the case with the vertical production well
achieves significantly lower production in comparison to the
model with standard permeability.

Contrary to the model with standard permeability, SWAG
method is less effective compared to WAG method. The main
reason for this is the less effective miscible displacement
mechanisms in case of SWAG (cf. Figure 9 and Figure 8),
especially in the reservoir top zones close to the injection
wells. This is a result of complex processes of CO, migration
caused by simultaneous gravity and pressure gradient effects.

Detailed results concerning the amount of produced and
injected fluids for each case of the models with reduced per-
meability is shown in Table 2.
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Table 2. Basic results for reduced permeability models, &k, =2.14 mD

Base A’ vertical 0.47 0.10 0.10 0.00 0.00 9.07
Base B’ Primary horizontal 1.12 0.27 0.28 0.00 0.00 21.53
Base C’ bilateral 1.14 0.28 0.19 0.00 0.00 21.94
IA vertical 0.55 0.09 0.10 0.00 0.80 10.48
IB’ Water injection | horizontal 1.92 0.57 0.90 0.00 3.36 36.74
I bilateral 1.93 0.59 0.60 0.00 3.11 37.09
mA vertical 0.57 0.10 0.11 0.34 0.16 11.02
1B’ WAG horizontal 4.04 1.16 2.90 1.09 6.12 77.51
nc bilateral 3.92 1.22 2.70 1.09 5.83 75.06
HI A’ | SWAG (water thro- | vertical 0.57 0.10 0.11 0.39 0.06 10.96
B | ughthe uppersec- | poisontal 3.57 1.97 1.36 2.17 3.02 68.40
tion, CO, through
HIC | the lower section) | bilateral 3.49 1.82 1.14 2.17 2.21 66.92

Summary and conclusions

1. The application of WAG/SWAG methods of EOR with the rious production wells (vertical, standard and bilateral ho-

use of water and CO, causes a clear (even 2-fold) incre-
ase of oil recovery compared to the secondary method of
waterflooding for the 5-point scheme of injection/produc-
tion process, with the use of various production wells (ver-
tical, standard and bilateral horizontal) for both standard
(approx. 20 mD) and reduced (approx. 2 mD) permeabili-
ties of the reservoir.

. Relative efficiency of these methods compared to the me-
thod of waterflooding increases along with the decreasing
permeability of the reservoir from 50% to 100% for stan-

rizontal) indicates the vertical well - for higher permeabi-
lities, and the standard horizontal one — for lower perme-
abilities as the most favorable type of a production well.
The use of a bilateral horizontal well does not lead to the
increase of oil recovery.

. SWAG method shows an increased efficiency compared

to WAG method for reservoirs with standard permeabili-
ty. In case of reduced permeabilities the reverse relation
occurs.

The study does not include the effects of permeability

dard to reduced permeability of the reservoir.
3. Comparison of the results of WAG/SWAG methods for va-

hysteresis and solubility of CO, in water which will be the
subject of a continuation of this work.
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The article was written on the basis of a research work entitled: Optymalizacja procesu wspomaganego wydobycia ropy odwiertem
wielopoziomowym z wykorzystaniem CO, (Optimization of the process of enhanced oil recovery through a multilateral well with
the use of CO,) — INiG — PIB work commissioned by the Ministry of Science and Higher Education; order number: 64/KZ, archival
number: DK-4100-51/17.
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ZAKEAD SYMULAC|I ZtOZ WEGLOWODOROW | PMG

Zakres dziatania:

*  sporzadzanie ilosciowych charakterystyk zt6z naftowych (konstruowanie statycz-

nych modeli ztozowych);

e analizy geostatystyczne dla potrzeb projektowania modeli ztéz naftowych, w tym

PMG i wielofazowych obliczen wolumetrycznych;

e konstruowanie dynamicznych symulacyjnych modeli ztéz i ich kalibracja;

e wszechstronne badania symulacyjne dla potrzeb:
» weryfikacji zasoboéw ptynow ztozowych,

» wtérnych metod zwiekszania wydobycia (zattaczanie gazu lub wody, procesy
WAG, procesy wypierania mieszajacego, oddziatywanie chemiczne),

» optymalizacji rozwiercania i udostepniania zt6z,

» prognozowania ztozowych i hydraulicznych (w tym termalnych) charakterystyk odwiertéow (w szczegélnosci po-
ziomych) dla celéw optymalnego ich projektowania,

» sekwestracji CO,;

e projektowanie, realizacja i wdrazanie systeméw baz danych dla potrzeb gérnictwa naftowego.
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