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OcHosHast ripobriema 006bI14U 8bICOKOBSI3KUX HeEghmel mpaduyuoHHbIMU criocobamu paspa-
6omku 3aknryaemcs 8 ux HU3Koul nodsuxHocmu. 1o amot npu4yuHe 6bis1 co30aH Psid MexHOIo-
eull, HarpasrieHHbIX Ha 00bbI4y 8bICOKOBA3KOU Heghmu, Komopasi 8 C80t0 o4epedb cocmasrnsiem
3HaYUMerIbHYH Yacmb MUPOBbIX epP8UYHbIX dIHEP2EeMUYeCKUX pecypcos. OOHUM U3 21asHbIX
MexaHu3Mo8 cpedu amux MexHoI02ull sI8IIemcs Hagpes Heghmu usu U3MEHeHUe e2o cocmaea
01151 CHUXeHus e2o 8s3kocmu. Y moada rony4yeHHass Hegomb, boree nodsuxHas, nod delicmeuem
curnbl msxecmu rome4Yyem 8 CmopoHy 006bI8atOUUX CKEAXKUH.

OcHoB8Hble MOMoXXeHUs1 3mo20 Npoekma nod4yepKusarom 8axHocmp rpPobrieMs epagumayuUoH-
HO20 OpeHuposaHusi npu 0obbive msixxenol Heghmu. Paccmampusaemcsi 80Mpoc, Kak ¢ MoMOoUbHo
epasumauuu 0obbimb MakcumarbHoe Koruyecmseo Heghmu. To ecmb Kakyto 0obaeky yaneeodo-
POOHbIxX 2aso6 unu CO, Mbl MOXeM paccmampusams Kak yrydwarouwul agpghekm dnsi epasuma-
UUOHHO20 MexaHu3Ma 00bbi4u Heghmu Onis onpedernieHHbIX ycrosul rniacma.

Llenbto pabomesl siensiemcsi MmodenuposaHue ES-SAGD, mo ecmb SAGD ¢ 0obasreHHbIM
pacmeopumenem. HanomMHUM, YmMoO Uernbro S6e/1s1emcs rnosbliweHue Heghmeomaoayu 3a cHem u3-
MEHeHUs1 ee cocmaea U 00HOBPEMEHHO20 CHUXXEHUS ee 853KoCmu, HarpumMep, 3a cyem 3akadku
cMewugaroue2ocs 2asa. B pasnuyHbix pa3denax amot yacmu mbl 6ydem uccriedogame 8rusiHUe
3aKayku pasfuyHbIX pacmeopumernel 8 Hawy Modesb rniacma.
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B xo0e 8blinonHeHus aHHo20 uccriedosaHusi bbiia paccMompeHa 3aKkadka 4yucmoeao rnapa,
CH,, C3Hg and CO,, a makxe ux cmecel. bbinu onpedenieHbl pacmeopumernu, daroujue Hauborsib-
wee Koruyecmeso u3sere4eHHol Heghmu.

KITIOYEBBIE CJIOBA: VAPEX, Es-SAGD, SAGD, duHamu4eckasi 8513KOCMb, 8bICOKOBSI3Kas!
Hegpmb, CO,, pacmeopumeris.
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LHacmypni eHOey adicmepimeH mymkbipribifbl XX0rapbl Matinapdbl eHOipydeai Heai3ai mace-
nie onapObiH meMeH Ko3rarfbiwmaifbl 6011bin mabblinadsl. Ockl cebernmi mymKbipribifbl XOfFapbl
MyHaUlOsbI anyra barbimmarfaH bipKkamap mexHonoausinap xacasnobl, by e3 kezeziHOe anemoik
GipiHwinik aHepeemukarnblk pecypcmapObiH alimaprsbikmad 6eniziH Kypalosl. byn mexHonoausinap-
OblIH iwiHOeai Heei3ei MexaHu3mMOepOiH bipi Malidbl KbI30bIpy HEMECE OHbIH MYMKbIP/bIFbIH MOMEH-
demy ywiH OHbIH KypaMbiH e32epmy 6015bin mabbinadsl. CodaH KeliH anbiHFaH MyHau, HefFypribiM
KO3rarnmaribl, ayblpiibiK KyWwiHiH acepiHeH eHOIpywi yHFbiManapra Kapad araobl.

Byn xobaHbIH Heaisai epexenepi aybip myHal eHOipydeai epasumayusisibiKk OpeHax Mace-
T1eCIHIH MaHbI30bINbIFbIH amar kepcemedi. [pagumauusiHbiH KemezimeH MyHalObiH Makcumarob!
menwepiH Kanal anyra 6onadbl 0e2eH cypak Kapacmblpbliaobl. SrHu, kaH0al KemMipcymekmi ea3-
Oap0dbiH Hemece CO, KocbiybiH 6i3 6eneini 6ip kabam xardadlnaps! ywiH MyHal eHOipydiH epasu-
mauyusnbiK MexaHU3MIH XakKcapmywbl acep pemiHoe Kapacmbipa anambi3s.

ES-SAGD SAGD ywin natidansi MymKiHOikmepOi ycbiHambIH yreiHi xacay ycmiHoe. MyHOarbi
Makcam — OHbIH KypaMbiH e32epmy xoaHe bip Me3sainde mymkbipribifbiH asalmy, Mbicarnbl, apanac
2a30b! altiday apKblribl MyHaliOblH WbIFbIMObIfbIFBIH apMMbIPY €KeHIiH ecke canambi3. byn spmypni
epimkiwumepdiy epmypni Modens0ik nnacmuHanapra acep emyiHe 6alnaHbiCmbl.

byn 3epmmeyde masa 6y, CH,, C;Hg xeHe CO, aliday kapacmbipbinobl. LLbirapbinambiH
MyHaUlObIH eH Kern mernwepiH 6epemiH epimkiwmep aHbiIKmanobl.

TYVIIH,CII CO3[EP: VAPEX, Es-SAGD, SAGD, duHamukarsbiK mymkbIpsibiK, MYMKbIP/bifbl
xoFapbl MyHal, CO,, epimkiw.
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Due to their low mobility in the reservoirs, heavy oils are very difficult to produce by conventional
methods. That is why several specific techniques have been created by geoscientists, in order to
produce those heavy oils which represent a significant part in the world primary energy resources.
One recurrent principle among those methods is to heat the oil, or to modify its composition in order
to reduce its viscosity. And then the resulting oil, more mobile flows toward the production wells
thanks to the gravity force.

The main problematics of this project are first to highlight the importance of gravity drainage
in the production of heavy oil. And after that, how using the gravity to produce the maximum of oil?
In other words, with a given reservoir model, what kind of addition of hydrocarbon gases or CO,
can we consider as improving effect for gravity mechanism of oil production.

The goal of this study is to simulate the ES-SAGD, which stands for Expanded Solvent SAGD.
Let’s keep in mind that the objective is to enhance oil recovery by changing its composition, and
meanwhile decreasing its viscosity for example thanks to the injection of miscible gas. Through
the different sections of this part, we will investigate the effects of injecting different solvents in our
reservoir model.

In the course of the study pure steam, CH,, C3Hg and CO, cases and their different mixtures
were considered during this research. Solvents that give the largest amount of oil recovered were
identified.

KEY WORDS: VAPEX, Es-SAGD, SAGD, dynamic viscosity, heavy oil, CO,, solvent.

degradation due to surface water invasion. They are characterized by a very high

sulfur content (~ 5%), a significant percentage of asphaltenes (~ 15%), high
densities (between 10 and 20 °API), and viscosity values which can reach 20000 cP.
They are found mainly in Canada and Venezuela, and usually in reservoirs not very deep.
The production of these oils is a challenge due to their very high viscosity, density, and
sometimes their level of contamination from rocks and other solid debris.

Among those methods we have the "Steam Assisted Gravity Drainage" (SAGD),
based on thermal stimulation of the reservoir. This method was developed in the 1970s
by Roger Butler. This method consists in using two horizontal wells drilled in parallel,
one above the other, and spaced about five meters. Some steam is injected into the upper
well and allows heating the oil to reduce its viscosity. And due to the gravity force, the
more mobile heavy oil then flows better to the lower well, where it is produced.

Material and Methods in Research. We began to move from our former normal
oil (40 cP), to a heavy oil with a much higher viscosity. In fact we are dealing with an
oil made of three compounds named “C1”, “C2” and “HEAVY” in the data files. Their
respective molecular weights are 250, 450 and 600 g/mol. According to those molecular
weights, C1 and C2 are pseudo compounds, so their viscosities in oil should be much
higher than the previous values. The table I summarizes the variations we made for those
values of viscosity [1, 2].

After those adjustments, we ended up with a total viscosity of 3098 cP for our oil.
And this value is more acceptable for a heavy oil than the previous one which was 40 cP.

Since we are dealing with thermal recovery methods of oil, one important parameter
is propagating heat throughout the reservoir. So before going further, we had to make sure
that our heat injection was going to occur as expected. We decided to inject solvents in the
reservoir at the injection pressure 600 psi (41 bar) and with the temperature 500 °F (260 °C).
Near the injection well, we reach a maximum value of 375 °F. Of course that heat

ntroduction. We call "Heavy oils" are oils that have undergone some bacterial
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Table 1 - Former and new viscosities in oil, for the pseudo compounds C1 and C2

% Total Mw g/mol | Former p (75 °C) in cP New (75 °C) in cP
c10 0,6030 250 2.3 2400
C20 0,2614 450 10.6 3850
Heavy 0,156 600 5780 5780
Total 1 362 40 3098

propagation depends on the thermal conductivities of the rocks. So for a real application,
according to the nature of reservoir rocks, that plume of heat propagation could be larger
or lower than the one observed on figure 1.

Temperature (°F)

Figure 1 - Propagation of heat into the reservoir

Results and discussion.

Difference of efficiency between steam injection and solvent injection

Let’s remind that thermal recovery techniques aim to reduce oil viscosity. Among
those techniques, we have the classical “VAPEX” method which consists in injecting
100 % of unheated solvent into the reservoir. This method is based on the miscible
displacement of oil [3, 4].

Our first step was to compare on one hand the classical SAGD (injection of 100 %
of heated steam), and on the other hand the “VAPEX (Plus heat)”, which consisted in
the injection of the mixture 11 % of steam and 89 % of heated solvent (pure CH4). We
have to notice that for those two processes, the injection temperature will be the same.

The results of this comparison are illustrated below (figure 2):
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Figure 2 - Residual oil saturation after 15 years of simulation

But production data reveals some differences between the SAGD method and the
injection of pure heated methane into the reservoir. The figure 3 shows us the parameters
FOPT (Field Oil Production Total) and FOPR (Field Oil Production Rate) for the two

techniques:
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Figure 3 - Comparison of production data between SAGD and VAPEX (Plus heat)

After 15 years of simulation, the VAPEX (Plus heat) method gives an additional
production of 29 035 STB comparing to the SAGD method (figure 3). This is not negligible.
But over 15 years, this number represents approximatively an increase of 5.32 STB/
day in the daily mean production. That is the reason why we decided not to try the ES-
SAGD method. In fact, the principle of this method is to inject in the reservoir a mixture
composed of:

- 80 to 95 % of steam,;

- 5t0 20 % of solvent.
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As mentioned above, by injecting 11 % of steam and 89 % of heated solvent (pure
CH4), we didn’t obtain a very big difference from the classical SAGD (100 % of steam
injected). That led us to think that by comparing the performances of ES-SAGD and
SAGD, it could have very little, nay no differences observable [5-7].

That is the reason why all the next sections of simulation results will deal with
injection of mixtures containing 11 % of steam and 89 % of heated solvent.

Choosing gaseous hydrocarbons to complete a solvent mixture with CH4

The propane C3H8 cannot be injected alone in a heavy oil reservoir. In fact, as it’s
said in the article [8], the vapor pressure of propane is almost often lower than the pressure
of heavy oil reservoirs. So C3H8 has to be mixed with non-condensable gas like CH4,
in order to form a solvent which will stay in gaseous phase under reservoir conditions.

Consequently, in this section we focused on comparing the effects of injecting the
two following solvents in our reservoir: the solvent 1 which is the mixture CH4 (50 %)
+ C3HS8 (50 %), and the pure methane CH4 which is the solvent 2.

Firstly, let’s have a look to the reduction of oil viscosity:

Solvent 1: CH4 (50 % ) + C3H8 (50 %) Solvent 2: CH4 (100 % )

0Oil Visc.
a5l =

Figure 4 - Reduction of oil viscosity in the reservoir over 15 years, induced by solvents 1 and 2

We observe in figure 4 that the horizontal propagation (around the depth of the
injector) is more important than the vertical one. Let’s keep in mind that the horizontal
permeability (Kh) of our reservoir is 1.5 D, while the vertical one is only 0.5 D.

We also observe on the both images that at the top of the reservoir, oil viscosity
forms a sort of chamber. This phenomenon is known for a while, and well described in
the articles [9-11].

As we can see (figure 4), after 15 years, the solvent 2 (pure CH4) affects the viscosity
of oil in a larger number of cells than the solvent 1. So we expect more oil to be mobilize
by the solvent 2 than by the solvent 1.

This viscosity reduction is due to the increase of the temperature within the reservoir,
but also to the dissolution of solvent compounds into the oil. And those compounds are
very much lighter than the compounds of heavy oil.

We remark that the displacement of CH4 into the oil during the process well
corresponds to the areas where oil viscosity is reduced (figures 4).

Last but not least, let’s have a look at the to the residual oil saturation with the figure 5:
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Solvent 1: CH4 (50 % ) + C3H8 (50 % ) Solvent 2: CH4 (100 %)

Oil sat

Figure 5 - Residual oil saturation after 15 years of simulation

That figure 5 shows that with the pure CH4 solvent, after 15 years of simulation, a
greater number of cells in the reservoir model has been affected by the production.
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Figure 6 - Production data over 15 years of simulation, obtained with solvents 1 and 2

As it was expected, the pure solvent (100 % CH4) gives the highest cumulative
production of the two solvents. Figure 6 highlights that after 15 years, we have 52 835
STB of additional oil produced, which is far from being negligible.

So finally, a solvent made of pure CH4 is obviously better than a mixture CH4 (50 %)
— C3HS (50 %). In fact they have to mix CH4 with another gaseous hydrocarbon cheaper,
even if this mixture will yield to a less good production than the injection of pure CH4.

But to what extent is it possible to do save money by mixing other gaseous
hydrocarbons with pure CH4?
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The limits of economical solvent mixtures

To give an idea of answer to the last question, we compare in this section two solvents
both made up of CH4 and C3HS, but mixed in different proportions:

- Solvent 1: CH4 (25%), C3HS8 (75 %);

- Solvent 2: CH4 (75%), C3H8 (25 %).

Figure 7 shows us the oil viscosity after 15 years of simulation, with both solvents
1 and 2:

Solvent 1: CHA (25% ) + C3H8 (75 %)  Solvent 2: CH4 (75 % ) + C3H8 (25 % )

Oil Visc. Oil Visc.

Figure 7 - Final oil viscosity after 15 years of simulation

As we can see (figure 7), after 15 years, the solvent 2 affects the viscosity of oil in a larger
number of cells than the solvent 1. In fact, CH4 is the lighter compounds in those mixtures, so
it diffuses better, and it contributes better to the oil viscosity reduction than C3HS.

Figure 8 shows us the residual oil saturation after 15 years of simulation, with both
solvents:

Solvent 1: CH4 (25 % )+ C3H8 (75 %)  Solvent 2: CH4 (75 % ) + C3H8 (25 % )

il Sat 0il sat
T

Figure 8 - Residual oil saturation after 15 years of simulation with both solvent 1 and 2
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Finally, the figure 9 represents the production data obtained after 15 years of
simulation. And as we can see on that figure, the solvent 2 gave better results than the
solvent 1. We are talking about an additional production of 55 008 STB over 15 years,
which is once again non negligible.
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Figure 9 - Production data over 15 years of simulation, obtained with solvents 1 and 2

Those results show an important fact: even if we want to make some savings by
mixing CH4 and C3HS before injecting the resulting solvent into the reservoirs, the relative
proportions of those compounds in the mixture have to be optimized. Because as we have
seen, the more we have CH4 in our mixture, the more the production is enhanced. Injecting
a solvent containing more C3H8 than CH4 would be quite cheap, but the amount of oil to
be recovered will not be extraordinary. So, there is a compromise to make before choosing
a solvent composition.

Incorporating CO2 in solvent mixtures for heavy oil recovery

Recently the idea of incorporating CO2 into solvent has emerged. In fact geoscientists
believe that this incorporation of CO2 is going to make the recovery process more
economical, more environmentally and technically attractive [12]. The first reason is that
CO2 is cheaper that the gaseous hydrocarbons like CH4, C2H6, and C3H8. The second
reason is that CO2 has a higher solubility into heavy oils than hydrocarbons gases. And
the first reason is that this option would be a good way to get rid of some amount of the
CO2 present in the atmosphere [13-15].

That is why we decided to make some simulations with CO2 based solvents. Our
first step was to compare:

- Solvent 1: CO2 (50 %) + CH4 (50 %);

- Solvent 2: CO2 (50 %) + C3HS8 (50 %).
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Solvent 1: CH4 (50 % ) + CO2 (50 % ) Solvent 2: C3H8 (50 % ) + CO2 (50 % )

oil sat. oil sat.

-
ST T

Figure 10 - Residual oil saturation after 15 years of simulation with both solvent 1 and 2

The figure 10 shows that with the solvent 2, the oil saturation is almost only reduced
around the producer well. On the contrary, with solvent 1, the plume of oil saturation
reduction is larger, and more cells of the reservoirs are affected by the production. We know
that CO2 is more soluble into heavy oil than both CH4 and C3HS. So those observations
seem to show that the displacement of CO2 is easier in presence of CH4 than in presence
of C3HS. And indeed, CH4 diffuses much better than C3H8 does.

The figure 11 shows a comparison between residual oil saturations and solvent
displacements for our two mixtures. On this figure 12, on the left we can see that with
the solvent 1, the oil viscosity is reduced on a large zone. That zone extends itself around
the injector both vertically and horizontally, and it reaches well the top of the reservoir.

That hypothesis is verified by the parameters XMF (fraction in liquid phase) of CH4
and C3HS represented on the right in figure 11. The plume of XMF (CH4) is very similar
to the plume of the residual oil saturation discussed previously. On the other side, XMF
(C3HS) shows that this compounds mostly moves along the horizontal direction.

. o
-E:i ii— Solvent 10: = Solvent 2:
CH4 (50% ) + = C3H8 (50 % )

€02 (50%) +C02(50%)

Oil visc. Oil visc.

; CHA (50 %) + = C3H8 (50 % )
€02 (50 % ) —%— +C02(50%)

XMF of CH4 XMF of C3H8

Figure 11 - Oil saturations and solvent displacement after 15 years of simulation
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So CH4 diffuses easier than C3HS into the reservoir. But C3HS dissolves better into
the oil and propagates mostly horizontally than vertically.
Now let’s have a look to the production data, shown in figure 12:
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Figure 12 - Production data over 15 years of simulation, obtained with solvents 1 and 2

In figure 12, except the FOPT curves, we have also plotted the FOPR (Field Oil
Production Rate) curves. On those curves, approximatively after 375 days of simulation,
we can see a brutal increase on the FOPR curves. This phenomenon corresponds in fact
to a percolation threshold.

Indeed, the steam/solvent injected goes progressively from the injector to the producer.
Between the two wells, oil is more and more viscous when we move from the injector
to the producer.

This is why at this exact moment we have a sharp increase in the production rates with
both solvents. Until this heavy oil becomes less viscous enough to flow, the production
rates decrease as observed on the figure 12.

When we look at the FOPT (Field Oil Production Total) after 15 years, we managed
to recover 471 894 STB of additional oil with the solvent 1 (50 % of CO2 + 50 % of
CH4). This is a tremendous difference of production.

Choosing the right ratio CO2 / gaseous hydrocarbons

In this last section, we decided to make some simulations with CO2 based solvents.
Particularly, we compared the two following solvents:

- Solvent 1: CO2 (75 %) + CH4 (25 %);

- Solvent 2: CO2 (25 %) + CH4 (75 %).

At first glance on the figure 13, the solvent 2 seems to reduce more the oil saturation
than the solvent 1. In fact, with solvent 2, more cells of our reservoir model are affected
by the production, comparing to the image corresponding to solvent 1.

But the reality is that solvent 1 has a greater influence than solvent 2 in the recovery.
In fact, CO2 is in abundance into solvent 1, and we know that CO2 is more miscible into
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heavy oil than CH4. So even if solvent 1 affects a very low number of cells than solvent
2, it allows a very good sweep of those cells, and yield to a higher production, as we will
see later.

Solvent 1: CH4 (25 % ) + CO2 (75 % ) Solvent 2: CH4 (75 % ) + CO2 (25 % )

Oil Sat. Oil Sat.

Figure 13 - Residual oil saturation after 15 years of simulation with both solvent 1 and 2

Finally, figure 14 shows us the production data for solvent 1: CO2 (75 %) + CH4 (25 %),
and solvent 2: CO2 (25 %) + CH4 (75 %).
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Figure 14 - Production data over 15 years of simulation, obtained with solvents 1 and 2

The FOPT curves show that at the beginning of the simulation, the solvent with 75 %
of CH4 gives more oil recovered than the solvent with 75 % of CO2. This is because CH4
propagates very quickly and affects more oil than CO2, and consequently solvent 1 gives
better results than solvent 2 during the early times of simulation.
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But as we can see, in the long-term, the solvent 1 (75 % of CO2) gives better results.

And this is because CO2 dissolves better into heavy oil than CH4. The solvent 1 yield
to a better reduction of oil viscosity, and consequently a better amount of oil produced.

Conclusion
During this project, we have seen that injecting a hot pure solvent (CH4) into the

reservoir gives better results than the classical method SAGD (100 % of hot steam). The
pure solvent CH4 gives better productions than a mixture between CH4 and C3HS8 for
example. But injecting pure methane is very expensive, so it has to be mixed by other
hydrocarbon gases cheaper like C3HS.

But as we have seen, in a mixture CH4-C3HS, it’s very important to optimize the

relative proportions of those two compounds.

To increase the efficiency of heavy oil recovery, it’s possible to incorporate CO2 in the

solvent mixture. In fact, CO2 is cheaper, and more soluble into heavy oil than hydrocarbon
gases. And this operation has an environmental advantage, to get rid of a certain amount
of CO2 present in the atmosphere.

Finally, we have seen that the mixture CO2-CH4 gives better results than the mixture

CO2-C3HS8. And in the mixtures CO2-CH4, having CO2 in abundance is preferable,
because it gives better results than a solvent in which CH4 is in abundance.

Finally, it could be interesting to investigate the effect of gravity drainage in mining

wells, by using the “real” heavy oil with 3098 cP of viscosity, rather than the oil with 40 cP,
used during the first part of this project. @

Acknowledgement
This research is funded by the Science Committee of the Ministry of Education and

Science of the Republic of Kazakhstan (Grant No. AP14869955).

1

60

REFERENCES

Nasr T.N. , Beaulieu G., Golbeck H. , Heck G. Novel Expanding Solvent-SAGD Process
“ES-SAGD?”. // Journal of Canadian Petroleum Technology. - 2003. - V. 42. N 1. - PP.
4-5. https://doi.org/10.2118/03-01-TN

Lunn S. Water use in Canada’s oil-sands industry: the facts. // Imperial Oil resources.
SPE Economics and Management. - 2013. - V. 5. N 1. — PP. 17-27. https://doi.
org/10.2118/156676-PA

Albahlani A.M., Babadagli T. A Critical Review of the Status of SAGD: Where are we
and What Is Next? // SPE Western Regional and Pacific Section AAPG Joint Meeting. —
California, USA, 2008. — PP. 4-5. https://doi.org/10.2118/113283-MS

Bennion B., Gupta S., Gittins S., Hollies D. Protocols for Slotted Liner Design for Optimum
SAGD Operation. // Journal of Canadian Petroleum Technology. - 2009. — V. 48. N 11. —
PP. 21-26. https://doi.org/10.2118/130441-PA

Rodriguez E., Orjuela J. Feasibility to apply the Steam Assisted Gravity Drainage (SAGD)
technique in the country’s heavy crude-oil fields. // C.T.F Ciencia, Tecnologia y Futuro. -
2004. - V. 2. N 5. — PP. 7-9. https://doi.org/10.29047/01225383.515

Barillas J.L., Dutra Jr., Mata W. Reservoir and operational parameters influence in SAGD
process. // Journal of Petroleum Science and Engineering. - 2006. — V. 54. N 1-2. — PP.
34-42. https://doi.org/10.1016/j.petrol.2006.07.008

HE®Tb U A3 &5 2023 5 (137)



AOBbIYA

7  Torabi F., Benyamin Y. J., Stengler B.M., Jackson D.E. The evaluation of CO2-based vapour
extraction (VAPEX) process for heavy-oil recovery. // The Journal of Petroleum Exploration
and Production Technology. - 2012. — V. 2. - PP. 93-105. https://doi.org/10.1007/s13202-
012-0025-y

8 Azin R, Kharrat R., Vossoughi S., Ghotbi C. Study of the VAPEX Process in Fractured
Physical Systems Using Different Solvent Mixtures. // Oil & Gas Science and Technology
- Rev. IFP. - 2008. - V. 63. N 2. - PP. 219-227. https://doi.org/10.2516/0gst:2007073

9 Pourabdollah K., Moghaddam A.Z., Kharrat R., Mokhtari B. Improvement of Heavy Oil
Recovery in the VAPEX Process using Montmorillonite Nanoclays. // Oil & Gas Science
and Technology — Rev. IFP. - 2011. - V. 66. N 6. - PP. 1005-1016. https://doi.org/ 10.2516/
ogst/2011109

10 Ashrafi M., Souraki Y., Torsaeter O. Numerical Simulation Study of Field Scale SAGD
and ES-SAGD Processes Investigating the Effect of Relative Permeabilities. // Energy
and Environment Research. - 2013. — V. 3. N 1. - PP. 9-1. https://doi.org/ 10.5539/eer.
v3n1p93

11 Shin H., Choe J. Shale Barrier Effects on the SAGD Performance // SPE/EAGE Reservoir
Characterization and Simulation Conference - Abu Dhabi, UAE, 2009. — PP. 6-7. https://
doi.org/10.2118/125211-MS

12 Butler R.M., McNab G.S., Lo H.Y. Theoretical Studies on the Gravity Drainage of Heavy
Oil During In-situ Steam Heating. // The Canadian Journal of Chemical Engineering. —
1981. - V. 59. - PP. 455-460. https://doi.org/10.1002/cjce.5450590407

13 SuY.,, Wang J. Y., Gates |. D. SAGD Well Placement in Ultra-Defined Point Bar Deposit
/I SPE Heavy Oil Conference - Calgary, Alberta, Canada, 2012. — PP. 1-3. https://doi.
org/10.2118/157857-MS

14 Vanegas J.W., Deutsch C.V., Cunha, L.B. Uncertainty Assessment of SAGD Performance
Using a Proxy Model Based on Butler’s Theory // SPE Annual Technical Conference and
Exhibition. - Denver, Colorado, USA, 2008. — PP.11-12. https://doi.org/10.2118/115662-MS

15 Alali N., Pishvaie M.R., Jabbari H. A New Semi-Analytical Modeling of Steam Assisted
Gravity Drainage in Heavy Oil Reservoirs. // Journal of Petroleum Science and Engineering.
—2008. - V. 69. — PP. 261 — 270. https://doi.org/10.1016/j.petrol.2009.09.003

HE®Tb 1 rA3 &> 2023 5 (137) 61



