
Fuel 144 (2015) 400–414
Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier .com/locate / fuel
A semi-analytical solution to optimize single-component solvent
coinjection with steam during SAGD
http://dx.doi.org/10.1016/j.fuel.2014.12.030
0016-2361/� 2014 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: 3-114 Markin/CNRL Natural Resources Engineering
Facility, University of Alberta, Edmonton, Alberta T6G 2W2, Canada. Tel.: +1 780
492 6121; fax: +1 780 492 0249.

E-mail address: rokuno@ualberta.ca (R. Okuno).
1 Now at Schulich School of Engineering, University of Calgary, Canada.
Mohsen Keshavarz 1, Ryosuke Okuno ⇑, Tayfun Babadagli
School of Mining and Petroleum Engineering, University of Alberta, Canada

h i g h l i g h t s

� An analytical method is presented for estimating oil drainage rates of coinjection.
� Three components are considered: oil, solvent, and water.
� The method is validated against numerical simulation results.
� Results show the importance of solvent accumulation near the chamber edge.
� Less volatile solvents tend to remain effective at lower operating pressures.
a r t i c l e i n f o

Article history:
Received 24 August 2014
Received in revised form 11 December 2014
Accepted 15 December 2014
Available online 24 December 2014

Keywords:
Steam-assisted gravity drainage
Bitumen recovery
Steam–solvent coinjection
Analytical solution
Phase behavior
a b s t r a c t

Coinjection of a low concentration of solvent with steam has been studied as an alternative to steam-
assisted gravity drainage (SAGD). This research presents a semi-analytical method for comparing oil
drainage rates of SAGD and coinjection processes using different single-component solvents for a given
set of reservoir/operating conditions. The oil recovery in coinjection involves complex interaction of
energy and mass balances with the effects of gravity, phase behavior, and multiphase flow. We simplify
the complex interaction without loss of fundamental mechanisms, while retaining the phase behavior
details near the chamber edge.

The new method begins with solution for thermodynamic conditions at the chamber edge, where the
phase transition occurs between two and three phases. Three components are considered; oil, solvent,
and water. The chamber-edge conditions that are solved for are used to estimate distributions of solvent
and temperature beyond the chamber edge. Darcy’s law and material balance are then applied to derive
an analytical expression for oil-drainage ratio, the ratio of oil drainage in coinjection to that in SAGD.
Since the chamber-edge temperature and composition are interdependent for this ternary phase behavior
problem, oil-drainage ratio is solved for as a function of solvent concentration in the oleic (L) phase at the
chamber edge (xedge

sL ).
Case studies with the semi-analytical method show that oil-drainage ratio is higher in the higher xedge

sL

range than in the lower xedge
sL range for a given coinjection solvent. This indicates that efficient oil recovery

in coinjection requires high accumulation of solvent at the chamber edge. Oil-drainage ratios calculated
for different coinjection solvents are compared in the high xedge

sL range for preliminary screening of single-
component coinjection solvents. This offers significant time savings in selecting a coinjection solvent by
reducing the need for numerical reservoir simulation. The semi-analytical method also indicates that
highly volatile solvents, which are relatively less expensive in general, tend to be more effective for less
viscous reservoir oil and higher operating pressure. Less volatile solvents may offer more flexibility in
operating conditions since they remain effective at lower pressures. These results are validated using
fine-scale numerical reservoir simulations.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Steam-assisted gravity drainage (SAGD) is the most widely
commercialized process for bitumen and heavy-oil recovery in
western Canada. In SAGD, the steam injected from a horizontal
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Nomenclature

A, B, C viscosity correlation constants
a, b, c K-value correlation constants
C volumetric concentration in the L phase
C3 propane
C5 normal pentane
C8 normal octane
g gravitational acceleration
H reservoir thickness above the producer
Io oil flow rate integral as defined by Eq. (13)
K K value as defined by Eq. (6)
Kij K value as defined by Eq. (2)
k permeability
kr relative permeability
L oleic phase
MW molecular weight
n solvent distribution correlation constant
P pressure
Pc critical pressure
Pinj injection pressure
Pvap vapor pressure
q volumetric flow rate
S saturation
T temperature
Tc critical temperature
Tcrit critical temperature as defined in Section 3
TR Original reservoir temperature
T�R upper limit of temperature in the integral of Eq. (13)
Um chamber propagation velocity at its top
V gaseous phase
W aqueous phase
x mole fraction
xij mole fraction of component i in phase j
zi overall composition of component i
a thermal diffusivity of reservoir
ac compressibility

a1 first thermal expansion coefficients
a2 second thermal expansion coefficients
b phase mole fraction
e empirical factor in temperature distribution profile
q molar density
l viscosity
lcrit critical viscosity as defined in Section 3
U porosity
x acentric factor
g distance parallel to the chamber interface
n distance perpendicular to the chamber interface

Subscripts and superscripts
edge chamber edge
i component index
j phase index
L oleic phase
Np phase index for the reference phase
o oil component
ref reference condition
res residual
s solvent component
V vapor phase
w water component
W aqueous phase

Abbreviations
EOS equation of state
RR Rachford–Rice
SAGD steam-assisted gravity drainage
SAP solvent aided process
SOR steam oil ratio
CSOR cumulative steam oil ratio
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well forms a steam chamber. The heated bitumen drains under
gravity towards the production well located a few meters below
the injection well [1].

High energy demand and environmental concerns associated
with SAGD have entailed emerging alternative processes. Sol-
vent–steam coinjection (referred to as coinjection) has been
pilot-tested under different commercial names. In most of the
coinjection processes, a small amount of hydrocarbon solvent is
coinjected with steam to reduce further the viscosity of bitumen
as a result of dilution in conjunction with heat. Successful applica-
tions of coinjection at the field and laboratory scales were reported
in the literature. They improved oil production rates, ultimate
recovery factors, and steam-oil ratio (SOR) in comparison with
SAGD [2–11].

Besides promising results of coinjection tests, there are also
reports showing that coinjection resulted in little improvement
or even worse performance compared to SAGD [12–15]. Proper
design is important for the practicality of coinjection processes
[16].

Many studies have been conducted on the effects of solvent
properties and concentration on various aspects of coinjection,
such as oil production rate, ultimate recovery, and SOR [2,15,17–
21]. These studies led to several proposals for optimum solvent
selection and coinjection strategies. These results, however, are
specific to the experimental conditions or reservoir properties con-
sidered [22]. They are sometimes contradictory to one another as
described in Keshavarz et al. [23]. This implies that the effects of
solvent selection and concentration on oil drainage in coinjection
are not fully understood [22]. Interaction of energy and mass bal-
ances near the chamber edge is complicated even for coinjection
of a single-component solvent [23].

A few analytical studies were conducted to better understand
fundamental, macroscopic mechanisms involved in coinjection.
Sharma and Gates [24] considered mathematical models to calcu-
late the length scales of mass and heat transfer beyond the edge of
a coinjection chamber. They defined two regions beyond the cham-
ber edge. One is approximately 10 cm thick, where solvent mass
transfer is dominant in oil viscosity reduction. The other is approx-
imately 10 m thick, where heat transfer is dominant. They did not
attempt to solve for a temperature and solvent concentration at the
chamber edge in their calculations. Instead, the steam temperature
at a chamber pressure and a certain solvent concentration were
assumed at the chamber edge. The production rates calculated in
their research are likely overestimated mainly because they did
not consider the effect of solvent accumulation near the chamber
edge on the temperature distribution beyond the edge [26,23].

Gupta and Gittins [22] developed a semi-analytical approach to
estimate oil and solvent drainage in coinjection. Their mathemati-
cal model uses Butler’s SAGD model [27,28] for heat effects on oil
drainage, and a 1-D solvent mixing model for solvent distribution
beyond the edge. They considered reduction of the chamber-edge
temperature (Tedge) due to the existence of solvent, and solved for
a solvent concentration at the chamber edge. The volatility of the
reservoir oil was implicitly assumed to be zero.
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Gupta and Gittins [22] had to make the effective diffusion coef-
ficient three orders of magnitude greater than theoretical values
available for bitumen/solvent systems in order to match field-
observed results with their model. They gave an explanation for
this inconsistency by considering significant oil drainage from
inside the chamber in addition to that from beyond the chamber
edge. However, the gas saturation is typically quite high in the
chamber. It was not discussed in detail whether the oleic (L) phase
mobility inside the chamber was sufficient to fill the gap between
the field observations and calculations from their model. Butler
[27,28] considered in his SAGD models no oil drainage inside the
chamber, where the oil saturation is low.

The compositions at the chamber edge can be calculated as part
of the thermodynamic conditions for the phase transition between
L–W and V–L–W equilibria at a given temperature and pressure for
a given fluid system [23,26]. V and W stand for the gaseous and
aqueous phases, respectively. The solvent condensed at the cham-
ber edge is mixed with reservoir oil components in the L phase. The
reservoir mixing is caused by molecular diffusion and enhanced by
spreading mechanisms with convection as discussed in Garmeh
and Johns [29]. In coinjection with a SAGD well configuration, this
convection is mainly the gravity drainage along the chamber edge.
The transverse dispersion associated with the gravity drainage is
likely the main driving force for spatial distribution of condensed
solvent beyond the chamber edge. That is, at least two dimensions
with gravity are required to model rigorously the mixing of solvent
with oil components beyond the chamber edge.

Use of a 1-D solvent mixing model for calculating solvent distri-
bution beyond the chamber edge in Gupta and Gittins [22] and
Sharma and Gates [24] allows for neither a finite thickness of con-
vection of the mobile L phase nor transverse dispersion in the L
phase near the chamber edge. Since dispersion (i.e., enhanced mix-
ing) does not occur without convection [29,30], their models can
consider only diffusion beyond the chamber edge. This may be
the fundamental reason for the inconsistency between model pre-
dictions and field observations in Gupta and Gittins [22].

Recently, Rabiei Faradonbeh et al. [25] have proposed a semi-
analytical model to estimate the oil production rate during
steam–solvent gravity drainage of heavy oil. Their model assumes
a transient temperature and solvent distribution in the mobile
liquid zone at the chamber edge. However, the temperature and
solvent concentration at the chamber edge are constant in their
model, and approximated by the steam–solvent system in the
absence of bitumen. This is similar to the approach of Dong [26].
The occurrence of a significant temperature gradient inside the
coinjection chamber can be largely explained using water–solvent
binary mixtures as discussed in Dong [26] and Keshavarz et al.
[23]. Keshavarz et al. [23] verified the effect of solvent on Tedge

using numerical simulation, in which some simplifying assump-
tions made in Dong [26] were relaxed, such as the existence of
the reservoir oil as a third component and fluids’ non-idealities.

Keshavarz et al. [23,31] conducted a mechanistic simulation
study of coinjection with a SAGD well pattern. They pointed out
three main factors yielding increased oil production rate in coinjec-
tion; i.e., solvent accumulation, temperature distribution, and bitu-
men dilution with solvent near the chamber edge. They also
explained how SAGD residual oil saturation can be further reduced
via coinjection.

Keshavarz et al. [23] explained that an optimum volatility of
solvent can be typically observed in terms of oil production rate
for given operation conditions. The optimum volatility occurs as
a result of the balance between two main factors affecting the L-
phase mobility along the chamber edge; i.e., reduction of Tedge

and superior oil dilution in coinjection of more volatile solvent.
As the solvent becomes more volatile, Tedge tends to be lower and
the solvent–bitumen mixing zone tends to be thinner. As the
solvent becomes less volatile, the dilution effect becomes less.
Therefore, a break-over point is typically observed on the average
oil production rates with respect to solvent carbon number. They
used this type of plots to find an optimum single-component
solvent for given operation/reservoir conditions. The proposed pro-
cedure was also applied successfully to simulation case studies of
Encana’s solvent aided pilot (SAP) in Senlac and Nexen’s expanding
solvent-SAGD (ES-SAGD) pilot in Long Lake. However, this proce-
dure requires numerical reservoir simulations for all coinjection
solvents of interest, which can be quite time-consuming.

On the basis of these results from prior research, this paper
presents a semi-analytical method for estimating an optimum sin-
gle-component solvent in terms of oil production rate for given
operating conditions. The method begins with solution for fluid
properties at the chamber edge, where the phase transition occurs
between the L–W and V–L–W equilibria. Three components are
considered consisting of oil, solvent, and water. An inverted trian-
gle is assumed as the chamber shape. Assumptions are also made
for estimating distributions of temperature and solvent concentra-
tion beyond the chamber edge.

In prior numerical research [23,31], the primary mechanisms
were speculated for oil production rate enhancement when solvent
was coinjected with steam during SAGD. The semi-analytical
model in this research confirms that the enhancement of oil
production rate can be largely explained by the fundamental
mechanics expressed semi-analytically. The presented method also
enables to compare oil-drainage rates of coinjection processes with
that of SAGD for a given set of operating/reservoir conditions. The
method is validated using numerical reservoir simulations.

2. Theory

2.1. Solution for chamber-edge conditions

This section presents solution of thermodynamic relations for
the phase transition between L–W and V–L–W equilibria at the
chamber edge in coinjection of a single-component solvent and
steam. The following assumptions are made: (1) ternary mixtures
of water, a single-component solvent, and reservoir oil, (2) com-
plete immiscibility between the W and L phases, (3) a negligible
pressure gradient in the chamber, and (4) Raoult’s law for phase
equilibrium.

The water, oil, and solvent components are labeled with indices
i = w, o, and s, respectively. The W, L, and V phases are expressed
using indices j = W, L, and V, respectively. xij is the mole fraction
of component i in phase j. Then, phase equilibrium for a ternary
three-phase system at a given temperature (T) and pressure (P) is
written as:

Pvap
w ¼ xwV P

xoLPvap
o ¼ xoV P

xsLPvap
s ¼ xsV P

xoL þ xsL ¼ 1:0

xwV þ xoV þ xsV ¼ 1:0: ð1Þ

where Pvap
i is the vapor pressure of component i at T. The first equa-

tion is for the V–W equilibrium, the second and third equations for
the V–L equilibrium, and the last two equations for summation
constraints.

Partitioning of components between phases is expressed
through K values defined as:

Kij ¼
xij

xiNP

ð2Þ
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Fig. 2. Chamber-edge temperature with respect to solvent mole fraction in the L
phase calculated for different solvents. (a) 2000 kPa and (b) 5000 kPa. Reservoir oil
is an Athabasca-type bitumen with the properties listed in Table 1.
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where xiNp is the mole fraction of component i in a reference phase
Np. Once K values and an overall composition are given, the Rach-
ford–Rice (RR) equations [36,37] are solved for phase mole fractions
(bj, j = W, L, and V);

f jðbÞ ¼
X

i¼w;o;s

ð1� KijÞzi

1�
X

j¼W ;L

ð1� KijÞbj

X
j¼W;L;V

bj ¼ 1:0:

ð3Þ

After solving the RR equations for bj, the equilibrium phase
compositions are calculated as follows:

xiNp ¼
zi

1�
X

j¼W;L

ð1� KijÞbj

xij ¼ KijxiNp ; ðj–NpÞ ð4Þ

A chamber edge in this study is defined where the phase
transition between L–W and V–L–W occurs. That is, the overall
composition at the chamber edge exists on the L–W edge of the
V–L–W tie triangle at a given T and P, where the amount of the V
phase is zero. This is schematically illustrated in composition space
in Fig. 1.

Note that the W phase consists of 100% water, and the L phase
does not contain the water component in this research. Tedge is the
same for any overall composition on the L–W edge of the tie trian-
gle. The solvent concentration on the water-free basis for possible
overall compositions at the chamber edge at a given pressure and
temperature is exactly the solvent concentration in the L phase for
that tie triangle. Therefore, the solvent concentration in the L phase
on the phase transition that occurs at the chamber edge is used as
the composition information required for plotting chamber-edge
temperatures in this research.

The solvent concentration in the L phase at the chamber edge is
uniquely determined once P and Tedge are fixed, because a tie
triangle is invariant in ternary composition space. Fig. 2 presents
example calculation results for three different solvent components
at 2000 kPa and 5000 kPa. This type of figures can be used to
approximate the relationship between Tedge and xedge

sL for a given
pressure and solvent. Properties of the components used are listed
Fig. 1. Tie triangle for ternary mixtures of water, solvent, and oil at a given pressure
and temperature. Overall composition A is on the W–L edge of the tie triangle and
represents a condition at the chamber edge. Overall composition B is in the three-
phase region and represents a condition inside the coinjection chamber.
in Table 1. The single-component representation of bitumen is
taken from Mehrotra and Svrcek [34], which is based on the
four-component representation of bitumen by Johnson [35].

The K values of the water and solvent components are gener-
ated using the following correlation based on Raoult’s law:

KiðP; TÞ ¼
Pvap

i

P
¼ a

P
e

b
T�c; ð5Þ

where P is the pressure in kPa and T is the temperature in �C. a, b,
and c are the coefficients available in Reid et al. [38] and listed in
Table 1. Due to the unavailability of these coefficients for the
bitumen component, its vapor pressure was calculated by the
Peng–Robinson (PR) equation of state [39]. The following
transformation of variables should be considered before applying
the K values in Eq. (5) to Eq. (3):

Kw ¼
1

KwW
;

Ko ¼
1

KoL
;

Ks ¼
1

KsV
; ð6Þ

Fig. 2 presents that Tedge is lower for more volatile solvent for
the same operating pressure and solvent concentration in the L
phase. The two ends of the horizontal axis correspond to two
limiting cases. At the left end, there is no solvent component
present in the L phase as in SAGD, and the Tedge corresponds to



Table 1
Components’ properties used in the chamber-edge temperature calculation.

Component MW (kg/kg mol) Tc (�C) Pc (kPa) x a (kPa) b (�C) c (�C)

Water 18 374.15 22088.850 0.344 1.1860 � 107 �3816.44 �227.02
C3 44.1 96.65 4245.518 0.152 9.0085 � 105 �1872.46 �247.99
C5 72.1 196.45 3374.120 0.251 1.0029 � 106 �2477.07 �233.21
C8 114.2 295.65 2482.463 0.394 1.1187 � 106 �3120.29 �209.52
Oil 594.6 817.75 785.980 1.361 Ko ¼ Pvap

o
P where Pvap

o is calculated using the PR EOS
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the saturated steam temperature. Accumulation of solvent results
in a reduction of Tedge. Tedge at the right end, where there is no bitu-
men component present, corresponds to the binary-mixture
assumption of Dong [26].

Such accumulation of solvent can occur due to non-steady-state
mass balance for solvent components near the chamber edge. That
is, a volatile solvent tends to accumulate near the chamber edge
when it tends to remain in the V phase, instead of condensing into
the L phase that drains under gravity. To our knowledge, however,
no closed-form solution has been presented for the composition
variation along the chamber edge that results from multi-dimen-
sional multi-phase non-isothermal flow inside and outside the
chamber in coinjection processes. This is why the phase-transition
temperature (as well as oil-drainage ratio presented in Section 2.3)
is solved for as a function of composition in the current paper.

At certain stages of chamber propagation, the local L phase at
the chamber edge may be composed of nearly 100% solvent. This
can be beneficial in terms of displacement efficiency enhancement
as discussed in Keshavarz et al. [23,31]. However, Fig. 2 shows that
the reduction of Tedge can be quite significant depending on the
level of solvent accumulation and the solvent component
coinjected.

Partitioning of the solvent into the L phase occurs due to misci-
bility between hydrocarbon components. The transition from the
V–W–L to W–L equilibrium occurs at a higher temperature com-
pared to the transition from the V–W to W–L equilibria in binary
mixtures of water and solvent. The latter transition corresponds
to the lowest Tedge for each solvent in Fig. 2.

It is common practice to use a single component to represent
bitumen in research on SAGD and coinjection processes
[14,22,24,32,33]. Reliable characterization of bitumen/solvent/
water interactions for coinjection processes has not been estab-
lished in the literature. For example, it is unknown how many
(pseudo) components are required to properly represent experi-
mental phase behavior data, such as solubilities of solvents and
water in bitumen and equilibrium phase densities/viscosities at a
wide range of operating temperature and pressure. Therefore, this
research uses the single-component representation of bitumen by
Mehrotra and Svrcek [34], which has been used in the literature.
This is also to exclude the effect of fluid characterization on
conclusions of the current research, the main focus of which is
on understanding of the primary mechanisms of bitumen produc-
tion enhancement in coinjection processes. Use of a single compo-
nent for bitumen also makes it simple to present the effect of
solvent accumulation on Tedge, as shown in Fig. 2.
2.2. Approximate distributions of temperature and solvent beyond the
chamber edge

Calculation of oil drainage beyond the chamber edge requires
distributions of temperature and solvent between two boundaries;
the chamber-edge conditions and the initial reservoir conditions.
Analytical solution of energy and mass balances in coinjection,
however, is challenging since it requires at least two dimensions
with the effects of multiphase flow, gravity, and phase behavior.
Therefore, conventional approximations are made to calculate
distributions of temperature and solvent in this research.

As in Reis [40], an inverted triangle is assumed as the shape of
the vertical cross section of the steam chamber, where the
producer well is located at the bottom vertex. With this assump-
tion, the chamber advance rate normal to the interface varies from
zero at the bottom to a maximum, Um, at the top.

The temperature profile as a result of steady-state conductive
heat transfer ahead of the chamber can be written as:

T � TR

Tedge � TR
¼ e

�eUmn
a : ð7Þ

In Eq. (7), TR is the original reservoir temperature, n is the
perpendicular distance from the chamber edge, a is the thermal
diffusivity of the reservoir material, and e is an empirical constant.
According to Reis [40], an e value of 0.4 provides a reasonable
match with experimental data. A value of 8 � 10�7 m2/s is used
for a in this research. A practical range for chamber advance rates
is 1–15 cm/day, according to Gupta and Gittins [22]. As will be
shown in the next section, however, the value used for Um does
not affect the semi-analytical solution for oil-drainage rates of
coinjection processes in comparison with that of SAGD (oil-drain-
age ratios) in this research.

If the solvent–bitumen diffusion coefficients are constant in a 1-
D solvent mixing model, solvent distribution beyond the chamber
edge declines rapidly towards the original solvent concentration.
However, the diffusion flux is considered to be inversely propor-
tional to viscosity or viscosity to some power, and proportional
to temperature or temperature to some power [24]. As a result,
concentration profiles in diffusion experiments exhibited abrupt
front-end profiles in Okazawa [41] and Oballa and Butler [42].

Due to the difficulty in analytical solution for 2-D solvent distri-
bution in coinjection as discussed above and in the introduction
section, a simple 1-D approximation is used as follows:

CsL ¼ Cedge
sL

T � Tcrit

Tedge � Tcrit

� �n

; ð8Þ

where CsL is the solvent concentration in the L phase on a volumet-
ric basis. CsL is related to the molar concentrations as:

CSL ¼
xsL
qs

� �
xsL
qs
þ xoL

qo

� � ; ð9Þ

where qs and qo are the molar densities of the solvent and bitumen
components, respectively. n in Eq. (8) is a factor that determines the
shape of profile. If n is smaller than unity, the resulting profile is
concave with a front temperature Tcrit. The value of n used in all
coinjection cases in this research is 0.25. The resulting distribution
shape is in agreement with the experimental observations by
Okazawa [41] and Oballa and Butler [42] and the numerical simula-
tion results in this research and Keshavarz et al. [23].

In Eq. (8), Tcrit is the critical temperature below which the
mixing between solvent and bitumen is negligible in the L phase.
Tcrit is related to the L-phase viscosity since the dispersive flux of
components in the transverse direction from the chamber edge
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requires the L-phase drainage along the edge. For a given Tedge, Tcrit

is calculated as the temperature that yields the lcrit value through a
specified bitumen viscosity–temperature relationship, where lcrit

is related to Tedge as:

lnðlnðlcritÞÞ ¼ �0:002Tedge þ 2:196; ð10Þ
where viscosity and temperature are in cp and �C, respectively. In
the absence of experimental data, Eq. (10) was obtained from
numerical simulation results in this research as shown in Fig. 3.
Data points in this figure were extracted from randomly-selected
rows of the numerical reservoir model at randomly-selected time
steps. lcrit was determined as the bitumen viscosity at the average
temperature of the two adjacent grid blocks between which the sol-
vent concentration front exists. According to Fig. 3, lcrit slightly
decreases with increasing Tedge; the reduction is a few centipoises
over the temperature change of 200 �C.

Eq. (8) gives an explicit relationship between T and Cs, which
enables us to proceed in the derivation for the oil-drainage ratio
between coinjection and SAGD. More rigorous estimation of sol-
vent distribution beyond the chamber edge is an important issue
to be resolved as shown in Gupta and Gittins [22]. However, this
is beyond the scope of this research.

2.3. Oil-drainage ratio between coinjection and SAGD

This section presents a semi-analytical method for estimating
oil-drainage ratio, which is defined as oil-drainage rate of a
steam–solvent coinjection in comparison with that of SAGD. In this
research, only single-component solvents are considered as coin-
jectants. Since the chamber-edge temperature and composition
are interdependent for this ternary phase behavior problem, oil-
drainage ratio is solved for as a function of solvent concentration
in the L phase at the chamber edge (xedge

sL ).
Combining Darcy’s law with material balance results in

qo ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:5kkrLg/DSoHðUm � IoÞ

q
: ð11Þ

A derivation of Eq. (11) is presented in Appendix A. In this equa-
tion, qo is the volumetric drainage rate of the bitumen component
per unit length of the horizontal section along one side of the
chamber edge, k is the absolute permeability, krL is the average
relative permeability to the L phase beyond the chamber edge, g
is the gravitational acceleration, / is the porosity, and H is the res-
ervoir thickness above the producer. DSo is the reduction in the
local bitumen saturation; that is,
1.2

1.4

1.6

1.8

2

2.2

2.4

Tedge , ºC
40 80 120 160 200 240 280

Fig. 3. Variation of lcrit (cp) as defined in Section 3 with respect to Tedge. The
scattered points were obtained from results of various numerical simulations in this
research. The dashed line is the best fitted line for the data. The correlation, Eq. (10),
is shown on the plot. lcrit is in cp and Tedge is in �C.
DSo ¼ SLi � Sedge
Lres Cedge

oL ; ð12Þ

where SLi is the initial L-phase saturation, and Sedge
Lres is the residual

saturation of the L phase at the chamber edge. Cedge
oL is the concentra-

tion of the bitumen component in the L phase at the chamber edge
on a volumetric basis, which is calculated based on the chamber
edge conditions (see Section 2).

The Io parameter in Eq. (11) is an integral defined as below:

Io ¼
Z 1

0
½ðMWLqLCoLÞ=lL�dn

¼ �ða=eUmÞ
Z TR

Tedge

f½ðMWLqLCoLÞ=lL�=ðT � TRÞgdT; ð13Þ

where qL, lL, and MWL are the molar density, viscosity, and average
molecular weight of the L phase, respectively. The second integral
with respect to T can be obtained by transformation of variables
using Eq. (7). Note that CoL is 1.0 for SAGD.

The following mixing rules are used for the L-phase viscosity
and density:

lL ¼ exp½xoL lnðloÞ þ xsL lnðlsÞ� ð14Þ
qL ¼ ½ðxoL=qoÞ þ ðxsL=qsÞ�

�1
; ð15Þ

where xsL is the mole fraction of the solvent component in the L
phase. lo and ls are the viscosities of the oil and solvent compo-
nents, respectively. The following correlations are used to estimate
the viscosity of the components as functions of temperature:

lnðloðcpÞÞ ¼ expðAþ B lnðTðKÞÞÞ; ð16Þ
lsðcpÞ ¼ A � expðB=TðKÞÞ; ð17Þ

where A and B in Eq. (16) are given in Mehrotra and Svrcek [43] for
Athabasca bitumen. A and B in Eq. (17) are given in Reid et al. [38].
The values used for the coefficients are listed in Table 2.

Molar densities of the oil and solvent components are modeled
as functions of pressure and temperature through the following
correlation:

qi ¼ qi;ref � expðacðP � Pref Þ � a1ðT � Tref Þ � 0:5a2ðT2 � T2
ref ÞÞ; ð18Þ

where Pref is the reference pressure, Tref is the reference tempera-
ture, and qi,ref is the reference molar density of component i. Pref

and Tref are taken as 101.3 kPa and 15 �C, respectively. The values
used for the ac, a1, and a2 coefficients are given in Table 2.

According to Eq. (11), the oil-drainage ratio between coinjection
and SAGD for a given reservoir can be written as:

qo;coinj=qo;SAGD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
krL;coinj=krL;SAGD

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DSo;coinj=DSo;SAGD

q

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðUmIoÞcoinj=ðUmIoÞSAGD

q
: ð19Þ

The first term of the right-hand side of Eq. (19) is dependent on
the saturation distributions beyond the chamber edge. Sharma and
Gates [44] showed that oil saturation in the flowing-oil zone
beyond the edge of a SAGD chamber ranges from the residual oil
saturation at the chamber edge to the original oil saturation of
the reservoir. In coinjection processes, the condensed solvent in
the L phase beyond the chamber edge increases the L-phase
saturation and thus the L-phase relative permeability, in compari-
son with SAGD. Keshavarz et al. [31] showed in their numerical
simulations that saturation distributions in coinjection may be sig-
nificantly different from those in SAGD. To our knowledge, how-
ever, no closed-form expression has been given in the literature
for multiphase saturation distributions near the chamber edge in
coinjection processes. Therefore, it is assumed in this research that
the average relative permeability to the L phase beyond the cham-
ber edge is fixed for SAGD and all coinjection cases (i.e., the first
bracket on the right-hand side of Eq. (19) is unity). This may cause



Table 2
Oil and solvent components’ properties used in calculation of Io defined in Eq. (13).

Component A B qi,ref (kg mol/m3) ac, 1/kPa a1, 1/�C a2, 1/�C2

C3 0.021425 512.72 11.7234 2.54 � 10�6 5.84 � 10�4 3.41 � 10�6

C5 0.0191041 722.23 8.7360 1.69 � 10�6 2.32 � 10�4 2.82 � 10�6

C8 0.0131342 1090.70 6.1690 1.17 � 10�6 1.02 � 10�4 2.19 � 10�6

Oil 22.851500 �3.57840 1.8060 3.24 � 10�7 2.25 � 10�5 6.31 � 10�7

Table 3
Additional data needed for calculations of the oil-drainage ratio (as defined in
Section 4) using the semi-analytical method.

Properties Values

Initial L phase saturation 0.75
Residual L phase saturation 0.13
Initial reservoir temperature (�C) 13
Thermal diffusivity of the reservoir (m2/s) 8 � 10�7

T⁄ (�C) 20
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the oil drainage of a coinjection process to be underestimated in
comparison with SAGD. If saturation distributions are known
beyond the chamber edge, krL can be expressed as a function of n
(or T) and be moved inside the integral of Io defined by Eq. (13).

The second term on the right-hand side of Eq. (19) is slightly
greater than 1.0. This is because Cedge

oL used in Eq. (12) is less than
one for coinjection cases. This term captures the mechanism of
improved displacement efficiency as a result of solvent coinjection
with steam during SAGD, as discussed by Keshavarz et al. [31]. Val-
ues of SLi and Sedge

Lres are 0.75 and 0.13 in this study.
It can be shown that the product of (UmIo) in the third bracket

on the right-hand side of Eq. (19) is independent of Um with the
equations used to estimate the distributions of properties beyond
the chamber edge (see Appendix A). Thus, Eq. (19) can be rewritten
as:

qo;coinj=qo;SAGD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DSo;coinj=DSo;SAGD

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Io;coinj=Io;SAGD

q
; ð20Þ

for a fixed Um. A value of 7 cm/day is used for Um, although the value
used does not affect calculation results.

The following steps are used for calculation of the oil-drainage
ratio:

1. For a given P and solvent component, the system of phase equi-
librium Eq. (1) is solved at temperatures ranging from the satu-
ration temperature of pure water to the three-phase
temperature of the water–solvent binary. xedge

sL is obtained for
each Tedge, resulting in a relationship between Tedge and xedge

sL

(see Fig. 2).
2. Temperature distribution beyond the chamber edge is calcu-

lated using Eq. (7).
3. Distributions of bitumen and solvent viscosities and densities,

as a function of temperature beyond the chamber edge, are cal-
culated using Eqs. (16)–(18).

4. Solvent distribution beyond the chamber edge is calculated
using Eq. (8). lcrit can be obtained using Eq. (10). Tcrit can be
obtained using lcrit and Eq. (16). CsL

edge is related to xedge
sL by

Eq. (9).
5. Distributions of the L-phase viscosity and density are generated

using the mixing rules given in Eqs. (14) and (15). The distribu-
tion of xsL can be obtained by using Eq. (9) with the CsL distribu-
tion from step 4 and the qi distribution from step 3.

6. The first term of the right hand side of Eq. (20) is calculated
with Eq. (12). The oil-drainage ratio is then evaluated numeri-
cally by replacing TR in the upper limit of the integral in Eq.
(13) with a sufficiently low value T�R (e.g., 20 �C). This can also
be done by replacing 1 in the upper limit of integral with the
n value corresponding to T�R, if the integration is performed with
respect to n.

7. Steps 2–6 are repeated for different values of xedge
sL and the asso-

ciated Tedge.

Different values are used for xedge
sL in step 7 since we consider the

interdependence between xedge
sL and Tedge, and its effect on the oil

drainage rate as presented in the next section. The two limiting
cases are xedge

sL ¼ 0 and xedge
sL ¼ 1 corresponding to SAGD and Dong’s

binary consideration [26], respectively, as discussed before.
Semi-analytical solution is used because numerical evaluation
of the integral is more efficient than analytical evaluation due to
the complicated forms of qL and lL as functions of n or T. The error
associated with the numerical approach is small, considering that
the integrand in Eq. (16) becomes negligible at a few meters in
the cases considered in this research.

3. Sensitivity analysis

Previous sections presented a new semi-analytical method for
estimating the oil drainage in single-component solvent coinjec-
tion, in comparison with that in SAGD, for a given reservoir. The
calculation considered pressure, reservoir oil properties, and the
interdependency between xedge

s and Tedge. In this section, sensitivity
analyses in terms of these parameters are presented through case
studies.

3.1. Effect of solvent concentration at the chamber edge

This subsection presents a case study for coinjection of a single-
component solvent for Athabasca bitumen at 2000 kPa. The main
objective is to show how xedge

sL affects the oil-drainage ratio for three
different coinjection solvents, C3, C5, and C8. Properties of fluid
components are given in Tables 1 and 2. Other pertinent data for
the calculation in this section are given in Table 3.

Fig. 4 presents the resulting oil-drainage ratios (see Eq. (20)) for
three different coinjection solvents. The coinjection cases with C5

and C8 are similar to each other, and they both significantly
improve the drainage rate compared to SAGD, as long as xedge

sL

(i.e., solvent accumulation at the chamber edge) is sufficiently
high.

Coinjection of C3 with steam does not result in significant
improvement in oil-drainage rate for this case. It even deteriorates
oil-drainage rate compared to SAGD for a wide range of xedge

sL . This is
mainly because Tedge rapidly decreases with xedge

sL for the C3 case as
shown in Fig. 2. Temperature beyond the chamber edge is consid-
erably lower than that of SAGD especially for high xedge

sL . For
xedge

sL < 0:60, solvent accumulation is insufficient for the dilution
effect to compensate the effect of the lowered temperature distri-
bution on the L-phase viscosity. For 0:60 < xedge

sL < 0:90, the diluting
effect of C3 overtakes the effect of lowered temperature. The max-
imum improvement occurs approximately at xedge

sL ¼ 0:80. For
xedge

sL > 0:80, such a high concentration of C3 at the chamber edge
yields more than 125 �C temperature drop at the chamber edge
in comparison with SAGD. This lowered temperature results in
substantially high viscosity of the L phase, which limits the sol-
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Fig. 4. The oil-drainage ratio as defined by Eq. (20) with respect to the solvent
concentration in the L phase at the chamber edge (xedge

sL ). The operation pressure is
2000 kPa, and the oil is a typical Athabasca bitumen.
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Fig. 5. (a) Variation of the integrand of Eq. (13) with respect to the distance from
the chamber edge for selected values of xedge

sL . (b) Variation of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DSo;coinj=DSo;SAGD

p
with

respect to xedge
sL . The operation pressure is 2000 kPa, and the oil is a typical Athabasca

bitumen. Properties of all components are listed in Tables 1 and 2. For xedge
sL < 0:65

the dilution effect is not sufficient to compensate the effect of lowered temperature
distribution on the L-phase viscosity beyond the chamber edge. For xedge

sL > 0:90, the
region of solvent–bitumen mixing beyond the chamber edge is so thin that the
overall effect of solvent dilution and temperature reduction is a lower production
rate in C3-steam coinjection compared to SAGD. The maximum flow rate improve-
ment is calculated to occur around xedge

sL ¼ 0:80.
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vent-mixing zone beyond the chamber edge. For xedge
sL > 0:90, the

region of solvent–bitumen mixing beyond the chamber edge is so
thin that the overall effect of solvent dilution and temperature
reduction is a production rate that is lower than in SAGD.

Fig. 5a presents the profiles of the integrand in Eq. (13) for SAGD

and C3 coinjection for various values of xedge
sL . The area under each

curve corresponds to Io given in Eq. (13). Fig. 5b presents the profile

of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DSo;coinj=DSo;SAGD

p
as a function of xedge

sL when C3 is coinjected

with steam. This term increases with xedge
s since the amount of

the residual bitumen component at the chamber edge (i.e.,

Sedge
Lr Cedge

oL ) decreases with increasing xedge
sL . This is because a greater

portion of the bitumen content in the residual L phase at the cham-

ber edge is replaced by solvent as xedge
sL increases. Note that DSo is

0.62 for SAGD (i.e., DSo ¼ SLi � Sedge
Lr ¼ 0:62Þ based on the assump-

tions made.
The effect of lowered Tedge is not severe for the C5 and C8 cases

as shown in Fig. 2. The diluting effect can overtake the effect of
lowered Tedge on the L-phase viscosity, regardless of xedge

sL . However,
the dilution becomes less effective for less volatile solvent for a
given set of thermodynamic conditions. This is why C5 coinjection
exhibits higher oil-drainage ratios than C8 coinjection when xedge

sL is
higher than approximately 0.70 in Fig. 4. As an example, Fig. 6
shows the distributions of temperature, solvent concentration,
and the integrand in Eq. (13) for xedge

sL ¼ 0:90 for the C5 and C8 cases.
Although the Tedge and solvent mixing zone are greater for the C8

case, the drainage ratio (defined by Eq. (20)) is smaller for the C8

case at this xedge
sL value.

Results for the three coinjection cases show that the oil-drain-
age ratio is higher in the higher xedge

sL range than in the lower xedge
sL

range. This is true also for different operating pressures and viscos-
ity–temperature relations as presented in the subsequent subsec-
tions. It is important to properly represent thermodynamic
conditions at the chamber edge, where the phase transition
between L–V–W and L–V occurs. The simplistic assumption that
Tedge is equal to the steam temperature at a given operating pres-
sure, which was made in Sharma and Gates [24], will result in
overestimation of oil-drainage rates in steam–solvent coinjection,
especially for light coinjection solvents.

Plots of oil-drainage ratio in xedge
sL space for different solvents

(Fig. 4) can be used to estimate a range of solvent carbon numbers
that are expected to result in higher oil-production rates than
SAGD. For example, the oil-drainage ratios in the higher xedge

sL range
for different solvents in Fig. 4 indicate that C3 is much worse than
C5 and C8, and that C5 and C8 are similar to each other. It is likely
that enhancement of oil production rate by coinjection levels off
somewhere between C5 and C8 in terms of the volatility of sin-
gle-component solvent. This is consistent with results from the
method of Keshavarz et al. [23] for selecting an optimal coinjection
solvent (see the introduction section). Unlike the average oil-pro-
duction rates calculated in Keshavarz et al. [23], however, the
semi-analytical method presented in this paper does not require
time-consuming simulation runs, while retaining key mechanisms
for oil-production enhancement by coinjection.

3.2. Effect of operating pressure

The operating pressure directly affects Tedge, which in turn
affects distribution of temperature, viscosity, density, and solvent
beyond the chamber edge. The three coinjection cases presented
in the previous subsection are considered at a higher operating
pressure. All other input data remain the same as in the previous
subsection.

Fig. 7 presents the oil-drainage ratios calculated for three coin-
jection cases at 5000 kPa. Comparison with Fig. 4 reveals that the
oil-drainage rate of the C3 coinjection case is substantially
increased by increasing the operating pressure. This is because of
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Fig. 6. Profiles of the integrand in Eq. (13), temperature, and solvent concentration
in the L phase with respect to the distance from the chamber edge for xedge

sL ¼ 0:90.
(a) C5-steam coinjection and (b) C8-steam coinjection. The higher temperature in
the C8 case results in a thicker solvent mixing zone compared to C5. However,
dilution is less effective with C8. The overall effect is a greater area under the curve
of the integrand for C5-steam coinjection than C8-steam coinjection.
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Fig. 7. The oil-drainage ratio as defined by Eq. (20) with respect to the solvent
concentration in the L phase at the chamber edge (xedge

sL ). The operating pressure is
5000 kPa, and the oil is a typical Athabasca bitumen. Coinjection of highly volatile
solvents (e.g., C3) tends to be more efficient at higher operating pressure.
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the exponential behavior of oil viscosity with respect to tempera-
ture. Increasing the operating pressure from 2000 kPa to
5000 kPa results in approximately 50 �C increase in the average
Tedge for the coinjection cases studied here. The same amount of
temperature increase yields much greater viscosity reduction at
lower temperature; i.e., the temperature effect on viscosity is more
significant in coinjection of more volatile solvent. Therefore, con-
siderable improvement is observed in the mixing capability of
more volatile solvent with bitumen beyond the chamber edge.
All three coinjection cases show improved oil-drainage rates over
SAGD in the entire range of xedge

sL at 5000 kPa.
These results indicate that coinjection of highly volatile sol-

vents, such as C3, tends to be more efficient at higher operating
pressures in terms of oil production rate. At a higher pressure,
however, cumulative steam-to-oil ratio (CSOR) for a well-pair
may be increased because (i) less latent heat is available per unit
mass of steam, (ii) a larger amount of steam is required to occupy
the V phase in the chamber, and (iii) a larger temperature differ-
ence between the chamber and surroundings causes faster heat
conduction to the over- and under-burden. A detailed economic
analysis should be conducted to evaluate quantitatively how much
improvement is expected in oil production and additional costs
associated with higher operating pressure.

As in the previous subsection, the C5- and C8-coinjection cases
exhibit similar oil-drainage rates over a wide range of xedge

sL . How-
ever, the effect of pressure is less significant for these two cases
than for the C3-coinjection case. This indicates that less volatile sol-
vents may offer more flexibility in operating conditions for steam–
solvent coinjection, which is important for a long-term operation
that requires more careful implementation than SAGD.
3.3. Effect of oil viscosity behavior

Viscosity–temperature behavior of bitumen affects the mobility
of the draining L phase and the thickness of the solvent mixing
zone. Bitumen viscosity is typically in the range of 106 cp to
107 cp at initial reservoir conditions. Heavy oils show much lower
viscosity on the order of 103 cp to 105 cp at the same temperature,
but they are still too viscous for conventional recovery techniques.
This section presents oil-drainage ratios calculated for a less vis-
cous oil than Athabasca bitumen.

The oil viscosity used in this subsection is representative of
Lloydminster heavy oil. The viscosity–temperature behavior of oil
is taken from Hosseininejad et al. [45], and is given in Table 4.
All other input data remain the same as those in Sections 2 and 3.1.

Fig. 8 presents the resulting oil-drainage ratios of the three
coinjection cases. The C5 and C8 cases are similar to each other,
and calculated to be more promising than the C3 case in terms of
oil production rate. Comparison of Figs. 8 and 4 indicates that
the C3 coinjection tends to be more effective for less viscous oil.
The oil-drainage ratios of the C3 case are above unity for the higher
xedge

sL range, and comparable to those of C5- and C8-coinjection cases
for xedge

sL > 0:85. This is because viscosity is less sensitive to temper-
ature for heavy oil than for bitumen. However, if the concentration
of C3 at the chamber edge is low (xedge

sL < 0:4 in Fig. 8), the diluting
effect cannot compensate the effect of the lowered temperature
distribution on the L-phase viscosity beyond the chamber edge.
4. Validation of the semi-analytical solution

The previous sections showed oil-drainage rates for the C3-, C5-,
and C8-coinjection cases in comparison with that for SAGD in xedge

sL

space. Results indicated that the C5 and C8 cases would give much
higher oil production rate than the C3 case and SAGD if sufficiently
high xedge

sL is achieved. In this section, these results from the semi-
analytical method are validated against results from fine-scale
numerical simulations using CMG’s thermal reservoir simulator
STARS [46].



Table 4
Viscosity–temperature for Lloydminster heavy
oil.

Temperature (�C) Viscosity (cp)

19.53 5201.51
29.33 2175.88
39.61 1004.96
49.40 428.80
59.67 227.50
69.45 133.27
79.72 75.04
89.97 50.49
99.74 33.31

109.51 24.26
119.28 17.67
130.02 13.13
139.78 10.56
150.03 8.16
160.27 6.83
170.03 5.60
179.79 4.88
189.55 4.16
200.28 3.62
209.55 3.15
219.79 2.75
230.03 2.54
239.80 2.00
250.04 1.78
259.31 1.61
270.03 1.49
279.79 1.40
299.78 1.24
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Fig. 8. The oil-drainage ratio as defined by Eq. (20) with respect to the solvent
concentration in the L phase at the chamber edge (xedge

sL ). The operating pressure is
2000 kPa. The reservoir oil is less viscous than Athabasca bitumen with viscosity–
temperature behavior given in Table 4. Comparison of Fig. 4 indicates that the C3

coinjection tends to be more effective for less viscous oil.

Table 5
Input data for the numerical simulations in Section 6.

Properties Values

Porosity 0.33
Horizontal permeability 4000 md
Vertical permeability 3000 md
Initial reservoir pressure at depth of 500 m – Cases 1 and 3 1500 kPa
Initial reservoir pressure at depth of 500 m – Case 2 4500 kPa
Initial reservoir temperature 13 �C
Initial oil saturation 0.75
Initial water saturation 0.25
Formation compressibility 1.8E�5 1/kPa
Rock heat capacity 2600 kJ/m3 �C
Rock thermal conductivity 660 kJ/m day �C
Over/underburden heat capacity 2600 kJ/m3 �C
Over/underburden thermal conductivity 660 kJ/m day �C
Bitumen thermal conductivity 11.5 kJ/

m day �C
Gas thermal conductivity 2.89 kJ/

m day �C
Water thermal conductivity 50.1 kJ/

m day �C

(a)

(b)

Fig. 9. Relative permeability curves used in the simulation cases (Section 6). (a) The
water–oil system and (b) the liquid–gas system.
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A 2-D homogeneous reservoir with gravity is considered. The
well-pair spacing, horizontal well length, and the reservoir thick-
ness are 100 m, 500 m, and 20 m, respectively. The dimensions of
the uniform grid block used are 0.5 m � 500 m � 1.0 m in the x, y
and z directions, respectively. Simulation results were confirmed
to be insensitive to further grid refinement. The injector and pro-
ducer are located at the left boundary at the depths of 16 m and
20 m from the top, respectively. Thus, simulations are performed
for a half of the chamber. The reservoir properties used are pre-
sented in Table 5. The relative permeability curves used are shown
in Fig. 9. Capillarity and asphaltene precipitation are not consid-
ered. Dispersion is caused only by numerical dispersion in a fully
implicit scheme with the single-point upstream weighting; physi-
cal diffusion/dispersion is not used in the simulations.
Three cases are considered for SAGD and different single-com-
ponent-solvent coinjections as follows:

Case 1 (base case): SAGD/coinjection at an operating pressure of
2000 kPa for an Athabasca bitumen. Oil properties are given in
Tables 1 and 2.
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Fig. 12. Average oil-drainage ratios as defined by Eq. (20) during lateral chamber
expansion for the simulation Case 2. Three solvent–steam coinjection processes are
considered. The solvent produced as part of the produced fluid in coinjection has
been excluded. Unlike in the base case, all the solvent–steam coinjection cases
studied result in improved oil-drainage rate compared to SAGD.
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Case 2: SAGD/coinjection at an operating pressure of 5000 kPa
for an Athabasca bitumen. Oil properties are given in Tables 1
and 2.
Case 3: SAGD/coinjection at an operating pressure of 2000 kPa
for a less viscous oil than the Athabasca bitumen. Oil properties
are the same as those in Tables 1 and 2 except for the viscosity–
temperature behavior, which is presented in Table 4.

The producer is operated at a constant bottom hole pressure of
1500 kPa in Cases 1 and 3 and 4500 kPa in Case 2. Also, a maximum
flow rate of 1.0 m3/day is assigned to steam at the production well
to prevent steam losses from the chamber. A quality of 90% is
assigned to the injected steam at sandface. The solvent concentra-
tion in the injectant is 2.0 mol% in all coinjection simulations. Pre-
heating of the reservoir is performed for six months. Properties of
the solvent and water components in all simulation cases are given
in Tables 1 and 2.

Fig. 10 presents bitumen production rates for the base case.
According to the simulation results for the base case, the xedge

sL

ranges for the C3, C5, and C8 cases are approximately [0.95, 1.00],
[0.55, 0.85], and [0.60, 0.70] during the lateral expansion of cham-
ber, respectively. Fig. 11 presents the average oil-drainage ratios
simulated for the C3, C5, and C8 cases during the lateral chamber
expansion. The solvent portion of the produced L phase is excluded
from the reported oil-production rates. Comparison with Fig. 4
indicates that the results from the semi-analytical model are in
reasonable agreement with the numerical simulation results. This
confirms that the presented model is capable of capturing the
key mechanisms affecting oil drainage in steam–solvent coinjec-
tion with a SAGD well configuration.

As expected from the semi-analytical calculations in Fig. 4, the
C3 coinjection deteriorated the oil production rate compared to
SAGD. This is because a significant accumulation of solvent at the
edge of chamber lowers the temperature at the chamber edge.
The C5 and C8 coinjection cases exhibit similar average production
rates. They both resulted in significant improvements of oil pro-
duction rate compared to SAGD.

Figs. 12 and 13 present the average oil-drainage rates simulated
for Cases 2 and 3, respectively. Results from numerical simulations
are in reasonable agreement with Figs. 7 and 8; i.e., unlike in the
base case, the C3 coinjection in Cases 2 and 3 results in improved
oil production rates compared to SAGD. This was predicted by
the semi-analytical method for Case 2, regardless of the solvent
accumulation at the chamber edge. For Case 3, however, solvent
accumulation resulting in xedge

sL > 0:4 was required for C3
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Fig. 10. Bitumen production rates for SAGD and three coinjection cases at 2000 kPa.
The reservoir oil is an Athabasca bitumen. The solvent produced as part of the
produced fluid in coinjection has been excluded.
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Fig. 13. Average oil-drainage ratios as defined by Eq. (20) during lateral chamber
expansion for the simulation Case 3. Three solvent–steam coinjection processes are
considered. The solvent produced as part of the produced fluid in coinjection has
been excluded. As expected by the analytical solution, all the coinjection cases
studied result in improved oil-drainage rate compared to SAGD.



Table 6
Comparison of the oil-drainage ratios predicted by the semi-analytical model and those obtained from numerical simulations.

Process Reservoir oil
viscosity

Operating
pressure (kPa)

Average xedge
s

Oil-drainage ratio from the
semi-analytical model

Oil-drainage ratio from
numerical simulations

C3-SAGD Athabasca-like 2000 0.95–1.00 0.53–1.06 0.57
C5-SAGD Athabasca-like 2000 0.55–0.85 2.46–4.10 2.67
C8-SAGD Athabasca-like 2000 0.60–0.70 2.83–3.29 2.95
C3-SAGD Athabasca-like 5000 0.65–0.80 1.90–2.51 1.38
C5-SAGD Athabasca-like 5000 0.55–0.80 2.33–3.34 2.54
C8-SAGD Athabasca-like 5000 0.55–0.70 2.31–2.78 2.60
C3-SAGD Lloydminster-like 2000 0.65–0.80 1.65–2.38 1.41
C5-SAGD Lloydminster-like 2000 0.55–0.80 2.12–3.03 2.13
C8-SAGD Lloydminster-like 2000 0.55–0.70 2.11–2.49 2.11
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coinjection to achieve a higher oil-drainage rate than SAGD, as
shown in Fig. 8. This is consistent with the numerical simulation,
where the average values of xedge

sL are in the range from 0.65 to
0.80 within the time period considered. The C5 and C8 cases show
similar average production rates, and they are considerably higher
than that of SAGD as predicted from Fig. 8. The average xedge

sL values
for the C5- and C8-coinjection cases are similar to those reported
for Case 1.

Table 6 summarizes the oil-drainage ratios from the semi-ana-
lytical model and those from the numerical simulations. The aver-
age values of xedge

sL reported in the 4th column of the table are
extracted from numerical simulations during lateral expansion of
the chamber. Results in the 5th column are estimations from the
semi-analytical method based on the corresponding values given
in the 4th column. The results from the numerical simulations in
the right-most column fall within the predicted ranges by the
semi-analytical method, except for C3-steam coinjections of Case
2 and Case 3. Main reasons for the deviations may include the dif-
ference in solvent distribution between numerical simulations and
the semi-analytical method through Eqs. 1, 8 and 10.

5. Results and discussion

Figs. 4, 7 and 8 indicated that oil-drainage rate in steam–solvent
coinjection is highly dependent on the accumulation of solvent at
the chamber edge, xedge

sL . The maximum oil-drainage rate was calcu-
lated to occur at a high xedge

sL between 0.75 and 0.90 for the cases
studied in this research. Solvent accumulation beyond the chamber
edge occurs due to slower drainage of solvent from the mobilized
L-phase zone than solvent condensation near the edge. Keshavarz
et al. [23] successfully controlled the level of solvent accumulation
near the chamber edge by using variable solvent concentration in
the injectant in their simulations of coinjection field pilots.

As Tedge becomes lower, the L-phase mobility beyond the cham-
ber edge becomes lower, which in turn reduces the level of trans-
verse mixing between solvent and bitumen beyond the chamber
edge. This was qualitatively confirmed in the numerical simulation
of C3 coinjection for the base case in the preceding section. xedge

sL

builds up to high values (i.e., xedge
sL > 0:9) rapidly, due to the limited

thickness of the solvent–bitumen mixing zone beyond the cham-
ber edge (see Table 6 for simulated xedge

sL ranges). Such high xedge
s

falls beyond the optimum indicated in Fig. 4, and has reduced
the oil-drainage rate of C3 coinjection below that of SAGD for the
base case. This indicates that reducing the C3 concentration in
the injectant may improve the oil-drainage rate.

The simulated xedge
sL ranges are relatively low for C3 coinjection

in Cases 2 and 3, and C5- and C8-coinjection for Cases 1 through
3 (see Table 6). This is because relatively high average Tedge in these
cases allows for effective mixing of solvent and bitumen in a
thicker region beyond the chamber edge. Using a higher solvent
concentration in the injectant may further improve the oil-drain-
age rate for these cases.
Keshavarz et al. [23,31] showed that L-phase saturation can be
below the residual saturation (SLr) in coinjection simulation when
the L phase with a high solvent concentration splits into the L and V
phases on the phase transition between V–L–W and L–W at the
chamber edge. The range of 0:75 < xedge

sL < 0:90 in Figs. 4, 7 and 8
is sufficient to result in considerable reduction of the L-phase sat-
uration below typical SAGD SLr values inside the chamber. Thus, a
sufficiently high accumulation of solvent at the chamber edge is a
requirement for enhancement of both oil production rate and dis-
placement efficiency.

The results clarified the primary mechanisms for oil produc-
tion rate enhancement when solvent is coinjected with steam
during SAGD. Selection of an optimum solvent for a specific set
of field application conditions will still require numerical reser-
voir simulation that can properly represent the phase behavior
of bitumen/solvent/water mixtures and its interaction with non-
isothermal reservoir flow under heterogeneity and gravity. This
is partly because selection of an optimum solvent requires the
knowledge of the compositional variation along the chamber edge
that results from reservoir flow. The primary application of the
semi-analytical method is to calculate whether or not solvent
coinjection has a potential of improving oil production rate in
comparison with SAGD. Oil rate improvement presented as a
function of solvent accumulation at the chamber edge can be
used for this purpose.

The focus of this work was on the improvement of bitumen
production rate; neither steam-oil-ratio (SOR) nor the total rate
of solvent and bitumen. The assumptions and simplifications used
in this work (see Appendix B) enable to decouple the proposed
primary mechanisms from many other complexities, such as heter-
ogeneity, 3-D flow, the effect of well-bore hydraulics on injection
profile along the well, transverse/longitudinal dispersion at vary-
ing temperature/pressure, convective heat transfer, relative
permeability changes, absolute permeability changes, water disso-
lution in oil, emulsion flow, asphaltene precipitation/deposition,
formation of the solvent-rich liquid phase in the mixing zone,
time-dependent solvent concentration and injection pressure.

6. Conclusions

This paper presented a semi-analytical method for estimating
oil production rates for steam–solvent coinjection processes with
different single-component solvents, in comparison with that for
SAGD, for given reservoir and operation conditions. The effects of
solvent type, operating pressure, and oil viscosity were presented
on the oil drainage using the semi-analytical method and fine-scale
numerical simulations. Conclusions are as follows:

1. Analytical calculation of thermodynamic conditions at the
chamber edge was presented using three components, oil, sol-
vent, and water. The temperature and composition at the cham-
ber edge are interdependent when more than two components
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are used. The chamber-edge temperature is the saturated steam
temperature at the operating pressure if there is no solvent
component as in SAGD. Solvent volatility and accumulation
tend to reduce the chamber-edge temperature.

2. The ratio of oil-drainage rate in coinjection to that in SAGD (oil-
drainage ratio) is calculated in the semi-analytical method as a
function of the solvent concentration in the L phase at the
chamber edge (xedge

sL ). The oil-drainage ratios calculated for dif-
ferent coinjection solvents can be compared in the high xedge

sL

range for preliminary screening of single-component coinjec-
tion solvents. The method also gives better understating of
the key factors affecting the oil drainage beyond the chamber
edge as follows:
– The oil-drainage rate depends mainly on the mobility of the

L phase. In a given solvent–steam coinjection process, sol-
vent accumulation up to an optimum amount improves
the dilution efficiency. Further accumulation, however,
may not be beneficial as it reduces the temperature and
the thickness of the solvent-mixing zone beyond the cham-
ber edge.

– The oil drainage rate is typically higher in the higher xedge
sL

range than in the lower xedge
sL range for a given coinjection

solvent. High accumulation of solvent at the chamber edge
can be achieved by a proper coinjection strategy as pre-
sented in our prior research.

– Less volatile solvent results in a higher chamber-edge tem-
perature and thicker solvent-mixing zone beyond the cham-
ber edge for a fixed xedge

sL . Less volatile solvents may offer
more flexibility in operating conditions since they remain
effective at lower pressures. However, the dilution becomes
less effective for less volatile solvent. Thus, an optimum sol-
vent volatility is expected to exist in terms of oil production
rate when the above-mentioned factors take a balance.

3. A highly volatile solvent (e.g., C3), which is relatively less expen-
sive in general, is unlikely as the optimum solvent for an Ath-
abasca-type bitumen at low operating pressures. Such highly
volatile solvents tend to be more effective for higher operating
pressure and less viscous reservoir oil.

4. Calculation results from the semi-analytical method were vali-
dated using fine-scale numerical simulations. The validation
indicates that the oil-drainage ratios from the semi-analytical
method are in reasonable agreement with those obtained from
numerical simulations. Thus, the presented method can be used
for preliminary screening for coinjection solvents and estima-
tion of oil-drainage rate of coinjection in comparison with that
of SAGD. The semi-analytical method is more efficient than run-
ning numerical simulations and reduces the need for numerical
reservoir simulation of coinjection processes.

Conversion factors
atm � 1.013 250 E+05
 =Pa

bar � 1.0 E+05
 =Pa

bbl � 1.589 873 E�01
 =m3
cp � 1.0 E�03
 =Pa s

ft � 3.048 E�01
 =m

(�F � 32)/1.8
 =�C

(�F + 459.67)/1.8
 =K

psi � 6.894 757 E+00
 =kPa
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Appendix A. Derivation of Eq. (11)

The chamber shape in SAGD and coinjection processes is
assumed to be an inverted triangle, where the producer well is
located at the lower vertex. From material balance, the bitumen
flow rate along one side of the chamber per unit well length is:

qo ¼
d
dt
ð0:5/DSoHWsÞ ¼ 0:5/DSoH

d
dt
ðWsÞ

¼ 0:5/DSoHUm= sin h; ðA-1Þ

where Ws is one half of the chamber width (see Fig. A1). The other
parameters were defined in the earlier sections of this paper.
Darcy’s law for gravity drainage of bitumen along the chamber edge
can be written as:

qo ¼
Z qo

0
dqo ¼ kkrLgIo sin h; ðA-2Þ

where Io is defined in Eq. (13). Substituting sinh from Eq. A-2 into
Eq. A-1 results in

qo ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:5kkrLg/DSoHðUmIoÞ

q
: ðA-3Þ

The temperature interval in the integral given by Eq. (13) can be
divided into two intervals, and the product of Um and Io can be
written as:

UmIo ¼ �ða=eÞ½
Z Tcrit

Tedge

f½ðMWLqLCoLÞ=lL�=ðT � TRÞgdT

þ
Z TR

Tcrit

f½ðMWLqLÞ=lL�=ðT � TRÞgdT�: ðA-4Þ

The second integral of the right-hand side of Eq. A-4 depends
only on how ql and ll vary with T for a given set of TR and Tcrit.
The first integral has a similar set of variables, but it contains CoL,
which in reality depends on how reservoir flow (convection and
diffusion/dispersion) and phase behavior interact with each other
at varying temperature beyond the chamber edge. However, CoL

is represented as a function of T in this research once the n expo-
nent is set in Eq. (8). Within this research, therefore, it is how qL,
lL, and CoL vary with T that affects UmIo, instead of how Um alters
the temperature distribution through Eq. (7). Once the tempera-
ture dependency of these parameters is set, the product of UmIo

is independent of Um.

Appendix B. Major assumptions and simplifications used in this
research

This appendix provides a list of the major assumptions and
simplifications made in this research. The following assumptions
are made for phase equilibrium calculations:

– Ternary mixture of water, single component bitumen, and
single component solvent.

– Local equilibrium along the chamber edge.
– No mutual solubility between water and hydrocarbon

components.
– A negligible pressure gradient inside the chamber.
– Raoult’s law for phase equilibrium.
– Three equilibrium phases (L, V and W) inside the chamber and

two equilibrium phases (L and W) outside the chamber.
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Fig. A1. Schematic of the 2-D cross section of the steam/steam–solvent chamber as an inverted triangle. The bottom vertex of triangle is attached to the production well. The
chamber velocity normal to its interface varies from zero at the bottom to a maximum, Um, at the top. Temperature and solvent distribution in the L phase beyond the
chamber edge are also plotted against the distance from the chamber edge.
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– No liquid–liquid separation of hydrocarbons.
– Negligible asphaltene precipitation.

The local equilibrium assumption is reasonable along the
chamber edge, according to Edmunds [16]. He described that
the vapor front would move only a few micro meters during
the time required for equilibrium of a water/solvent/bitumen
system.

The following major assumptions are made to approximate the
solvent and temperature distribution beyond the chamber
interface:

– Steam chamber has reached the top of the reservoir and is
expanding laterally. An inverted triangle is assumed as the
shape of the vertical cross section of the steam chamber, where
the producer well is located at the bottom vertex (see Fig. A1).
With this assumption, the chamber advance rate normal to the
interface varies from zero at the bottom to a maximum, Um, at
the top.

– Heat transfer is only directed normal to the edge of the cham-
ber. The heat transfer mechanism ahead of the chamber is
assumed 1-D, steady-state and due to conduction only; i.e.,
the convection term is neglected.

– Uniform and constant thermal properties are assumed for the
reservoir medium and fluids.

– A 1-D and simple approximation is used for solvent distribution
as given by Eq. (8).

The following assumptions are made in the development of the
Eq. (11) for oil production rate and Eq. (19) for oil drainage rate
ratio:

– Darcy’s law.
– Homogeneous and isotropic reservoir.
– Uniform and temperature- and composition-independent

relative permeability curves.
– No variation in the rock, fluid and rock-fluid properties along

the horizontal section of the wells.
– Identical fluids’ saturation distributions ahead of the chamber

edge for SAGD and all coinjection cases.
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