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Summary

Laboratory and field data, although limited in number, have
shown that steam/solvent coinjection can lead to a higher oil-pro-
duction rate, higher ultimate oil recovery, and lower steam/oil ra-
tio, compared with steam-only injection in steam-assisted gravity
drainage (SAGD). However, a critical question still remains unan-
swered: Under what circumstances can the previously mentioned
benefits be obtained when steam and solvent are coinjected? To
answer this question requires a detailed knowledge of the mecha-
nisms involved in coinjection and an application of this knowl-
edge to numerical simulation. Our earlier studies demonstrated
that the determining factors for improved oil-production rates are
relative positions with respect to the temperature and solvent
fronts, the steam and solvent contents of the chamber at its inter-
face with reservoir bitumen, and solvent-diluting effects on the
mobilized bitumen just ahead of the chamber edge. Then, the key
mechanisms for improved oil displacement are solvent propaga-
tion, solvent accumulation at the chamber edge, and phase
transition.

This paper deals with this unanswered question by providing
some key guidelines for selecting an optimum solvent and its con-
centration in coinjection of a single-component solvent with
steam. The optimization considers the oil-production rate, ulti-
mate oil recovery, and solvent retention in situ. Multiphase behav-
ior of water/hydrocarbon mixtures in the chamber is explained in
detail analytically and numerically. The proposed guidelines are
applied to simulation of the Senlac solvent-aided-process pilot
and the Long Lake expanding-solvent SAGD pilot.

Results show that an optimum volatility of solvent can be typi-
cally observed in terms of the oil-production rate for given opera-
tion conditions. This optimum volatility occurs as a result of the
balance between two factors affecting the oil mobility along the
chamber edge: reduction of the chamber-edge temperature and
superior dilution of oil in coinjection of more-volatile solvent
with steam. It is possible to maximize oil recovery and minimize
solvent retention in situ by controlling the concentration of a
given coinjection solvent. Beginning coinjection immediately af-
ter achieving interwell communication enables the enhancement
of oil recovery early in the process. Subsequently, the solvent
concentration should be gradually decreased until it becomes zero
for the final period of the coinjection. Simulation case studies
show the validity of the oil-recovery mechanisms described. In
the final section of the paper, a limited economic analysis of
SAGD and different coinjection cases is provided.

Introduction

Steam-assisted gravity drainage (SAGD) is the most-used method
for bitumen and heavy-oil recovery in western Canada (Butler
1997). In SAGD, high-quality steam is injected into the reservoir
through a horizontal injector and forms a steam chamber. The
heated bitumen and condensed water drain along the chamber
edge toward a horizontal producer, which is drilled a few meters
below the injector. Disadvantages of SAGD include high energy
demands and associated environmental costs.
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Coinjection of solvent with steam has been studied as a prom-
ising alternative to improve the efficiency of SAGD by taking
advantage of both heat and solvent-dilution effects on oil viscos-
ity. Coinjection has been studied under various commercial
names. Improved oil-production rates and lower steam/oil ratios
in coinjection have been reported in the literature (Nasr et al.
2003; Gates 2007; Ivory et al. 2008; Li et al. 2011a, b; Yazdani
et al. 2011); they include EnCana’s solvent-aided-process (SAP)
pilot in Senlac (Gupta et al. 2005; Gupta and Gittins 2006) and in
Christina Lake (Gupta and Gittins 2006) and Imperial Oil’s lig-
uid-addition-to-steam-enhanced-recovery pilot in Cold Lake
(Leaute 2002; Leaute and Carey 2005).

There also exist reports of incremental-oil recovery by coinjec-
tion compared with steam-only injection (Redford and McKay
1980; Li and Mamora 2010; Ardali et al. 2012a; Mohammadzadeh
et al. 2012; Jha et al. 2013). Keshavarz et al. (2014) explained the
detailed mechanisms responsible for the enhanced oil-production
rate and local-displacement efficiency in steam/solvent coinjection.

In addition to successful tests of coinjection, there have also
been less-successful results found; for example, Nexen’s expand-
ing-solvent SAGD (ES-SAGD) test in Long Lake in 2006 was
less encouraging than the pilot tests by EnCana and Imperial Oil
(Orr 2009; Orr et al. 2010). Suncor’s ES-SAGD project in the
Firebag area exhibited little improvement in the oil-production
rate (Orr 2009).

Coinjection of steam and solvent involves multiphase behavior
of solvent/water/bitumen mixtures and their interaction with noni-
sothermal flow under heterogeneities. Because of its complexity,
most of the studies on coinjection design in the literature focus on
selection of solvent and its concentration to improve the oil-pro-
duction rate under simplified reservoir conditions. Nevertheless,
there are various different proposals on these two design parame-
ters in the literature, and many of them are specific to the reservoir
or to experimental conditions. Different reservoirs, however,
should have different optimum sets of operation parameters for
successful coinjection. Thus, the main objective of this paper is to
propose systematic guidelines to optimize single-component sol-
vent and its concentration in terms of oil-production rate, ultimate
oil recovery, and solvent retention (or solvent losses) for given
reservoir conditions. To emphasize the diversity of prior proposals
and the importance of our research, a brief review of prior studies
on coinjection design is provided.

Nasr et al. (2003) considered that the condensation tempera-
tures of solvent and water should be similar to each other at the
operational pressure. The idea was to have solvent and steam con-
dense simultaneously near the chamber edge. This criterion has
been used in many studies, and C¢ or C; were pointed out as the
optimum solvent in most of these studies (Li and Mamora 2010;
Hosseininejad Mohebati et al. 2010; Li et al. 2011a; Yazdani
et al. 2011; Ardali et al. 2012a). A closer investigation of steam/
solvent-phase behavior by Dong (2012) showed that the criterion
of Nasr et al. (2003) does not result in simultaneous condensation
of water and solvent at the chamber edge.

In addition, solvents resulting in the highest drainage rates in
other studies are not always consistent with Nasr et al. (2003).
Redford and McKay (1980) investigated normal hydrocarbons
from methane to pentane and a number of commercial hydrocar-
bon blends as additives to low-pressure steam. They reported that
coinjection of heavier hydrocarbon blends resulted in improved
bitumen production from Athabasca oil sand, provided enough
light blends were also present. They properly made mention of
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Fig. 1—Example for solutions of Eq. 2 for a few different single-
component solvents at an injection pressure P;,. Dashed
curves are vapor pressures of water and a few solvent compo-
nents. The bold solid curve shows Py — Py, Where Pyeb s
the vapor pressure of water. The dot on the vapor-pressure
curve of each solvent represents the solution of Eq. 2 for L/V/W
equilibrium (T3,) when that solvent is coinjected with steam. T3,
corresponds to the chamber-edge temperature. Ti,; = injection
temperature.

the dependency of solvent selection on pressure/volume/tempera-
ture properties of the fluid system. Promising results from addi-
tion of heavy solvents to steam were also reported by Li et al.
(2011b). Results of Shu and Hartman (1988) showed that medium
solvents (such as naphtha) gave the best results in the total oil pro-
duction at a somewhat greater solvent loss. They observed little
improvement in oil recovery with heavy solvents (i.e., Cj5 20)-
Some studies indicated a superior performance of lighter sol-
vents. For example, Govind et al. (2008) reported an additional
improvement in the oil-production rate when C, is coinjected with
steam over that obtained from coinjection of Cs and heavier hydro-
carbons at the operating pressure of 4000 kPa. Ardali et al. (2010)
studied coinjection of n-alkenes from C; to C; with steam and con-
cluded that C, was suitable for coinjection at Cold Lake at the
operating pressure of 3400 kPa, and heavier solvents were suitable
for Athabasca reservoirs at the operating pressure of 2100 kPa.
Many proposals also exist for coinjection procedures with dif-
ferent concentrations of coinjected solvents (Gates and Chakrabarty
2008; Gates and Gutek 2008; Gupta and Gittins 2007a, b; Edmunds
et al. 2010; Jiang et al. 2012). Some of the research considered
how to minimize solvent retention in the reservoir (or solvent loss).
The diversity of these prior proposals indicates the need for a
systematic procedure for designing solvent and its injection proce-
dure. The next section describes the condensation behavior of
steam and solvent in coinjection with a SAGD-type well pattern,
which can significantly affect the oil-production rate. Then, selec-
tion of solvent is made mainly to optimize the oil-production rate.
An injection procedure for the selected solvent is also presented to
maximize ultimate oil recovery while minimizing both dynamic
and ultimate solvent retention in situ. Finally, case studies show
applications of the systematic procedure to two actual field cases:
EnCana’s SAP pilot in Senlac (Gupta et al. 2005; Gupta and Git-
tins 2006) and Nexen’s ES-SAGD pilot in Long Lake (Nexen
2007; Orr et al. 2010). The last section of the paper presents a lim-
ited economic analysis of SAGD and different coinjection cases.

Condensation Behavior of Steam and Solvent in
Coinjection

Coinjection can exhibit a chamber-edge temperature that is sub-
stantially lower than that in steam-assisted gravity drainage
(SAGD) (Keshavarz et al. 2014). Dong (2012) explained an
altered temperature distribution in coinjection by use of simplified
representation of binary phase behavior of water and a single-
component solvent. Because the oil drainage occurs along the
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chamber edge, reliable estimation of fluid properties at the cham-
ber edge is important in selecting an appropriate solvent to be
coinjected with steam.

This section presents an application of the analysis of Dong
(2012) for estimation of the chamber-edge temperature for a wide
variety of solvents and operating conditions. The estimations are
then compared with results from numerical flow simulations,
where some of the assumptions made in the estimation are relaxed.

Assumptions are made as follows: binary mixtures of water
and a single-component solvent; Raoult’s law for phase equilib-
rium; no mutual solubility between water and solvent; and a negli-
gible pressure gradient in the chamber. The phase-equilibrium
relation for component 7 can then be written as

P =yP,
where P! is the vapor pressure of component i, P is the system
pressure, y; is the mole fraction of component i in the gaseous
phase, and i is the component index (i.e., i = water, solvent). Eq. 1
is for the aqueous (W) and gaseous (V) phases for i of water, and
also for the oleic (L) and gaseous (V) phases for i of solvent. By

definition, Z[ y; =1.0, or Z[ yiP =P. By use of Eq. 1, we have
P=> P/
i

Vapor-pressure curves for the water and solvent compounds
can be expressed as functions of temperature by use of an equa-
tion of state or by correlations, such as Antoine’s correlation (Lin-
storm and Mallard 2011). Eq. 2 can then be solved for the
temperature for the L/V/W equilibrium (T3,) at a given pressure.
Once T3, is obtained, Eq. 1 gives the component mole fractions in
the V phase at that pressure and T3,. An example calculation is
given in Appendix A with C, as the solvent component.

T3, corresponds to the chamber-edge temperature for coinjec-
tion of steam and a certain solvent compound under consideration.
Ahead of the chamber edge, temperature is lower than T3, and
there exist two immiscible liquid phases (i.e., the L and W
phases). Inside the chamber, temperature is higher than T5,, and
the two equilibrium phases consist of either V and L or V and W,
depending on the overall composition. Details of relevant phase
diagrams can be found in Dong (2012). Note that bitumen is not
considered in the system here because of our first assumption: bi-
nary mixtures of water and a single-component solvent. As stated
by Dong (2012), the temperature and partial pressure of steam or
solvent at the chamber edge are independent of the initial concen-
tration of solvent in the injectant under the assumptions made.

Fig. 1 shows the solutions of Eq. 2 at an injection pressure Pjp;
for binaries of water and a few differg:nt hydrocarbons. T3, at Pjy
is where (Pj,; — Pyme,) intersects Pro . Fig. 2 summarizes the
T, solutions for different solvents at different injection pressures.
These plots should be interpreted only for temperatures higher
than the initial reservoir temperature. Coinjection of a more-vola-
tile solvent results in a lower temperature at the chamber edge.
Coinjection of a given solvent at a lower pressure gives a smaller
reduction in the chamber-edge temperature.

Fig. 3 shows the water-component mole fractions in the V
phase at the chamber edge for different solvents at different injec-
tion pressures. Gradual condensation of water in the chamber
causes the V phase to become richer in the solvent component.
Coinjection of a more-volatile solvent results in a lower concen-
tration of water in the V phase near the chamber edge. This is
because a more-volatile solvent has a higher K-value at a fixed P
and the corresponding T3, (i.e., Ksotvent= Prament/P=Ysolvent =
1.0—Yyater) under the assumptions made. This concentration pro-
file is not very sensitive to the injection pressure in Fig. 3. This is
also a direct result of the condensation behavior of the water and
solvent components, which is described by the vapor-pressure
curves in this simple phase-behavior model.

Some prior studies explained that reduction of the chamber-
edge temperature in coinjection occurs because of a reduced par-
tial pressure of water in the V phase (i.e., Ywaer < 1.0). However,
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Fig. 2—Chamber-edge temperatures estimated by use of Eq. 2
for single-component solvents from C, through C,, for injection
pressures of 2.0, 3.0, and 4.0 MPa. The horizontal asymptote of
each curve is shown by a dashed line, which is the chamber-
edge temperature for steam-only injection at that pressure. The
vertical distance between each data point and its respective
horizontal asymptote is the temperature reduction at the cham-
ber edge with respect to steam-saturation temperature at P;,;.
This reduction is more severe as the solvent becomes more
volatile for a given injection pressure and as the injection pres-
sure increases for a given single-component solvent. The plots
are used for temperatures greater than the original reservoir
temperature.

the most fundamental reason is the deviation of T3, from the
steam temperature at a given injection pressure, as shown in the
sequential solution of Egs. 1 and 2 and in Fig. 1.

Some of the assumptions made earlier are invalid for many
practical applications. The STARS simulator (CMG 2011) is used
to see how the assumptions, especially our first two assumptions,
can affect the accuracy of the chamber-edge-temperature estima-
tion based on Dong (2012).

A 2D homogeneous reservoir of 70.0x37.5x20.0 m with grav-
ity is considered, with a uniform gridblock size of 1.0x37.5x1.0
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Fig. 3—Water mole fraction in the V phase at the chamber edge
for coinjection of a single-component solvent and steam. Dots
are solutions of Eq. 1 after solving Eq. 2 for T;,. Coinjection of
a more-volatile solvent results in a lower concentration of water
in the V phase near the chamber edge.

m. The injector and producer are at the left boundary at depths of
16 and 20 m from the top, respectively (i.e., only one-half of a
steam chamber is simulated in this section). Reservoir/fluid prop-
erties used are presented in Table 1. Capillarity and physical dif-
fusion/dispersion are not considered in this research.

A typical viscosity-vs.-temperature relation for Athabasca bi-
tumen is estimated by use of Eq. 3 (Mehrotra and Svrcek 1986):

Inu = exp(A + BInT),

where p is bitumen viscosity in cp and 7 is the absolute tempera-
ture in Kelvin. The constants used, A and B, are 22.8515 and
—3.5784, respectively. The bitumen considered here is a dead oil
(i.e., only solvent and water can exist in the V phase). Fluid-phase
behavior is represented by use of constant-K flash with the Rach-
ford and Rice equations (Rachford and Rice 1952). Tabulated K-

Properties Values
Porosity 33%
Horizontal permeability 4,000 md
Vertical permeability 3,000 md
Initial reservoir pressure at depth of 500 m 1500 kPa
Initial reservoir temperature 13°C
Initial oil saturation 0.75
Initial water saturation 0.25
Residual oil saturation 0.13
Three-phase relative permeability model (CMG 2011) Stone’s Model Il
Formation compressibility 1.8E-5 1/kPa

Rock heat capacity (Butler 1997)
Rock thermal conductivity (Butler 1997)
Over-underburden heat capacity (Butler 1997)

Over-underburden thermal conductivity (Butler 1997)

Bitumen thermal conductivity (Butler 1997)
Gas thermal conductivity (Yazdani et al. 2011)
Water thermal conductivity

Bitumen molecular weight (Mehrotra and Svrcek 1987)
Bitumen specific gravity (Mehrotra and Svrcek 1987)

Injector bottomhole pressure (maximum)
Producer bottomhole pressure (minimum)
Producer steam-flow rate (maximum)
Steam quality

2600 kJ/m*°C
660 kJ/m-d °C
2600 kJ/m®°C
660 kJ/m-d °C
11.5 kJ/m-d °C
2.89 kJ/m-d °C
1500 kJ/m-d °C
594.6 kg/kg-mole
1.077
2730 kPa
1500 kPa
1 m3 (CWE)/d
0.9

Table 1—Reservoir and fluid properties used in numerical simulations.
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Fig. 4—Effect of grid refinement on the results of Cs/steam-
coinjection simulation. (a) Solvent distribution in the L phase
beyond the chamber edge after 10 months; (b) bitumen-recov-
ery factor. Gridblock length in the i-direction is reduced from 1
m in the original case to 0.1 m in the refined case. Also, the
length of the reservoir model is reduced to 10 m for both cases
to reduce the simulation time. (a) The length scale of the sol-
vent/bitumen-mixing zone is approximately 1 m, which is con-
siderably greater than that predicted by considering molecular
diffusion alone. This region becomes even thicker as the cham-
ber grows with further solvent accumulation. (b) The effect of
grid refinement is insignificant on oil recovery in this case.

values are generated by performing a series of flash calculations
by use of the Peng-Robinson equation of state (Peng and Robin-
son 1976) with the van der Waals mixing rules for hydrocarbons.
Raoult’s law is used for K-values for the water component. Possi-
bilities of mutual solubility of water and hydrocarbons and asphal-
tene precipitation are not considered in this study.

Well constraints are given in Table 1. The injected steam has a
quality of 0.9 and temperature of 228.7°C. Preheating of the reser-
voir is performed for 6 months. Simulations are performed for
steam-only injection and steam/solvent coinjection with different
single-component solvents from C; to Cg for 5 years. The solvent
concentration in the injection stream is 2 mol% in all cases unless
otherwise stated.

The solvent condensed at the chamber edge is mixed with res-
ervoir-oil components in the L phase. The reservoir mixing is
caused by molecular diffusion and is enhanced by spreading
mechanisms with convection, as discussed by Garmeh and Johns
(2010) and Adepoju et al. (2013). In steam/solvent coinjection,
this convection is mainly the gravity drainage along the chamber
edge. The transverse dispersion associated with the gravity drain-
age is likely the main driving force for spatial distribution of con-
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Fig. 5—Variations of temperature and the V-phase saturation
simulated along the sixth row from the top of the reservoir
model at 2 years. The C4- and Cg-coinjection cases are shown
in (a) and (b), respectively. The chamber edge is defined where
the V-phase saturation becomes zero on the phase transition
between three and two phases. The temperature in the grid-
block just before the gridblocks without the V phase is consid-
ered to be the chamber-edge temperature. The chamber-edge
temperature is 122°C in (a), where C, is coinjected with steam at
2730 kPa, and it is 207°C in (b), where Cg is coinjected with
steam at 2730 kPa.

densed solvent beyond the chamber edge. This transverse
dispersion could make the length scale of the solvent/bitumen
mixing zone several orders of magnitude greater than that of the
molecular diffusion. Gupta and Gittins (2012) have also reported
that a larger mixing zone of solvent and bitumen should be con-
sidered around the chamber interface to explain the results
obtained from field application and numerical simulations of coin-
jection. To see the effect of the number of i-direction gridblocks
on Cs-coinjection simulation, Fig. 4 gives Cs concentrations
beyond the chamber edge and oil recoveries for the two cases:
one with the i-direction gridblock length of 1.0 m (the base case)
and the other with 0.1 m. Considering the small differences in
simulation results, it is concluded that the original reservoir gridd-
ing (the base case) is appropriate for the current simulation stud-
ies. Proper modeling of component mixing near the chamber edge
is an important technical issue to be resolved. However, this is
beyond the scope of this paper.

Fig. 5 presents variations of temperature and the V-phase satu-
ration simulated along the sixth row from the top of the reservoir
model at 2 years for the C4- and Cg-coinjection cases, respec-
tively. The chamber edge is defined where the V-phase saturation
becomes zero on the phase transition between three and two
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Fig. 8—Water molar fluxes in steam-only injection and the C,/
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the reservoir. Horizontal axis shows the distance from the left
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of the reservoir model. Arrows represent the direction and the
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effect becomes more pronounced as the coinjected solvent
becomes more volatile.
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Fig. 7—Comparison of numerical-simulation results and esti-
mations from Eq. 1 for the water mole fraction in the V phase at
the chamber edge. C, is the coinjected solvent. Results are pre-
sented for different rows of the reservoir model at 1 and 2
years.

phases. The chamber-edge temperature is 85°C lower for the Cy-
coinjection case than for the Cg-coinjection case. Fig. 5a also
indicates that condensation of water starts deep inside the
chamber.

Fig. 6 compares the chamber-edge temperatures estimated
from Eq. 2 and those from simulation for coinjection of C, and
steam. The estimation from Eq. 2 gives an error range of =15°C,
compared with the simulation results. Fig. 7 presents a similar
comparison for the water mole fractions in the V phase at the
chamber edge. The accuracy of the component mole fractions cal-
culated from Eq. 1 is affected by an error in estimation of the
chamber-edge temperature. Fig. 7 shows that Eq. 1 systematically
underestimates the water mole fractions in the V phase at the
chamber edge for the case studied. The deviations observed in
Figs. 6 and 7 indicate that the mutual solubility between the dead
oil and solvent and fluids’ nonidealities can affect physical prop-
erties at the chamber edge and oil-recovery predictions in
coinjection.

Fig. 8 presents the water molar fluxes in steam-only injection
and the C,/steam coinjection. Arrows represent the direction and
the magnitude of water molar fluxes. Note that lengths of arrows
cannot be compared among different cases because they have dif-
ferent scales. The effect of gravity on the water flux comes mainly
from the condensed W phase; thus, downward fluxes in the C4
coinjection in Fig. 8a indicate that a greater fraction of the water-
component flux comes from the W phase compared with SAGD.
This effect is more pronounced for lighter solvents, for which less
energy is transported to the chamber edge by steam.

Our first assumption, binary mixtures of water and a single-
component solvent, leads to a simplification that only water and
the single-component solvent can exist in the V phase. This will
be invalid when multicomponent solvent is considered and when
some components in the reservoir oil can be present in the V phase
at high concentrations.

Solvent Selection

Coinjection attempts to enhance the oil-production rate through
two main measures: heat and dilution of oil with solvent. As dis-
cussed previously, coinjection of a more-volatile solvent tends to
result in a lower temperature and steam availability in the vicinity
of the chamber edge for given operating conditions. A less-vola-
tile solvent, however, results in a more-viscous mixture when
mixed with bitumen at a given mixing ratio at a temperature and
pressure. Thus, an optimum volatility of solvent is expected to
exist in terms of the oil-production rate for given operating
conditions.
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Fig. 9—Oil recoveries for the steam-only injection and coinjec-
tion cases with a well-pair spacing of 140 m. Solvent production
is excluded in the oil-recovery calculation. Reservoir and fluid
properties used are given in Table 1. The solvent concentration
in the coinjection stream is 2.0 mol%. The higher ultimate re-
covery in the Cy/steam coinjection results from the better oil-
displacement efficiency (i.e., a lower average S,) by the end of
the project. However, the C,/steam coinjection exhibits slower
chamber propagation than the Cs-, Cg-, and Cg-coinjection
cases in the early stage.

In this section, simple simulations of coinjection are per-
formed with different single-component solvents to determine
whether such an optimum solvent volatility can be observed. Res-
ervoir properties used are the same as in the preceding section.
The following mixing rule is used in the simulations to estimate
the viscosity of phase j (1)

Ne
1Ilﬂl- = injln.uijv
i=1

where N¢ is the number of components, x;; is the mole fraction of
component i in phase j, and p; is the viscosity of component 7 in
phase j.

Fig. 9 shows oil recoveries simulated with different solvents.
The amount of produced solvent is excluded in the calculation of
the oil-production rate. Fig. 10 shows the average oil-production
rates from one-half of the chamber in these cases. The average
production rate is calculated for the first 2.5 years, when reser-
voir-boundary effects on chamber propagation are insignificant.
Most of the coinjection cases result in higher average production
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Steam-only-injection average-production rate
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2 3 4 5 6 7 8 9

Carbon Number of Coinjected Solvent

Average Bitumen-Drainage Rate (std m3/year)

Fig. 11—Average bitumen-production rates for the first 6 years
of the projects when a well-pair spacing of 280 m is used.
Results represent one-half of the chamber. All simulation cases
show a reduction in oil-production rate compared with Fig. 10.
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Fig. 10—Average bitumen-production rates for the first 2.5
years in Fig. 8. Results correspond to one-half of the chamber
only. The bitumen-production rate is affected by coupled
effects of heat and solvent dilution on the mobility of the drain-
ing L phase near the chamber edge. The breakover point in this
figure occurs when these two effects find a balance. The aver-
age production rate for steam-only injection is shown with a
horizontal line.

rates for the first 2.5 years than steam-only injection, but coinjec-
tion of C; yields no improvement in the average production rate.

The cutoff time in Fig. 10 is approximately 20 months after
the steam-assisted-gravity-drainage (SAGD) chamber reaches the
boundary of the reservoir. For greater well-pair spacing, the aver-
aging may be performed over a longer period of time. Fig. 11
presents the average bitumen-drainage rates during the first 6
years of the project when a well-pair spacing of 280 m is used.
The average production rates in all cases are lower than those in
Fig. 10. This is mainly because a larger width/height ratio of the
chamber used to generate Fig. 11 makes the resulting average
drainage rate lower. Also, there is an improvement observed in
the relative performance of Cs/steam coinjection with respect to
SAGD. Its cumulative oil production overtakes that of SAGD in
the second half of the project time. This is mainly because a larger
fraction of the chamber exhibits the enhanced displacement effi-
ciency when larger well-pair spacing is used.

The average bitumen-production rate increases as the coin-
jected solvent becomes less volatile up to Ce. This is because of
the combined effects of temperature, the solubility of solvent in
oil, and the solvent-diluting capability on the mobilization of the
draining L phase. The solubility of solvent in the L phase at the
chamber edge was not discussed in the preceding section because
the presence of bitumen was neglected. A discussion is presented
here to interpret the simulation results.

At a fixed pressure and temperature, a higher solubility in the L
phase is expected for a heavier solvent. However, the average
chamber-edge temperature becomes higher as the solvent becomes
heavier. This is beneficial for viscosity reduction and transverse
mixing of solvent and bitumen, but it adversely affects the solubil-
ity of the solvent in the L phase. When the less-effective dilution
characteristics of the heavier solvents are also taken into account,
the use of heavier solvents can negatively affect the production
rate.

To further clarify this point, the Cg/steam-coinjection and Cg/
steam-coinjection cases are considered. They result in the average
chamber-edge temperatures of 180 and 200°C, respectively,
according to the numerical-simulation results. This temperature
difference causes only a few centipoises of difference in the bitu-
men viscosity; however, it causes the average concentration of Cg
in the L phase to be lower than that of Cg (Cg and Cg mole frac-
tions in the L phase are approximately 0.94 and 0.89, respectively,
at their corresponding chamber-edge temperature and pressure).
In addition, the viscosity of Cg is greater than that of Cgy at their
respective chamber-edge temperatures. Considering significant
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Fig. 12—Profiles of the L-phase viscosities in the 12th row of
the reservoir model at 1.5 years. The main portion of oil drain-
age occurs within a few meters of the chamber edge. Thus, the
L-phase viscosity in this region has a significant effect on the
drainage rate. Solvent-dilution effects cannot offset the nega-
tive effects of a lowered temperature at the chamber edge for
the C;-coinjection case. The L-phase viscosity right ahead of
the chamber edge is higher in Cz/steam coinjection compared
with that in steam-only injection.

accumulation of solvent in the L phase in this region, a higher vis-
cosity of this phase can occur for coinjection of Cg, compared
with that of C¢ (Fig. 12). This results in the breakover point in
Fig. 10.

The low oil-production rate in the Cs-coinjection case is
mainly because the temperature near the chamber edge is much
lower than that in the steam-only injection case. The chamber-
edge temperature estimated from the preceding section is 72°C
for the Cs-coinjection case. The reservoir oil and C3 have viscos-
ities of approximately 1,060 cp and 0.09 cp at this temperature,
respectively. In the steam-only injection case, however, the cham-
ber-edge temperature is 228°C, at which the oil viscosity is only 6
cp. The mixing of solvent and bitumen beyond the chamber edge
can depend significantly on the viscosity of bitumen. The mixing
zone beyond the chamber edge will be thinner on average for
cases with lower chamber-edge temperatures. Thus, depending on
temperature and solvent distributions ahead of the chamber, it is
highly conceivable that the L phase in the Cs-coinjection case
becomes more viscous than that in steam-only injection (Fig. 12).
This effect will be more severe if lighter solvents (such as C, and
C,) are coinjected with steam, as reported in literature (Jiang et al.
1998; Canbolat and Akin 2002; Hosseininejad Mohebati et al.
2010; Li et al. 2011a). Coinjection of noncondensable gases with
steam into a bitumen reservoir can lead to slow chamber
propagation.

Fig. 10 indicates a simple way to find an optimum volatility
range of coinjection solvent in terms of the bitumen-production
rate. An optimum solvent in this type of figure will occur when
the effects of heating and solvent dilution on oil viscosity find a
balance. Although it is not our objective to single out a specific
solvent as an optimum, Fig. 10 indicates that solvents lighter than
C, and heavier than Cg are not recommended in terms of oil-pro-
duction rates for the simple simulation case studied here.

Reliable selection of an optimum solvent in terms of the bitu-
men-production rate also requires accurate prediction of viscos-
ities for bitumen/solvent mixtures at different temperatures,
which in itself is a technical issue to be addressed. Also, diffusion
and dispersion in the L phase can affect the viscosity profile of the
L phase near the chamber edge. The bitumen studied here is a
dead oil with no initial gas/oil ratio. Nonzero initial gas/oil ratio
will also shift the breakover point in Fig. 10 because of a lower bi-
tumen viscosity at the initial conditions and altered equilibrium
conditions at the chamber edge, both of which affect the drainage
rate of the L phase. The reservoir thickness is another factor that
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Fig. 13—Comparison of cumulative oil production for steam-
only injection and Cs/steam coinjection with different molar
concentrations. Results correspond to one-half of the chamber.
Increasing the concentration of solvent in the injectant
improves oil-production rate.

may affect the efficiency of the process. The cumulative steam/oil
ratio of the Cs-coinjection case increases from approximately 2.5
to more than 3.0 when the reservoir thickness is reduced from 20
to 15 m. Sensitivity of the oil-production rate to these additional
factors should be considered. Nevertheless, the simple procedure
presented here and in Fig. 10 captures the primary effects on the
oil mobility in coinjection, and can be extended to other cases
considering additional engineering factors.

Design of Solvent Concentration

Coinjection of steam and solvent can achieve oil saturations lower
than the residual saturation in the chamber (Redford and McKay
1980; Nasr and Ayodele 2006; Li and Mamora 2010; Ardali et al.
2012a; Mohammadzadeh et al. 2012; Jha et al. 2013). Keshavarz
et al. (2014) showed that the oil-saturation reduction results
mainly from two processes: solvent accumulation in the L phase
at the chamber edge and phase transition at the chamber edge
between the W/L equilibrium and the W/L/V equilibrium. The sol-
vent accumulation lowers the oil-component concentrations. The
diluted oil is then redistributed in the V and L phases in the pres-
ence of the W phase on the phase transition. The equilibrium L
phase contains a fair amount of oil components; however, the
amount of the L phase can be significantly small, resulting in low
oil saturations in the coinjection chamber.

Accumulation of coinjected solvent occurs because of a higher
solvent-injection rate than its drainage rate. This section shows
that it is possible to maximize oil recovery and minimize solvent
retention in situ by controlling the concentration of a given coin-
jection solvent. The simulation case discussed in the previous sec-
tions, with Cs as a coinjection solvent, is used in this section.

Fig. 13 compares oil-recovery predictions for different con-
centrations of Cs in the injectant. The concentration is constant
with time for each simulation case. As the solvent concentration
increases, the oil-production rate and oil recovery are both further
improved, compared with the steam-only injection case. The use
of a higher solvent concentration expedites the accumulation of
solvent outside the chamber edge, and oil recovery can be
enhanced earlier in the process. Thus, a greater portion of the
swept area, including regions closer to the well pair, can exhibit
lowered oil saturation compared with the steam-only injection
case. A secondary effect of a thicker solvent-rich bank ahead of
the chamber edge is a slight improvement in the bitumen-drainage
rate.

Fig. 14 shows distributions of the solvent-rich bank at the
chamber edge, the L-phase saturation inside the chamber, and the
temperature for 1 mol% and 8 mol% Cs coinjections. Fig. 14 con-
firms that a higher concentration of solvent in the injectant pro-
motes solvent accumulation in the L phase just ahead of the
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(a) Distributions of the L phase saturation in C,-steam coinjection at 1 year; Left: C, concentration of 1 mol%, Right: C, concentration of 8 mol%.
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(b) Distributions of the Cs mole fraction in the L phase for C,-steam coinjection at 1 year; Left: C, concentration of 1 mol%, Right: C; concentration
of 8 mol%. The higher C, concentration gives a thicker region of solvent accumulation near the chamber edge.
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c) Distributions of temperature at 1 year; Left: C, concentration of 1 mol%, Right: C. concentration of 8 mol%.
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(d) Distributions of the L phase saturation in C,-steam coinjection at 2 years; Left: C, concentration of 1 mol%, Right: C, concentration of
8 mol%. Regions in red indicate enhanced local displacement efficiency with the L phase saturations below S,,. Local displacement

efficiency is improved in the near-well region for the higher concentratio

n case. The reason for the displacement efficiency not being

improved in the small region at the top corner edge of chamber is that temperature has not risen up sufficiently because of accumulation of

solvent in this region.

Fig. 14—Distributions of the L-phase saturation, solvent (Cs) mole fraction in the L phase, and temperature in solvent/steam-coin-

jection simulations at 1 and 2 years.

chamber edge. This results in improved local-displacement effi-
ciency in the region closer to the well pair and a thicker solvent-
rich bank during the process.

In practice, it would not be feasible to coinject a solvent at a
high concentration throughout the project period. Results of nu-
merical simulations indicate that use of a higher solvent concen-
tration in the injectant results in a larger amount of solvent
retention for a given oil recovery. Solvent retention at a given
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time is defined as the standard volume of solvent injected minus
the standard volume of solvent produced. A solvent concentration
of 16 mol% resulted in a cumulative volume of solvent injection
approximately four times the cumulative oil production by the
end of the process. The injected solvent can be partially recovered
as the hot emulsion and gas produced. The recovered solvent may
be used for reinjection or to enhance the flow of the sale oil at
lower temperatures in pipelines. Simulations showed that the
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(e) Distributions of the C; mole fraction in the L phase for C,-steam coinjection at 2 years; Left: Cs concentration of 1 mol%, Right: Cs concentration
of 8 mol%. Continuous coinjection of a high-concentration solvent results in an unfavorably thick region of solvent accumulation. This can lead
to a significant amount of solvent being trapped near the chamber edge by the end of process.
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Fig. 14 (continued)—Distributions of the L-phase saturation, solvent (Cs) mole fraction in the L phase, and temperature in solvent/

steam-coinjection simulations at 1 and 2 years.

volume of solvent retention can be as much as 20% of the cumula-
tive bitumen production for continuous coinjection of a fixed sol-
vent concentration.

Retention of solvent inside the reservoir mainly occurs in three
places: Place 1, which is the V phase inside the chamber; Place 2,
which is the L phase inside the chamber and at the chamber edge;
and Place 3, which is the L phase in the unswept region. Solvent
retention in Place 2 can be efficiently minimized by maximizing
oil recovery. Solvent retention in Place 1 can be significant,
depending on reservoir conditions and the solvent coinjected, as is
shown in the simulation case for Senlac SAP pilot in the next sec-
tion. The molar density of the V phase is smaller than that of the L
phase. However, the L-phase saturation can be much lower than
S, in the regions where displacement efficiency is enhanced as a
result of solvent re-evaporation (Keshavarz 2013; Keshavarz et al.
2014). Thus, in the case of volatile-solvent coinjection with
steam, solvent retention in the V phase can be more significant
than that in L phase (e.g., more than 90 mol% of the total solvent
was observed in the vapor phase at gridblocks in the chamber for
the Cj-coinjection case). Solvent retention in Place 3 can occur
because of diffusion and dispersion of solvent through the L
phase, which is difficult to model accurately in the conventional
finite-difference simulation. In this section, our focus is on maxi-
mizing oil recovery while minimizing the solvent loss in Place 2
by controlling the concentration of solvent in the injectant.

A thicker solvent-rich bank is beneficial for oil recovery, but
the main portion of oil drainage occurs within a few meters of the
chamber edge, where both heat and solvent-dilution effects con-
tribute (Keshavarz et al. 2014) (Fig. 12). Also, accumulation of
solvent in the V phase in the chamber lowers the temperature
there, as explained in the Condensation Behavior of Steam and
Solvent in Coinjection section. That is, solvent accumulation
early in the process is beneficial, but a very-thick region of sol-
vent accumulation in the L and V phases is unfavorable later in
the process.

The following coinjection procedure is tested:

e Step 1: Start coinjection of solvent with a high solvent con-

centration after the thermal communication between the
wells is established.
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e Step 2: Gradually decrease the solvent concentration in the
injectant to avoid a very thick solvent-rich region in situ.

e Step 3: Inject only steam for the final period of the process
(e.g., when the chamber reaches the outer boundary for the
well pair).

Beginning coinjection with a high solvent concentration in
Step 1 expedites accumulation of solvent near the chamber edge
early in the process. This contributes to higher oil recovery
because of enhanced local-displacement efficiency. A declining
trend of the solvent concentration in Step 2 is to control the thick-
ness of the solvent-rich bank near the chamber edge when the
chamber is laterally expanding. Termination of solvent coinjec-
tion in Step 3 is to prevent the accumulated solvent from being
trapped in the L phase along the chamber edge.

Fig. 15 compares the injection and production volumes of Cs
in coinjection simulations by use of two different injection proce-
dures. One is to coinject Cs at a constant concentration of 2 mol%
in the injectant throughout the entire process. The other is to vary
the solvent concentration in the injectant in a stepwise manner
(Fig. 16). The variable-concentration case results in 58% less vol-
ume of Cs retention in situ at 5 years.

Fig. 17 shows the volumes of Cs left in the reservoir and the
L-phase-saturation distributions after 5 years of operation for the
two cases. The variable-concentration case achieves enhanced-
displacement efficiency in the chamber and reduces solvent re-
tention at the end of the process. The constant-concentration case
yields significant accumulation of Cs near the outer boundary at
the end of the process. Results show that the L phase in this
region consists of almost 100% Cs. The cumulative oil produc-
tion at 5 years is 10 147 std m® from one-half of the chamber in
the constant-concentration case, and 9995 std m? for the variable-
concentration case. The solvent retention at 5 years is 1293 std
m® for the constant-concentration case and 533 std m? for the
variable-concentration case. The variable-concentration case
results in improved local-displacement efficiency in the swept
region, but its swept region is smaller at 5 years. This is why the
variable-concentration case results in 1.3% lower ultimate recov-
ery of bitumen, which is worth a fraction of the improved Cs
recovery.
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Fig. 15—Injection and production volumes of Cs in coinjection
simulations by use of two different injection procedures.
Results correspond to one-half of the chamber. The solid line
corresponds to the modified coinjection procedure given in the
Design of Solvent Concentration section. The dashed line corre-
sponds to a constant solvent concentration of 2.0 mol%. Solvent
recovery is improved from 75.5% in the constant-concentration
case to 89.2% in the modified coinjection procedure.

Simulation Case Studies

This section investigates two coinjection pilots: the Senlac sol-
vent-aided-process (SAP) pilot by EnCana and the Long Lake
expanding-solvent steam-assisted-gravity-drainage (ES-SAGD)

Time (years)

Fig. 16—Variation of the solvent concentration in the injectant
during the modified coinjection procedure. Cs is used as the sol-
vent. Coinjection begins with a high solvent concentration after
interwell thermal communication is established. Coinjection is
continued with a declining trend of the solvent concentration
and is terminated at 2.6 years, when the chamber reaches the lat-
eral boundary for the well pair.

pilot by Nexen. It is indicated in the literature that the results of
the former were more encouraging than those of the latter. The
main objective here is to clarify the reasons for these mixed
results on the basis of the limited information available in the lit-
erature. It is also discussed whether any further improvements
could have been made for these pilots.
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Fig. 177—Volumes of Cs left in the reservoir and the L-phase-saturation distributions after 5 years of operation for the two injection
procedures: one with a constant Cs concentration of 2.0 mol% and the other with a variable Cs concentration. Results are pre-
sented for one-half of the chamber only. Red regions in the L-phase-saturation distributions show enhanced local-displacement ef-
ficiency. The variable-concentration case can enhance local-displacement efficiency in a wider region.
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Properties Values
Porosity (Boyle et al. 2003) 33%
Horizontal permeability (Boyle et al. 2003) 8,000 md
Vertical permeability (Boyle et al. 2003) 7,000 md
Initial reservoir pressure at depth of 500 (Boyle et al. 2003) 5200 kPa
Initial reservoir temperature (Boyle et al. 2003) 29°C
Initial oil saturation (Boyle et al. 2003) 0.85
Initial water saturation (Boyle et al. 2003) 0.15
Residual oil saturation 0.13
Irreducible water saturation 0.15
Three-phase relative permeability model (CMG 2011) Stone’s Model Il
Total pay thickness (Boyle et al. 2003) 16 m
Oil density (Boyle et al. 2003) 985 kg/m®
Minimum subcool (Gupta et al. 2003) 25°C
Injector bottomhole pressure (maximum) 5250 kPa
Maximum injection rate (includes steam and solvent) 800 t/d
Producer bottomhole pressure (minimum) 5000 kPa
Injection temperature (Gupta et al. 2003) 260°C
Steam quality 0.9

Table 2—Reservoir and fluid data for simulation of Senlac SAP pilot at a depth of 750 m.

Senlac SAP Pilot. EnCana’s Senlac SAP pilot was successfully
conducted in 2002 at 100 km southeast of Lloydminster, Alberta.
The entire project consisted of three phases: Phases A, B, and C.
Phase C had two well pairs, C1 and C2, with a horizontal section
of 750 m and an interwell-pair spacing of 120 m. A short period
of SAP was tested for the Well C1 pair (Boyle et al. 2003). The
reservoir oil in this project is not an extraheavy oil, and its viscos-
ity exhibits less sensitivity to temperature than typical bitumen
viscosity.

Preheating was performed for approximately 2 months as
described in Boyle et al. (2003). After 7 months of SAGD, the
SAP pilot began in January 2002 with coinjection of a small
amount of C, with steam with no significant change in the opera-
tional conditions. Gupta et al. (2005) reported a significant
increase in the bitumen-production rate from an avera§e of 302
m’/d (1,900 B/D) during SAGD to an average of 477 m>/d (3,000
B/D) during the SAP pilot. Also, the steam/oil ratio (SOR)
decreased from an average of 2.6 to 1.6 for the same periods.

History matching is conducted for the bitumen-production rate
and the SOR for the periods of SAGD and SAP by use of the
STARS simulator (CMG 2011). Reservoir/fluid properties and
recurrent data are taken from Boyle et al. (2003) and Gupta et al.
(2003), as listed in Table 2. The dimensions of the reservoir
model are 120, 750, and 16 m in the x-, y-, and z-direction, respec-
tively. A uniform gridblock size of 2x750x1 m is used. The res-
ervoir oil is assumed to be a dead oil. Phase-equilibrium
calculations are conducted on the basis of K-values tabulated
before the simulation. The K-values are generated by use of the
Peng and Robinson (1976) equation of state for hydrocarbon com-
ponents and by use of Raoult’s law for the water component.

Temperature (°C) Viscosity (cp)

0 104,330
60 396.85
120 23.28
180 4.77
240 1.84
300 1.00

Table 3—Viscosity/temperature behavior for simulation of Senlac
SAP pilot.
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Adjustments are made on the oil-viscosity/temperature rela-
tion, permeabilities in the horizontal and vertical directions, and
the solvent concentration in the injectant for SAP. The oil viscos-
ity was reported to be 5,000 cp at reservoir conditions (Boyle
et al. 2003). The model of Pedersen and Fredenslund (1987), as
implemented in the WinProp software (CMG 2011), was used to
match this viscosity and to predict the viscosity/temperature
behavior of the oil. Table 3 shows the adjusted oil viscosity. The
permeability of the reservoir was reported to be 5-10 darcies
(Boyle et al. 2003). The best matching results were obtained when
the horizontal and vertical permeabilities were set to 8 and 7 dar-
cies, respectively.

A fixed concentration of 15% (on the mass basis) of C, is
selected to match data for the SAP period. Simulation results after
history matching are presented in Fig. 18, along with data taken
from the literature. Reasonable agreements can be observed for
the oil-production rate and the SOR between data and simulations.
Simulations also exhibited that coinjection of C, and steam can
significantly increase the production rate from an average of
1,900 to 3,000 B/D, as reported by Gupta et al. (2005). Because of
the scarcity of the field data available, no further adjustment of
parameters is conducted for the discussion here.

Then, other solvents are tested on the basis of the previously
discussed simulation model. The solvent C,4 for the SAP period is
replaced with Cs, Cs, or Cg. The molar concentration of solvent is
fixed at 5.2%, which is equivalent to 15% of C, on the mass basis
in the original SAP case. It is assumed that all coinjections,
including the C, case, are continued for approximately 3 years af-
ter the beginning of the SAP pilot on 24 January 2002. Fig. 19
presents the average oil-production rates for different solvents af-
ter 12 months of coinjection (i.e., the SAGD period is not
included in calculation of the average production rate). The origi-
nal solvent selection of C,4 corresponds to the breakover point in
Fig. 19, resulting in the highest average oil-production rate. The
optimum volatility of coinjection solvent is shifted to the more-
volatile side, compared with the case of Athabasca bitumen. This
is likely because of the lower sensitivity of the Senlac reservoir-
oil viscosity to temperature than that of the Athabasca bitumen at
the operating conditions considered in this study.

Now two scenarios are compared: Scenario 1 is the original
operation in the Senlac SAP pilot, and Scenario 2 uses the modi-
fied injection procedure presented in the previous section. The
two scenarios use C, as the coinjected solvent. In Scenario 1, sol-
vent coinjection is started after the peak-production rate is
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Fig. 18—Field data and results of simulation history matching
for Well Pair C1 in the Senlac SAP project in 2002: (a) the bitu-
men-production rate and (b) the instantaneous SOR. Scattered
points are field data reported by Gupta et al. (2005). The period
before the SAP test is shaded. The dotted line shows the
expected trend of the SAGD performance without SAP. The oil-
production rate is reported in B/D for simplicity of comparison
with results reported by Gupta et al. The average SOR values
for the SAGD period from the pilot and simulation data are 2.6
and 3.2, respectively. These values reduce to 1.6 and 1.8 during
the coinjection period, respectively.

achieved in SAGD, and is stopped shortly after the oil-production
rate starts decreasing (Gupta and Gittins 2006). Thus, coinjection
starts at 24 January 2002 with a C, concentration of 5.2 mol%,
and continues until 1 April 2002. After that, steam is the only
injectant until January 2006. In Scenario 2, coinjection starts with
a C,4 concentration of 5.2 mol% immediately after thermal com-
munication is achieved between the wells. The C, concentration
is then gradually decreased until it becomes zero after 1 year of
coinjection.

Fig. 20 compares the two scenarios in terms of the oil-produc-
tion history and the L-phase-saturation distribution at the end of
the process. Scenario 2 results in approximately 5.4% additional
oil recovery than Scenario 1 by the end of the simulations. Sce-
nario 2 exhibits enhanced oil displacement (i.e., S, <S,,) in a
wider portion of the reservoir. This is because of earlier accumu-
lation of the solvent near the chamber edge, which is a key
requirement for enhanced oil displacement (Keshavarz et al.
2014). These results indicate that it is beneficial to achieve solvent
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Fig. 19—The average oil-production rates after 12 months of
SAP in simulations with different single-component solvents.
The SAGD period is not considered in calculation of the aver-
age rates. The average oil-production rate for steam-only injec-
tion is shown with a horizontal line. The breakover point occurs
at C4, where there is an optimum balance between the heat-
transfer effect and the solvent-diluting effect on the oil-drain-
age rate.

accumulation near the chamber edge as early in the process as
possible.

Fig. 21 presents the solvent-injection and -production amounts
in Scenario 2. Although the variable-solvent concentration in Sce-
nario 2 attempts to minimize the amount of solvent retention in
the L phase, solvent recovery is not as successful as the case stud-
ied in the previous section. Solvent recovery is only approxi-
mately 55.8% because solvent retention in the V phase is quite
significant in this case.

Comparison of Scenario 2 with the steam-only injection pro-
cess shown in Fig. 18 indicates that the cumulative oil production
can be improved from 265 300 std m® to 298 800 std m* for 5
years of operation. Scenario 2 also can reduce the cumulative
SOR by the end of the fifth year from 4.64 to 3.87. Scenario 2
shows that the C,4 retention is 6856 t at the end of simulation.

Long Lake ES-SAGD Pilot. Long Lake in Athabasca oil sands
is approximately 40 km southeast of Fort McMurray. Nexen con-
ducted an SAGD pilot at the Long Lake project site from May
2003 until August 2006. An ES-SAGD test was performed for
Well Pair 3 from February 13 to 16 April 2006. This ES-SAGD
coinjected Jet B, a mixture of petroleum fractions from C; to Cy,,
at a volumetric concentration of 5% except for an initial short pe-
riod (Orr et al. 2010). The ES-SAGD pilot did not show signifi-
cant changes in oil-production rate compared with SAGD (Nexen
2007).

A uniform gridblock size of 2x650x1 m® is used to model a
reservoir with dimensions of 100x23x650 m in the Xx-, y-, and z-
direction, respectively. Table 4 shows rock and fluid data taken
from Nexen’s annual report for the Long Lake project (Nexen
2007, 2012; and Orr 2009). K-values are generated by use of an
equation of state (Peng and Robinson 1976) for hydrocarbon com-
ponents and by use of Raoult’s law for water. Because details of
Jet B are unavailable in literature, it is assumed that Jet B behaves
similarly to C,, for simplicity. By use of this assumption, 5 vol%
of Jet B is equivalent to 0.5 mol% of C; for the coinjection simu-
lation in this subsection. Bitumen viscosities at different tempera-
tures were taken from Orr (2009), as given in Table 5.

The injection and production pressures are adjusted to match
the SAGD-production data from May 2003 to February 2006. The
injection pressure is initially 2800 kPa and follows a declining
trend, as reported by Nexen (2007). They are stabilized at approx-
imately 1400 kPa for the ES-SAGD period and afterward. Fig. 22
shows history-matching results for the SAGD-production rate.

On the basis of the history-matched reservoir/fluid models, the
ES-SAGD pilot is simulated with a C;y concentration of 0.5
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Fig. 20—Comparison of EnCana’s original operation (Scenario 1) and a modified coinjection process (Scenario 2) for the Senlac
SAP pilot. (a) Cumulative-oil-production histories. (b) Distributions of the L-phase saturation at the end of two SAP cases: Sce-
nario 1 is given on the left, and Scenario 2 is given on the right. C, is used as an optimum solvent. Regions in red exhibit enhanced
displacement efficiency; S,< S, The modified coinjection procedure results in 5.4% additional oil recovery and improves local-

displacement efficiency in a wider portion of the swept region.
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Fig. 21—Cumulative solvent injection and production during
SAP with Scenario 2. Coinjection starts with a C4 concentration
of 5.2 mol% immediately after thermal communication is
achieved between the wells. Solvent concentration decreases
gradually until it becomes zero after 1 year of coinjection. The
C, amounts are reported on the mass basis because C, is pro-
duced in the L and V phases. Although Scenario 2 attempts to
lower solvent retention in the L phase by the end of the pro-
cess, the overall solvent recovery is not as successful as the
case studied earlier. This is because the main retention of sol-
vent in this case occurs in the V phase because of the high vol-
atility of C,. The ultimate amount of the retained solvent is 6856
t after 5 years.
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mol% in the injectant between 13 February 2006 and 16 April
2006. There is no significant change observed in the oil-produc-
tion rate during the period of coinjection and during the first few
months after the termination of coinjection. However, an
improvement of 17% in oil-production rate, compared with
SAGD, is observed approximately 5 months after the termination
of solvent coinjection (Fig. 22). A sufficient accumulation of sol-
vent near the chamber edge is one of the keys to successful coin-
jection, as explained by Keshavarz et al. (2014), which was not
achieved within 2 months in this ES-SAGD simulation.

The procedure presented in this paper for selecting a single-
component solvent is implemented. Here, it is assumed that coin-
jection began on 13 February 2006 and continued for 4 years. The
same reservoir model is used with different single-component sol-
vents at a concentration of 2.0 mol%. Fig. 23 shows that the aver-
age bitumen-production rate for 1 year of coinjection exhibits a
breakover point at Cs. Therefore, Jet B used in Nexen’s ES-
SAGD pilot is likely a suboptimum solvent because of its low vol-
atility. Ardali et al. (2012b) speculated that the low volatility of
Jet B is the reason for the less-encouraging results of the Long
Lake ES-SAGD pilot. Fig. 23, however, shows that C, a single-
component solvent equivalent to Jet B, can exhibit a higher oil-
production rate than SAGD once a sufficient amount is injected.

Comparisons are made between two scenarios. Scenario 1
attempts to follow the actual operation by Nexen. Coinjection of
Cyo is conducted with a constant concentration of 0.5 mol% after
the initial SAGD period between May 2003 and February 2006.
This coinjection is continued for 2 months. After that, only steam
is injected until January 2010. In Scenario 2, coinjection of Cs is
started after the interwell communication is achieved in July
2003. The solvent concentration is initially 5.0 mol%, and then is

February 2015 SPE Reservoir Evaluation & Engineering



Properties Values
Porosity 31%
Horizontal permeability 6,300 md
Vertical permeability 4,900 md
Initial reservoir pressure at depth of 200 1050 kPa
Initial reservoir temperature 7°C
Initial oil saturation 0.68
Initial water saturation 0.32
Residual oil saturation 0.13
Irreducible water saturation 0.25
Three-phase relative permeability model Stone’s Model Il
Total pay thickness 23 m
QOil density 930 kg/m®
Minimum subcool 10°C
Steam quality 0.9

Table 4—Reservoir and fluid data for simulation of Long Lake ES-SAGD pilot at a depth of 200 m.

Temperature (°C) Viscosity (cp)
0 7,708,500
75 2691

150 68.19
225 9.94

300 3.30

Table 5—Viscosity/temperature behavior for simulation of Long
Lake ES-SAGD pilot.

reduced in a stepwise manner. Coinjection is stopped after
approximately 2 years, when the chamber reaches the boundaries
of the reservoir model.

Fig. 24 compares the two scenarios in terms of oil production
and local-displacement efficiency. Scenario 2 yields 22% higher
oil recovery than Scenario 1 at January 2010. The steam chamber
in Scenario 2 propagates faster than that in Scenario 1 by exploit-
ing the effects of solvent accumulation near the chamber edge
from the early stage of the process. This is the main reason for the
significant improvement observed in the cumulative oil produc-
tion in Fig. 24. Another reason is that Scenario 2 gives higher
local-displacement efficiency in the chamber (regions in red in
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Fig. 22—Field data and results of history matching for oil-pro-
duction rate from Well Pair 3 for the Long Lake SAGD/ES-SAGD
project. Scattered points are field data reported by Orr (2009).
The bold curve shows simulated bitumen-production rate. ES-
SAGD is conducted in February and March 2006. C, is continu-
ously coinjected with steam, with a C,, concentration of 0.5
mol% for this period. The dashed curve shows the forecasted
trend of oil production in SAGD with no ES-SAGD.
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Fig. 24b) than Scenario 1 because of sufficient solvent accumula-
tion near the chamber edge. Fig. 25 presents the cumulative
amounts of solvent injected and produced in Scenario 2. Results
show that 83.4% of the coinjected-solvent volume can be recov-
ered by the end of the process.

Comparison of Scenario 2 with the steam-only injection pro-
cess shown in Fig. 22 indicates an improvement of the cumulative
oil production from 156 300 std m” to 220 300 std m’ after 6.7
years of operation. The cumulative SOR is also reduced from 6.05
to 4.14 by this time. Scenario 2 results in the Cs retention of 5365
t at the end of the simulation.

Economic Analysis

In previous sections, some key guidelines for designing the coin-
jection processes were provided to maximize the average produc-
tion rate, enhance the displacement efficiency, and minimize the
solvent retention (dynamic and ultimate) in the L phase. This sec-
tion provides a limited economic analysis to investigate whether
the technical success of the proposed guidelines can lead to an
economic success.

The simulation cases previously presented for steam-assisted
gravity drainage (SAGD), Cs/steam, Cs/steam, and Cg/steam coin-
jections are considered in this section. However, the well length is
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Fig. 23—Average oil-production rates for 1 year of the Long
Lake ES-SAGD with different single-component solvents. The
SAGD period is not considered in calculation of the average
rates. The average oil-production rate for steam-only injection
(i.e., SAGD) is shown as a horizontal line. The breakover point
is observed at Cs, where there is an optimum balance between
the heat-transfer effect and the solvent-diluting effect on the
oil-drainage rate.
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Fig. 24—Comparison between Nexen’s original process (Scenario 1) and the modified coinjection (Scenario 2) for the Long Lake
ES-SAGD pilot. (a) Cumulative-bitumen-production histories. (b) Distributions of the L-phase saturation at 6.6 years. Scenario 1 is
given on the left and Scenario 2 on the right. Solvent production as part of the L phase is excluded in calculations of cumulative
production. Results indicate that Scenario 2 yields 22% more oil recovery than Scenario 1 by January 2010. Scenario 2 exhibits
faster chamber propagation and a wider region of local-displacement-efficiency improvement. Regions in red in (b) exhibit
enhanced displacement efficiency, where the L-phase saturation is lower than the input residual oil saturation.

increased from 37.5 to 500 m. This is to better represent the eco-
nomic performance at the well-pair scale. Solvent is coinjected
with a constant concentration of 2.0 mol% in the injectant unless
otherwise stated.

A simple cumulative supply-cost model is defined as follows:

Net present value (NPV) (USD)
= (cumulative oil x oil price)
x (1.0 — discountrate) (USD)
— capital cost of exploration (USD)

60000 Solvent injection — capital cost of well pair (USD)
o — water — treament equipment (USD)
g 50000 1 — steam — generator cost (USD)
= /. — capital cost of solvent distribution (USD)
T 400001 /77T '\ — administration and head office (USD)
= Solvent production — blending and transportation (USD)
% 30000 - — production years (years)
2 x well pair and field operation (USD/yr)
3 20000 - — production years (years) x solvent handling (USD/yr)
g — cumulative steam injection
© 10000 - [m? cold water equivalent (CWE)]
x [generator operation (USD/m* CWE)
+ fuel cost (USD/m? CWE)]
l\?lay 2008  May2005 May2007  May2009 May 2011 — cumulative water production (m”)
Date

X treatment of production water

USD
m3

Fig. 25—Injection and production volumes of solvent for Sce-
nario 2 for the Long Lake ES-SAGD simulation. Coinjection
starts with 5.0 mol% of solvent in the injectant. Solvent concen-
tration is then decreased in a stepwise manner. Part of the
accumulated solvent in the chamber is recovered after the ter-
mination of solvent coinjection in June 2005. Results indicate
that more than 80% of the injected solvent is recovered. The
ultimate solvent retained in situ is 5365 t by January 2010.
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— [cumulative solvent injection (kg)
— cumulative solvent production (kg)]
x solvent price (USD/kg).

The model takes into account the capital investment and operating
costs of a typical SAGD process and additional solvent-related
costs with a fixed discount rate over a period of time. It is

February 2015 SPE Reservoir Evaluation & Engineering



Exploration USD200,00
Well-pair completion USD4,800/m
Steam generator USD2,260,000
Water-treatment equipment UsD1,000,000
Solvent-distribution line USD100,000
Discount rate 0.12
Well-pair and field operation USD150,000/yr
Administration and head office USD7.48/m3 oil
Blending and transportation USD6.29/m3 oil
Steam-generator operation USD2.83/m3 (CWE)
Fuel for steam generator USD10.1/m3 (CWE)
Treatment of water production USD1.96/m3
Solvent handling USD20,00/yr

Cs price USD317/liquid m3
Cs price USD397/liquid m3
Cs price USD443/liquid m3
Oil price USD80/bbl

Key: CWE = cold-water equivalent.

Table 6—Input parameters used in economic analysis.

assumed that there is no reservoir-gas production because of the
very-heavy nature of the bitumen used in the simulations. The val-
ues used for this economic analysis are partly taken from Deng
(2005) and presented in Table 6. The cost for fuel to generate
steam is modeled after the heat price of USD3.35/million Btu
(Deng 2005).

Fig. 26 compares the NPV for SAGD and three different coin-
jection cases. Each curve shows the NPV until some time after the
maximum value is achieved. Table 7 compares the duration and
the water demand of SAGD and the three coinjection processes at
the same bitumen-recovery factor. The rightmost two columns
compare the costs of steam (including fuel, steam-generator oper-
ating, and water treatment) and the retained solvent for the cases.
A considerable portion of the operation costs belong to steam gen-
eration and water treatment. The coinjection cases show reduc-
tions in the steam demand compared with SAGD. Thus, they are
likely to be more promising than SAGD. The superior economic
performance can be seen for the Cs and Cg coinjection cases in
Fig. 26. As discussed in previous sections, the Cz-coinjection case
exhibits slower chamber growth than the Cs/steam-coinjection
and Cg/steam-coinjection cases, as can be also seen in Fig. 26.
Coinjection of Cs with steam results in a slightly better economic
performance than that of Cg. This is mainly because of the lower
cumulative steam/oil ratio.

Table 7 shows that the final costs associated with the solvent
loss can be comparable with those of steam generation and water
treatment if coinjection is continued at a constant solvent concen-
tration in the injectant throughout the project. However, the pro-
cess is still much faster with Cs or Cg coinjection than with
SAGD. Fig. 26 shows that the time required for the Cs-steam
coinjection to achieve a comparable NPV is almost twice that for
the other coinjection cases studied. Table 8 presents the maxi-
mum NPV for each process as well as the corresponding project
time at which this maximum is achieved. According to this table,
Cs is likely the best solvent choice for these simple simulation
cases.
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Fig. 26—Comparison of NPV for SAGD and three coinjection
cases. Solvents are coinjected at a constant concentration of
2.0 mol% throughout the project time.

Fig. 27 compares the NPV for SAGD and two Cs/steam-coin-
jection cases: one with a constant solvent concentration (2.0
mol%) and the other with a modified coinjection strategy to
improve the displacement efficiency and solvent recovery, as
described in previous sections. A blowdown phase is considered
at the final stage of SAGD and the Cs/steam coinjection with the
modified coinjection strategy. Production is continued for a few
months without any injection during the blowdown. This has
improved the maximum NPV of SAGD by USDO0.90 million com-
pared with the case presented in Table 8. For the coinjection case,
an additional 680 m® of Cs is recovered as part of the produced
oil during this blowdown phase.

The benefits of using the modified coinjection strategy are par-
tially offset by the higher steam demand in the third year because
of the reduced solvent concentration in the injectant. The maxi-
mum NPV is USD70.63 million for SAGD, USD80.52 million for
the Cs coinjection with a constant Cs concentration, and
USD85.55 million for the Cs coinjection with the modified coin-
jection strategy. The latter coinjection design results in improve-
ments of 21.1 and 6.2% in the maximum NPV, compared with the
SAGD and the former coinjection case, respectively.

Conclusions

A systematic procedure was presented for selecting an optimum
solvent and its concentration in coinjection of a single-component
solvent with steam. The optimization considered the oil-produc-
tion rate, ultimate oil recovery, and solvent retention in situ. Con-
clusions are as follows:

e Reduction of the chamber-edge temperature in coinjection can
be qualitatively explained by use of a simplified representation
of water/solvent binary phase behavior. The temperature reduc-
tion can occur as a direct consequence of deviation of the three-
phase temperature from the steam temperature at the injection
pressure in water/solvent binary phase behavior.

e Numerical simulation was conducted to quantitatively examine
the accuracy of the simplified estimation of the chamber-edge
temperature. Results show that the mutual solubility between

Recovery Time Cumulative Water Retained-Solvent Steam Cost
Process Factor (years) Injected (m® CWE) Cost (USD) (USD)
SAGD 0.65 4.97 1192 887 0 17,750,562
Cs/steam coinjection 0.65 4.93 549 680 12,742,052 8,159,910
Cs/steam coinjection 0.65 2.46 611 811 9,622,152 9,073,416
Cg/steam coinjection 0.65 249 731 211 7,429,396 10,862,928

Table 7—Economic comparison of SAGD and three solvent/steam coinjections in terms of steam and

solvent costs.
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Maximum NPV

Process (USD 108) Duration (years)
SAGD 69.73 8.81
Cs/steam coinjection 83.76 9.58
Cs/steam coinjection 80.52 5.44
Cg/steam coinjection 76.72 6.07

Table 8—Economic comparison of SAGD and three steam/solvent
coinjections.

the dead oil and solvent and fluids’ nonidealities can substan-
tially affect physical properties at the chamber edge.

e The chamber-edge-temperature reduction becomes more signif-
icant for coinjection of a more-volatile solvent with steam for
given operating conditions. A less-volatile solvent, however,
results in a more-viscous mixture when mixed with bitumen at
a given mixing ratio at a temperature and pressure. Thus, an op-
timum volatility of solvent can be typically observed in terms
of the oil-production rate for given operating conditions. Differ-
ent reservoir/fluid properties result in different optimum
solvents.

e A key to enhanced oil recovery in coinjection is accumulation
of solvent in the oleic phase outside the chamber. It is possible
to maximize oil recovery and minimize solvent retention in situ
by controlling the concentration of a given coinjection solvent.
Beginning coinjection immediately after achieving interwell
communication enables the enhancement of oil recovery early
in the process. Subsequently, the solvent concentration should
be gradually decreased until it becomes zero for the final period
of the coinjection. This coinjection procedure can minimize sol-
vent retention in the oleic phase in situ (both dynamic and ulti-
mate) while keeping oil recovery.
The proposed guidelines were successfully applied to simula-
tion of the Senlac solvent-aided-process pilot project, which is
one of the successful field applications of solvent/steam coin-
jection. Results indicate that the original solvent selection of Cy
is the optimum solvent in terms of the oil-production rate for
this project. Although local-displacement efficiency and solvent
recovery can be further improved by modifying the coinjection
procedure, the incremental-oil recovery is insignificant.

The proposed guidelines were also applied to simulation of the

Long Lake expanding-solvent steam-assisted-gravity-drainage

(ES-SAGD) project. The main reason for this less successful ES-

SAGD is likely that 2 months of coinjection at a low solvent con-

centration gave an insufficient amount of solvent accumulation

near the chamber edge. Also, Jet B seems to be a suboptimum
solvent for this ES-SAGD. The proposed guidelines indicate that

Cs is the optimum solvent in terms of oil-production rate. Simu-

lation results for coinjection of Cs with a variable solvent con-

centration show that oil recovery can be enhanced by 22%

compared with the original operation scheme and that 8§3.4% of

injected solvent can be recovered by the end of the process.

A limited economic analysis showed that steam/solvent coinjec-

tion has a potential to improve the economics of bitumen recov-

ery compared with SAGD when the proposed guidelines are
used for solvent selection and concentration design.

Nomenclature
L = oleic phase
N¢ = number of components
P = pressure, kPa or bar
Pin = injection pressure, kPa or bar
PY™ = vapor pressure, kPa or bar
S, = oil saturation
S, = residual oil saturation
= absolute temperature, K
T;,; = injection temperature
T, = oleic/gaseous/aqueous equilibrium
V = gaseous phase
= aqueous phase
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Fig. 27—Comparison of NPV for SAGD and two Cs/steam-coin-
jection scenarios: one with a constant concentration of Cs (2.0
mol%) in the injectant and the other with the modified coinjec-
tion strategy. A blowdown phase is considered in the final
stage of the SAGD and Cs/steam coinjection with the modified
coinjection strategy.

X = molar concentration
y = mole fraction in the vapor phase
1 = viscosity, cp

Subscripts
i = component index
Jj = phase index
solvent = solvent component
water = water component
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Appendix A—Example Calculation for
Three-Phase Temperature

An example calculation is presented for T3, and y; by use of Egs.
1 and 2. C, is used as the solvent component in this example. The
vapor-pressure curves of water and C,4 are given by the following
correlations:

643.748
y 3.55959— ————

P} =100 x 10( = 198-043>, (379 K < T < 573 K),
................... (A-1)
1175.581

4.35576—

PEP =100 x 10( T*2»071>, (273 K < T < 425 K),

................... (A-2)

where P is pressure in kPa and T is temperature in Kelvin. At an
operating pressure of 3000 kPa, Eq. 2 can be written as

643.748 1175.581
T - 2.071) s

3.55950— 0
T-198043 + 10

4.35576—

3,000 = 100 x <10

which results in T3, of 131°C. The vapor pressure of water and
butane are calculated to be 277 kPa and 2723 kPa at this tempera-
ture, respectively. The corresponding mole fraction of each com-
ponent in the V phase can be approximated by use of Eq. 2 as

vap
Yo = —22 = 0.09

P

vap
and yc, = ;4 =0.91.
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Conversion Factors

atm x 1.013 250%* E+05=Pa
bar x 1.0* E+05=Pa
bbl x 1.589 873 E-0l=m’
cp x 1.0* E—03 =Pa-s
ft x 3.048%* E-0l=m
°F  (°F—32)/1.8 =°C
°F  (°F+459.67)/1.8 =K
psi x 6.894 757 E+00 =kPa

*Conversion factor is exact.
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