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(57) ABSTRACT 

Described is a method of operating a cyclic solvent-domi 
nated recovery process (CSDRP) for recovering viscous oil 
from a subterranean reservoir of the viscous oil to enhance 
recovery effectiveness. The cyclic solvent process involves 
using an injection well to inject a viscosity-reducing solvent 
into a Subterranean Viscous oil reservoir. Reduced viscosity 
oil is produced to the Surface using the same well used to 
inject solvent. The process of alternately injecting solvent and 
producing a solvent/viscous oil blend through the same well 
bore continues in a series of cycles until additional cycles are 
no longer economical. Conventionally, the solvent composi 
tion remains constant over time within each injection cycle 
and among cycles. In the present method, by contrast, the 
Solvent composition is varied over time thereby providing 
operational benefits as described herein. 
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METHOD OF ENHANCING THE 
EFFECTIVENESS OF A CYCLIC SOLVENT 

NECTION PROCESS TO RECOVER 
HYDROCARBONS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims the benefit of Canadian 
patent application number 2,738.364 filed on Apr. 27, 2011 
entitled METHOD OF ENHANCING THE EFFECTIVE 
NESS OF A CYCLIC SOLVENT INJECTION PROCESS 
TO RECOVER HYDROCARBONS, the entirety of which is 
incorporated herein. 

FIELD 

0002 The present disclosure relates generally to the 
recovery of in-situ hydrocarbons. More particularly, the 
present disclosure relates to the use of a cyclic solvent-domi 
nated recovery process (CSDRP) to recover in-situ hydrocar 
bons including bitumen. 

BACKGROUND 

0003. At the present time, solvent-dominated recovery 
processes (SDRPs) are not commonly used as commercial 
recovery processes to produce highly viscous oil. Highly 
Viscous oils are produced primarily using thermal methods in 
which heat, typically in the form of steam, is added to the 
reservoir. Cyclic solvent-dominated recovery processes (CS 
DRPs) are a subset of SDRPs. ACSDRP is typically, but not 
necessarily, a non-thermal recovery method that uses a sol 
vent to mobilize Viscous oil by cycles of injection and pro 
duction. Solvent-dominated means that the injectant com 
prises greater than 50% by mass of solvent or that greater than 
50% of the produced oils viscosity reduction is obtained by 
dilution with solvent rather than by thermal means. One pos 
sible laboratory method for roughly comparing the relative 
contribution of heat and dilution to the viscosity reduction 
obtained in a proposed oil recovery process is to compare the 
Viscosity obtained by diluting an oil sample with a solvent to 
the Viscosity reduction obtained by heating the sample. 
0004. In a CSDRP, a viscosity-reducing solvent is injected 
through a well into a Subterranean viscous-oil reservoir, caus 
ing the pressure to increase. Next, the pressure is lowered and 
reduced-viscosity oil is produced to the surface through the 
same well through which the solvent was injected. Multiple 
cycles of injection and production are used. 
0005 CSDRPs may be particularly attractive for thinner 
or lower-oil-saturation reservoirs. In such reservoirs, thermal 
methods utilizing heat to reduce viscous oil viscosity may be 
inefficient due to excessive heat loss to the overburden and/or 
underburden and/or reservoir with low oil content. 

0006 References describing specific CSDRPs include: 
Canadian Patent No. 2,349.234 (Lim et al.); Lim et al., 
“Three-dimensional Scaled Physical Modeling of Solvent 
Vapour Extraction of Cold Lake Bitumen’. The Journal of 
Canadian Petroleum Technology, 35(4), pp. 32-40, April 
1996; Lim et al., “Cyclic Stimulation of Cold Lake Oil Sand 
with Supercritical Ethane', SPE Paper 30298, 1995: U.S. Pat. 
No. 3,954,141 (Allen et al.); and Feali et al., “Feasibility 
Study of the Cyclic VAPEX Process for Low Permeable Car 
bonate Systems’. International Petroleum Technology Con 
ference Paper 12833, 2008. 
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0007. The family of processes within the Lim et al. refer 
ences describes embodiments of a particular SDRP that is 
also a cyclic solvent-dominated recovery process (CSDRP). 
These processes relate to the recovery of heavy oil and bitu 
men from Subterranean reservoirs using cyclic injection of a 
Solvent in the liquid state which vaporizes upon production. 
The family of processes within the Lim et al. references may 
be referred to as CSPTM processes. 
0008. With reference to FIG. 1, which is a simplified dia 
gram based on Canadian Patent No. 2,349.234 (Lim et al.), 
one CSPTM process embodiment is described as a single well 
method for cyclic solvent stimulation, the single well prefer 
ably having a horizontal wellbore portion and a perforated 
liner section. A vertical wellbore (1) driven through overbur 
den (2) into reservoir (3) is connected to a horizontal wellbore 
portion (4). The horizontal wellbore portion (4) comprises a 
perforated liner section (5) and an inner bore (6). The hori 
Zontal wellbore portion comprises a downhole pump (7). In 
operation, solvent or viscosified solvent is driven down and 
diverted through the perforated liner section (5) where it 
percolates into reservoir (3) and penetrates reservoir material 
to yield a reservoir penetration Zone (8). Oil dissolved in the 
solvent or viscosified solvent flows into the well and is 
pumped by downhole pump through an inner bore (6) through 
a motor at the wellhead (9) to a production tank (10) where oil 
and solvent are separated and the solvent is recycled. 

SUMMARY 

0009 Generally, the present disclosure relates to a method 
of enhancing the effectiveness of a cyclic solvent-dominated 
recovery process (CSDRP) for recovering viscous oil from a 
subterranean reservoir of the viscous oil. The cyclic solvent 
process involves using an injection well to inject a viscosity 
reducing solvent into a Subterranean viscous oil reservoir. 
Reduced viscosity oil is produced to the Surface using the 
same well used to inject solvent. The process of alternately 
injecting solvent and producing a solvent/viscous oil blend 
through the same wellbore continues in a series of cycles until 
additional cycles are no longer economical. Conventionally, 
the solvent composition remains constant over time within 
each injection cycle and among cycles. In the present method, 
by contrast, the solvent composition is varied over time 
thereby providing operational benefits as described below. 
0010. In a first aspect, there is provided a method of 
enhancing the effectiveness of a cyclic solvent injection and 
production process to aid recovery of in-situ hydrocarbons 
from an underground reservoir, the method comprising: (a) 
injecting a Volume offluid comprising greater than 50 mass 96 
of a Viscosity-reducing solvent into an injection well com 
pleted in the reservoir; (b) halting injection into the injection 
well and Subsequently producing at least a fraction of the 
injected fluid and the in-situ hydrocarbons from the reservoir 
through a production well; (c) halting production through the 
production well; and (d) Subsequently repeating the cycle of 
steps (a) to (c); wherein a 50 mass % vaporization tempera 
ture at 1 atm of a total composition of solvent injected over a 
first period, is at least 10°C. higher than a 50 mass % vapor 
ization temperature at 1 atm of a total composition of solvent 
injected over a Subsequent period. 
0011. Other aspects and features of the present disclosure 
will become apparent to those ordinarily skilled in the art 
upon review of the following description of specific embodi 
ments of the invention in conjunction with the accompanying 
figures. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0012 Embodiments of the present invention will now be 
described, by way of example only, with reference to the 
attached Figures, wherein: 
0013 FIG. 1 is a schematic of a CSPTM process in accor 
dance Canadian Patent No. 2,349.234 (Lim et al.). 
0014 FIG. 2 shows a solvent composition variation 
scheme over early, mid, and late cycles, starting at a high 
concentration of a heavy hydrocarbon or organic solvent and 
transitioning to a high concentration of a light vaporizable 
hydrocarbon solvent, according to a disclosed embodiment. 
0015 FIG. 3 shows an alternative to FIG. 2 with solvent 
composition varying from cycle to cycle, starting at pure 
heavy solvent and transitioning to pure light vaporizable sol 
vent, according to a disclosed embodiment. 
0016 FIG. 4 is a schematic of the anticipated solvent 
fingering in a given cycle for equivalent total solvent Volumes 
injected of a pure low viscosity, light solvent vs. that of a high 
viscosity, heavy solvent followed by a low viscosity, light 
solvent. 
0017 FIG. 5 is a flow chart for determining what solvent 
composition should be injected throughout a given cycle with 
decision points related to injection pressure, injection dura 
tion, and injection Volume, according to a disclosed embodi 
ment. 

0018 FIG. 6 is flow chart for determining what solvent 
composition should be injected for a given cycle with deci 
sion points related to cycle number according to a disclosed 
embodiment. 
0019 FIG. 7 is a graph of the solvent storage ratio (the 
volumetric ratio of solvent remaining in the reservoir to oil 
produced) as a function of time over several cycles when 
operating with a single component fully miscible solvent 
above and below the solvent vaporization pressure. 
0020 FIG. 8 is a table with the approximate solubilities of 
Some hydrocarbon and non-hydrocarbon Solvents in Cold 
Lake bitumen and approximate fluid characteristics at 13°C. 
0021 FIG. 9 is a table of the approximate boiling point 
temperatures of some of the solvents of interest for this pro 
cess at 1 atm. 
0022 FIG. 10 is a graph illustrating density of the solvent 
bitumen blend as a function of volume 96 of total solvent 
blended into Cold Lake bitumen for Sample 1. 
0023 FIG. 11 is a graph illustrating density of the solvent 
bitumen blend as a function of volume 96 of total solvent 
blended into Cold Lake bitumen for Sample 2. 

DETAILED DESCRIPTION 

0024. In-situ is a Latin phrase for “in the place' and, in the 
context of hydrocarbon recovery, refers generally to a Sub 
Surface hydrocarbon-bearing reservoir. For example, in-situ 
temperature means the temperature within the reservoir. In 
another usage, an in-situ oil recovery technique is one that 
recovers oil from a reservoir within the earth. 
0025. The term “viscous oil” as used herein means a 
hydrocarbon, or mixture of hydrocarbons, that occurs natu 
rally and that has a viscosity of at least 10 cp (centipoise) at 
initial reservoir conditions. Viscous oil includes oils generally 
defined as “heavy oil” or “bitumen’. Bitumen is classified as 
extra heavy oil, with an API gravity of about 10° or less, 
referring to its gravity as measured in degrees on the Ameri 
can Petroleum Institute (API) Scale. Heavy oil has API grav 
ity in the range of about 22.3° to about 10°. The terms viscous 
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oil, heavy oil, and bitumen are used interchangeably herein 
since they may be extracted using similar processes. The 
terms viscous oil, heavy oil, and bitumen are also all consid 
ered in-situ hydrocarbons as used herein. 
0026. The term “formation” as used herein refers to a 
subterranean porous media. The terms “reservoir and “for 
mation' may be used interchangeably. 
0027. The term “cycle” as used herein refers to the com 
bination of an injection period and the next Subsequent pro 
duction period. An injection or production period may be 
continuous or may comprise one or more idle times. 
0028. The expression “a 50 mass % vaporization tempera 
ture at 1 atm of a total composition of solvent refers to the 
minimum temperature at which 50 mass % of the composi 
tion of the solvent is vapor at 1 atm as determined by a 
single-stage equilibrium flash. For many pure components at 
1 atm it is well known that this temperature is the boiling point 
temperature. A table of boiling point temperatures is provided 
in FIG. 9. For CO., however, at 1 atm, the minimum tempera 
ture at which 50 mass % of the composition of the total 
Solvent injected is vapor is the Sublimation temperature. 
(0029. The terms “heavier”, “heavier solvent', and “heavy 
solvent may be used interchangeably and will be used to 
describe a fluid which has a higher 50 mass % vaporization 
temperature at 1 atm, which generally will be correlated to the 
molecular weight, particularly for similar fluids, but is not 
necessarily always the case as shown in FIG. 9. Similarly, the 
terms “lighter, “lighter solvent, and “light solvent may be 
used interchangeably and will be used to denote a fluid which 
has a lower 50 mass % vaporization temperature at 1 atm. 
0030 Generally, a fluid with a higher 50 mass % vapor 
ization temperature may also have a lower asphaltene precipi 
tation rate and a higher solubility (more miscible) when 
mixed with in-situ heavy oil. 
0031. In some cases, a fluid with a higher 50 mass % 
vaporization temperature may also have a higher aromatic 
COntent. 

0032. Before discussing, under section (A) below, varying 
the solvent composition over time, a more general embodi 
ment of CSDRP will be described. 
0033. Another description of a CSDRP is provided in 
Canadian Patent Application No. 2,688.392 to Lebel et al. 
0034. During a CSDRP, a reservoir accommodates the 
injected Solvent and non-solvent fluid by compressing the 
pore fluids and, perhaps dilating the reservoir pore space 
when sufficient injection pressure is applied. Pore dilation is 
a particularly effective mechanism for permitting solvent to 
enter into reservoirs filled with viscous oils when the reser 
Voir comprises largely unconsolidated sand grains. Injected 
Solvent fingers into the oil sands and mixes with the Viscous 
oil to yield a reduced viscosity mixture with significantly 
higher mobility than the native viscous oil. Without intending 
to be bound by theory, the primary mixing mechanism is 
thought to be dispersive mixing, not diffusion. Preferably, 
injected fluid in each cycle replaces the volume of previously 
recovered fluid and then adds sufficient additional fluid to 
contact previously uncontacted viscous oil. Preferably, the 
injected fluid comprises greater than 50% by mass of solvent. 
0035. On production, the pressure is reduced and the sol 
Vent(s), non-solvent injectant, and Viscous oil flow back to the 
same well and are produced to the Surface. As the pressure in 
the reservoir falls, the produced fluid rate declines with time. 
Production of the solvent/viscous oil mixture and other 
injectants may be governed by any of the following mecha 
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nisms: gas drive via solvent vaporization and native gas exSo 
lution, compaction drive as the reservoir dilation relaxes, 
fluid expansion, and gravity-driven flow. The relative impor 
tance of the mechanisms not only depends on static properties 
such as solvent properties, native GOR (Gas to Oil Ratio), 
fluid and rock compressibility characteristics, and reservoir 
depth, but also on operational practices such as solvent injec 
tion Volume, producing pressure, and Viscous oil recovery 
to-date, among other factors. 
0036. During an injection/production cycle, the volume of 
produced oil should be above a minimum threshold to eco 
nomically justify continuing operations. In addition to an 
acceptably high production rate, the oil should also be recov 
ered in an efficient manner. One measure of the efficiency of 
a CSDRP is the ratio of produced oil volume to injected 
solvent volume over a time interval, called the OISR (pro 
duced Oil to Injected Solvent Ratio), with a higher OISR 
being desirable. Typically, the time interval is one complete 
injection/production cycle. Alternatively, the time interval 
may be from the beginning of first injection to the present or 
some other time interval. When the OISR falls below a certain 
threshold, further solventinjection may become uneconomic, 
indicating that the solvent should be injected into a different 
well operating at a higher OISR. The exact OISR threshold 
depends on the relative price of Viscous oil and solvent, 
among other factors. If either the oil production rate or the 
OISR becomes too low, the CSDRP may be discontinued. 
0037. The OISR is one measure of solvent efficiency in 
recovering heavy oil. Those skilled in the art will recognize 
that there are a multitude of other measures of solvent effi 
ciency, such as the inverse of the OISR, or measures of solvent 
efficiency on a temporal basis that is different from the tem 
poral basis discussed in this disclosure. To maximize the 
economic return of a producing oil well, it is desirable to 
maintain an economic oil production rate and an economic 
OISR as long as possible and then recover as much of the 
Solvent as possible. 
0038. The Solvent Storage Ratio (SSR) is also a common 
measure of solvent efficiency. The SSR is a measure of the 
solvent fraction unrecovered from the reservoir divided by the 
in-situ oil produced from the reservoir. SSR is more explicitly 
defined as the ratio of the cumulative solvent injected into the 
reservoir minus the cumulative solvent produced from the 
reservoir to the cumulative in-situ oil produced from the 
reservoir. A lower SSR indicates lower solvent losses per 
Volume of in-situ oil recovered, and thus, better total solvent 
recovery per volume of in-situ oil produced. Therefore, a 
lower SSR would indicate an improvement in solvent effi 
ciency. 
0039 Even if oil rates are high and the solvent use is 
efficient, it is also important to recover as much of the injected 
Solvent as possible, as the solvent has an economic value. 
Depending on the physical properties of the injected solvent, 
the remaining solvent may be recovered by producing to a low 
pressure to vaporize the solvent in the reservoir to aid its 
recovery. In addition, rather than abandoning the well, 
another recovery process may be initiated. 
0040 SSR is one measure of injected solvent recovery. 
Those skilled in the art will recognize that there are many 
other measures of Solvent recovery, Such as the percentage 
loss, volume of unrecovered solvent per volume of recovered 
oil, or its inverse, the volume of produced oil to volume of lost 
solvent ratio (OLSR). 
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0041 As used herein, “improving solvent efficiency’ 
means (a) improving the OISR, or (b) improving the SSR, or 
(c) improving both the OISR and the SSR. 
0042. Injection of a solvent-containing fluid into a well is 
the first step of a CSDRP and the rates and volumes of injected 
fluid are an integral part of any CSDRP. Note that, unlike 
thermal recovery methods where minimum injection rates are 
often specified to minimize wellbore heat loss, CSDRP injec 
tion rates may have considerable flexibility to either reduce 
and/or increase injection rate depending on specific reservoir 
conditions, in particular the level of reservoir depletion. Rate 
flexibility allows the operator to optimize the distribution of 
Solvent among wells in order to balance field injection/pro 
duction Volumes and Surface gathering system constraints. 
Three non-limiting options for determining the Volume of 
Solvent-containing injectant to inject are: a purely Volume 
based approach, a hybrid Volume and pressure approach, and 
a purely pressure-based approach. Each of these three 
approaches are described below and referred to as A1, A2, and 
A3. 

A1: Volume-Based Determination of Injection Volume 
0043. One method of managing fluid injection in a 
CSDRP is for the volume injected during a cycle to equal the 
net reservoir Voidage resulting from previous injection and 
production cycles plus an additional Volume, for example 
approximately 2-15%, or approximately 3-8% of the pore 
volume (PV) of the reservoir volume associated with the well 
pattern. In mathematical terms, the Volume may be repre 
sented by: 

NIECTANT vOIDA GE ADDIiONAE 

0044 One way to approximate the net in-situ volume of 
fluids produced is to determine the total volume of non 
Solvent liquid hydrocarbon fractions and aqueous fractions 
produced minus the net injectant fractions produced. For 
example, in the case where 100% of the injectant is solvent 
and the reservoir contains only oil and water, an equation that 
represents the net in-situ volume of fluids produced is, 

7. - PRODUCED7 PRODUCED 
OPAGE A24, Éced VENT soLVENT ). 

0045 Estimates of the PV are the reservoir volume inside 
a unit cell of a repeating well pattern or the reservoir volume 
inside a minimum convex perimeter defined around a set of 
wells. Fluid volume may be calculated at in-situ conditions, 
which take into account reservoir temperatures and pressures. 
If the application is for a single well, the “pore volume of the 
reservoir is defined by an inferred drainage radius region 
around the well which is approximately equal to the distance 
that solvent fingers are expected to travel during the injection 
cycle (for example, about 30-200 m). Such a distance may be 
estimated by reservoir surveillance activities, reservoir simu 
lation or reference to prior field trials. In this approach, the 
pore Volume may be estimated by direct calculation using the 
estimated distance, and injection ceased when the associated 
injection volume (2-15% PV) has been reached. 
0046. Sometimes, it is challenging to define the “pore 
volume accessible to the well because of geological hetero 
geneity or uncertainties in the distance the solvent fingers are 
expected to travel. The relative ease of pressure measurement 
and generally higher accuracy versus Volumetric measure 
ment may lead to a preference for pressure or hybrid pressure 
Volume methods. 
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A2: Volume-Pressure Hybrid Determination of Injection 
Volume 

0047 Rather than estimating the net reservoir voidage 
resulting from previous injection and production cycles, it 
may be more practical to establish a threshold pressure which 
must be obtained before injecting a predetermined Volume, 
for example also equal to approximately 2-15%, or approxi 
mately 3-8%, of the pore volume. 

A3: Pressure-Based Determination of Injection Volume 
0.048. An alternative to a volume-based scheme is one 
based on pressure measurements. In this approach, the Sol 
vent injection continues until an approximately predeter 
mined time after the injection pressure during a cycle first 
passes from less than to greater than a designated threshold 
injection pressure. In some cases, it may be desirable to 
continue injection past the threshold pressure for only a mini 
mal amount of time. In other cases, it may be desirable to stop 
injection once the threshold pressure is met. 
0049. In one embodiment, in both the volume-pressure 
hybrid and pressure-only approaches, the designated thresh 
old injection pressure is a pressure close to but below fracture 
pressure, for example above 90% of fracture pressure, or 
above 80% of fracture pressure, or above 95% of fracture 
pressure. In one embodiment, the threshold injection pressure 
is a pressure within 1 MPa of, and below, the fracture pres 
sure. As used herein, “fracture pressure' is the pressure at 
which injection fluids will cause the formation to fracture. As 
used herein, “dilation pressure” refers to the onset of in 
elastic dilation, the yielding of the geo-materials, or the onset 
of non-linear elastic deformation. As used herein, geome 
chanical formation dilation” means the tendency of a geome 
chanical formation to dilate as the pore pressure is raised 
towards the formation minimum in-situ stress, typically by 
injecting a liquid or a gas. As is sometimes the case for 
unconsolidated sands, there is a particular pressure at which 
dilation, the change of pore Volume (porosity) with change in 
pressure, markedly increases. 

Solvent Composition 
0050. The solvent may be a hydrocarbon, mixture of 
hydrocarbons, or organic compound comprising methane, 
ethane, propane, butane, C+ hydrocarbons, ketones, diesel, 
Viscous oil, bitumen, diluent, synthetic crude oils, heavy 
vacuum gas oils, alchohols, or CO. Non-solvent co-in 
jectants may include Steam, hot water, non-condensable gas, 
or hydrate inhibitors. Viscosifiers may be useful in adjusting 
Solvent viscosity to reach desired injection pressures at avail 
able pump rates and may include diesel, Viscous oil, bitumen, 
or diluent. The injection of a solvent slurry may provide 
further means to reach the desired injection pressure by vis 
cosifying the injectant, reducing the effective permeability of 
the formation to the injectant, or a combination thereof. The 
Solids suspended in the solvent slurry could comprise biode 
gradable solid particles, salt, water Soluble solid particles, or 
solvent soluble solid particles. Viscosifiers may be in the 
liquid, gas, or solid phases. Preferably, viscosifiers would be 
soluble in either one of the components of the injected solvent 
and water and transition to the liquid phase in the reservoir 
before or during production, reducing their ability to increase 
the viscosity of the produced fluids and/or decrease the effec 
tive permeability of the formation to the produced fluids. In 
addition to providing a means to reach the desired injection 
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pressure, the Viscosifiers may also reduce the average dis 
tance solvent travels from the well during an injection period. 
Viscosifiers may also act as solvents and therefore may pro 
vide flow assurance near the wellbore and in the surface 
facilities in the event of asphaltene precipitation or solvent 
vaporization during shut-in periods. 
0051. In one embodiment, the solvent comprises greater 
than 50% C-Cs hydrocarbons on a mass basis. In one 
embodiment, the solvent is primarily propane, optionally 
with diluent when it is desirable to adjust the properties of the 
injectant to improve performance. Alternatively, wells may 
be subjected to compositions other than these main solvents 
to improve well pattern performance, for example CO, flood 
ing of a mature operation. 

Phase of Injected Solvent 
0052. In one embodiment, the solvent is injected into the 
well at a pressure in the underground reservoir above a liquid/ 
vapor phase change pressure (also known as the bubble point 
pressure) such that at least 25 mass % of the solvent enters the 
reservoir in the liquid phase. Alternatively, at least 50, 70, or 
even 90 mass % of the solvent may enter the reservoir in the 
liquid phase. Injection as a liquid may be preferred for achiev 
ing high pressures because pore dilation at high pressures is 
thought to be a particularly effective mechanism for permit 
ting solvent to enter into reservoirs filled with viscous oils 
when the reservoir comprises largely unconsolidated sand 
grains. Injection as a liquid also may allow higher overall 
injection rates than injection as a gas. Surface facilities for the 
injection of liquid solvent are significantly simplified with 
liquid injection versus gas injection. 
0053. In some embodiments, it may be desirable to inject 
a fraction of the injectant in the solid phase in order to miti 
gate adverse solvent fingering, increase injection pressure, or 
keep the average distance of the solvent closer to the wellbore 
than in the case of pure liquid phase injection. In one embodi 
ment, less than 20 mass % of the injectant enters the reservoir 
in the solid phase. Alternatively, less than 10 mass % or less 
than 50 mass % of the injectant enters the reservoir in the solid 
phase. In one embodiment, once in the reservoir, the Solid 
phase of the injectant would transition to a liquid phase before 
or during production to prevent or mitigate reservoir perme 
ability reduction during production. 
0054. In an alternative embodiment, the solvent volume is 
injected into the well at rates and pressures such that imme 
diately after completing injection into the injection well dur 
ing an injection period in which at least 25 mass % of the 
injected solvent is in a liquid State in the underground reser 
Voir. Injection of the injectant as a vapor may be preferred in 
order to enable more uniform solvent distribution along a 
horizontal well, particularly when variable injection rates are 
targeted. Vapor injection in a horizontal well may also facili 
tate an upsize in the port size of installed inflow control 
devices (ICDS) thereby minimizing the risk of plugging the 
ICDs. Injecting as a vapor may increase the ability to pres 
surize the reservoir to a desired pressure by lower effective 
permeability of an injected vapor in a formation comprising 
liquid viscous oil. In one embodiment, a non-condensable gas 
is injected to achieve a desired pressure, followed by injection 
of a solvent. Alternating periods of a primarily non-condens 
able gas with primarily solvent injection may provide a means 
of maintaining the desired injection pressure target. The pri 
marily gas injection period may offset the pressure leak off 
observed during primarily solvent injection to reestablish the 
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desired injection pressure. Furthermore this alternating strat 
egy of gas to liquid solvent injection periods may result in 
non-condensable gas accumulations in the previously estab 
lished solvent pathways. The accumulation of non-condens 
able gas may divert the Subsequently injected solvent to 
bypassed viscous oil thereby increasing the mixing of solvent 
and oil in the producing well's drainage area. In another 
embodiment, an injectant in the vapor phase, Such as CO or 
natural gas, may be injected, followed by injection of a sol 
vent. In another embodiment, depending on the pressure of 
the reservoir, it may be desirable to significantly heat the 
Solvent in order to inject it as a vapor. Heating of injected 
vapor or liquid solvent may enhance production through 
mechanisms described by “Boberg and Lantz, "Calculation 
of the production of a thermally stimulated well, JPT, pg. 
1613-1623, December 1966. Towards the end of the injection 
period, a portion of the injected solvent, perhaps 25% or 
more, may become a liquid as pressure rises. After the tar 
geted injection cycle Volume of solventis achieved, no special 
effort is made to maintain the injection pressure at the Satu 
ration conditions of the solvent, and liquefaction would occur 
through pressurization, not condensation. Downhole pressure 
gauges and/or reservoir simulation may be used to predict the 
phase of the solvent and other co-injectants at downhole 
conditions and in the reservoir. A reservoir simulation may be 
carried out using a reservoir simulator, a software program for 
mathematically modeling the phase and flow behavior of 
fluids in an underground reservoir. Those skilled in the art 
understand how to use a reservoir simulator to determine if 
25% of the injectant would be in the liquid phase immediately 
after the completion of an injection period. Those skilled in 
the art may rely on measurements recorded using a downhole 
pressure gauge in order to increase the accuracy of a reservoir 
simulator. Alternatively, the downhole pressure gauge mea 
Surements may be used to directly make the determination 
without the use of reservoir simulation. 
0055 Although preferably CSDRP is predominantly a 
non-thermal process in that heat is not used principally to 
reduce the viscosity of the viscous oil, the use of heat is not 
excluded. Heating may be beneficial to improve performance 
by an improved process start-up and/or provide flow assur 
ance during production. For injection start-up, low-level heat 
ing (for example, less than 100° C.) of the solvent prior to 
injection may be performed to prevent hydrate formation in 
tubulars and in the reservoir. Two non-exclusive scenarios of 
injecting a heated solvent are as follows. In one scenario, 
vapor solvent would be injected and would condense when it 
reaches the bitumen. In this case, the phase of injected Solvent 
is used primarily to achieve uniform distribution in a horizon 
tal well. In another scenario, a vapor solvent would be 
injected at up to 200° C. and would become a supercritical 
fluid at downhole operating pressure. In this case, the 
increased temperature of the injected solvent creates a larger 
region of heated reservoir that may optimize production by a 
larger effective well radius. Injected heat creates a uniform 
radial region of mobilized Viscous oil to compliment a per 
haps non-uniform region of mobilized viscous oil resulting 
from dispersive mixing of Solvent injection. 

(A) Varying the Solvent Composition Over Time 
0056 Previous descriptions of CSDRPs typically describe 
the solvent as a light, but condensable, hydrocarbon or mix 
ture of hydrocarbons comprising ethane, propane, or butane. 
Light solvents, however, also have a low viscosity which can 
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make it challenging to reach desired injection pressures. 
Heavier, more viscous, organic solvents may be added, 
according to embodiments described herein, to optimally 
adjust solvent viscosity to reach desired injection pressures at 
available pump rates. Therefore, it may be desired to inject a 
heavier hydrocarbon solvent or a heavier organic Solvent 
during the early part of any injection cycle to achieve the 
desired injection pressure, which may then be maintained by 
injection of a lighter solvent such as a light alkane, potentially 
at lower rates. However, current methods do not teach injec 
tion of a solvent with composition varying throughout a cycle. 
Carbon dioxide or hydrocarbon mixtures including carbon 
dioxide may also be desirable to use as a solvent. The solvent 
may be heated prior to injection, primarily to prevent hydrate 
formation, or for the reasons described above. 
0057. During a CSDRP, a reservoir accommodates the 
injected solvent by compressing the pore fluids and, perhaps 
dilating pore space when Sufficient injection pressure is 
applied. Pore dilation is a particularly effective mechanism 
for permitting solvent to enter into reservoirs filled with vis 
cous oils when the reservoir is composed of largely uncon 
Solidated sand grains. Injected solvent fingers into the oil 
sands and mixes with the bitumento yield a reduced viscosity 
mixture with significantly higher mobility than the native 
bitumen. Fingering, rather than growth of a smooth solvent 
front, occurs due to the much lower viscosity of the solvent 
than the native oil. Such a condition leads to inherent flow 
instabilities called viscous fingering. Solvent miscibility 
(complete or partial) with the native oil and reservoir pore 
dilation may both act to control finger growth and in turn 
optimize contact with the bitumen. It is therefore desired in 
Some cases to have a highly soluble solvent to permit efficient 
Viscosity reduction of the bitumen and good utilization of 
Solvent to mitigate adverse fingering. However, light hydro 
carbon solvents can have low solubility in bitumen, which 
tends to favor injection of a heavier hydrocarbon solvent or 
heavier organic solvent, particularly early in the injection 
cycle for the aforementioned reasons for achieving a target 
injection pressure. It is also important when selecting a sol 
vent to consider the impact of the solvent on the reservoir 
quality, particularly on the pore space and permeability of the 
formation. Lighter alkane solvents (ethane, propane, butane, 
etc.) also tend to precipitate asphaltenes, resulting in variable 
oil composition of the production product and in some cases 
may reduce the permeability of the formation. Heavier sol 
vents tend not to result in asphaltene precipitation. Because 
lighter solvents may have a lower miscibility in native bitu 
men, they may cause the formation of multiple liquid phases 
in the reservoir, which can decrease the efficiency of the 
process. On the other hand, heavier solvents may have a 
higher miscibility in the native bitumen, mitigating the for 
mation of multiple liquid hydrocarbon phases. However, 
lighter solvents are more easily recovered from the formation 
than are heavier solvents since the pressure is dropped below 
the vaporization temperature of the lighter Solvent on produc 
tion. By contrast, the efficient recovery of heavier solvents 
may be difficult because an appreciable volume of solvent 
may remain trapped in unrecovered bitumen or in the reser 
Voir pore space. Leaving an appreciable Volume of solvent in 
the reservoir can negatively impact process economics. 
Embodiments described herein may overcome this deficiency 
by injecting, during early cycles, it is desired to inject a larger 
fraction of heavier hydrocarbon or organic solvent to prevent 
(or mitigate) formation damage, particularly near wellbore. 
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Preferably, injected solvent per cycle fills the void space left 
by previously recovered bitumen and then adds sufficient 
additional solvent to propagate solvent fingers into previously 
uncontacted bitumen, where it then mixes efficiently with 
high solubility, reducing the bitumen viscosity and resulting 
in minimal asphaltene precipitation. Therefore, it may be 
preferred that heavier solvents be used in early cycles or in the 
beginning of injection in a given cycle to prevent (or mitigate) 
asphaltene precipitation near wellbore and to ensure good 
utilization of Solvent and good mixing while lighter solvents 
may be useable in later cycles or in the later portion of a given 
cycle to assist in efficient solvent recovery by the increased 
mobility of lighter solvents. In later cycles, asphaltene pre 
cipitation may be less of an issue with lighter solvents as more 
of the bitumen near wellbore has been contacted by heavy 
solvent and more of the uncontacted bitumen in the reservoir 
is far from the wellbore. Also, migrating from heavier solvent 
to lighter solvent can reduce the operating cost of the field 
application. As cycles mature an increased amount of injected 
Solvent is required to fill reservoir Voidage and contact 
bypassed bitumen. The cost of the increased solvent volume 
by cycle may be offset by utilizing typically lower cost lighter 
Solvents. Varying the injected Solvent composition within a 
well cycle can also increase the process efficiency. Particu 
larly in a field application of primarily light solvent cycle 
injection it may be optimal to have a periodic flush during the 
production cycle with a heavier solvent to restore flow assur 
ance by dissolving near-wellbore solid hydrocarbon build up 
(i.e. asphaltenes, wax, paraffins, etc.) in the wellbore and 
near-wellbore region. However, current processes do not 
teach varying injected solvent composition from cycle to 
cycle or within a cycle. 
0058. During production in a CDSRP pressure is reduced 
and the mixture of solvents and bitumen flows back to the 
same horizontal well and is produced to Surface. As the pres 
sure in the reservoir falls, the produced fluid rate declines with 
time. The pressure at the end of a cycle’s production phase is 
typically less than the solvent vapor pressure, but Such low 
pressures may not be necessary, especially in early cycles. 
Production of the solvent/bitumen mixture is governed by the 
following mechanisms: gas drive via solvent vaporization and 
native gas exsolution, compaction drive as the dilation 
relaxes, fluid expansion, and gravity-driven flow. The relative 
importance of the mechanisms depends on static properties 
such as solvent properties, native GOR, fluid and rock com 
pressibility characteristics, and reservoir depth, but also 
depends on operational practices Such as solvent injection 
Volume, producing pressure, and bitumen recovery to-date, 
among other factors. During production, it is desired that a 
large fraction of the injected solvent is utilized to reduce the 
bitumen viscosity and that a large fraction of the injected 
Solvent is produced back, particularly in later cycles. In order 
to achieve high solvent recoveries in late cycles, which are 
important to the economics of CSDRPs, it is desired that a 
majority of the solvent would be able to vaporize in the 
reservoir. Therefore, according to embodiments described 
herein, it is desired that near the end state of each cycle, and 
in particular during late cycles, lighter Solvents would com 
prise the majority of the solvent mixture remaining in the 
reservoir, which can then be vaporized for recovery. Another 
option is to end the process by leaving a large Volume of 
Solvent in the reservoir, which is not highly valued, perhaps a 
low-value gas Such as CO, N, SO, a non-condensable gas, 
an inert gas, or a combination thereof. Therefore, it may be 
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desired that the solvent used throughout the early cycles is not 
the same as the solvent used in the late cycles. However, 
current CSDRPs do not teach solvent composition variation 
from cycle to cycle or within a cycle. 
0059. To help determine when to stop solvent injection in 
a given cycle or when to abandon a well altogether after 
several cycles of Solvent injection and production, several 
recovery and efficiency measures may be used. One measure 
of oil recovery in a CDSRP is the volumetric oil rate. During 
an injection/production cycle, the Volume of produced oil per 
unit time. During an injection/production cycle, the Volume 
of produced oil should be above a minimum threshold to 
economically justify continuing operations. The Volumetric 
oil rate may be used to decide when to terminate the produc 
tion in a given cycle and initiate the solvent injection of the 
Subsequent cycle. It may also be used to determine when to 
abandon the well altogether and move to a fresh reservoir 
region. One measure of the efficiency of a CSDRP is the ratio 
of produced oil Volume to injected solvent Volume during one 
complete injection/production cycle, called the OISR (pro 
duced Oil to Injected Solvent Ratio). This ratio alone or in 
conjunction with threshold volumetric oil rate may be used to 
decide when to terminate the production in a given cycle and 
initiate the solvent injection of the Subsequent cycle. It may 
also be used to determine when to abandon the well altogether 
and move to a fresh reservoir region. The exact OISR thresh 
old depends on the relative price of bitumen and solvent, 
among other factors. If either the rate or the OISR falls too 
low, the CSDRP is discontinued and any remaining solventis 
then recovered by vaporization at a low abandonment pres 
sure. Rather than abandon the well, another recovery process 
may be initiated. To maximize the economic return of a pro 
ducing oil well it is desirable to maintain an economic oil rate 
and OISR as long as possible. 
0060 Prior descriptions of CSDRPs have not specified 
how to change the composition of the injected solvent as a 
function of time or Volume injected or injection pressure in a 
given injection cycle or from cycle to cycle. Hence, there is a 
need for reliable methods to determine the solvent composi 
tion to be injected in a cycle and from cycle to cycle. These 
details of the cyclic process design are important to maximiz 
ing oil recovery while achieving efficient use of Solvent and 
high solvent recovery, and are the Subject of embodiments 
described herein. 

0061. To obtain a high OISR during a cycle, the solvent 
must contact and dissolve into oil/bitumen which has not been 
exposed to solvent in previous cycles and the oil-rich mixture 
must flow back to the well. Therefore, balancing solvent 
fingering, solvent solubility in bitumen, and Viscosity reduc 
tion are important. Moreover, the production rate of oil is 
important, so maintaining a high permeability formation by 
limiting process created permeabilities impediments is 
important. Similarly, maintaining a low viscosity oil/solvent 
stream by ensuring the mixture is not too viscous because of 
a high viscosity injectant or because of an injectant that has a 
low solubility in the in-situ hydrocarbon, is also important. In 
addition, the need to recover a large fraction of the valuable 
injected Solvent is important. Therefore, ensuring proper 
voidage replacement of the high value solvent with either a 
low value solvent or a low density solvent at the end of 
operation and even sometimes at the end of each cycle, is also 
important. Described herein are methods for injecting a fluid 
composition as a function of time, injection pressure, injec 
tion Volume, and/or cycle to address one or more of the 
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aforementioned challenges for CSDRP to achieve opera 
tional and/or economic benefit. 

0062 Conventional CSDRPs may address some of the 
aforementioned challenges in alternative ways, which may be 
less appealing depending on the scenario. To treat adverse 
fingering, conventional CSDRPs may limit the volume of 
Solvent injected to limit how far fingers can grow or may 
inject a more viscous solvent blend which has a lower mobil 
ity contrast throughout the process. Inefficient utilization is 
also challenging in conventional CSDRPs where light sol 
vents may phase separate and not efficiently contact the bitu 
men; this can result in rapid early production of high concen 
tration solvent streams and long delayed production of high 
viscosity oil. Conventional CSDRPs do not have an effective 
method for mitigating early production of high solvent con 
centration other than to delay production after injection is 
complete to allow time for pressure and diffusion to better 
drive and mix the solvent with the bitumen. Introducing a 
long delay before production is not necessarily economically 
advantageous. To deal with the long period of high Viscosity, 
low rate production, conventional CSDRPs may cut off the 
production and reinitiate injection, resulting in a large frac 
tion of the bitumen, which has been contacted by solvent, 
remaining in the reservoir for multiple cycles. Also a reduced 
cycle length can delay the solvent production and therefore 
may be impractical to implement in a field application that is 
relying on re-injected Solvent. 
0063. Overall, conventional CSDRPs preferably employ 
either a single solvent or a dominant solvent with additives, 
i.e. a solvent mixture. In previous descriptions of CSDRPs, 
changes in the composition of the Solvent mixture as the 
cycles progress are not discussed, so the reader may assume it 
to be the same for all cycles or assume that changes in the 
mixture are not especially beneficial or deleterious. Prior 
CSDRPs fail to recognize the one drawback ofusing the same 
Solvent for all cycles with changing reservoir conditions over 
the course of the process, and therefore fail to teach one 
skilled in the art the desire to change solvent composition 
over the process. 
0064. Prior CSDRPs also fail to teach one skilled in the art 
to how to overcome the recalcitrant effect of the formation of 
two (or more) liquid organic phases, resulting from the mix 
ing of the solvent with bitumen. Typically a solvent-rich 
upper liquid phase and a bitumen-rich lower liquid phase with 
a higher viscosity and a higher density are formed. Being 
more viscous than the upper liquid phase, the lower liquid 
phase adversely affects the bitumen production rate by 
impeding flow through the reservoir, hindering flow through 
the wellbore completions, decreasing artificial lift perfor 
mance and causing plugging issues in Surface facilities that 
necessitate the use of heating or additional solvent at Surface. 
Additionally, the accumulation of the Viscous second phase in 
the near-well drainage radius may impede Solvent recovery 
operations, for example, by hindering solvent vaporization in 
late cycle blowdown of the depleted reservoir. 
0065 Canadian Patent No. 2,349.234 to Lim et al. 
describes a CSDRP. The patent states (pg. 3, lines 32 & pg. 4 
lines 1-5) that a solvent is a compound that has a liquid/vapor 
phase change pressure that is below the regularly used injec 
tion pressure of the reservoir and so is injected in the liquid 
phase. Preferably, the liquid/vapor phase change pressure 
should be close to the initial reservoir pressure and it should 
also be high enough so that the solvent vaporizes at the 
reduced pressures used for production. The patents do not 
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specify how solvent composition should be varied within an 
injection cycle or from cycle to cycle. They also do not 
specify that a substantial fraction of the solvent injected in 
early cycles could be a solvent which does not vaporize when 
the reservoir pressure is reduced during production. 
0066. This patent to Lim et al. discusses the use of light 
hydrocarbons such as methane, ethane, propane, or a mixture 
thereof along with CO as well as the use of C to Cao diluent 
(claims 3-6). While this patent allows for a large range of 
compositions to be injected in the CSDRP, including a com 
bination of light and heavy hydrocarbons, there is no specific 
mention of designing the injected fluid composition to change 
within a cycle or from cycle to cycle in order to improve OSR, 
increase total Solvent recovery, mitigate asphaltene precipi 
tation near wellbore, achieve high solvent utilization effi 
ciency, and/or mitigate adverse fingering. Moreover, this 
patent does not discuss varying the fraction of light and heavy 
Solvents based on injection pressure, injection time, injection 
Volume, cumulative produced Volume, or cycle number. 
0067. Other documents describe cyclic solvent injection 
methods. Some of these other cyclic solvent methods are 
described below, but because they all rely on the injected 
Solvent being in the vapor phase, none of the injection and 
production schemes discussed within them is particularly 
relevant to CSDRP. A vapor-phase solvent process operates 
by a fundamentally different process (diffusion) than CSDRP 
(liquid mixing), and embodiments discussed herein relate to 
overcoming challenges caused by liquid mixing to achieve 
more optimal performance. 
0068 Cyclic injection of a rich gas (e.g., natural gas with 
20% propane) to enhance production of Viscous, low-gas 
content oils is described by Shelton et al. (“Cyclic Injection of 
Rich Gas Into Producing Wells to Increase Rates from Vis 
cous-Oil Reservoirs”, SPE Paper 4375, 1973). 
0069 Cyclic injection of a heated aromatics-rich hydro 
carbon vapor to enhance the in-situ recovery of viscous oil is 
described by P. R. Tabor in U.S. Pat. No. 4.362,213 (1982). 
0070 U.S. Pat. Nos. 5,899,274 (1999), 6,318,464 (2001), 
and 6,883,607 (2005) all describe various aspects and varia 
tions of cyclic and non-cyclic processes wherein light hydro 
carbon (ethane, propane, or butane) vapor is used as an 
injectant to enhance heavy oil recovery. None of these patents 
claims specific strategies for determining injectant Volumes 
or making decisions for Switching from injection to produc 
tion or vice versa. 
0071 Cyclic injection of a solvent mixture composed of a 
Solvent which is a gas at the reservoir formation temperature 
and pressure and of a paraffinic Ce solvent which is a liquid 
at the reservoir formation temperature and pressure is 
described in U.S. Pat. No. 3,954,141 (1976) by Allen et al. 
The solvent mixture is injected at a pressure where it is fully 
liquid and produced at a pressure where it is at least partially 
vaporized. U.S. Pat. No. 3.954,141 provides some guidance 
for solvent selection but does not discuss variation of solvent 
composition within a cycle or from cycle to cycle within the 
scope of the CSDRP, which does not incorporate a solvent 
mixture that is designed to be two-phase at reservoir condi 
tions as U.S. Pat. No. 3,954,141 does. 
(0072 Allen et al. (U.S. Pat. No. 4,007,785) disclose that 
Viscous petroleum, including bitumen, may be recovered 
from Viscous petroleum-containing formations, including tar 
sand deposits, by injecting into the formation a heated mix 
ture of hydrocarbon solvents (Page 2, line 59). With regards to 
the sequence of injection of the mixture components, they 
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disclose that the injection may be simultaneous (dependent 
claim number two) or sequential (dependent claim number 
three), but that the mixture should be injected all in one cycle. 
This patent to Allen et al. does not discuss altering the com 
position of the mixture as the cycles progress. 
0073 Limetal (Canadian Patent No. 2,349,234) disclose 
a cyclic solvent process for in-situ bitumen and heavy oil 
production. They discuss the optimization of Solvent mixing 
(page 14) and then claim (claim 5) a process wherein the 
viscosity of the solvent is modified by dissolving a viscous 
hydrocarbon liquid into it. 
0074 Coutee et al. (Canadian Patent Application No. 
2,688.392) claim a process that uses (claim 21) a solvent that 
comprises ethane, propane, butane, pentane, carbon dioxide, 
or a combination thereof. They also describe a process 
wherein the injected fluid further comprises diesel, viscous 
oil, bitumen, or diluent, to provide flow assurance and 
wherein the injected fluid further comprises CO, natural gas, 
C. hydrocarbons, ketones, or alcohols. 
0075 Canadian Patent Application No. 2,645,267 to 
Chakrabarty discloses the use of a solvent for extracting 
bitumen, the solvent comprising: a) a polar component, the 
polar component being a compound comprising a non-termi 
nal carbonyl group; and b) a non-polar component, the non 
polar component being a substantially aliphatic Substantially 
non-halogenated alkane; wherein the solvent has a Hansen 
hydrogen bonding parameter of 0.3 to 1.7. 
0076 Returning to embodiments of the present disclosure, 
described herein are processes for recovering viscous oil 
using a cyclic method where the solvent composition is varied 
over the course of the recovery process. For instance, earlier 
cycles can employ less vaporizing solvents (e.g. non-vapor 
izing hydrocarbons or organic solvents) and later cycles can 
employ more vaporizing solvents (e.g. vaporizing solvents 
Such as light alkane hydrocarbons, N, and CO). In any given 
cycle, the solvent composition can also shift from non-vapor 
izing organic compounds or heavier hydrocarbons to lighter 
Solvent compounds. Moreover, the composition between 
cycles or within any given cycle can also shift from Solvent 
that is more miscible with the in-situ viscous oil to less mis 
cible or from a solvent that has a lower asphaltene precipita 
tion rate to a higher asphaltene precipitation rate, or from a 
Solvent that has a higher aromatic content to a lower aromatic 
content. In the final cycles, a large fraction of the solvent in 
the reservoir should ideally be one which fully vaporizes at 
pressures above reservoir abandonment pressures. Alterna 
tively, all highly valued solvents, such as hydrocarbon Sol 
vents may be largely replaced in the final cycles by lower 
value Solvents such as CO, N, SO, a non-condensable gas, 
an inert gas, or a combination thereof. Such that a substantial 
amount of solvent can be left in the reservoir at the end of life 
without adversely impacting economics. 
0077. The non-vaporizing solvent should ideally be 
selected to be fully miscible with the native viscous oil such 
that there exists only one hydrocarbon phase during produc 
tion. A preferred non-vaporizing solvent may be selected 
from aromatics (e.g. Xylene, toluene), certain classes of 
ketones, diesel, diluent, synthetic crude oil, or other solvent 
which is non-vaporizing at reservoir abandonment conditions 
and forms one liquid phase with the native oil at production 
pressures and temperatures. For example, the first cycle may 
be mostly xylene with minor amounts of diesel or diluent. The 
next cycle may be mostly Cs-C, hydrocarbons, like diluent. 
The next few cycles may be lighter solvents which can be 
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mostly vaporized in the reservoir, Such as mostly propane. 
Final cycles may be pure light hydrocarbon which can vapor 
ize or a lower value solvent such as carbon dioxide. 
0078. The injection of solvent may change the character of 
a fraction of the remaining oil. For example, after contact with 
diesel, Some oil may be stripped of its heavier components. A 
Subsequent cycle comprising mostly propane may be fully 
miscible with a fraction of the remaining oil because it has 
been stripped of its heavier components. The oil may ordi 
narily form two phases when contacted with propane, but 
because it has been previously contacted by diesel, it may 
only form one liquid phase when contacted by propane, pro 
viding flow assurance benefits. 
0079. One option is to use a solvent blend of at least two 
Solvent components, a primary solvent and a secondary Sol 
vent. The initial ratio of primary to secondary solvent may be 
determined by lab tests of the target resource or by bitumen 
solvent phase behavior models to minimize formation of a 
Viscous second liquid phase. Simulation studies using a simu 
lator capable of modeling four phase flow, may also be 
employed to limit the formation of a second hydrocarbon 
liquid phase. However, the ratio could be adjusted by injec 
tion well or pattern of injection wells with time as part of an 
optimized reservoir depletion plan to improve economic oil 
recovery in a cyclic solvent injection recovery process. 
0080 Depending on the availability and cost of the sec 
ondary solvent, it may be advantageous to balance the amount 
of secondary solvent vs. the degree of flow impairment Such 
that gains in production rate justify the cost of the solvent. In 
particular, an expensive solvent blend could be used as a 
periodic stimulation fluid in a well operating primarily with a 
cost effective unblended solvent. The blend ratio could be 
adjusted to compensate for viscosity heterogeneity (perhaps 
due to biodegradation) according to well depth and strati 
graphic variance of completed Zones. 
I0081. Within a cycle, variations in injected composition 
can also be used to improve mixing and mitigate adverse 
fingering. Depending on reservoir conditions, Solvents with 
lower viscosity tend to finger more rapidly into the reservoir 
than those with higher viscosity. Therefore, it may be desir 
able to inject a higher viscosity solvent such as a diluent or 
xylene which will not finger as severely into the reservoir. In 
the same cycle, this can be followed up by the injection of a 
lighter solvent. This lighter solvent may therefore be injected 
into a lower viscosity mixture (e.g., a mixture of the high 
viscosity solvent and the in-situ bitumen), which will tend to 
mitigate the fingering of the lighter Viscosity solvent since the 
effective mobility contrast has been reduced by the early 
injection of the heavier solvent. Moreover, this technique may 
serve to allow for longer production periods since it reduces 
the potential of forming two liquid phases as previously dis 
cussed, wherein one liquid phase is a heavy phase, which 
flows very slowly. 
I0082 Another possible adjustment is reducing the sec 
ondary solvent concentration as reservoir depletion increases 
and well-to-well fluid communication becomes evident 
through reservoir surveillance. In a depleted reservoir, the 
flow impairment due to formation of the second liquid phase 
may be less detrimental because Sufficient Voidage has been 
created such that a sufficient flow path from the reservoir to 
the producing wells is maintained for the lower viscosity 
liquid phase. In the event of well-to-well communication, the 
formation of the second liquid phase may act to baffle the 
communication pathways through depleted reservoir and 
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assist diversion of injected solvent to previously bypassed 
heavy oil. Similarly, deliberate targeted formation of a heavy 
second liquid phase may prevent unwanted communication 
pathways or thief Zones to adjacent water or gas bearing 
ZOS. 

0083. Using more expensive solvents followed by less 
expensive solvents has economic benefit. All else being 
equal, solvents that are used earlier in the process will have 
higher recovery rates than solvents used later in the process. 
Therefore, it is advantageous to use the most expensive sol 
vents first and gradually shift to cheaper solvents. In some 
locations non-vaporizing solvents tend to be more expensive 
than vaporizing solvents. Using a more expensive non-vapor 
izing solvent in early cycles may have an additional benefit of 
increasing the bitumen recovery rate since only one liquid 
phase is expected to be produced, which will have a relatively 
low viscosity compared to the viscosity of the heavy, second 
liquid phase formed when using a less expensive vaporizing 
solvent. 
0084 Solvent may also alternate periodically from heavy 

to light within a given cycle or from high solubility to low 
solubility or from highly aromatic to less aromatic or from 
less prone to asphaltene precipitation to more prone to 
asphaltene precipitation, particularly for early cycles. 
0085. An alternative mode would be to inject light hydro 
carbon solvents and phase to heavy hydrocarbon solvents 
within a given cycle. This would enhance wellbore flow 
assurance, particularly during early production times in a 
given cycle since it would be expected that primarily a single 
phase would be near wellbore, reducing the impact of a high 
Viscosity second liquid phase impeding production. 
I0086. Another alternative mode would be to inject a sol 
vent composition that is dependent upon the average reservoir 
temperature near the wellbore. For instance, when applying 
CSDRP as a follow-up recovery process to athermal recovery 
process, the temperature near the wellbore may be well above 
reservoir temperature initially and may decline as a function 
of time and/or CSRDP cycle. One option would be to inject a 
higher fraction of heavier solvent in early cycles and gradu 
ally decrease the fraction of heavier solvent while increasing 
the fraction of lighter solvent in later cycles as the reservoir 
cools. 

Embodiments Shown in FIGS. 2 to 6 

0087. According to one embodiment, as shown in FIG. 2, 
solvent composition is varied over early (202), mid (204), and 
late (206) cycles, starting at a high concentration of a heavy 
Solvent and transitioning to a high concentration of a light 
hydrocarbon solvent, according to a disclosed embodiment. 
0088 FIG. 3 shows an alternative to FIG. 2 with solvent 
composition varying from cycle to cycle, starting at pure 
heavy solvent in cycle 1 (302), transitioning to pure light 
vaporizable solvent in cycle 3 (306). Cycle 2 (304) is mix of 
heavy and light solvent. 
0089 FIG. 4 is a cartoon schematic of the anticipated 
solvent fingering into the in-situ viscous oil (406a and 406b) 
in a given cycle for equivalent total solvent Volumes injected 
of a pure low viscosity, light solvent (402a) vs. that of a high 
viscosity, heavy solvent (404) followed by a low viscosity, 
light solvent (402b). 
0090 FIG. 5 is a flow chart, according to an embodiment, 
for determining what solvent composition should be injected 
throughout a given cycle with decision points related to injec 
tion pressure, injection duration, and injection volume. In 
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particular, using injection pressure as the threshold, one 
determines whether the injection pressure is greater than the 
threshold pressure (502a). If yes, then the solvent to be 
injected is less than 10 Vol.% of heavy solvent and more than 
90 vol. 9% light solvent (504a). If it is not (no), then the 
solvent to be injected is more than 20 vol.% heavy solvent 
and less than 80% of light solvent (506a). Similarly, using 
time as the threshold, one determines whether the injection 
time is greater than the threshold time (502b). If yes, then the 
solvent to be injected is less than 10 Vol.% of heavy solvent 
and more than 90 Vol.% light solvent (504b). If it is not (no), 
then the solvent to be injected is more than 20 vol.% heavy 
solvent and less than 80% of light solvent (506b). Similarly, 
using volume as the threshold, one determines whether the 
injection volume is greater than the threshold volume (502c). 
If yes, then the solvent to be injected is less than 10 Vol.% of 
heavy solvent and more than 90 Vol.% light solvent (504c). If 
it is not (no), then the solvent to be injected is more than 20 
Vol.% heavy solvent and less than 80% of light solvent 
(506c). 
0091 FIG. 6 is a flow chart, according to one embodiment, 
for determining what solvent composition should be injected 
for a given cycle with decision points related to cycle number. 
In particular, one determines whether the cycle number is 
smaller than an early cycle number threshold (602). If yes, 
then the solvent to be injected is greater than 20 Vol.% of 
heavy solvent and less than 80 vol.% light solvent (604). If it 
is not (no), then one determines whether the cycle number is 
greater than a late cycle threshold number (606). If yes, then 
the solvent to be injected is less than 10 vol. 96 of heavy 
solvent and more than 90 Vol.% light solvent (608). If it is not 
(no), then the solvent to be injected is more than 10 Vol.% 
heavy solvent and more than 10 Vol.% light solvent. 

Modeled Example 

0092 Field results in a representative viscous oil field 
showed that Xylene forms one liquid phase in the reservoir, 
whereas propane forms two liquid phases in the reservoir. A 
single cycle test in the same field showed that the production 
of two liquid phases may cause flow assurance problems, 
which were not encountered in the xylene test. 
0093 Computational models indicated that solvent recov 
ery without vaporization is much lower than with vaporiza 
tion of the solvent at the end of life. FIG. 7 shows the solvent 
storage ratio (the Volumetric ratio of solvent remaining in the 
reservoir to oil produced) as a function of time over several 
cycles when operating with a single component fully miscible 
solvent above and below the solvent vaporization pressure. In 
FIG. 7, the solvent vaporization pressure is around 800 kPa, 
and it is clear that the amount of solvent remaining in the 
reservoir when producing at the last cycle below this vapor 
ization pressure is substantially less than that when producing 
above the vaporization pressure, demonstrating the need for a 
majority of the solvent in the reservoir at the end of life to be 
a vaporizable solvent. 
0094 Experimental results demonstrated the solubility of 
heavy hydrocarbon and some organic solvents or a combina 
tion thereof in bitumen is high while the solubility of lighter 
hydrocarbon solvents is not as high. FIG. 8 is a table with the 
approximate Solubilities of some hydrocarbon and non-hy 
drocarbon solvents in Cold Lake bitumen at 13°C. The vapor 
pressure, liquid density and viscosity of each solvent at 13°C. 
are also included. 
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0095. From FIG. 9, which lists boiling points of certain 
solvents of interest, it is evident that at least a 10°C. tempera 
ture difference exists between the boiling points of each of the 
solvents listed in this table. For CO, (not shown in FIG. 9), 
however, at 1 atm, the minimum temperature at which 50 
mass % of the composition of the total solvent is vapor is the 
sublimation temperature, which is approximately-57°C. at 1 
atm 

0096. In one embodiment, injection of a solvent mixture 
that produces a single hydrocarbon phase when mixed in any 
proportion with in-situ heavy oil may be desirable in early 
cycles. Laboratory results showed that a mixture of 30% 
acetone with 70% propane is such a solvent, which produced 
a single hydrocarbon phase with Cold Lake bitumen. Since 
acetone is a high value Solvent with a lower vapor pressure 
than many light end alkane hydrocarbons, it may be desirable 
to transition to compositions that comprise less acetone as 
cycles progress until the injected composition contains no 
acetone in late cycles. 

Details of the Laboratory Experiment are Given Below: 

0097 Acetone was added to propane in a 30:70 (by vol 
ume) ratio and the blend was injected to a 5.4 Darcy sand pack 
saturated with live Cold Lake bitumen. The lead-sand pack 
was subjected to a confining pressure of 7.5 MPa by pumping 
brine in the annulus between the lead sleeve and the stainless 
cylinder. The density of the produced fluid was continuously 
monitored to identify the existence of two liquid phases and 
determine the bitumen recovery based on the blend density, 
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the bitumen density, Solvent density and a blending model. 
The density of the produced fluid and the cumulative oil 
recovery as a function of pore Volume solvent injected was 
measured. The density decreased with pore volume (PV) 
injected as the bitumen recovery increases. This decline is not 
a manifestation of the presence of two liquid phases. The 
absence of two liquid phases was further demonstrated by 
collecting two produced fluid samples under pressure: 
Sample 1 after injection into the core of 1.3 PV of solvent and 
Sample 2 after injection into the core of 2.3 PV of solvent. 
Each collected sample of solvent-bitumen mixture was then 
pumped through the densitometer and the density was 
recorded as a function of the percentage of the collected 
sample pumped through the densitometer. This confirmed 
Sample 1 was a fluid of roughly uniform density of 785+2 
kg/m (FIG. 10) as was Sample 2 with roughly uniform den 
sity of 719+3 kg/m (FIG. 11). The difference in density 
between the two samples is due to higher concentration of 
solvent in Sample 1, which was collected at 1.3 PV solvent 
injected compared to Sample 2, which was collected at 2.3 PV 
Solvent injected, as mentioned before. 
0098. The two figures show that this method eliminates (or 
at least significantly reduces) the presence of two liquid 
phases resulting in a fluid of uniform density. The example 
also shows that the absence of two liquid phases results in 
very good bitumen recovery: 66% of original oil in place at 
1.3 PV and 98% OBIP at 2.3 PV. 
(0099 Table 1 outlines the operating ranges for CSDRPs of 
Some embodiments. The present invention is not intended to 
be limited by Such operating ranges. 

TABLE 1 

Operating Ranges for a CSDRP, according to certain embodiments. 

Parameter 

Injectant volume 

Injectant 
composition, main 

Injectant 
composition, 
additive 

Broader Embodiment 

Fill-up estimated pattern pore 
volume plus 2-15% of estimated 
pattern pore volume; or inject, 
beyond a pressure threshold, for a 
period of time (e.g. weeks to 
months); or inject, beyond a 
pressure threshold, 2-15% of 
estimated pore volume. 
Main solvent (>50 mass %) is C.- 
Co., diesel, diluent, ketones, 
synthetic crude oil, heavy vacuum 
gas oil, alcohols, CO2, aromatic 
hydrocarbons, or a combination 
thereof. As described herein, 
alternative solvents may be used 
and the solvent composition is 
varied over time. 
Additional injectants may include 
CO2 (up to about 30 mass %), C3, 
viscosifiers (e.g. diesel, viscous 
oil, bitumen, diluent), ketones, 
synthetic crude oils, heavy 
vacuum gas oils, alcohols, Sulphur 
dioxide, nitrogen, hydrate 
inhibitors, steam, non 
condensable gas, inert gas, 
polymer, biodegradable solid 
particles, salt, water soluble solid 
particles, or solvent soluble solid 
particles. 

Narrower Embodiment 

Inject, beyond a pressure threshold, 
2-15% (or 3-8%) of estimated pore 
volume. 

Main solvent (>50 mass %) is C-C2, 
diesel, or diluent and composition 
changes from heavier solvents to 
lighter solvents within a cycle or 
between cycles. 

C+, diluent, or diesel. 
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TABLE 1-continued 

Operating Ranges for a CSDRP, according to certain embodiments. 

Parameter 

Injectant phase & 
Injection pressure 

Injectant 
temperature 

Injection rate 

Threshold pressure 
(pressure at which 
injected solvent 
composition may 
be changed) 
Threshold time 

(time at which 
injected solvent 
composition may 
be changed) 
Threshold volume 
(injected volume at 
which iniected 
solvent 
composition may 
be changed) 

threshold # (early 
cycle number at 
which iniected 
solvent 
composition may 
be changed) 
Late cycle 
threshold # (late 
cycle number at 
which iniected 
solvent 
composition may 
be changed) 
Well length 

Well configuration 

Well orientation 

Broader Embodiment 

Solvent injected such that at the 
end of the injection cycle, greater 
than 25% by mass of the solvent 
exists as a liquid and less than 
50% by mass of the injectant 
exists in the solid phase in the 
reservoir, with no constraint as to 
whether most solvent is injected 
above or below dilation pressure 
or fracture pressure. 
Enough heat to prevent hydrates 
and locally enhance wellbore 
inflow consistent with Boberg 
Lantz mode 
0.1 to 10 m/day per meter of 
completed well length (rate 
expressed as volumes of liquid 
solvent at reservoir conditions 
measured at a frequency of less 
than 1 day). 

Any pressure above initial 
reservoir pressure. 

Within a cycle, less than 75% of 
the predicted duration of injection 
or over the predicted well life, less 
than 90% of the predicted life of 
the field. 
Within a cycle, the fill-up 
estimated pattern pore volume 
plus 1-5% of estimated pattern 
pore volume or over the predicted 
well life, less than 90% of the total 
volume of solvent injected. 
Any cycle after the first cycle but 
before the last predicted cycle 
prior to well blowdown. 

Any cycle after the second cycle. 

As long of a horizontal well as can 
practically be drilled; or the entire 
pay thickness for vertical wells. 
Horizontal wells parallel to each 
other, separated by some regular 
spacing of 60-600 m: Also 
vertical wells, high angle Slant 
wells & multi-lateral wells. Also 
infill injection and/or production 
wells (of any type above) targeting 
bypassed hydrocarbon from 
Surveillance of pattern 
performance. 
Orientated in any direction. 

Narrower Embodiment 

Solvent injected as a liquid, and most 
Solvent injected just under fracture 
pressure and above dilation pressure, 
Practure Pinjection Pailation 
vaporp. 

Enough heat to prevent hydrates with 
a safety margin, 
The +5 C. to Tire +50 C. 
0.2 to 6 m/day per meter of 
completed well length (rate expressed 
as volumes of liquid solvent at 
reservoir conditions). Rates may also 
be designed to allow for limited or 
controlled fracture extent, at fracture 
pressure or desired solvent 
conformance depending on reservoir 
properties. 
A pressure between 60% and 100% 
of fracture pressure. 

Within a cycle, less than 20% of the 
predicted duration of injection or over 
the predicted well life, less than 50% 
of the predicted life of the field. 

Within a cycle, the fill-up estimated 
pattern pore volume plus 1-2% of 
estimated pattern pore volume or over 
the predicted well life, less than 30% 
of the total volume of solvent injected. 

The third cycle. 

One cycle before the last predicted 
cycle prior to well blowdown. 

500 m-1500 m (commercial well). 

Horizontal wells parallel to each other, 
separated by some regular spacing of 
60-320 m. 

Horizontal wells orientated 
perpendicular to (or with less than 30 
degrees of variation) the direction of 
maximum horizontal in-situ stress. 
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TABLE 1-continued 

Operating Ranges for a CSDRP, according to certain embodiments. 

Parameter 

Minimum 
producing pressure 
(MPP) 

Oil rate 

Gas rate 

Oil to Solvent Ratio 

Abandonment 
pressure (pressure 
at which well is 
produced after 
CSDRP cycles are 
completed) 

01.00 

Broader Embodiment 

Generally, the range of the MPP 
should be, on the low end, a 
pressure significantly below the 
vapor pressure, ensuring 
vaporization; and, on the high 
end, a high pressure near the 
native reservoir pressure. For 
example, perhaps 0.1 MPa-5 
MPa, depending on depth and 
mode of operation (all-liquid or 
limited vaporization). 
Switch to injection when rate 
equals 2 to 50% of the max rate 
obtained during the cycle; 
Alternatively, Switch when 
absolute rate equals a pre-set 
value. Alternatively, well is unable 
to sustain hydrocarbon flow 
(continuous or intermittent) by 
primary production against 
backpressure of gathering system 
or well is “pumped off and unable 
to sustain flow from artificial lift. 
Alternatively, well is out of sync 
with adjacent well cycles. 
Switch to injection from production 
when the producing gas rate 
exceeds the capacity of the 
pumping or gas venting system. 
Well is unable to sustain 
hydrocarbon flow (continuous or 
intermittent) by primary production 
against backpressure of gathering 
system with for without 
compression facilities. 
Begin another cycle if the OISR of 
the just completed cycle is below 
0.5 or economic threshold. 
Atmospheric or a value at which 
all of the solvent is vaporized. 

In Table 1, embodiments may be formed by com 

Narrower Embodiment 

A low pressure below the vapor 
pressure of the main solvent, 
ensuring vaporization, or, in the 
limited vaporization scheme, a high 
pressure above the vapor pressure. 
At 500 m depth with pure propane, 0.5 
MPa (low)-1.5 MPa (high), values 
that bound the 800 kPa vapor 
pressure of propane. 

Switch when the instantaneous oil 
rate declines below the calendar day 
oil rate (CDOR) (e.g. total oil/total 
cycle length). Likely most 
economically optimal when the oil rate 
is at about 0.8 x CDOR. Alternatively, 
Switch to injection when rate equals 
20-40% of the max rate obtained 
during the cycle. 

Switch to injection when gas rate 
exceeds the capacity of the pumping 
or gas venting system. During 
production, an optimal strategy is one 
that limits gas production and 
maximizes liquid from a horizontal 
well. 

Begin another cycle if the OISR of the 
just completed cycle is below 0.3. 

For propane and a depth of 500 m, 
about 340 kPa, the likely lowest 
obtainable bottomhole pressure at the 
operating depth and well below the 
value at which all of the propane is 
vaporized. 
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among the recovered viscous oil fractions). Preferably, more 
bining two or more parameters and, for brevity and clarity, 
each of these combinations will not be individually listed. 
0101. In the context of this specification, diluent means a 
liquid compound that can be used to dilute the Solvent and can 
be used to manipulate the Viscosity of any resulting solvent 
bitumen mixture. By such manipulation of the viscosity of the 
Solvent-bitumen (and diluent) mixture, the invasion, mobility, 
and distribution of solvent in the reservoir can be controlled 
So as to increase viscous oil production. 
0102 The diluent is typically a viscous hydrocarbon liq 
uid, especially a C to Cohydrocarbon, or a mixture thereof, 
is commonly locally produced and is typically used to thin 
bitumen to pipeline specifications. Pentane, hexane, and hep 
tane are common components of such diluents. Bitumen itself 
can be used to modify the viscosity of the injected fluid, often 
in conjunction with ethane solvent. 
0103) In certain embodiments, the diluent may have an 
average initial boiling point close to the boiling point of 
pentane (36° C.) or hexane (69° C.), though the average 
boiling point (defined further below) may change with reuse 
as the mix changes (some of the solvent originating from 

than 50% by weight of the diluent has an average boiling point 
lower than the boiling point of decane (174° C.). More pref 
erably, more than 75% by weight, especially more than 80% 
by weight, and particularly more than 90% by weight of the 
diluent, has an average boiling point between the boiling 
point of pentane and the boiling point of decane. In further 
preferred embodiments, the diluent has an average boiling 
point close to the boiling point of hexane (69°C.) or heptane 
(98°C.), or even water (100° C.). 
0104. In additional embodiments, more than 50% by 
weight of the diluent (particularly more than 75% or 80% by 
weight and especially more than 90% by weight) has a boiling 
point between the boiling points of pentane and decane. In 
other embodiments, more than 50% by weight of the diluent 
has a boiling point between the boiling points of hexane (69° 
C.) and nonane (151° C.), particularly between the boiling 
points of heptane (98°C.) and octane (126° C.). 
0105. By average boiling point of the diluent, we mean the 
boiling point of the diluent remaining after half (by weight) of 
a starting amount of diluent has been boiled off as defined by 
ASTM D 2887 (1997), for example. The average boiling 
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point can be determined by gas chromatographic methods or 
more tediously by distillation. Boiling points are defined as 
the boiling points at atmospheric pressure. 
0106 Uniform distribution of solvent to the reservoir dur 
ing injection for a CSDRP is desirable to obtain good con 
formance in the reservoir and mobilize the entire resource 
along the wellbore. However, obtaining uniform distribution 
is challenged by phenomena Such as viscous fingering, which 
may cause undesirable pressure distributions to form over the 
life of the reservoir. The location of such a differential injec 
tion or thief Zone is difficult to predict, due to the inherent 
nature of the instabilities associated with the fingering pro 
cess. This makes designing completions to achieve relatively 
uniform flow distribution difficult. Flow restricting devices, 
such as inflow control devices (ICD's) or limited entry per 
forations (LEPs), which provide a non-trivial pressure drop 
across the perforations, can be used to improve fluid conform 
ance in solvent-based processes. A relatively uniform solvent 
distribution may be obtained by an optimal spacing and diam 
eter of these perforations. In general, the completion design 
of a solvent-based process may entail estimating the range of 
uncertainties in injection pressure, permeability, and mobility 
in the near wellbore region due to fingering instabilities. Out 
of this analysis minimum threshold pressure drops may be 
determined through the perforatedliner or completions which 
are necessary to obtain a relatively uniform distribution 
across the reservoir and mitigate the adverse fingering effects. 
Adjusting the injected fluid composition can assist in achiev 
ing the desired pressure drops. Heavier solvents will have less 
adverse viscous fingering effects than lighter solvents and 
will typically provide higher pressure drops during injection, 
thereby providing better conformance control. 
0107. In addition, injecting and producing from the same 
horizontal wellbore presents additional challenges to an opti 
mal completion design. Typically, it would be desired that the 
pressure drop across the orifices during production would be 
minimal. Therefore, injecting heavier Solvents in one period 
and transitioning to a lighter solvent in a Subsequent period 
may assist in mitigating adverse fingering during injection 
and allow for larger orifices to be used in the completion. 
These larger orifices would assist in reducing the pressure 
drop across the orifices during production. Injecting a heavier 
Solvent in an earlier period may also mitigate the formation of 
a heavy second liquid phase, mitigating the potential of a high 
Viscosity, heavy second liquid phase fluid reaching the well 
during production, which may result in an undesirable large 
pressure drop across the completion. 

Additional Embodiments 

0108. The first and subsequent periods may be separate 
cycles. 
0109 The first and subsequent periods may be within the 
same cycle. The first and Subsequent periods may be separate 
and non-overlapping sets of cycles, wherein each set of cycles 
consists of consecutive cycles and comprises at least two 
cycles. The Subsequent period may comprise a final cycle. 
The sets of cycles may comprise at least 3 cycles. 
0110. The 50 mass % vaporization temperature at 1 atm of 
the total composition of solvent injected over the first period, 
may be at least 20°C. higher, or at least 50° C. higher, than a 
50 mass % vaporization temperature at 1 atm of the total 
composition of solvent injected over the Subsequent period. 
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0111. The solvent injected over the first period may be 
more miscible with the in-situ hydrocarbons than is the sol 
vent injected over the Subsequent period, in the underground 
reservoir. 
0112 The solvent injected over the first period may have a 
lower asphaltene precipitation rate in the in-situ hydrocar 
bons than the solvent injected over the Subsequent period, 
when mixed with the in-situ hydrocarbons at an equivalent 
Volumetric ratio at initial reservoir conditions. 
0113. The solvent injected over the first period may have a 
higher aromatic content than the solvent injected over the 
Subsequent period. 
0114. The solvent injected over the first period may have a 
lower viscosity than the solvent injected over the subsequent 
period. 
0.115. At least 90 mass % of the solvent injected over the 
Subsequent period may be in a gaseous phase at reservoir 
conditions. The solvent injected over the Subsequent period 
may comprise ethane, propane, butane, CO, natural gas, or a 
combination thereof. The solvent injected over the subse 
quent period may comprise SO, another non-condensable 
gas, another inert gas, or a combination thereof. 
0116. At least 90 mass % of the solvent injected over the 

first period may be in a liquid phase at reservoir conditions. 
The solvent injected over the first period may comprise an 
aromatic hydrocarbon, diesel, diluent, a ketone, a synthetic 
crude oil, a heavy Vacuum gas oil, or a combination thereof. 
0117 The solvent injected over the first period may beat 
least 75% soluble with the in-situ hydrocarbons in the under 
ground reservoir at initial reservoir pressure and temperature. 
0118. The solvent injected over the first period may be 
completely miscible with the in-situ hydrocarbons in the 
underground reservoir. 
0119 The solvent injected over the first period may be 
completely miscible with the in-situ hydrocarbons in the 
underground reservoir and the total composition of Solvent 
injected over the Subsequent period may form two liquid 
phases when mixed with in-situ hydrocarbons in at least one 
ratio. 
0.120. The method may further comprise periodically 
injecting a periodic solvent, wherein a 50 mass % vaporiza 
tion temperature at 1 atm of a total composition of periodic 
solvent injected over a periodic period, is at least 50° C. 
higher than a 50 mass % vaporization temperature at 1 atm of 
a total composition of Solvent injected over an immediately 
preceding and an immediately Subsequent solvent injection 
period, for limiting formation of a second liquid hydrocarbon 
phase. 
I0121 The method may further comprise using second and 
third injection periods between the first and Subsequent injec 
tion periods, wherein a 50 mass % vaporization temperature 
at 1 atmofa total composition of solvent injected over the first 
period, is at least 10°C. higher thana 50 mass % vaporization 
temperature at 1 atmofa total composition of solvent injected 
over the second period, wherein a 50 mass % vaporization 
temperature at 1 atmofa total composition of solvent injected 
over the second period, is at least 10°C. higher than a 50 mass 
% vaporization temperature at 1 atm of a total composition of 
solvent injected over the third period, and wherein a 50 mass 
% vaporization temperature at 1 atm of a total composition of 
solvent injected over the third period, is at least 10° C. higher 
than a 50 mass % vaporization temperature at 1 atm of a total 
composition of solvent injected over the Subsequent period. 
The solvent injected over the first period may comprise at 
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least 50 mass % of an aromatic hydrocarbon, diesel, diluent, 
a ketone, a synthetic crude oil, a heavy vacuum gas oil, or a 
combination thereof. The solvent injected over the second 
period may comprise at least 50 mass % of a Cs to C, hydro 
carbon, or a combination thereof. The solvent injected over 
the third period may comprise at least 50 mass % ethane, 
propane, butane, or a combination thereof. The Solvent 
injected over the Subsequent cycle may comprise at least 50 
mass % CO, N, SO, another non-condensable gas, another 
inert gas, or a combination thereof. The solvent may comprise 
a blend of at least two solvent components, the ratio of which 
is changed between the first and Subsequent periods to 
achieve the difference in the 50 mass % vaporization tem 
perature between the first and subsequent cycles. The blend 
may comprise a) a polar component, the polar component 
being a compound comprising a non-terminal carbonyl 
group; and b) a non-polar component, the non-polar compo 
nent being a substantially aliphatic Substantially non-haloge 
nated alkane. The polar component may comprise a ketone. 
The non-polar component may comprise a C-C, alkane. The 
polar component may comprise acetone and the non-polar 
component may comprises propane. 
0122) The injection well and the production well may 

utilize a common wellbore. 
0123. The in-situ hydrocarbons may be a viscous oil hav 
ing a viscosity of at least 10 cF at initial reservoir conditions. 
0.124. The injected fluid may comprise diesel, viscous oil, 
natural gas, bitumen, diluent, Cs, hydrocarbons, ketones, 
alcohols, non-condensable gas, water, biodegradable solid 
particles, salt, water-soluble solid particles, solvent-soluble 
Solid particles, a viscous polymer Solution, or a combination 
thereof. 
0.125. The injected fluid may be heated such that it is 
injected into the underground reservoir at a temperature 
greater than 20°C. 
0126. At least 25 mass % of the solvent in an injection 
cycle may enter the reservoir as a liquid. 
0127. At least 25 mass % of the solvent at the end of an 
injection cycle may be a liquid. 
0128. An in-situ volume of fluid injected over a cycle may 
be equal to a net in-situ volume of fluids produced from the 
production well Summed over all preceding cycles plus an 
additional in-situ volume of fluid. The additional in-situ Vol 
ume of fluid may be, at reservoir conditions, equal to 2% to 
15% of a pore volume within the reservoir Zone around the 
injection well within which solvent fingers are expected to 
travel during the cycle. 
0129. The method may further comprise a first injection 
stage, wherein the solvent comprises a primary lighter Solvent 
and a secondary heavier solvent; the proportion of which is 
selected based on the additional cost of the secondary heavier 
solvent versus the cost benefit realized by decreased flow 
impairment due to formation of a second liquid hydrocarbon 
phase resulting from the injection of the secondary heavier 
Solvent, to optimize economic recovery of the in-situ hydro 
carbons; wherein the primary solvent has a 50 mass % vapor 
ization temperature at 1 atm of at least 20° C. lower than a 50 
mass % vaporization temperature at 1 atm of the secondary 
Solvent; a second injection stage, wherein the relative propor 
tion of the primary lighter solvent is increased to account for 
the reduction in flow impairment caused by a second liquid 
hydrocarbon phase, resulting from increased reservoir Void 
age due to reservoir depletion; during the second injection 
stage, periodically injecting the secondary heavier Solvent for 
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limiting formation of a second liquid hydrocarbon phase; and 
a third injection stage, where the primary lighter Solvent is 
injected to allow a second liquid hydrocarbon phase to form, 
for limiting adverse effects of well to well communication or 
reservoir thief Zones, or both. 
0.130. In the preceding description, for purposes of expla 
nation, numerous details are set forth in order to provide a 
thorough understanding of the embodiments of the invention. 
However, it will be apparent to one skilled in the art that these 
specific details are not required in order to practice the inven 
tion. 

0131 The above-described embodiments of the invention 
are intended to be examples only. Alterations, modifications 
and variations can be effected to the particular embodiments 
by those of skill in the art without departing from the scope of 
the invention, which is defined solely by the claims appended 
hereto. 

1. A method of enhancing the effectiveness of a cyclic 
Solvent injection and production process to aid recovery of in 
situ hydrocarbons from an underground reservoir, the method 
comprising: 

(a) injecting a Volume of fluid comprising greater than 50 
mass % of a viscosity reducing solvent into an injection 
well completed in the reservoir; 

(b) halting injection into the injection well and Subse 
quently producing at least a fraction of the injected fluid 
and the in situ hydrocarbons from the reservoir through 
a production well: 

(c) halting production through the production well; and 
(d) Subsequently repeating the cycle of steps (a) to (c); 

wherein a 50 mass % vaporization temperature at 1 atm of a 
total composition of solvent injected over a first period, is at 
least 10°C. higher thana 50 mass % vaporization temperature 
at 1 atm of a total composition of solvent injected over a 
Subsequent period. 

2. The method of claim 1, wherein the first and subsequent 
periods are one of (i) separate cycles, (ii) within the same 
cycle and (iii) separate and non-overlapping sets of cycles, 
wherein each set of cycles consists of consecutive cycles and 
comprises at least two cycles. 

3.-4. (canceled) 
5. The method of claim 1, wherein the subsequent period 

comprises a final cycle. 
6. The method of claim 1, wherein the sets of cycles com 

prises at least 3 cycles. 
7. The method of claim 1, wherein the 50 mass % vapor 

ization temperature at 1 atm of the total composition of Sol 
vent injected over the first period, is one of (i) at least 20° C. 
higher than a 50 mass % vaporization temperature at 1 atm of 
the total composition of solvent injected over the Subsequent 
period and (ii) at least 50° C. higher than a 50 mass % 
vaporization temperature at 1 atm of the total composition of 
Solvent injected over the Subsequent period. 

8. (canceled) 
9. The method of claim 1, wherein the solvent injected over 

the first period one of (i) is more miscible with the in situ 
hydrocarbons than is the solvent injected over the Subsequent 
period, in the underground reservoir, (ii) has a lower asphalt 
ene precipitation rate in the in situ hydrocarbons than the 
solvent injected over the subsequent period, when mixed with 
the in situ hydrocarbons at an equivalent Volumetric ratio at 
initial reservoir conditions, (iii) has a higher aromatic content 
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than the solvent injected over the Subsequent period, and (iv) 
has a lower viscosity than the solvent injected over the sub 
sequent period. 

10.-12. (canceled) 
13. The method of claim 1, wherein at least 90 mass % of 

the solvent injected over one of (i) the subsequent period is in 
a gaseous phase at reservoir conditions and (ii) the first period 
is in a liquid phase at reservoir conditions. 

14. The method of claim 13, wherein the solvent injected 
over the Subsequent period comprises one of (i) ethane, pro 
pane, butane, CO, natural gas, or a combination thereof and 
(ii)SO, another non-condensable gas, another inert gas, or a 
combination thereof. 

15.-16. (canceled) 
17. The method of claim 16, wherein the solvent injected 

over the first period comprises an aromatic hydrocarbon, 
diesel, diluent, a ketone, a synthetic crude oil, a heavy vacuum 
gas oil, or a combination thereof. 

18. The method of claim 1, wherein the solvent injected 
over the first period is at least 75% soluble with the in situ 
hydrocarbons in the underground reservoir at initial reservoir 
pressure and temperature. 

19. The method of claim 1, wherein one of (i) the solvent 
injected over the first period is completely miscible with the 
in situ hydrocarbons in the underground reservoir and (ii) the 
solvent injected over the first period is completely miscible 
with the in situ hydrocarbons in the underground reservoir 
and the total composition of solvent injected over the subse 
quent period forms two liquid phases when mixed with in situ 
hydrocarbons in at least one ratio. 

20. (canceled) 
21. The method of claim 1, further comprising periodically 

injecting a periodic solvent, wherein a 50 mass % vaporiza 
tion temperature at 1 atm of a total composition of periodic 
solvent injected over a periodic period, is at least 50° C. 
higher than a 50 mass vaporization temperature at 1 atm of a 
total composition of solvent injected over an immediately 
preceding and an immediately Subsequent solvent injection 
period, for limiting formation of a second liquid hydrocarbon 
phase. 

22. The method of claim 1, further comprising using sec 
ond and third injection periods between the first and subse 
quent injection periods, 

wherein a 50 mass % vaporization temperature at 1 atm of 
a total composition of solvent injected over the first 
period, is at least 10°C. higher than a 50 mass % vapor 
ization temperature at 1 atm of a total composition of 
Solvent injected over the second period, 

wherein a 50 mass % vaporization temperature at 1 atm of 
a total composition of Solvent injected over the second 
period, is at least 10°C. higher than a 50 mass % vapor 
ization temperature at 1 atm of a total composition of 
solvent injected over the third period, and 

wherein a 50 mass % vaporization temperature at 1 atm of 
a total composition of solvent injected over the third 
period, is at least 10°C. higher than a 50 mass % vapor 
ization temperature at 1 atm of a total composition of 
Solvent injected over the Subsequent period. 

23. The method of claim 22, wherein the solvent injected 
over the first period comprises at least 50 mass % of an 
aromatic hydrocarbon, diesel, diluent, a ketone, a synthetic 
crude oil, a heavy Vacuum gas oil, or a combination thereof. 
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the solvent injected over the second period comprises at 
least 50 mass % of a Cs to C, hydrocarbon, or a combi 
nation thereof; 

the solvent injected over the third period comprises at least 
50 mass % ethane, propane, butane, or a combination 
thereof, and 

the solvent injected over the Subsequent cycle comprises at 
least 50 mass %CO, N, SO, another non-condensable 
gas, another inert gas, or a combination thereof. 

24. The method of claim 1, wherein the solvent comprises 
a blend of at least two solvent components, the ratio of which 
is changed between the first and Subsequent periods to 
achieve the difference in the 50 mass % vaporization tem 
perature between the first and Subsequent cycles. 

25. The method of claim 24, wherein the blend comprises 
a) a polar component, the polar component being a com 

pound comprising a non-terminal carbonyl group; and 
b) a non-polar component, the non-polar component being 

a Substantially aliphatic Substantially non-halogenated 
alkane. 

26. The method of claim 24, wherein one of the polar 
component comprises a ketone and the non-polar component 
comprises a C-C, alkane. 

27. (canceled) 
28. The method of claim 25, wherein the polar component 

comprises acetone and the non-polar component comprises 
propane. 

29. The method of claim 1, wherein the injection well and 
the production well utilize a common wellbore. 

30. The method of claim 1, wherein the in situ hydrocar 
bons are a viscous oil having a viscosity of at least 10 cF at 
initial reservoir conditions. 

31. The method of claim 1, wherein the injected fluid 
comprises diesel, Viscous oil, natural gas, bitumen, diluent, 
Cs hydrocarbons, ketones, alcohols, non-condensable gas, 
water, biodegradable solid particles, salt, water soluble solid 
particles, solvent soluble Solid particles, a Viscous polymer 
Solution, or a combination thereof. 

32. The method of claim 1, wherein the injected fluid is 
heated Such that it is injected into the underground reservoir at 
a temperature greater than 20°C. 

33. The method of claim 1, wherein at least 25 mass % of 
the solvent one of in an injection cycle enters the reservoir as 
a liquid and at the end of an injection cycle is a liquid. 

34. (canceled) 
35. The method of claim 1, wherein an in situ volume of 

fluid injected over a cycle is equal to a net in situ Volume of 
fluids produced from the production well summed over all 
preceding cycles plus an additional in situ Volume of fluid. 

36. The method of claim 35, wherein the additional in situ 
volume offluidis, at reservoir conditions, equal to 2% to 15% 
of a pore volume within the reservoir Zone around the injec 
tion well within which solvent fingers are expected to travel 
during the cycle. 

37. The method of claim 1, wherein the method comprises: 
a first injection stage, wherein the solvent comprises a 

primary lighter solvent and a secondary heavier solvent; 
the proportion of which is selected based on the addi 
tional cost of the secondary heavier solvent versus the 
cost benefit realized by decreased flow impairment 
caused by the formation of a second liquid hydrocarbon 
phase resulting from the injection of the primary lighter 
Solvent, to optimize economic recovery of the in situ 
hydrocarbons; wherein the primary solvent has a 50 
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mass % vaporization temperature at 1 atm of at least 20° 
C. lower than a 50 mass % vaporization temperature at 1 
atm of the secondary solvent; 

a second injection stage, wherein the relative proportion of 
the primary lighter solventis increased to account for the 
reduction in flow impairment caused by a second liquid 
hydrocarbon phase, resulting from increased reservoir 
Voidage due to reservoir depletion; 

during the second injection stage, periodically injecting the 
secondary heavier Solvent for limiting formation of a 
second liquid hydrocarbon phase; and 

a third injection stage, where the primary lighter solvent is 
injected to allow a second liquid hydrocarbon phase to 
form, for limiting adverse effects of well to well com 
munication or reservoir thief Zones, or both. 

k k k k k 


