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(57) Abréegée/Abstract:

Described are methods of distributing a viscosity reducing solvent to a set of wells terminating in an underground oll reservolr
where the variation in the net solvent injection rate Is minimized. The net solvent injection rate Is the difference between the total
solvent Injection rate and the total solvent production rate from the set of wells, for example on an instantaneous or daily rate basis.
Minimizing this variation can reduce costs associated with surface solvent storage, subsurface solvent storage, and solvent supply,
since solvent supply often Is least expensive when supplied at near a fixed rate. One option Is to operate well pairs and to Inject

solvent into one well of the pair while producing oill and solvent from the other well of the pair. These methods are particularly useful
INn solvent-dominated, cyclic or non-cyclic, viscous oll recovery processes.
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ABSTRACT

Described are methods of distributing a viscosity reducing solvent to a set of wells
terminating in an underground oil reservoir where the variation in the net solvent injection

rate is minimized. The net solvent injection rate is the difference between the total solvent

Injection rate and the total solvent production rate from the set of wells, for example on an
iInstantaneous or daily rate basis. Minimizing this variation can reduce costs associated with
surface solvent storage, subsurface solvent storage, and solvent supply, since solvent supply
often is least expensive when supplied at near a fixed rate. One option is to operate well
pairs and to inject solvent into one well of the pair while producing oil and solvent from the
other well of the pair. These methods are particularly useful in solvent-dominated, cyclic or

non-cyclic, viscous oil recovery processes.
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OPTIMIZATION OF SOLVENT-DOMINATED RECOVERY

FIELD OF THE INVENTION

[0001] The present invention relates generally to in situ hydrocarbon recovery
including in situ viscous oil recovery. More particularly, the present invention relates to
reducing pipeline capacity, surface solvent storage, or underground solvent storage costs in
a solvent-dominated process for recovering /n situ hydrocarbons.

BACKGROUND OF THE INVENTION

[0002] Solvent-dominated in situ oil recovery processes are those in which chemical
solvents are used to reduce the viscosity of the in situ oil. A minority of commercial viscous
oil recovery processes use solvents to reduce viscosity. Most commercial recovery schemes
rely on thermal methods such as Cyclic Steam Stimulation (CSS, see, for example, U.S.
Patent No. 4,280,559) and Steam-Assisted Gravity Drainage (SAGD, see, for example U.S.
Patent No. 4,344 ,485) to reduce the viscosity of the in situ oll. As thermal recovery
technology has matured, practitioners have added chemical solvents, typically hydrocarbons,
to the injected steam in order to obtain additional viscosity reduction. Examples include
Liquid Addition to Steam For Enhancing Recovery (LASER, see, for example, U,S, Patent
No. 6,708,759) and Steam And Vapor Extraction processes (SAVEX, see, for example, U.S.
Patent No. 6,662,872). These processes use chemical solvents as an additive within an
injection stream that is steam-dominated. Solvent-dominated recovery processes are a
possible next step for viscous oil recovery technology. In these envisioned processes,
chemical solvent is the principal component within the injected stream. Some non-
commercial technology, such as Vapor Extraction (VAPEX, see, for example, R. M. Butler &
|. J. Mokrys, J. of Canadian Petroleum Technology, Vol. 30, pp. 97-106, 1991) and Cyclic
Solvent-Dominated Recovery Process (CSDRP, see, for example, Canadian Patent No.
2.349 234) use injectants that may be 100%, or nearly all, chemical solvent.

[0003] At the present time, solvent-dominated recovery processes (SDRPs) are
rarely used 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 reservorr.
Cyclic solvent-dominated recovery processes (CSDRPs) are a subset of SDRPs. A CSDRP
is typically, but not necessarily, a non-thermai recovery method that uses a soivent to

mobilize viscous oil by cycles of injection and production. Solvent-dominated means that the
-1 -
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injectant comprises greater than 50% by mass of solvent or that greater than 50% of the
produced oll's viscosity reduction is obtained by chemical solvation rather than by thermal
means. One possible 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, causing 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. In
some instances, a well may not undergo cycles of injection and production, but only cycles of
injection or only cycles of production.

[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 oll content.

[0006] References describing specific CSDRPs include: Canadian Patent No.
2,349,234 (Lim et al.); G. B. 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; G. B. Lim et al., “Cyclic Stimulation of Cold Lake
Oil Sand with Supercritical Ethane”, SPE Paper 30298, 1995; US Patent No. 3,954,141
(Allen et al.); and M. Feali et al., “Feasibility Study of the Cyclic VAPEX Process for Low

Permeable Carbonate Systems”, International Petroleum Technology Conference Paper
12833, 2008.

[0007] The family of processes within the Lim et al. references 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 bitumen 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 CSP™ technology.

[0008] In order to handle the host of challenges for a solvent-dominated injection
operation, a methodology is needed to manage overall solvent injection, production, supply,

and reuse. This challenge becomes increasingly complex as additional wells or pads are
- 2.
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brought online. Optimally, the methodology should account for the fact that the scheduling of
each well depends on the previous injection and production histories of the well, the injection
and production rates of every other well in the field, the supply of solvent to the field, the
value of each stream of components being injected and produced from that well, and the
properties of the reservoir near the well and near the volume of the reservoir previously
accessed by solvent.

[0009] Descriptions of solvent-dominated cyclic recovery processes (such as in
Canadian Patent No. 2,349,234) refer to the general operation of a well for a solvent-
dominated cyclic recovery process.

[0010] Other examples of cyclic oil recovery processes also exist, such as cyclic
steam stimulation (e.g., United States Patent No. 3,739,852) and cyclic steam injection (e.g.,
United States Patent No. 3,434,544), but the value of the produced injectant (water in these
cases) is less than the value of solvent, and thus, careful management of the produced
Injectant is not as important. Moreover, water can be stored as a liquid at atmospheric
conditions, and therefore there is less incentive to minimize surface solvent storage.

[0011} The following additional references are mentioned but also do not describe a
method of distributing a viscosity reducing solvent to an underground oil reservoir to
minimize the net rate of solvent injection in order to minimize solvent storage.

[0012] United States Patent Publication No. 2008/0294484 describes an optimization
system for transportation scheduling and inventory management of a bulk product from
supply locations to demand locations.

{0013] United States Patent No. 7,289,942 and International Patent Application

No. WO 2006/044199A2 describe computer-implemented methods of analyzing performance
of a hydrocarbon reservoir for the prediction of future production of hydrocarbon fluids from
wells in the reservoir.

[0014] International Patent Application No. WO 2009/061433 describes a computer
modeling application for finding the optimal solution to maximize total net margin, for the
assignment of vehicles in an available fleet to transport cargo comprising one or more bulk
products during a planning period.

[0015] United States Patent No. 7,418,307 and United States Patent Publication

No. 2008/0275796 describe methods for managing a component supply for the assembly of
complex products.
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[0016] United States Patent No. 3,954,141 describes using a solvent which is
gaseous at formation temperature and pressure or using a solvent being selected from the
group consisting of paraffinic hydrocarbons having at least six carbon atoms, mono-nuclear
aromatic hydrocarbons, naphtha, natural gasoline and mixtures thereof.

[0017] United States Patent No. 7,546,228 teaches a computer-implemented method
comprising the computer instantiating a first set of one or more random variables that model
one or more uncertain time durations associated with one or more respective processes
occurring in a first schedule, to determine one or more first instantiated values.

[0018] United States Patent No. 7,478,024 describes a method of managing a fluid or
gas reservolr that assimilates diverse data having different acquisition time scales and spatial
scales of coverage for iteratively producing a reservoir development plan that is used for
optimizing an overall performance of a reservoir.

[0019] There remains a need for reducing pipeline capacity, surface solvent storage,
or underground solvent storage costs in solvent-dominated processes for recovering in situ

hydrocarbons.

SUMMARY OF THE INVENTION

[0020] It is an object of the present invention to obviate or mitigate at least one
disadvantage of previous methods.

[0021] According to one aspect, there is provided a method of distributing a viscosity

reducing solvent to a set of wells terminating in an underground oil reservoir where the

variation in the net solvent injection rate (for example, Q,.., of Eq. 3, described below) of the

set of wells is minimized. The “net solvent injection rate” is the difference between the total
solvent injection rate and the total solvent production rate from the set of wells on either an
Instantaneous or daily (or other time period) rate basis. Minimizing this variation can reduce
costs associated with surface solvent storage, subsurface solvent storage, and solvent

supply, since solvent supply is typically least expensive when supplied at or near a fixed rate.
Aspects of this invention relate to the processes and parameters used to minimize the

variation in the net solvent injection rate. One aspect relates to a method of operating well

pairs to balance solvent supply with net solvent injected (for example, balancing

Qrreve @NA O, , described below), potentially eliminating the need for, or reducing, surface

storage facilities, which can be costly, especially when pressurization of the solvent above
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atmospheric pressure is required to store the solvent as a liquid at ambient temperatures.
This method is particularly useful in solvent-dominated, cyclic or non-cyclic, viscous oil
recovery processes where solvent is injected into a subterranean reservoir either in a series
of cycles or continuously and a solvent/viscous oil blend is produced from the subterranean
reservoir until the process is no longer economic.

[0022] In another aspect, there is provided a method of distributing a viscosity
reducing solvent to a set a wells terminating in an underground oil reservoir, the method
comprising: receiving the solvent; splitting a subset of wells in the set of wells into two or
more groups where all wells in a group have similar injection cycle schedules; and injecting
solvent using injection cycle schedules which are offset in time between groups so as to
minimize fluctuations in an overall solvent injection rate to the set of wells.

[0023] According to another aspect, there is provided a method of reducing pipeline

capacity, surface solvent storage, or underground solvent storage costs during operation of a

solvent-dominated process for recovering hydrocarbons from an underground reservoir, the
method comprising: (a) estimating solvent injection and production rates through wells
terminating in the reservoir; (b) selecting, based on the estimates of step (a), an injection and
production schedule that minimizes variation in a net solvent injection rate; and (c)
Implementing the selected schedule to recover the hydrocarbons.

[0024] Within this aspect of the invention, the following features may be present.
[0025] The net solvent injection rate may be based on a time period of at least twelve
hours. The selected injection and production schedule may reduce the variation in the net '
solvent injection rate to an amount where an average daily difference between injected and
produced solvent volumes from the set of wells is within 20% of an average difference over a
time period of one month. The selected injection and production schedule may reduce the
variation in the net solvent injection rate to an amount where an average hourly difference
between injected and produced solvent volumes from the set of wells is within 50% of an
average difference over a time period of one day. An injection and production schedule may
be selected and used that minimizes variation in the net solvent injection rate to below 10%
over a daily period. The process may be a cyclic solvent-dominated recovery process. The
process may be a non-cyclic solvent- dominated recovery process.

[0026] The schedule may comprise injecting solvent into one well of a pair, while
producing fluids from the other well in the pair. The schedule may comprise injecting solvent

into one well of a pair at a daily rate of +/- 10% of a daily rate of solvent simultaneously
-5-
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produced from the other well in the pair plus an amount of solvent supply from a solvent
source constant to +/- 10% on a daily basis. Wells of a pair may be separated from one
another by a buffer zone for limiting well-to-well interaction. The method may be operated in
a plurality of the well pairs.

[0027] The schedule may comprise injecting solvent into a first group of wells, while
producing fluids from a second group of wells. The schedule may comprise injecting solvent
into a first group of wells at a rate of +/- 10% of a daily rate of solvent being simultaneously
produced from a second group of wells plus an amount of solvent supply from a solvent
source constant to +/- 10% on a daily basis. The first and second well groups may be
separated from one another by a buffer zone for limiting well-to-well interaction. The method
may be operated in a plurality of the well groups.

[0028] Where the process is cyclic, the following features may be present. The
schedule may comprise operating the wells in groups with offset injection schedules,
wherein: wells within a first group have similar injection schedules; wells within a second
group have similar injection schedules; and wells of the first group have injection schedules
that are offset in time from the wells of the second group. The similar injection schedules
may be where the injection schedules include injecting at approximately the same rates for
approximately equivalent durations of time. The injection schedules that are offset in time
may be where, for at least 10% of a time, the wells of the first group are injecting while the
wells of the second group are not significantly injecting. The schedule may further comprise
operating wells with offset production schedules, wherein: wells within the first group have
similar production schedules; wells within the second group have similar production
schedules; and wells of the first group have production schedules that are offset in time from
the wells of the second group. The similar production schedules may be where the
production schedules include producing at approximately the same rates for approximately
equivalent durations of time. Production schedules that are offset in time is where, for at least
10% of a time, the wells of the first group are producing while the wells of the second group
are not significantly producing.

[0029] Where the process is non-cyclic, the following features may be present. The
schedule may comprise operating the wells in groups with offset injection schedules, by:
alternating between injecting and not significantly injecting into at least two groups of
injection wells, wherein wells within a first group have similar injection schedules; wells within

a second group have similar injection schedules; wells of the first group have injection
-6 -
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schedules that are offset in time from the wells of the second group; and alternating between
producing and not significantly producing in production wells that are distinct from the
injection wells. The similar injection schedules may be where the injection schedules include
Injecting at approximately the same rates for approximately equivalent durations of time. The
injection schedules that are offset in time may be where, for at least 10% of a time, the wells
of the first group are injecting while the wells of the second group are not significantly
Injecting. The schedule may further comprise operating wells with offset production
schedules, wherein: wells within the first group have similar production schedules, wells
within the second group have similar production schedules; and wells of the first group have
production schedules that are offset in time from the wells of the second group. The similar
production schedules may be where the production schedules include producing at
approximately the same rates for approximately equivalent durations of time. The production
schedules that are offset in time may be where, for at least 10% of a time, the wells of the
first group are producing while the wells of the second group are not significantly producing.
[0030] Not significantly injecting may be injecting less than 10% of a maximum
injection rate in an injection cycle for the well. Not significantly producing may be producing
less than 10% of a maximum injection rate in production cycle for the well.

[0031] The method may further comprise: (d) after a period of production, estimating,
by field measurement, solvent injection and production rates into the wells terminating in the
reservoir; (e) based on the estimates of step (d), selecting another injection and production
schedule to minimize variation in the net solvent injection; and (f) using the another schedule
to recover the hydrocarbons. The another schedule may differ from the schedule in a length
of an injecting or production period, or in an injection or production rate. The method may
further comprise: using different injection cycle lengths for at least two wells, to reduce the
variation in the net solvent injection rate; using different production cycle lengths for at least
two wells, to reduce the variation in the net solvent injection rate; using above-ground solvent
storage to store solvent produced from the reservoir for reinjection; using a reservoir zone to
store solvent, wherein the reservoir zone is one from which hydrocarbons have previously
been produced; using a subsurface reservoir to store solvent, where the subsurface reservoir
Is one from which at least a fraction of initial in situ fluids has been recovered: limiting
produced solvent volume by operating at a production pressure that is above the vapor

pressure of the solvent to keep the solvent as a liquid and in the reservoir (such as when

surface solvent storage is not available).
-7 -
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[0032] At least a portion of the injected solvent may supplied by a pipeline. At least a
portion of the injected solvent may be progressively trucked-in and injected into the wells to
produce hydrocarbons to reach plant capacity and produced solvent is recycled by balancing
the number of injecting and producing wells such that solvent storage capacity is reduced to
make up for interruptions in trucking.

[0033] The estimating step (a) may comprise collecting field measurements, such as
from pilot or test wells. The estimating step (a) may comprise running a reservoir simulation.
The estimating step (a) may comprise using a mathematical model.

[0034] The selecting step (b) may comprise using an optimization algorithm to select
the schedule. The optimization algorithm may be set to: minimize the variation in the net
solvent injection rate; minimize solvent storage volume; or minimize variation in solvent
supply rate supplied by pipeline or trucking. The selection of step (b) may be made having
regard to economic and/or technical constraints.

[0035] The solvent-dominated process may comprise injecting a fluid into the
formation, the fluid comprising greater than 50 mass % of viscosity-reducing solvent.
Immediately after halting injection of the viscosity-reducing solvent into the reservoir, at least
25 mass % of the injected solvent may be in a liquid state in the reservoir. In the solvent-
dominated process, at least 25 mass %, or at least 50 mass %, of a viscosity-reducing
solvent may enter the reservoir as a liquid. The solvent may comprise greater than 50 mass
% of a C,-Cs paraffinic hydrocarbon solvent, greater than 50 mass % propane, greater than
70 mass % propane, greater than 20 mass % ethane, or CO.,.

[0036] The hydrocarbons may be a viscous oil having an in situ viscosity of at least
10 cP at initial reservoir conditions.

[0037] The method may be for reducing pipeline capacity. The method may be for
reducing surface solvent storage. The method may be for reducing underground solvent
storage costs.

[0038] The selection of step (b) may further comprise: where solvent supply capacity
to the wells exceeds demand for solvent in the wells, selecting a schedule that produces at
least one well of relatively lower efficiency at a lower rate than at least one well of relatively

higher efficiency. The at least one well of relatively lower efficiency may be a well of lowest
efficiency.
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[0039] The selection of step (b) may further comprise: where demand for solvent in
the wells exceeds solvent supply capacity to the wells, selecting a schedule that produces
from the wells at full capacity during production.

[0040] The selection of step (b) may further comprise: where solvent supply capacity
to the wells exceeds demand for solvent in the wells and above ground storage is at
capacity, storing solvent in the at least one well of relatively lower efficiency.

[0041] In another aspect, there is provided a method of distributing a viscosity
reducing solvent to a set a wells terminating in an underground oil reservoir, the method
comprising: receiving the solvent; splitting a subset of wells in the set of wells into two or
more groups where all wells in a group have similar injection cycle schedules; and injecting
solvent using injection cycle schedules which are offset in time between groups so to
minimize fluctuations in an overall solvent injection rate to the set of wells.

[0042] According to an aspect of the present invention, there is provided a method of
maximizing a measure of profitability, under solvent constraints, during operation of a
solvent-dominated process for recovering hydrocarbons from an underground reservoir, the
method comprising: (i) estimating solvent injection and production rates through wells
terminating in the reservoir; (i) selecting, based on the estimates of step (i), an injection and
production schedule that maximizes the measure of profitability within the solvent
constraints; and (iii) implementing the selected schedule to recover the hydrocarbons,
wherein the selection of step (ii)) comprises: where a solvent supply capacity to the wells
exceeds a demand for solvent in the wells, selecting a schedule that produces at least one

well of relatively lower efficiency at a lower rate than at least one well of relatively higher

efficiency.
[0043] Within this aspect of the invention, the following features may be present.
[0044] The measure of profitability may be oil production. At least one well of

relatively lower efficiency may be a well of lowest efficiency. Where the demand for solvent
in the wells exceeds the solvent supply capacity, the method may comprise selecting a

schedule that produces from the wells at full capacity during production. Where the solvent
supply capacity to the wells exceeds the demand for solvent in the wells and above ground

storage Is at capacity, the method may comprise storing solvent in the wells of relatively
lower efficiency.

[0045] The process may be a cyclic solvent-dominated recovery process. The

process may be a non-cyclic solvent-dominated recovery process.
-9-
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[0046] The method may further comprise: (iv) after a period of production, estimating,
by field measurement, solvent injection and production rates into the wells terminating in the
reservoir; (v) based on the estimates of step (iv), selecting another injection and production
schedule to minimize variation in the net solvent injection; and (vi) using the another
schedule to recover the hydrocarbons.

[0047] The estimating step (i) may comprise collecting field measurements, such as
from pilot or test wells. The estimating step (i) may comprise running a reservoir simulation.
The estimating step (1) may comprises using a mathematical model.

[0048] The selecting step (ii) may comprise using an optimization algorithm to select
the schedule. The selection of step (ii) may be made having regard to economic and/or
technical constraints.

[0049] The solvent-dominated process may comprise injecting a fluid into the
formation, the fluid comprising greater than 50 mass % of viscosity-reducing solvent.
Immediately after halting injection of the viscosity-reducing solvent into the reservoir, at least
25 mass % of the injected solvent may be in a liquid state in the reservoir. In the solvent-
dominated process, at least 25 mass %, or at least 50 mass %, of a viscosity-reducing
solvent may enter the reservoir as a liquid.

[0050] The solvent may comprise greater than 50 mass % of a C,-C5 paraffinic
hydrocarbon solvent, greater than 50 mass % propane, greater than 70 mass % propane,
greater than 20 mass % ethane, or CO.,.

[0051] The hydrocarbons may be a viscous oil having an in situ viscosity of at least
10 cP at initial reservoir conditions.

[0052] Other aspects and features of the present invention will become apparent to
those ordinarily skilled in the art upon review of the following description of specific

embodiments of the invention in conjunction with the accompanying Figures.

BRIEF DESCRIPTION OF THE DRAWINGS
[0053] Embodiments of the present invention will now be described, by way of
example only, with reference to the attached Figures, wherein:

Fig. 1 is an example of a solvent supply, injection, and production system for a
solvent-dominated cyclic oil recovery operation;

Fig. 2A is a graph showing a conceptual active well count history of a solvent-

dominated cyclic oil recovery operation:
- 10 -
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Fig. 2B is a graph showing conceptual solvent demand of a solvent-dominated
cyclic oil recovery operation;

Fig. 2C illustrates a graph of the rate of solvent deposition in, or withdrawal
from, storage versus time and a graph of cumulative volume deposited in, or withdrawn from,
storage versus time;

Fig. 3 is a flow chart of a system for developing an operational schedule in
accordance with a disclosed embodiment;

Fig. 4A is an example of a well grouping in accordance with a disclosed
embodiment;

Fig. 4B is an example of another well grouping in accordance with a disclosed
embodiment;

Fig. 5 Is an example of an operating methodology in accordance with a
disclosed embodiment; and

Fig. 6 is an example of the use of a buffer zone in accordance with a disclosed
embodiment.

DETAILED DESCRIPTION

[0054] The term “viscous oil” as used herein means a hydrocarbon, or mixture of
hydrocarbons, that occurs naturally 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 an extra heavy oil, with an API gravity of about 10° or
less, referring to its gravity as measured in degrees on the American Petroleum Institute
(API) Scale. Heavy oil has an API gravity in the range of about 22.3° to about 10°. The terms
viscous oil, heavy oil, and bitumen are used interchangeably herein since they may be
extracted using similar processes.

[0055] In situ is a Latin phrase for “in the place” and, in the context of hydrocarbon
recovery, refers generally to a subsurface 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.

[0056] The term “formation” as used herein refers to a subterranean body of rock that

Is distinct and continuous. The terms “reservoir” and “formation” may be used
interchangeably.

- 11 -
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[0057] By “cyclic” it is meant that any given well is intended to be used as both an
injection well for injecting fluids into an underground reservoir and as a production well for
producing fluids from the reservoir. By “non-cyclic” it is meant that wells are not used for
both injecting fluids into an underground reservoir and producing fluids from the reservoir.
[0058] “Components of interest” means components found in situ in the reservoir or
components injected into the reservoir during the life of the operation, including but not

limited to solvent, oil, water, and methane.

[0059] One embodiment relates to a method for operating a solvent-dominated, cyclic
or non-cyclic, oil recovery process using a liquid-phase or supercritical-phase injectant in
order to minimize surface solvent storage while maintaining economic operating conditions.
[0060] Solvent-dominated, non-cyclic recovery processes to which embodiments of
the instant invention could be applied include, for instance, a heated solvent process using a
SAGD-type well configuration, as described in Canadian Patent Number 2,351,148 to
Nenniger et al.

[0061] Embodiments of the instant invention could also be applied to Solvent-
Assisted Steam-Assisted Gravity Drainage (SA-SAGD, described for instance in U.S. Patent
No. 6,708,759 to Leaute et al.), Liquid Addition to Steam for Enhanced Recovery (LASER,
described for instance in Canadian Patent No. 1,246,993 (Vogel)), and solvent flooding (U.S.
Patent No. 4,510,997 to Fitch et al.).

[0062] Solvent-dominated, cyclic recovery processes to which embodiments of the
instant invention could be applied include, for instance, CSP™ processes, referred to above.
Embodiments of the invention could also be applied to solvent-dominated, non-cyclic
recovery processes, for instance, VAPEX processes, referred to above.

[0063] To manage solvent for a solvent-dominated, cyclic or non-cyclic, operation in
a field, a solvent supply, injection, and production system is required. An example of such a
system is illustrated in Fig. 1. Solvent can be brought to the field from an external source by
trucks (102) and/or a pipeline (104) and injected into wells designated as injector wells (108)
In Fig. 1. Prior to injection, solvent may be stored in a surface storage tank (106). Injector
wells can be switched to production in the case of a cyclic operation, becoming producer
wells (110) after a suitable bank of solvent (113) has been placed in the reservoir (116).
From the produced fluids (124) of the producer wells, the produced solvent may be
separated from the oil (112), recompressed, and reused for reinjection (114) into the

reservoir (116). The compressor (118), separator (120), injection pump (122), power supply
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(128) and flowline for secondary solvent components (126), diluent for example, are also
lllustrated. In a cyclic process, once a sufficient amount of production has occurred, wells can
be switched back to injection, becoming injector wells. In a cyclic process, this switching
between injection and production modes for a given well occurs repeatedly.

10064] Fig. 1 also shows the flowlines within the solvent supply, injection, and
production system. In Fig. 1, the lines with arrows indicate the flow direction within flowlines
that connect the components of system. For some flowlines, there are double-headed

arrows, which indicate the fluid may flow either direction. The flowlines are an injection

flowline (121) flowing at rate Q,, ... through injection pump (122), a solvent recycle flowline

(114) flowing atrate Q... @ pipeline supply line (104) flowing atrate Q... ..., a flowline

delivering secondary solvent components (126) at rate Q.. ...z » @nd a line (107) making

deposits to or withdrawing solvent from tank (106) at rate Q. ,..... The rate of solvent

Injection into the set of wells (121) is therefore given by,

QINJECT = QPRODUCE T QPIPELINE + QSECONDARY + Q.STORAGE ' (1 )

Depending on whether the pipeline (104) is delivering solvent to or carrying solvent from the

field operation, Q... May be positive (delivering solvent to field) or negative (removing

solvent from field). Depending on whether the tank (106) is supplying solvent to or accepting

solvent from the field operation, Q.. .... may be positive (supplying solvent to field) or

negative (accepting solvent from field). If no secondary components are needed, Eq. (1)

becomes,

Q[NJECT = QPRODUCE + QPIPEL[NE + QSTORAGE . (2 )

Because the produced solvent may be recycled, it is useful to frame the discussion of solvent
supply to the field in terms of “net solvent,” which is given by the difference between the
injected and produced solvent rates,

Oner = Civeer ~ Lrrovuce = Lrrevve + Psrorace (3)
{0065] The life of a field operated with a solvent-dominated cyclic process can be
divided into the following three phases: start-up (202), steady-state (204), and late-life (206)
as illustrated in Fig. 2A and Fig. 2B. Fig. 2A is a plot of the active number of wells in the field
operation (208) versus time (210). As shown in Fig. 2A, the number of active wells generally

Increases during the start-up phase, is generally about constant during the steady-state

phase, and generally decreases during the late-life phase of the field operation.
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[0066] Fig. 2B is a plot of solvent rate (216) versus time (210) for both injected
solvent Q,, ... (220) and produced solvent Q... (222). The difference between the two

quantities is the net solvent, Q... . As shown in Fig. 2B, at startup (224), new wells are put

into operation and there is a net positive demand for solvent as indicated by the shaded area

(217). Atfirst, no wells are producing (Q .z, =0). Therefore, Q... >0, and all injected

solvent is supplied by pipeline and/or storage. By Eq. 3,

Oner = Cmvecr = Lepeme + Csrorace > 0 - (4)
At some point during the start-up phase of the field operation, some wells do begin producing
(Q.ronvce 2 0), but they still do not provide enough solvent to supply the injection wells.

Therefore, make-up solvent must continue to be supplied by pipeline and/or from storage,

and the full expression describing the net solvent demand is E£q. 3 (all terms non-zero). But,

if storage has already been exhausted and has not been refreshed (Q.,....: =0), then by Eq.
3,

OQrer = O weer — Cerovvce = Crpeinve > 0- (5)

[0067] During the steady-state period (226), the number of active wells remains
roughly constant, although it may deviate some. For much of the steady-state period, the net

solvent demand Q,,.. may be continue to be similar to the net solvent supply available from

the pipeline and/or storage tanks (refreshed periodically with trucking of solvent) as in Eq. 3.
As the relative proportion of the active wells that are producers increases, less and less
solvent may need to be supplied by pipeline. At some point the amount of solvent that is

recycled may exactly equal the amount required for injection,

Orer =@ mueer = Crropvee =0 - (6)
[0068] During the late-life period (228), there is a surplus of solvent,

(Qrronuce > Cnuscr ) @S operations wind-down and wells become inactive. The net demand for

solvent is negative (area shaded by (219)) and is given by,

Oner = QINJECT — QPRODUCE <0. (7)

The direction of flow in the pipeline may then be reserved (Q,,..,.. <0) and solvent may be

sent by pipeline to a facility for resale or to a new site for reuse.
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[0069] Important challenges in all three phases of a solvent-dominated cyclic
recovery process are minimizing the capital costs, operating costs, and supply costs. In
particular, important challenges are minimizing costs related to pipeline capacity, surface
solvent storage, and underground solvent storage. Surface storage capacity is costly,
especially when pressurization of the solvent above atmospheric pressure is required to
store the solvent as a liquid at about 20°C. Therefore, it is desirable to minimize the volume

of the costly solvent storage tank (106). Designing the capacity of the pipeline to minimize

cost is also important. This is especially true since the total field solvent demand (Q,.,) may

vary over the operating life of the field, but pipeline solvent supply is typically near a uniform

rate. Therefore, it is desirable to minimize the variation of the pipeline supply rate (Q,,.-;x:)

over time. When the solvent production exceeds the solvent injection demand, the excess
solvent may be stored on the surface and/or underground. Although underground storage
potentially has lower capital costs than surface storage (because injection wells already
exist), there is a risk that not all injected solvent may be recovered, increasing operational
cost. Stored solvent is also effectively a capital cost. Operationally, solvent storage may be
particularly challenging to manage when the injection rates and production rates of wells
differ dramatically. For instance, solvent injection rates can be 1 to 20 times higher than
solvent production rates. In addition, for a cyclic process, individual well injection rates can
vary dramatically in any given cycle (i.e., cycling between no injection and a maximum
Injection rate) and over the life of the well (i.e., injection rates can vary from one cycle to
another).

[0070] In one embodiment, solvent is distributed to a set of wells terminating in an

underground oil reservoir, where the operation is managed to minimize the surface solvent
storage by minimizing the variation in the net solvent injection rate over the set of wells, into
the reservoir (see Fig. 3, described further below), over a certain period of time. The rate of
withdrawal/deposition from storage is given by rearrangement of Eq. 3,

QSTORA GE — Q!NJECT — QPR ODUCE — QPIPELINE = QNET — QPIPEL[NE . (8)

Eq. 8 is applicable over any period of time. The volume of solvent storage required during a

time period (At) of deposition or withdrawal is a function of the average deposition or
withdrawal rate during the time period times the length of the time period,

V srorace = QSTORAGE At . (9)
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The rate over a time period times the length of the time period is often called the cumulative
volume. For example, if a withdrawal rate of 100 m® per day is expected over a period of 7
days, a tank containing at least 700 m® of solvent is required if no other solvent is delivered
to the tank. If a deposition rate of 50 m® per day is expected over a period of 10 days, then a
tank containing at least 500 m® of empty volume (ullage) is required.

[0071] It is important to note that if a time period includes both a deposit and a
withdrawal from storage, the amount of storage required to satisfy the volume needs during
the time period is the volume of required fluid or required ullage, whichever is larger. Those
skilled in the art will recognize that the volume of storage required for N time periods,
consisting of both withdrawals and depositions, may be expressed mathematically as the
maximum value of the absolute value of the cumulative volume of the
depositions/withdrawals for all time periods At.

( V)

/ ]
V srorace = Max| abs ZQ;TORAGEAt | ' (10)
\ \ i=1 /j=l /

Those skilled in the art will recognize that Eq. 10 may be equivalently expressed using other

means, including integral calculus. For purposes of understanding embodiments of the
invention, it is sufficient to understand that the volume of required storage depends directly
on the rates and durations of withdrawals from, and depositions, to storage.

[0072] Fig. 2C illustrates a time series of withdrawing solvent from the storage tank
(230), depositing solvent to the tank (232), and then further withdrawing solvent from the tank
(234). The top portion of Fig. 2C shows how the rate of deposition in (O x.r <0) OF

withdrawal from (Qg....cx > 0) the tank changes over time. The bottom portion of Fig. 2C
shows the cumulative volume deposited (Vprr <0) Or withdrawn (V... > 0) since the
beginning of the time period. In Fig. 2C, the maximum demand on the tank’s capacity to
supply stored solvent is V... =12m’ and the maximum demand on the tank’s capacity to
hold deposited solvent is 18m° (V... =—18m>). Therefore, a tank of at least 18m?3is

required for this 10-day time period assuming no other deliveries of solvent to the tank.
Those skilled in the art will recognize that the cumulative volume plotted in the lower portion

of Fig. 2C is the area under the curve of the upper figure, also known in calculus as an
integral.
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[0073] Since solvent supply can be trucked in or brought in via a supply pipeline at a

near constant daily rate (for example, Q... ), operating the process such that the net

Injected solvent (Q,,,) into the underground oil reservoir matches, or is close to, this

constant daily supply rate with minimal variation will minimize the surface solvent storage
required. For a cyclic operation, each well operates in a cyclic or periodic fashion, injecting
solvent during one portion of its cycle and producing solvent during another portion.

[0074] While the term “minimize[ing]” is used herein, its use is not intended to imply
that full minimization is required. That is, advantages may be achieved by reducing, without
fully mathematically minimizing, the value at issue. Likewise, the term “optimize[ing]”, is not
intended to imply full mathematical optimization. Mathematical methods for minimizing
include, for example, downhill simplex, conjugate gradient, Monte Carlo based, genetic
algorithms, simulated annealing, and other methods well known in the art. In mathematical
optimization algorithms an objective variable (for example, solvent storage requirement or oil
production), is minimized or maximized subject to particular constraints (for example, bounds
on reasonable values of factors affecting the objective variable).

[0075] As used herein the expression “minimizing the variation in the net solvent
Injection rate” has the same meaning as “improving the net solvent rate uniformity”.

[0076] In order to design an operational strategy that minimizes the variation in net

solvent injected, (Q,,,), and therefore minimizes the solvent storage and pipeline supply

variation, it is useful to predict all of the terms of Eq. 3 as a function of time. More precisely,
the aim is to calculate the net solvent injected as a function of time,

QNET (t) = QINJECT (t) o QPRODUCE (t) = QPIPELINE (t) + Q.S’T ORAGE (t) ’ (1 0)
from the individual injection rates and production rates of all the wells in the set of wells. and

to further analyze the variance of Q,,,.(¢). The net solvent injection rate of the field may be

computed from the sum over all the set of individual wells,

Qner (1) = Z q necr () — Z q propuce () (11)

SET SET

The injection rate g,,,..,(#) and production rate q,,,,..-(t) vs. time for a well may be referred

to together as a "well profile.” One measure of variance is the maximum net injected solvent

volume during a time period divided by the average net injected solvent volume over the
same time period,

-17 -



10

15

20

25

30

CA 02705643 2010-05-26

max [y ()] (12)
averag e[QNET (1)] |

variance =

Those skilled in the art will appreciate that there are many alternative definitions of variance:
for example, measures of variance that use the concept of standard deviation, make use of
different length time periods, or are expressed in terms of volume rather than rate. The
following non-limiting quantitative examples of minimizing are provided. In a first example,
applying directly Eq. 12, it may be desirable to minimize the variation in net solvent injection
rate to below 10% over a daily period. In another example, it may be desirable that the
selected injection and production schedule reduce the variation in the net solvent injection
rate to an amount where an average or maximum daily difference between the injected and
produced solvent volumes from the set of wells is within 20% of an average difference over a
time period of one month. In a further example, it may be desirable that the selected injection
and production schedule reduce the variation in the net solvent injection rate to an amount
where an average hourly difference between the injected and produced solvent volumes
from the set of wells is within 50% of an average difference over a time period of one day.
Relatively speaking, large variances for short periods of time may be acceptable because
they do not result in large solvent storage demands, but over longer periods of time the
average variance should be smaller. Variances over hourly periods such as twelve hours,
the length of an oilfield worker shift, may be the most practical time period in some instances.
[0077] Computer simulation may be used to design solvent volume management
schemes for a set of injecting and producing wells. More specifically, reservoir simulation,
when combined with an optimization algorithm, may be a particularly effective tool for
designing solvent volume management schemes. With reference to Fig. 3, to balance the
net solvent injected into a set of wells, a computer simulation procedure may be used to
optimize the process in which the computer simulation procedure may comprise steps that
use a reservoir simulator and/or an optimization algorithm, or “scheduler”.

[0078] Fig. 3 is a flow chart of a system for developing an operational schedule in
accordance with a disclosed embodiment. The first step is to generate well profile estimates
which may include “estimating solvent injection and production rates”. The term “rate” as
used herein may be an instantaneous rate or a rate over a time period (i.e. estimating a
volume injected or produced over a time period). The well profiles may be generated using

field measurements (300) of existing wells (perhaps pilot or test wells), computer reservoir
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simulation (302), and/or other analytical or theoretical methods (304). One embodiment is

denoted as the “Main Process” (320) and alternate embodiments are denoted as “Alternate
Process” (321). For now, discussion of steps (300) and (304) is excluded. In the absence of
actual field data (300), the preferred starting step is step (302), the prediction of well profiles

using simulation.

[0079] The reservoir simulator (302) may be used to predict one or more of:
[0080] individual well injection rates vs. time, q,,,.(¢);

[0081] individual well production rates vs. time, q,.,,uc: (¢);

[0082] average rates q,, ... and q ..., Over a time period; and

[0083]) total volumes v, ... and v, ... Over a time period,

for one or more of the components in the simulation. The primary component of interest is
solvent.

[0084] The next step Is to select a set of the generated profiles (306). The selection
may be based on judgment of which profiles are likely to form optimal groups or which
profiles are most certain. If no judgment is made, the set of profiles may consist of all the
generated profiles.

[0085] While it possible to design well grouping strategies that minimize the variation
In the net solvent injected without optimization, it is preferable to instead do so with the aid of
computer-based reservoir simulation and optimization algorithms. After selecting a collection
of well profiles (306), the preferred step (310) is to use an optimization algorithm to minimize
the variation in time of the net solvent injected. However, it is acceptable to hypothesize a
well grouping strategy (308) without the aid of optimization.

[0086] The optimization algorithm (310), also called a “scheduler,” may be used to
minimize the variation in time of the net solvent injected into the set of wells by taking the

selected set of well profiles (306) for one or more of the individual wells in the set of wells
and scheduling the welis using one of more of the following optimization methods: operating
wells in a group as a unit, offsetting the injection start-up dates for one or more wells, varying
the injection cycle length for one or more wells, varying the idling or soak period between
injection and production cycles for one or more wells, varying the production cycle length for
one or more wells, varying the idling or soak period between production and injection cycles
for one or more wells, using idling wells to store solvent, recycling the produced solvent from
any well to be reinjected into any well using separation and recompression facilities, using
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above ground storage capacity, or using depleted reservoirs for solvent storage
underground. The optimization algorithm observes a set of constraints (312) that may
Include economic and technical constraints. Economic constraints may include capacity
costs or production yields. Technical constraints may include limits on pipeline or storage
capacity, for example.

[0087] Whether or not the well grouping strategy is identified with or without
optimization, it may be useful to test the grouping strategy using reservoir simulation
comprising at least two wells (314). The optimization algorithm treats each well’s profile as
independent of every other well’s profile. In actual field operations, this not true once wells
begin to interact. A reservoir simulator can account for the interdependent nature of the
wells’ profiles. The field-wide net solvent injected predicted during step (314) is typically
more trustworthy than that predicted by the optimization tool during step (310). However, it
may also be appropriate to proceed from step 310 directly to step (316).

[0088] After the final simulation is complete, an assessment is made as to whether
the optimization objectives are achieved. Fig. 3 states the optimization objective as obtaining
an optimized quantity that is acceptable given the constraints (312) and other economic
objectives. For example, one optimization objective may be that the variation in the net
solvent injected is low (316). Other objectives may include ensuring that the surface solvent
storage is minimized, the underground storage is minimized, or that the variation in the
pipeline supply is acceptable.

[0089] If the objectives are not met, new well grouping strategies may be identified
(308), new well profile selections may be repeated (306), or new well profile estimations may
be carried out via new measurement (300), simulation (302), or calculation (304). In all three

cases, optimization (310) may be repeated using the same or different constraints (312). If

the objectives are met, the selection process is terminated.

[0090] An alternative embodiment is to use field data to estimate well profiles (300)
and subsequently minimize the variation in the net solvent injection rate or other quantity.
Field measurements may include one or more of: the injection rates and compositions,
production rates and compositions, as well as durations of injection, production, and idling
times. This alternative embodiment may also be used in conjunction with the computer
simulation approach (302) to generating well profiles as previously described.

[0091] An alternative embodiment uses analytic models to estimate well profiles

(304) and subsequently minimize the variation in the net solvent injection rate. This
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alternative embodiment may also be used in conjunction with either the computer simulation
approach to estimating well profiles (302) or the field data approach to estimating well

profiles (300) as previously described.

Well grouping for largely non-cyclic and largely cyclic processes

[0092] To minimize the complexity of managing a large number of wells in a set of
wells, two embodiments of a strategy are shown in Fig. 4A and Fig. 4B. With reference to
Fig. 3, these embodiments follow a path through one or more of (300), (302), and (306), and
then (306) and (308). Fig. 4A illustrates a grouping strategy for a set of wellis that are
operated in a largely non-cyclic manner. Fig. 4B illustrates a grouping strategy for set of

wells that are operated in a largely cyclic manner.

{0093] In Fig. 4A, a set (402) of eight wells (422) may be divided into two subsets of

wells (406, 408). The first subset (406) comprises at least two wells from the set of wells
where each well cycles between injecting solvent and not significantly injecting solvent. "Not

significantly injecting” solvent means injecting less than 10% (including 0%) of a maximum
injection rate in a cycle for a well. “Not significantly producing” fluids means producing less
than 10% (including 0%) of a maximum production rate in a cycle for a well.

[0094] For example, each well cycles between a period of injection and a period of
idling, as in a VAPEX recovery process employing solvent vapor injection wells and
solvent/oil production wells. The second subset (408) comprises at least two wells from the
set of wells where each well cycles between producing fluids and not significantly producing
fluids. A method may be employed where the first subset of wells (406) is further split into
two or more groups (414, 416) where all wells in a group have similar injection cycle
schedules, and solvent is injected into the wells in the first subset (406) using injection cycle
schedules which are offset in time between groups so as to minimize fluctuations in the
overall solvent injection rate to the set of wells (402). A “similar injection cycle schedule”
means that the wells are all injecting at approximately the same rates for approximately
equivalent durations of time. Thus, the composition of the injectant, rate of injection, and
duration of injection are approximately equivalent for each similar injection cycle schedule.
“Approximately the same”™ and “approximately equivalent” means about + 50%, or more
preferably + 20%, or most preferably + 10%. Because a “well profile” includes both the

Injection and production schedule, wells with a similar injection cycle schedule will have a
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similar well profile unless the idie periods differ substantially. In the embodiment of Fig. 4A,
the groups of wells may be operated such that the starting time of a given injection cycle for

one group of wells is offset from the starting time of one of the other groups of wells. This

strategy assists in the overall balance of net solvent injected (Q,.,) over the set of wells.

5 [0095] Grouping wells may also help in managing the overall oil recovery from the
reservoir. Grouping allows for wells undergoing similar operations (injection, production,
Idling) and in a similar stage of life (early operation, late-life operation, etc.) to be placed
physically in proximity to one another. This proximal placing of wells undergoing similar
operation may be preferred, especially early in the process, since it can prevent adjacent

10  wells from being offset in such a way that one well is injecting solvent while an adjacent well
IS producing fluids from the reservoir. If one well is injecting solvent while an adjacent well is
producing fluids, a large pressure gradient between the two wells is created, potentially
leading to undesired early breakthrough of solvent from one well to another, decreasing the
overall efficiency of the process and reducing the potential overall oil recovery.

15 [0096] In an alternate embodiment illustrating a grouping strategy for a set (404) of

- four wells (424) that are operated in a largely cyclic manner, the two subsets may have one
or more wells in common as shown in Fig. 4B. Fig. 4B shows that all wells are common
between the two subsets and are shown as one combined subset (410). Therefore, all the
wells cycle between significantly injecting solvent and significantly producing solvent/oil.

20 Such a grouping strategy is appropriate for a process where the wells are largely cyclic, for
example CSP™ processes. In Fig. 4B, the combined subsets are further split into two
groups (414, 416). As in the example for a largely non-cyclic process, all wells in a group
have similar injection cycle schedules. However, because the injection wells are also
producer wells, they also have similar production schedules. The injection and production

25  schedules of the two groups are offset so that the variation in the net solvent injection rate

(QNET) IS minimized.

Solvent Management via Balancing Strategy
[0097] An alternative to the preferred operating methodology presented in Fig. 3,

30  where a computer simulation is used during steps (302), (310), and (314) to manage the net
injected solvent, is a simpler pair balancing methodology, an example of which is presented
in Fig, 5. With reference to Fig. 3, the methodology of Fig. 5 follows a path through (304),
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(306), and (308). The pair balancing methodology is a method where the rate of withdrawal
or deposition to storage is always zero (or near zero). Therefore, Eq. 8 describes the pair

balancing methodology. Setting Q... =0iIn Eq. 8 shows that the net solvent injected is

therefore equal to the pipeline supply of solvent,
(14)

QNET — QP]PEL!NE ,
and that the injected solvent equals the solvent supplied by pipeline plus the produced

(recycled) solvent,

Omser = Lrpemve + @rrovuce (15)
[0098] Fig. 5 shows two rate (502 and 504) versus time (506 and 508) plots, one
each for Well 1 (510) and Well 2 (512). In this configuration, each well belongs to a pair. In
the simplest case, a well pair comprises two wells. However, a well pair could comprise one
longer well paired with, for example, two shorter wells. Other pairings are also possible and
will be obvious to those skilled in the art. For instance, instead of pairing wells, well groups
may be paired. In Fig. 5, the fluid volume types are pipelined solvent (514), re-injected
solvent (516), produced solvent (518), and produced heavy oil (520). Volume is equal to the
rate times the time and may be thought of visually as the area formed by the shaded boxes.
In each pair at any given time, after the initial injection into the first well, one well is used to
inject solvent into the reservoir while one well is simultaneously producing fluids from the
reservoir. The injected solvent in the injection well is supplied by a near constant solvent
supply plus the solvent produced from its paired-corresponding producing well. By Eq. 14, if
the pipeline solvent supply is near-constant, then the net solvent injected is also near-
constant. In this way, the net injected solvent into any pair of wells is balanced with the
incoming solvent supply, effectively eliminating, or reducing, the variation in the net injected
solvent into the pair of wells. In previously mentioned embodiments, at downhole conditions,
the injection rate of fluids into a well at a given stage in the development is allowed to exceed
the production rate of fluids from a well at a similar stage in development, but in this
embodiment, to balance the net injected solvent between a pair of wells, the injection rate of
solvent into a given well can be reduced sufficiently so as to match the production of fluids
from the corresponding well in its pair plus a near constant supply. The injection and
combined solvent supply (recycled plus external) rates need not match exactly to effectively
obtain a near-zero solvent storage operation. For example, the schedule may comprise

injecting solvent into one well of a pair at a rate substantially equal (+/- 10% daily) to a rate of

- 23 -



10

15

20

25

30

CA 02705643 2010-05-26

solvent simultaneously produced from the other well in the pair plus a substantially constant
(+/- 10% daily) solvent supply from a solvent source. Thus, using this methodology reduces
the complexity of solvent management and the need for surface solvent storage but has the
potential to reduce the rate of solvent recovery from an individual well since the injection
rates must be reduced to more closely match the production rates.

[0099] An example of this embodiment is given for a solvent-dominated cyclic
injection process as follows. The initial solvent injection volume (500) in the first cycle of
Well 1 in the well pair is delivered by pipeline at a rate of 100 m°/day. Next, injection into Well
1 ceases and Well 1 is switched to production. Well 1 produces a volume of viscous oil (501)
and a volume of solvent (503) which is transported (505) to Well 2, where the volume of
solvent (507) is re-injected. This method requires that the injection and production durations
and liquid rates at downhole conditions are approximately constant and approximately equal,
as shown in Fig. 5. Thus, in the example in Fig. 5 for a cyclic process, after the initial
Injection in the first cycle into Well 1, the solvent injection rate during injection in Well 2 is 200
m°/day (100 m°/day from the solvent supply and 100 m®day from the produced solvent from
Well 1). The process continues for additional cycles. The total liquid production rate in this
embodiment may vary since the oil production rate is not necessarily constant.

{00100] Computer simulation (such as that in step 314) has confirmed that the
hypothesized well balancing strategy (308) just described is an effective mechanism for
obtaining a zero solvent strategy without impacting production in a major way.

[00101] Furthermore, in a cyclic process, the two wells in a pair of wells do not have to
be in proximity to one another and it is preferred that the wells in a pair are actually
separated by a buffer zone. A “buffer zone” is a zone between wells that renders the wells
substantially independent of one another; that is, the effect of one well will not have a
substantial effect on the other well. In one embodiment of a full-field application, it is
envisioned that the set of wells may be divided into two groups, each of which contains only
one well in any given well pair. These two groups can be separated by a buffer (Fig. 6) and
each well in a group will be in proximity to one another and operate in-sync (each has a
similar well profile or a “similar injection cycle schedule”, as defined below) with one another,
and offset from the other group of corresponding wells in the corresponding well pairs as
described below. In Fig. 6, the set (600) of eight wells comprises a group (604) of four
Injecting wells (604a, 604b, 604c, 604d) separated by a buffer zone (606) from a group (610)

of four producing wells (610a, 610b, 610c, 610d). If the groups were operated such that
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each well of group (604) was paired with a well of group (610), then well (604a) might be
paired with well (610a), and similarly for the other wells .

Solvent Management via Subsurface Storage
[00102] Another option for minimizing the variation in the net injected solvent, and thus

the need for surface solvent storage, involves using a subsurface reservoir with at least a
fraction of the inttial in situ fluids extracted, to store solvent. Once at least a portion of the in
situ fluids from a reservoir have been produced, the reservoir can be used as a solvent bank

to store excess solvent and supply solvent as needed.

Solvent Supply
[00103] Solvent can be supplied via a supply pipeline or via trucking. Solvent supplied

via a supply pipeline is often supplied at a constant daily supply rate, since a premium is
often required to allow for variation in the solvent supply via pipeline. Solvent can also be
progressively trucked in for start-up operation where less solvent may be needed than in full-
field operation. This trucking could occur until plant capacity is reached in an economic
fashion, which may be about 1/3 to 1/2 of the life of a single well. The maximum allowable
daily solvent trucking rate may determine the plant and solvent recycling capacities. The
number of new wells in start-up operation may be equal to the plant capacity divided by the
predicted average calendar day oil rate per well in early cycles. In this scenario, solvent
storage supply is desired to account for trucking interruptions, which can occur for several
reasons including weather or supply disruptions. After steady operation has been

established, solvent supply can be switched from trucking over to a pipeline.

Solvent Disposal
[00104] After oil production from the target wells have been reached, the excess

produced solvent can be sent to another solvent injection site or transported to a vendor

facility for resale. This solvent can be shipped via either pipeline, trucking, or a combination
of trucking and pipeline.

Solvent Recovery
[00105] Once it has been determined that a well is no longer economic and will not

undergo any more injection, the remaining recoverable solvent can be produced by
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depressurizing a portion of the reservoir below the vaporization pressure of the solvent at
reservoir temperature to recover as much of the injected solvent as is economically feasible.
Preferably, the pressure in the reservoir in contact with the injected solvent will drop to the
pressure of the minimum allowable pressure to recover the maximum amount of solvent

possible.

Field Operation
[00106] This entire process may be repeated throughout the field until an economic

limit has been reached. When repeating this process it is economically advantageous to

continue to use the existing pipeline and surface facilities.

Optimizing Oil Production Within a Solvent Supply or Storage Constraint

[00107] The procedures of computerized solvent storage optimization, well pairing,
and well grouping just described, although useful for designing and managing a solvent
supply system such that net solvent injection is minimized, are just one aspect of an efficient
recovery process. Given a fixed volume of solvent supply and solvent storage, it is desirable
to maximize oil production. Considering Fig. 3, the problem of maximizing oil production
given a solvent storage constraint is the path where the constraint (312) is solvent storage
and the optimized variable (310) is oil production. One way to mathematically represent the

solvent’s efficiency at obtaining oil production is the produced oil to injected solvent ratio
(OISR),

Produced Oil to Injected Solvent Ratio = QJ ./ Q3CLVENT (16)

PRODUCE INJECT
[00108] An OISR may be defined for each producing well over any period of time for

which there is both injection and production. Let's consider how to maximize the field-wide
OISR under several different circumstances.

[00109] As long as Q,,, >0, as might occur during the late portion of the startup

phase (224) and during most of the steady phase (226), there are new wells being drilled at
the same time that other wells are producing. Because the solvent injection requirements

are so large it makes sense to produce all wells at their full capacities when they are on
production. Even if a well is not particularly efficient at producing oil, there is need for the
produced solvent immediately, and no reason not to produce the oil.
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The capacity of the recycle flowline (121) carrying the combined pipelined and produced
solvent supply is necessarily of limited capacity. If it were to reach maximum capacity and
the external solvent supply were already zero, it would be desirable to choke back, or
decrease, the flow rate of recycled solvent from the wells with the lowest OISR. This situation
might occur during the steady phase (226) of field life. The wells have differential solvent
production rates and it is desirable to know which wells should be choked back. To
accomplish this desired flow reduction the following may be carried out: (1) Calculate a
solvent efficiency measure (such as OISR) using the solvent and oil flow rates for every well
that feeds the solvent recycle line; (2) Rank all the wells from most to least solvent efficient:
and (3) Reduce the solvent flow rate (including possible reduction to zero) of the least
efficient well by reducing its gross production rate. Gross production rate may be decreased
by increasing the producing pressure of the well. While reducing the solvent flow rate of the
least efficient well is one approach, there may be instances where one would chose to
produce at least one well of relatively lower efficiency at a lower rate than at least one well of
relatively higher efficiency. For example, if ten wells are ranked from 1 (least efficient) to 10
(most efficient), reducing the flow rate of well 2 instead of well 1 could also be beneficial
under the circumstances set out above.

[00110] The concept of choking back the solvent production rate by increasing the
producing pressure is especially important in SDRPs. If the producing pressure is above the
vaporization pressure, the solvent will be produced primarily as a liquid, and if the producing
pressure is lower than the vaporizing pressure, the solvent will be produced primarily as a
vapor. There is no analogy of this concept to steam-based processes, where substantially all
of the steam is condensed to liquid phase water prior to production. Producing SDRP wells
may therefore be operated either above or below the vaporization pressure, resulting in
relatively low volumes of produced liquid phase solvent or relatively high volumes of
produced vapor phase solvent. [f surface solvent storage is not available, it may be
advantageous to operate the wells above the vaporization pressure of the solvent such that
solvent remains in the liquid phase and underground, rather than being produced. The
process of vaporizing the solvent in the reservoir, and producing as much remaining solvent
In the vapor phase as possible is known as “blowdown”. The specific timing of blowdown,
whether it occurs after every injection and production cycle or whether it occurs only during

the final cycle of a CSDRP, may be an effective lever for controlling produced solvent

volumes.
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[00111] There may be a time during the life of the field when the surface storage

capacity has been filled and there is more solvent available then is needed. This might

occur, for example, shortly after O, .. falls below zero. At this point in time the surface

storage will quickly fill up, but there may not be an efficient way to pipeline excess solvent
away yet, perhaps because the pipeline operator will not accept low flow rates. Therefore,
the only place to store the solvent is underground. It is expected that in practical field
operations the magnitude of available underground storage will exceed the available surface
storage capacity. If there are solvent injection wells available whose solvent injection rates
may be increased without harming their overall performance, it may make sense to increase
their injection rates. Nonetheless, some producing wells may need to be converted to
underground solvent storage wells. It is desirable to maximize oil production even while
converting some oll production wells to solvent storage wells. In this case, it may be
desirable to convert the wells with the lowest oil rate (regardless of the specific OISR) to
solvent storage wells. Another strategy for storing solvent underground is to operate a
greater fraction of the producing wells above their vaporization pressure, storing solvent in
the liquid state in the reservoir.

[00112] During the late life phase when there are no new wells being drilled and

production is winding down, Q,., <0, the optimization of oil production is straightforward --

all wells should be produced as long as pipeline capacity to remove their produced solvent
exists.

[00113] It is typically an object of oilfield practice to maximize profit, cash flow, net
present value, or other measures of profitability. Given existing solvent storage constraints,
maximizing oil production is typically synonymous with maximizing profitability. Should
maximization of oil production not be synonymous with the maximization of profitability, it
may be desirable to operate the SDRP oilfield such that the objective is direct maximization
of a measure of profitability. For example, for low-pressure wells, it may be that the costs of
the recompression of produced vapor phase solvent are so great in comparison to the
volumes of coproduced oil, that the maximization of profitability would not be synonymous
with maximization of oil production. The maximization of profitability might best be served by
reducing the pressure of the producing well to as low a pressure as possible in order to
recover the solvent in the vapor phase as quickly as possible, and forego oil production in the
process. Thatis, there is a trade-off between a long period of low-rate oil production with

- 28 -



10

15

20

25

30

CA 02705643 2010-05-26

some associated solvent in a relatively high-pressure pressure operation versus a short
period of low-rate oil production and a relatively higher rate of solvent production at low-
pressure. To the extent that operational costs (such as compression) are known and well
production and injection profiles are known, direct optimization of a measure of profitability
may be accomplished via the procedure of Fig. 3 where the optimized Variable (310) is a

measure of profitability.

Additional Embodiments

[00114] The following embodiments serve to illustrate how aspects of the invention
may be practiced in the context of the life of an oilfield operation.
[00115] One particular embodiment comprises operation for a solvent-dominated
cyclic recovery process where solvent is trucked in, stored in inventory, injected into the
reservoir, produced from the reservoir, separated from the produced reservoir fluids, and
recycled with a phased-in solvent supply from pipelining where the following steps are
followed:
1. Determine the maximum daily allowable solvent supply rate based on supplier
constraints;
2. Use a system for developing an operational schedule to evaluate the optimal
economic plant and solvent recycling capacity;
3. Design solvent surface storage based on making up for the most likely case of
solvent trucking interruption;
4. Phase in a sufficient number of new wells so that plant capacity can be
reached in a time equal to about 1/3 to 1/2 of the lifetime of the first well to undergo
solvent injection;
S. Set the ratio of producing to injecting wells to be the same ratio as the
average Injection to produced solvent rate;
6. Establish a steady operation in which solvent trucking rate makes up solvent
loss to reservoir;
7. Build solvent pipeline to replace trucking at 'X' time (likely years) before steady
operation is achieved where X is the required regulatory approval, engineering, and
construction time;
8. Phase out solvent trucking, phase-in pipeline supply:

9. Phase out solvent injection;
-29- ..



10

15

20

25

30

10.

11.

12.

[00116]

CA 02705643 2010-05-26

Phase out operation at the present location:

Blow down solvent inventory and send to new phase or for resale; and

Repeat at another field / phase using pipeline to supply solvent.

“Blow down™ means that the pressure in a portion of the reservoir is dropped

to below that of the vapor pressure of the solvent at the reservoir temperature, and

production of the reservoir fluids along with the solvent is continued until either an economic

limit is reached or another cutoff criteria is reached.

[00117]

Alternatively, another embodiment comprises operation for a solvent-

dominated cyclic recovery process where solvent is supplied via a pipeline at a near constant

rate, optionally stored in inventory, injected into the reservoir, produced from the reservoir,

separated from the produced reservoir fluids, and recycled where the following steps are

followed:
1.

Construct a pad with an even number of wells, such that each well can be

paired with another well;

2.

3.

Use a system for developing an operational schedule to:
a. Predict the optimal injection and production rates for each well in the

pad as well as the potential range of sustainable injection and production

rates;
b. Evaluate the optimal plant and solvent recycling capacity;
C. Determine a supply rate for the pipeline based on supply constraints,

recycling constraints, the average production rate expected for a given well,
the number of wells in the pad, the average fraction by volume of the reservoir
fluids at reservoir conditions that is comprised of the produced solvent, and
the expected injection rate for a given well;

Design solvent surface storage based on making up for the most likely case of

solvent supply interruption from either the pipeline or the underground reservoir

storage,

4

Balance the solvent production rate from each well in a well pair and the

appropriate fraction of solvent rate from the supply pipeline with the injection rate for

the corresponding well in the given well pair to within the surface and/or underground

reservoir storage capacity;
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S. Phase in a sufficient number of new wells so that the incoming solvent
pipeline supply can remain roughly constant (within +10%) and the produced solvent

from wells operating in the late-life cycles can be used efficiently;

0. Phase out solvent injection;
/ Phase out operation at the present location;
8. Blow-down solvent inventory and send to new phase or for resale;
9 Repeat at another field / phase using pipeline to supply solvent.
[00118] The system for developing an operational schedule may comprise:
1. A reservoir simulator that predicts one or more of: individual well injection

rates, production rates, injected volumes, and produced volumes for one or more of
the components of interest; and
2. A scheduler that takes individual well injection and production rates and
groups wells together to optimize total solvent usage to within +10% of the supply
rate by one or more of the following means:

a. Operating wells in a group as a unit;

D. Offsetting well group start up dates;

C. Varying injection cycle length;

d. Varying idling or soak period between the injection and production
cycles;

€. Varying production cycle length;

f. Varying idling or soak period between the production and injection
cycles;

gd. Using idling wells as solvent storage:;

h. Recycling the produced solvent to be reinjected into a group of wells

using separation and recompression facilities;

. Installing an above ground storage capacity for solvent:

J. Using depleted reservoirs for solvent storage below the surface.
[00119] Table 1 outlines the operating ranges for CSDRPs of some embodiments.
The present invention is not intended to be limited by such operating ranges.
[00120] Table 1. Operating Ranges for a CSDRP.

Parameter Broader Embodiment Narrower Embodiment

Injectant volume | Fill-up estimated pattern pore | Inject, beyond a pressure
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volume plus 2-15%  of
estimated pattern pore volume;
or inject, beyond a pressure
threshold, for a period of time
(for

months); or inject, beyond a

example weeks to

pressure threshold, 2-15% of

|

estimated pore volume.

threshold, 2-15% (or 3-8%) of |

estimated pore volume. |

Injectant Main solvent (>50 mass%) C,- |

composition, | Cs. Alternatively, :wells may be

main subjected to compositions
other than main solvents to
improve well pattern
performance (i.e. CO, flooding
| of a mature operation or!
altering in situ stress of |
reservoir).

Injectant Additional  injectants  may

composition, include CO, (up to about 30%),

additive ' Cs.+, viscosifiers (for example

diesel, viscous oil, bitumen,
diluent), ketones, alcohols,
sulphur dioxide, hydrate

inhibitors, and steam.

Injectant phase &
Injection
pressure

Solvent injected such that at
the end of injection, greater
than 25%

solvent exists as a liquid in the

by mass of the

reservoir, with no constraint as

to whether most solvent is

injected above or below

— e e ;
Main solvent (>50 mass%) is |

propane (Cs;).

B

Only diluent, and —5“nly when

needed to achieve

adequate
Injection pressure.

Solvent injected as a liquid, and

most solvent injected just under
fracture pressure and abovel

dilation pressure,

Pfracture > Pinjection > Pdilation |

> PvaporP. I

dilation pressure or fracture I
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Bl bl e St

| pressure.
Injectant Enough heat to prevent Ens-@h heat to prevent h?EFates |
temperature hydrates and locally enhance | with a safety margin,

wellbore inflow consistent with | Thydrate + 5°C to Thydrate

Boberg-Lantz mode +50°C.

| Injection rate 0.1 to 10 m3/day per meter of | 0.2 to 2 m3/day per meter of
completed well length (rate | completed well length (rate |

expressed as volumes of liquid | expressed as volumes of liquid

solvent at reservoir conditions). | solvent at reservoir conditions).

Rates may also be designed to

allow for Ilimited or controlled
fracture extent, at fracture

pressure or desired solvent |

conformance depending on |

reservoir properties. |
| —— e TE S G S—
Threshold Any pressure above initial | A pressure between 90% andl
| pressure reservoir pressure. 100% of fracture pressure.
(pressure at

which solvent |

continues to be
Injected for either I

a period of time

or in a volume

amount)
Well length

As long of a horizontal well as | 500m — 1500m (commercial well).
can practically be drilled; or the

entire pay thickness for vertical

wells.

Horizontal wells parallel to | Horizontal wells parallel to each

Well

configuration

each other, separated by some | other, separated by some regular
regular spacing of 60 — 600m; | spacing of 60 — 320m.

| Also vertical wells, high angle
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slant wells & multi-lateral wells.
Also Infill

production wells (of any type

Injection
above) targeting bypassed
hydrocarbon from surveillance

of pattern performance.

Well orientation

and/or

1

| -

| Orientated in any direction.

Horizontal  wells  orientated |
perpendicular to (or with less than
the

| direction of maximum horizontal /in

30 degrees of variation)

situ stress.

Minimum

producing

pressure (MPP)

MPP should be, on the low

end, a pressure significantly

below the vapor pressure,
ensuring vaporization; and, on
the high-end, a high pressure
the

pressure.

near native

For example,
perhaps 0.1 MPa - 5 MPa,
depending on depth and mode

of operation (all-liquid or limited

| vaporization).

Oil rate

Switch to injection when rate

equals 2 to 50% of the max
rate obtained during the cycle;
when

Alternatively, switch

absolute rate equals a pre-set
value. Alternatively, well is
unable to sustain hydrocarbon
flow

(continuous or

~ 34 -

Generally, the range of the |

reservoir

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 500m 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) (for example I
total oil/total cycle length). Likely

most economically optimal when
the oil rate is at about 0.8 xI
CDOR. Alternatively, switch to
injection when rate equals 20-40% |
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‘ o intermittent) by  primary | of the max rate obtained during
production against | the cycle. |

backpressure  of gatheringl |
I system or well is “pumped off”

unable to sustain flow from

| artificial lift. Alternatively, well |

is out-of-synch with adjacent

well cycles.
I‘Gas rate T Switch 1o injection when gas Switch to injection when gas rate |

rate exceeds the capacity of | exceeds the capacity of the

the pumping or gas venting | pumping or gas venting system.

!system. Well is unable to | During production, an optimal

sustain  hydrocarbon  flow | strategy is one that limits gas

I I (continuous or intermittent) by I production and maximizes liquid

primary production against | from a horizontal well.

backpressure of gathering|

system with/or without

compression facilities.

to "Solveﬁ_l Begin another cycle if the | Begin another cycle if the OISR of |
OISR of the just completed | the just completed cycle is above |

Ol
Ratio

cycle is above 0.15 or|0.3.

economic threshold. |

Abandonment Atmospheric or a value at | For propane and a depth of 500m,

pressure which all of the solvent is | about 340 kPa, the likely lowest
(pressure at | vaporized. obtainable bottomhole pressure at
which well is the operating depth and well
produced  after below the value at which all of the

CSDRP cycles propane is vaporized.

are completed)

- 35 -



10

15

20

25

30

CA 02705643 2010-05-26

[00121] In Table 1, embodiments may be formed by combining two or more
parameters and, for brevity and clarity, each of these combinations will not be individually
listed.

[00122] 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.

[00123] The diluent is typically a viscous hydrocarbon liquid, especially a C, to
Coo hydrocarbon, or mixture thereof, is commonly locally produced and is typically used to
thin bitumen to pipeline specifications. Pentane, hexane, and heptane are commonly
components of such diluents. Bitumen itself can be used to modify the viscosity of the
injected fluid, often in conjunction with ethane solvent.

[00124] 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 among the recovered viscous oil fractions). Preferably, more than
50% by weight of the diluent has an average boiling point lower than the boiling point of
decane (174°C). More preferably, 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).

100125] 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).

[00126] 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 point can be
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determined by gas chromatographic methods or more tediously by distillation. Boiling

points are defined as the boiling points at atmospheric pressure.
[00127] In the preceding description, for purposes of explanation, 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 invention.
[00128] Embodiments of the invention can be represented as a software product
stored in a machine-readable medium (also referred to as a computer-readable medium. a
processor-readable medium, or a computer usable medium having a computer-readable
program code embodied therein). The machine-readable medium can be any suitable
tangible medium, including magnetic, optical, or electrical storage medium including a
diskette, compact disk read only memory (CD-ROM), memory device (volatile or non-
volatile), or similar storage mechanism. The machine-readable medium can contain various
sets of instructions, code sequences, configuration information, or other data, which, when
executed, cause a processor to perform steps in a method according to an embodiment of
the invention. Those of ordinary skill in the art will appreciate that other instructions and
operations necessary to implement the described invention can also be stored on the
machine-readable medium. Software running from the machine-readable medium can
interface with circuitry to perform the described tasks.
[00129] 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.
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CLAIMS:

1. A method of producing hydrocarbons from an underground reservoir using a
solvent-dominated process, the method comprising:

(a) injecting a viscosity-reducing solvent into the underground reservoir;

(b) mixing the viscosity-reducing solvent with the hydrocarbons in the
underground reservoir;

(C) allowing the viscosity-reducing solvent to contact and at least partially
dissolve into the hydrocarbons in the underground reservoir and reduce the viscosity of
the hydrocarbons, wherein at least 50% of the reduction in viscosity of the hydrocarbons
is due to chemical solvation:

(d) producing reduced viscosity hydrocarbons from the underground

reservoir; and
(e) minimizing a volume of a surface solvent storage tankage that holds the

viscosity-reducing solvent before injecting and producing by jointly injecting and
producing after following a schedule minimizing variation in a net solvent injection rate,
wherein the schedule comprises injecting the viscosity-reducing solvent into a

first group of wells, while producing the hydrocarbons from a second group of wells,
wherein net solvent injection rate is a difference between a total solvent injection

rate and a total soivent production rate for a set of wells, and

wherein the surface solvent storage tank comprises a tank having a volume of at

least 500 cubic meters.

2. The method of claim 1, wherein the net solvent injection rate is based on a time

period of at least twelve hours.

3. The method of claim 1, wherein the schedule reduces the variation in the net
solvent injection rate to an amount where an average daily difference between an
injected solvent volume and a produced solvent volume from the set of wells Is within

20% of an average difference over a time period of one month.

4. The method of claim 1, wherein the schedule reduces the variation in the net

solvent injection rate to an amount where an average hourly difference between an
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Injected solvent volume and a produced solvent volume from a set of wells is within 50%

of an average difference over a time period of one day.

5. The method of claim 1, wherein the schedule minimizes variation in the net

solvent injection rate to below 10% over a daily period.

6. The method of claim 5, wherein the solvent-dominated process is a cyclic

solvent-dominated recovery process.

/. The method of claim 5, wherein the solvent-dominated process is a non-cyclic

solvent-dominated recovery process.

8. The method of claim 6, wherein the schedule further comprises injecting the
viscosity-reducing solvent into a first well of a pair of two wells, while producing the

hydrocarbons from a second well of the pair of two wells.

0. The method of claim 6, wherein the schedule further comprises injecting the
viscosity-reducing solvent into a first well of a pair of two wells at a daily rate of +/- 10%
of a daily rate of the viscosity-reducing solvent simultaneously produced from a second
well of the pair of two wells pius an amount of the viscosity-reducing solvent supply from

a solvent source constant to +/- 10% on a dalily basis.

10. The method of claim 9, wherein wells of the pair of two wells are separated from

one another by a buffer zone for limiting well-to-well interaction.
11. The method of claim 9, operated in a plurality of the pair of two wells.

12. The method of claim 7, wherein the schedule further comprises injecting the

viscosity-reducing solvent into the first group of wells at a rate of +/- 10% of a daily rate
of the viscosity-reducing solvent being simultaneously produced from the second group

of wells plus an amount of the viscosity-reducing solvent supply from a solvent source

constant to +/- 10% on a daily basis.
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13. The method of claim 1, wherein the first and second group of wells are separated

from one another by a buffer zone for limiting well-to-well interaction.
14. The method of claim 1, operated in a plurality of the well groups.

15. The method of claim 7, wherein the schedule further comprises operating the set

of wells in groups with offset injection schedules, by:
alternating between injecting and not significantly injecting into at least two

groups of injection wells, wherein wells within a first group have similar injection

schedules;
wells within a second group have simiiar injection schedules;
wells of the first group have injection schedules that are offset in time from the

wells of the second group; and
alternating between producing and not significantly producing in production wells

that are distinct from the injection weills.

16. The method of claim 1, wherein the solvent-dominated process comprises

injecting a fluid into the formation, the fluid comprising greater than 50 mass % of the

viscosity-reducing solvent.

17. The method of claim 16, wherein immediately after halting injection of the
viscosity-reducing solvent into the underground reservoir, at least 25 mass % of the

viscosity-reducing solvent injected into the underground reservoir is in a liquid state in

the underground reservorr.

18. The method of claim 1, wherein, in the solvent-dominated process, at least 25

mass % of the viscosity-reducing solvent enters the underground reservoir as a liquid.

19.  The method of claim 16, wherein the viscosity-reducing solvent comprises

greater than 50 mass % of a C,-Cs paraffinic hydrocarbon solvent.

20.  The method of claim 1, wherein the hydrocarbons are a viscous oil having an in

situ viscosity of at least 10 cP at initial reservoir conditions.
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21, The method of claim 1, wherein minimizing variation comprises minimizing a ratio
of a maximum net injected solvent volume over a time period divided by an average of a

net injected solvent volume over the time period.
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