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CHAPTER 1
INTRODUCTION

1.1 Background

Crude oil occurs in various forms over the world. One of the significant
characteristics of crude oil is its density and viscosity which can affect the ease of
production. Typically, lighter crude oil can be produced more easily and more
economical than heavier crude oil (Veil and Quinn, 2008). Historically, most of the
oil supplies come from domestic or international light and / or medium crude oil
sources. With an increasing of global demands and economic growth over the last
century, oil and gas companies were actively looking toward heavier crude oil sources
where the large heavy oil reserves located in North and South America as well as tar
sands or oil sands in Canada and some fields in California and Venezuela. (Veil and
Quinn, 2008)

1.1.1 Properties of Heavy Oil

Although API gravity has no units, it is expressed in degrees. API gravity is
graduated on a special hydrometer designed for measuring specific gravities of
petroleum liquids so that most values fall between 10° and 70°. This grading,
recommended by the U.S. Department of Energy, is followed as a standard used for
comparing crude oil samples from different basins and countries. The higher the API,
the higher commercial value it is. Interestingly, crude oil with API gravity greater
than 10° floats in water; lower than 10°, it sinks. On the basis of its API gravity, crude
oil is graded into light (> 31.1°), medium (22.3° — 31.1°), heavy (< 22.3°), and extra
heavy or bitumen (< 10°) (Chopra et al., 2010). Moreover, density correlates with
many other oil properties. At standard conditions, density is used to define API
gravity. Density is not constant but it changes with pressure or temperature. Viscosity

is one of the defining attributes to heavy oils. Generally, it increases with a decrease



in temperature and in API. Figure 1.1 shows some examples of variation for oil
viscosity (or density) with temperature as computed from the empirical relationship
given by Beggs and Robinson (1975), which produces a singularity at low
temperatures. The data from Eastwood (1993) and Edgeworth et al. (1984) are also
plotted. The heavy oil relationship from De Ghetto et al. (1995) is also indicated.

OIL VISCOSITY versus TEMPERATURE
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Figure 1.1 Variation of viscosity with temperature. (Batzle et al., 2006)

As heavy oil consists of complex heavy compounds, the simple empirical
trends developed for estimating light oil fluid properties such as viscosities, densities,
GORs, and bubble points seldom apply. Although some of these empirical trends may
be obeyed at higher temperatures, the viscosity of heavy oils is high at lower
temperatures, exhibiting different properties that necessitate special consideration.
Therefore, the viscosity of heavy oils is very important because production methods
exploit this property (Chopra et al., 2010).

The physical properties of heavy oil / bitumen must be understood to
anticipate production performance and calculate reserves. These properties are

determined from laboratory experiments on samples collected from formations of



interest or from the surface. Empirical correlations derived from such experiments are
applicable in a well-defined range of reservoir fluid characteristics; thus, when the
laboratory pressure-volume-temperature (PVT) data become available, the required
information can be derived from the empirical correlations (Chopra et al., 2010).

1.1.2 Heavy Oil Resources

The two main forms of heavy oil typically described in the literature, which
are viscous heavy oil and oil sands (bitumen) (Veil, 2008). QOil sands are naturally
occurring mixtures of sand, clay, water, and bitumen. Bitumen and synthetic oil
extracted from oil sands are often referred to as “unconventional” to distinguish them
from the free-flowing crude oil recovered from oil wells. Oil sands have recently been
incorporated to the world’s oil reserves because the available technology can help in
recovering oil and other useable products that are economically viable in current

market conditions.

Heavy oil and oil sands are found in many countries including the United
States, Mexico, Russia, China, and some in the Middle East as shown in Figure 1.2,
However, the largest deposits of oil sands are found in Canada and Venezuela and
their combined reserves equal the world’s total reserves of conventional oil. In
Canada, oil sands are found in the Athabasca, Peace River, and Cold Lake regions of
Alberta, covering an area of nearly 141,000 km? Heavy-oil deposits (8° — 19° API)

are also found in the Alberta / Saskatchewan border in the area of Lloydminster.

The Athabasca deposit is the only one in the world where oil sands are present
shallow enough they can be mined on the surface. Approximately 10% of the
Athabasca oil sands are covered by less than 75 m of overburden. Close to 3400 km?
of mineable area lies to the north of Fort McMurray. The oil sands below are typically
40 to 60 m thick and reside on top of a limestone formation (Chopra et al., 2010).
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Figure 1.2 Production of heavy oil worldwide in barrels of oil per day.(Dusseault et
al., 2008)

O Others/not enough information

1.1.3 Heavy Oil Recovery

Heavy oil deposits are found in many locations of the world. They may have
many different geological and climatic conditions. These factors, along with the
viscosity and API gravity of different heavy oil deposits, lead to a wide array of

technologies for producing the oil.

When heavy oil deposits are located close to the surface, physical removal (or
open pit mining) may be a cost-effective technology. However, over 90% of the oil
sands being inaccessible by conventional surface mining, there is an economic

incentive to develop in-situ recovery technology.

In-situ recovery techniques, usually involving steam injection or underground
combustion, are applied to reduce the viscosity of the bitumen, allowing it to be
pumped to the surface. Economic recovery of these vast bitumen reserves is
dependent on developing new in-situ processes to compete against thermal and
secondary / tertiary recovery costs. Steam Assisted Gravity Drainage (SAGD), Cold

Flow Production, and Borehole Mining are among those leading the way to lower



production costs (Vant et al., 1994). Some of the state-of-the-art technologies will be
discussed in details in the next chapter. Basically, any thermal recovery techniques are

a kind of thermal processes under Enhanced Oil Recovery (EOR) processes.

1.2 Enhanced Oil Recovery (EOR)

In general, the frontiers beyond the conventional exploration and production
strategies is a collection of technologies-involving the use of thermal, gas and
chemical means for producing more oil that fall under the broad umbrella called
Enhanced Oil Recovery (EOR). EOR refers to oil recovery over and above that
obtained through the natural energy of the reservoir. Within this broad definition, a

variety of processes is presented in Figure 1.3.

Before initiating EOR, the reservoir and its oil saturation should be understood
clearly. This is normally done by using past analytical data and production history of
the field and within the limits of economic investment, new geophysical surveys,
tracer analyses and core studies to define the reservoir as accurately as possible. This
information furnishes the rational basis for prediction of recoverable oil reserves by
various proven techniques for EOR. The choice of the EOR techniques is dependent
upon the amount of oil in place as well as other considerations such as depth, oil

viscosity, formation, etc.

Zekri et al. (2000) indicated the worldwide production statistics that the
ultimate recovery from light and medium gravity oils by conventional (primary /
secondary) methods is around 25-35 % of the original oil in place (OOIP), while from
heavy oil deposits on the average, only 10 % OOIP is recoverable. Hence leaving
substantial percentage of oil in place non recoverable by the conventional methods
and these reaming reserves are the target of the EOR to increase the recovery

percentage.



EOR PROCESSES
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Figure 1.3 Variety of EOR processes. (Donaldson et al., 1989)

EOR processes are traditionally divided into three main groups: thermal

processes; gas injection or miscible displacement processes; and chemical processes.

For heavy oil production, thermal processes in form of the steam injection are
the first ones to be used in the heavy-oil industry, as the earliest fields discovered and
saturated by high viscosity heavy oils is found at depths of just a few hundred meters.
The main objective of these processes is to improve the mobility of the oil by
reducing its viscosity through heat transfer. However, greater depths increase heat
losses, reduce the benefits of heat transfer between steam and the field fluids (the
greater the depth, the higher the temperature of the field), and increase the risks of
damage to facilities due to the effects of the higher temperature and pressure the

steam must possess (Bellussi and Zennaro, 2007)

Regarding the gas injection processes, the gas that is injected into the reservoir
should be miscible with oil so that the process of displacement in the pores of the rock
will be really effective. It can be applied in both clastic and carbonaceous non-
fractured reservoirs, at depths of more than 1,000 m and with a greater than 20 - 30 %



saturation in oil (Bellussi and Zennaro, 2007). There are no constraints linked with
temperature; indeed the higher it is, the greater the probability of the miscibility of the
gas with the oil. The recommended density and viscosity values of the oil are higher
than 22° APl and 1.5 mPa-s respectively. Upon contact between the gas and the oil, a
cushion of miscibility is generated in the reservoir, which favors the displacement of
the oil and reduces the mobility of the gas which would tend to precede the oil to the
producer wells, leading to a premature escape and a consequent low recovery.
However, if these conditions cannot be achieved, the oil displacement process is not

practicable due to problems of miscibility (Bellussi and Zennaro, 2007).

The EOR processes that use chemical products require more complex
management than do thermal processes, regarding both choice of products and
assessment of the real performance of field applications. Generally, the chemical
products in use can simply increase the viscosity of the water used for displacing the
oil; so that the mobility of the water decreases and the displacement front is more
homogeneous. The fields that can benefit from the application of chemical processes
should be located at a depth of less than 5,000 m and at temperatures that should not
exceed 90 °C. The oil should have a density of more than 15° API for polymer
flooding or 20° API for the other processes, and so the viscosity of the oil should be
less than 150 mPa-s for polymer flooding and 35 mPa-s for the other processes.
However, most of the chemical processes are costly and its effectiveness is more
difficult to determine because of the non-uniform features present in all reservoirs.
This is especially true if these reservoirs are in an advanced state of exploitation and
therefore have an oil distribution impossible to assess with present methods (Bellussi
and Zennaro, 2007).

In terms of heavy oil recovery, thermal processes have been confined as a
major technique to recovery this type of crude due to two important parameters. They
are viscosity and density (or API gravity), which distinguish the differences between
heavy oil and conventional oil. From a reservoir engineer perspective, the viscosity of
heavy oil is relatively more important parameter as it decides the production strategy

to be applied in the reservoir. For a process engineer, the API gravity is more



significant since it determine the yield from distillation and the type of upgrader

required (Revana and Erdogan, 2007).

1.3 Heavy Oil Production by Steam-Flooding (SF)

Steam injection is the principal enhanced oil recovery (EOR) method used
today. It is one of the most successful techniques for improving oil recovery in heavy
oil field. A steam-flooding project typically proceeds through four phases of
development: (1) reservoir screening; (2) pilot tests; (3) field implementation; and (4)
reservoir managements. Performance prediction is essential to provide information for

proper execution of each of these development phases. (Chandra, 2006)

Steam-flooding (SF) is a major EOR process applied to heavy oil reservoirs.
SF uses separate injection and production wells to improve both the rate of production
and the amount of oil that will ultimately be produced. Injected steam heats the
formation around the wellbore and eventually forms a steam zone that grows with
continuous steam injection. Steam reduces the oil viscosity and saturation in the steam
zone to a low value, pushing the mobile oil out of the steam zone. As the steam zone
grows, more oil is moved from the steam zone to the unheated zone ahead of the
steam front. Then the oil accumulates to form an oil bank. The condensed hot water
also moves across the steam front, heating and displacing the accumulated oil. The
heated oil with reduced viscosity moves towards the producing well and usually is

produced by artificial lifting.

However, the huge energy consumption in SF operation can impact to operating cost
as well as project life. In fact, the steam-flood performance can be linked to several
design parameters. Roberts (1961) stated that optimum well spacing is usually
controlled by economic considerations rather than reservoir considerations. Normally,
closer the well spacing can cause the higher recovery, but the steam consumption is
increased at the same time. Besides, Messner (1990) indicated that the heat injection
rates are routinely reduced as a steam-flood project approaches its economic limit.
The major benefit of this practice is to reduce the fuel costs and thus extend the
economic life of the project. As such, the design of steam injection rates and well



spacing to produce heavy oils becomes more significant with the respect to the
economic impact, in which the project life would be determined by the economic

limits.

1.4 Objectives and Outline

Heavy oil is one of the main energy sources in the future. However, the
drawback of heavy oil is the high viscosity thus making it difficult and expensive to
produce. Based on the actual field data, the objective of this study is to investigate the
steam injection strategies by using steam-flooding (SF) in heterogeneous heavy oil
reservoir. The strategies include selection of well spacing, injection rate, and the

development in different areas in different time basis.

The expected results from this study will allow us to determine favorable
production strategies regarding the particular field. Under the current oil price crisis,
applying the weighted factors to the judging criteria can screen out a preferable

strategy for the current economic environment.

This thesis is divided into five chapters as shown below: Chapter I introduces
the background of heavy oil, EOR and indicates the objective and contribution of this
study. Various theories and literatures related to the techniques in heavy oil recovery
are summarized in Chapter Il. Chapter Ill provides the details of heterogeneous
reservoir models, model dimension and input parameters in reservoir simulation
model by using CMG STARS software. Moreover, the details of methodology and
assumptions are presented in this chapter. Chapter IV presents the result and
discussion for simulation study for each proposed strategy. Conclusion and

recommendation will be presented in Chapter V.



CHAPTER 2
THEORY AND LITERATURE REVIEW

This chapter summarizes the previous studies related to heavy oil recovery
process in past decades. Steam injection is a remarkable technique used in the normal
field practice. Many investigators from different oil fields have studied and evaluated
various SF operations in terms of thermal process, well pattern, and operating

conditions. As such, some of the previous heavy oil projects are also reviewed.

2.1 Technologies for Heavy Oil Production

Basically, most of the successful technologies to heavy oil production are
based on pressure driven flow to wells, a process dominated by the permeability of
sand and the viscosity of the oil, thermal methods to reduce viscosity and high

differential pressures to promote flow are the obvious choice.

Thermal processes linked with steam injection are the first ones to be used in
the oil industry, as the earliest fields discovered and saturated by high viscosity heavy
oils occurred at depths of just a few hundred meters. The main objective of these
processes is to improve the mobility of the oil by reducing its viscosity through heat

exchange.

In general, steam injection thermal processes are applied to fields that are
between 150 and about 1,500 m deep and that are around 20 m thick. Greater depths
increase heat losses, reduce the benefits of heat exchange between the steam and the
field fluids (the greater the depth, the higher the temperature of the field), and increase
the risks of damage to facilities due to the effects of the higher temperature and
pressure the steam must possess (optimal values are between 150 and 200°C). Ideal
candidates are the fields having high values for permeability (1,000-4,000 md) and
porosity (greater than 20%) and with oil saturations greater than at least 40%. The

viscosity of the oil should be between 200 and 1,000 mPa-s and density between 10
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and 30°API (Bellussi and Zennaro, 2007). In reality, heterogeneous permeability in a
reservoir handicaps any recovery method in which fluids are pushed into the reservoir
from one set of wells, while fluids are withdrawn from others. This includes water-

flooding as well as all non-thermal EOR methods.

Apart from thermal methods, surface mining and non-thermal methods are
other techniques in heavy oil recovery, but implementation of non-thermal EOR is
unlikely to be widespread until a gap emerges between demand and the supply
capacity from conventional and heavy oil reservoirs. Therefore, there is unlikely to be
enough incentive within industry or government to seek major innovations in EOR. In
fact, non- thermal methods have had small commercial successes. It's because such
concepts have been proven under difficult conditions. Companies often allow any new
concepts to be tried only on poor quality assets. That means the initial trials may take
place in much less than optimum conditions. (Bellussi and Zennaro, 2007)

Heavy-oil recovery techniques can be divided into surface mining and in situ
recovery as below as shown in Figure 2.1 and some techniques are presented in the

next section.

Heavy oil recovery

|
(] (]

Surface mining In situ recovery

Thermal Nonthermal

l [
y y y v y v v v

ISC Css SAGD SF CHOPS VAPEX CHEM MISCI

Figure 2.1 Block diagram showing the classification of different heavy-oil recovery
methods
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2.1.1 Cyclic Steam Stimulation (CSS)

Cyclic steam stimulation (CSS), also called steam soak or “huff-and-puff”
method, uses steam injection to recover heavy oil. CSS is a near well bore stimulation
process used to increase production from wells producing high viscosity crude oil.
This process utilizes a many different recovery mechanisms such as oil viscosity
reduction, solution gas drive, formation re-compaction and fluid expansion. This
process is often used in the heavy oil fields as a precursor for steam-flooding (SF).
Using CSS ensures that the reservoir pressure is sufficiently reduced for large scale
SF; meanwhile, it enables the well bores to be sufficiently pre- heated and producing

economic amount of oil.

This process is divided into 3 stages: a) Steam Injection; b) Steam Soak; c) Oil

Production as presented in Figure 2.2. (Revana and Erdogan, 2007)

These 3 stages together make up one complete cyclic steam stimulation cycle.
This process can be repeated over several cycles. The number of cycles to which each
well submitted is controlled by surrounding geological parameters and fluid
characteristics. One of the major advantages of this process is that all the wells in the
field can be simultaneously under production, unlike steam flooding, modifications of
this process by injection of additional slugs of gas, diluents or some other cheap
refinery cut with steam has a beneficial effect of reducing oil viscosity and providing

some solvent and miscibility effects to the viscous heavy oil being stimulated.

Figure 2.2 Process of Cyclic Steam Injection (“Project Indian,” 2014)
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2.1.2 Steam-Assisted Gravity Drainage (SAGD)

SAGD has a much higher recovery factor, potentially more than 70% of the
original oil in place, because it overcomes the inherent limitation of CSS —
insufficient lateral drive available to move the hot oil to the producer well. Because
vertical wells have limited contact with the reservoir, the lateral or radial flow
requires considerable pressure, which is not there. The SAGD, pioneered by Butler
(1985) and Butler and Stephens (1981), makes use of two long horizontal wells and
gravity drainage to move the oil (its viscosity temporarily altered) to the production

well.

Steam Chamber

Figure 2.3 SAGD heavy-oil recovery process. Image courtesy of The Pembina
Institute

High-pressure steam injection in vertical wells has been used for some time. In
steam flooding, as it is called, injection is usually carried out in a pattern, the most
common being a five-point pattern, with the steam injection well at the center
surrounded by producers. The steam injected at the center produces an expanding heat
front into the formation. As it advances laterally, it forms a hot water-flood zone just
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ahead of the steam zone, which in turn tends to cool down to formation temperature.
The gas drive effect that steam exerts outward from the injection point pushes the
mobilized oil in the direction of the producers. This method works for heavy-oil
formations but not for bitumen, which is difficult to push to start any adequate flow.
Steam-flooding has typical recovery factors as high as 50%. (Chopra et al., 2010).

SAGD improves on steam-flooding principles. Two parallel horizontal wells
are drilled into the formation in the same vertical plane as presented in Figure 2.3.
The upper well is used as a steam injector and the lower well as a producer. As steam
is injected into the upper well, it rises to the top of the formation and sideways and
forms a steam saturated zone called a ‘“chamber,” which has the almost uniform
temperature and pressure of steam. This heat is conducted to the bitumen, reducing its
viscosity and making it mobile. As the steam chamber expands with injection, it also
condenses at the periphery of the chamber. The bitumen and the condensate drain
under gravity to be collected by the producer. For this to happen, the vertical
permeability in the reservoir needs to be high. Consequently, the placement of the
horizontal wells has to be such that neither shale stringers nor vertical barriers
interfere between them (Chopra et al., 2010). To implement SAGD, the horizontal
well drilling programs must be carried out before substantial sand production has
occurred to avoid lost circulation during drilling. Also, one of the drawbacks is that
vertical wells do not have to be completed as expensively as horizontal wells
(Dusseault, 2002).

Used most effectively in the Alberta oil sands, SAGD is very suitable for
bitumen reservoirs that are too deep to mine but shallow enough to permit high steam
pressures. The efficiency of the process increases at higher temperatures and higher
steam pressures, although it depends on the viscosity of the bitumen or heavy oil and
on the properties of the reservoir zone being drained. Usually SAGD wells are drilled
in groups off central pads and their lateral reach in terms of horizontal sections is very
large. The distance between two SAGD wells is dependent on the thickness of the
reservoir zone, but a 5 m separation is common. For thinner zones, the distance

between wells is much shorter, 1 m or less for a 20 m pay (Chopra et al., 2010).
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2.1.3 Steam-Flooding (SF)

SF is a displacement process that involves at least 2 set of wells, injector and
producer wells. Injector wells inject the desired amount of steam into the formation to
displace the heated oil towards the producer wells. Heat from the injected steam
reduces the viscosity of the oil as the injected fluid drives the oil from an injector to a
producer. SF contacts a larger area of the reservoir and hence recovers a larger

percentage of Oil in Place (OIP).

Furthermore, SF involves conversion of some of the production wells into
injection wells which requires a continuous steam supply. Basically, steam is pumped
through vertical injection wells into a heavy oil formation. The steam rises through
the formation until it encounters a barrier, then spreads out laterally. The steam warms
the heavy oil and drives it toward the production well. Another important mechanism
is the increased reservoir pressure owing to steam injection. Figure 2.4 presents the

SF process.

Production Fluids (Oil, Gas and Water)
Ss'?:f\?bggf Separation and Storage Facilities
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Figure 2.4 2-D diagram showing a SF operation (http://ces-
dev.designimations.com/joomla30/enhanced-oil-recovery)
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Other mechanisms may include thermal swelling, gas drive, gravity drainage,
relative permeability modification and wettability alternation, and emulsification by
forming oil / water emulsions. As the temperature is increased, connate water
saturation increases, residual oil saturation decreases water relative permeability
decreases and oil relative permeability increases. However, the absolution
permeability and effective oil relative permeability decrease. Hong (1994) splits the

mechanisms according to the primary, horizontal, and vertical processes.

2.2 Thermal Process in SF

The basic principle of the thermal processes is that increasing the temperature
in a reservoir, makes the viscosity of the fluids contained therein reduced. In the case
of heavy crudes, the reduction in viscosity resulting from an increase in temperature is
particular high. Furthermore, the viscosity reduction in crudes is much higher than the
corresponding viscosity reduction in water and gas that are associated with the crude
in reservoir. There follows a reduction in the water / oil and gas / oil mobility ratios,
resulting in an improvement in the areal sweep efficiency. As a consequence, in heavy
oil reservoirs, an increase in temperature improves the overall oil recovery. (Chierici,
1980)

In order to estimate how much heat is needed to heat a reservoir, the total
volumetric heat capacity of the reservoir (Mg) has to be known. For a reservoir of
porosity ¢ filled with a non-volatile oil, water, and a gas phase containing steam and
non-condensable gas, the amount of heat required to increase the temperature of a
bulk volume of formation (V) by a small amount of AT, and at a constant pressure, is

Q= VoMRAT (2.1)

where Mg is the isobaric volumetric heat capacity of the bulk, fluid-filled
reservoir. The increase of the heat content of this reservoir by an increase in

temperature AT is
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0=(1—¢)p.C.AT + ¢S, p,Co AT + S, p,, Co AT
+ @Sy(py Cof AT + (1 = f)(p,C AT + L, p) (2.2)

where fy is the volume fraction of non-condensable gas in the vapor phase; C
is the heat capacity per unit of mass for a unit temperature change; p is the density; S
is the saturation, the subscripts r, 0, w, g, and s denote rock, oil, water, gas, and steam

respectively; ¢ is porosity in fraction. By equating the above two Qs, we can find the

total volumetric heat capacity:
Mg = (1 — ¢)p,C + ¢Sop,Co + ¢Swp, Cw

: : Lypy
+ ¢S, (pgcgfg + (1 —fg}(;?ng + A’;)) (2.3
(Sheng, 2013)

In steam-flooding, it uses separate injection and production wells to improve
both the rate of production and the amount of oil that will ultimately be produced.
Heat from the injected steam reduces the viscosity of the oil as the injected fluid

drives the oil from an injector to a producer.

As steam moves through the reservoir between the injector and producer, it
typically creates five regions of different temperatures and fluid saturations as shown
in Figures 2.5 (Hong, 1994).
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Figure 2.5 Steam-flood typical temperature and saturation profile (Hong, 1994)

As steam enters the reservoir, it forms a steam saturated zone around the
wellbore. This zone, at about the temperature of injected steam, expands as more
steam is injected. Ahead of the steam saturated zone (A), steam condenses into water
as it loses heat to the formation and forms a hot condensate zone (B, C). Pushed by
continued steam injection, the hot condensates carries some heat ahead of the steam
front into the cooler regions further from the injector. Eventually, the condensate loses
its heat to the formation, and its temperature is reduced to the initial reservoir

temperature.

Because different oil displacement mechanisms are active in each zone, oil
saturation varies between injector and producer. The active mechanism and hence, the
saturation depend mainly on thermal properties of the oil. In the steam zone (A), oil
saturation reaches its lowest value because the oil is subject to the highest temperature.
The actual residual saturation achieved is independent of initial saturation but rather
depends on temperature and crude oil composition. Oil is moved from the steam zone

to the hot condensate zone (B, C) by steam distillation at the steam temperature,



19

creating a solvent bank (B) of distilled light ends just ahead of the steam front. Gas is

also stripped from the oil in this region.

In the hot condensate zone, the solvent bank (B), that generated by the steam
zone, extracts additional oil from the formation to form an oil-phase miscible drive.
The high temperature in this zone reduces the oil viscosity and expands the oil to

produce saturations lower than those found in a conventional water-flood.

The mobilized oil is pushed ahead by the advancing steam (A) and hot water
(C) fronts. By the time the injected steam has condensed and cooled to reservoir
temperature (in the cold condensate zone), an oil bank (D) has formed. Thus, oil
saturation in this zone is actually higher than initial oil saturation. Displacement here
is representative of a water-flood. Finally, in the reservoir fluid zone (E), temperature

and saturation approach the initial conditions.

The decrease in oil viscosity (uo) with increasing temperature is the most
important mechanism for recovering heavy oils. With lower oil viscosity, the
displacement and areal sweep efficiencies are improved. Thus, a hot water-flood will
recover more heavy oil than a conventional water-flood because at high temperatures

the heavy oil behaves more like light oil.

2.3 Well Patterns in SF

At present, 5-spot, inverted 7-spot, and inverted 9-spot patterns are used in SF
as presented in Figure 2.6. One of the reasons inverted 5-spot is often used is that it
can be converted to inverted 7-spot, and inverted 9-spot patterns (Sheng, 2013).
Generally, if the reservoir depth is less than 500 m, the well distance is about 100 m.
If the reservoir depth is 800 — 1600 m, the distance is 140 — 150 m but not greater than
200 m (Sheng, 2013).
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Figure 2.6 Flood patterns (Lyons, 1996)

Moreover, Chu (1979) compared the 5-spot SF pattern with inverted 7-, 9-,
and 13-spot patterns. It is found that the oil recovery in a 5-spot pattern (normal or
inverted) is greater than in an inverted 7-spot, which in turn is better than in an
inverted 13-spot. The worst case is the inverted 9-spot, where one-quarter of the oil
normally recoverable by 5-spots remains unproduced. These conclusions are reached
on the assumptions that the drainage areas of all producers are the same and that the

steam rate is proportional to the pattern size.

Also, Roberts (1961) stated that well spacing is another critical consideration
affecting the sweep efficiency and the number of well drills. The more wells drilled,
the more fuel energy consumption and hence the higher project cost could be
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accounted. Besides, the heat transfer would be poor due to heat loss if the distance

between injectors and producers is far away.

2.4 Operating Conditions of SF

Regarding the productivity evaluation, the parameters used to monitor the
efficiency of oil production processes are based on steam injection, commonly
referred to as steam-oil ratio (SOR). It measures the volume of steam required to
produce one unit volume of oil. The lower the SOR, the more efficiently the steam is

utilized and the lower the associated fuel costs.

Besides, steam quality is the amount of the steam (vapor), by weight,

expressed as a fraction (or percent) of the total mass of liquid and vapor.

In the relationship between steam quality and SOR, from a mathematical heat
balance model, it is demonstrated that oil-steam ratios are improved with increased
steam quality (Messner, 1990). Ali and Meldau (1979) expanded upon these findings.

Hong (1994) pointed out that optimum steam conditions depend on reservoir
type and operating mode. Therefore, his team recommended that optimum steam
conditions for a specific reservoir will be determined through economic comparison
of predicted oil recoveries for ranges of steam conditions. In this study, a
comprehensive numerical simulation was conducted to investigate the effects of steam
quality and injection rate on steam-flood performance for a variety of steam-flood
situations (e.g. pattern flood, dipping reservoir). The analysis shows that steam quality
must be as high as possible to maximize steam-flood oil recovery. In practice,
however, steam quality seldom exceeds 80% because some of the feed water has to
remain in the liquid phase to carry the dissolved solids into the formation. Thus, the
optimum steam quality is the highest value that can be obtained economically in a
particular situation and can be as high as 80%. As a result, the main conclusion is that
no single steam quality or injection rate can be optimum for all reservoirs or all modes

of operation. Thus, optimum steam conditions for a given situation should be



22

determined by economic comparison of predicted oil recoveries for ranges of steam

qualities and injection rates.

Furthermore, Doscher and Ghassemi (1983) studies the oil viscosity and
reservoir thickness in steam drive operations. Based on their model studies, the result
indicated that the viscosity of the crude oil is a very important parameter affecting the
efficiency of the process. Also, the possibility of the oil/steam ratio in thin reservoirs
is as high as, or even higher than in thick reservoirs, excluding the effect contributed
by steam stimulation, if steam override occurs in both reservoirs. Meanwhile, if the
reservoir fluids have a sufficiently low viscosity, they are displaced frontally, and
high oil/steam ratios can be achieved, in contrast to the overlay of the steam and lower

oil/steam ratios that are developed when injecting steam into viscous oil reservoirs.

With respect to the economic evaluations in some previous heavy oil projects,
Rangel-German et al. (2006) preformed an economic analysis of a thermal simulation
project in marine region of the Gulf of Mexico. The analysis was used capital
expenditures at that moment for drilling and completion and operation and
maintenance cost. Different scenarios for cost, oil and gas prices and capital
investment were studied. A sensitivity analysis was performed to determine the
variables having the highest impact on the economic value of the project. In this
project, different technical options are defined; and each of these options is evaluated
separately. Oil and gas production and revenues are estimated as well as operational
costs and capital investments, to calculate the before tax cash flows and the related
economic indicators. All the economic evaluations were run before royalties and taxes,
as after tax evaluations do not have any relevance outside of the specific country and
concession used for the fiscal modeling. Deterministic and probabilistic economic

evaluations were run.

Galvao et al. (2014) investigated the influence of some operational parameters
on heavy oil recovery with the properties similar to those found in Brazilian Potiguar
Basin. It was found that the solvents addition to the injected steam not only
anticipated the arrival of the heated oil bank to the producer well, but also increased

the oil recovery. Lower cold water equivalent volumes were required to achieve the
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same oil recoveries of the models that injected only steam. Furthermore, much of the
injected solvent was produced with the oil from the reservoir, what contributed to the
method economic viability in terms of NPV. An optimization of steam injection was

performed by calculating the maximum NPV.

According to the selected literature reviews, it is obvious that numerous of
operating conditions of SF have been studied previously. However, different types of
reservoir or different subsurface conditions may have different favorable operating
modes. Also, there are not many studies which consider both economic and technical
criteria together. Therefore, based on the specific field data, various production
strategies are investigated in this study. The favorable condition is determined by
applying the weighted factors to the oil recovery and steam operating costs for both

economic and technical judgments.



CHAPTER 3
SIMULATION

3.1 Computer Modeling Group (CMG) Software

Computer Modeling Group Ltd., abbreviated as CMG, is a Canadian company
that offers reservoir simulation software for the oil and gas industry. The company

provides three reservoir simulation applications:

1. IMEX - a three phase, black oil reservoir simulator used for primary,
secondary and enhanced or improved oil recovery processes;

2. GEM - an advanced Equation-of-State (EoS) compositional and
unconventional simulator;

3. STARS - an advanced processes and thermal reservoir simulator

As this study is focused on the heavy oil production by using steam-flooding
with various strategies in a heterogeneous reservoir, STARS, a CMG program is
selected to simulate the thermal processes. In general, STARS is the undisputed
industry standard in thermal and advanced processes reservoir simulation. Also, it is a
thermal, k-value compositional, chemical reaction and geo-mechanics reservoir
simulator ideally suited for advanced modeling of recovery processes involving the
injection of steam, solvents, air and chemicals. The robust reaction kinetics and geo-
mechanics capabilities make it the most complete and flexible reservoir simulator

available. (http://www.cmgl.ca/, 2016)

3.2 Field Data Input for Simulation

Details of heterogeneous reservoir models, model dimension and input

parameters in reservoir simulation model such as rock & fluid properties, Pressure-
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Volume-Temperature (PVT) properties, and well input data in CMG STARS are

described in this section.

Physical properties and required reservoir parameters are based on a practical
field data which those details are listed in Table 3.1.

Table 3.1 Physical properties and reservoir properties

Parameters Value (SI Unit) Value (Field Unit)
Grid dimension 37 x 37 x 5 block
Grid size 50 x50 x 5m 164 x 164 x 16 ft
Top of reservoir 789 m 2,589 ft
Effective porosity (14 - 39) %
Horizontal permeability (20 —19,299.59) mD
Vertical permeability (20 -19,299.59) mD
Initial oil saturation 80 %
Initial water saturation 20 %
(Ij?:;a:ence pressure at datum 8,000 kPa 1,160.3 psi
Datum depth 814 m 2670.6 ft
Fracturing Pressure 11,066 — 12,713.9 kPa 1,605 — 1,844 psi
Reservoir temperature 62.78°C 145 °F
Reservoir pressure 7,825.8 kPa 1,135 psi
Oil gravity 0.91 g/cm® 23.9 °API
Oil Viscosity 2075 mPa-sec @ 25 °C 2075 ¢cp @ 25°C
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Pressure-Volume-Temperature (PVT) properties of reservoir fluids are also
received from the nameless company that was the operator of this particular field.
Basically, such data are consolidated from the core laboratory. The sampling data and
the relevant plots are presented in Table 3.2 and Figure 3.1 respectively.

Table 3.2 Sampling data of oil and water viscosity

Temp (°C) Water (cp) Oil (cp)
60 0.74 558.12
68.3 0.67 402.69
93.3 0.51 183.53
115.6 0.42 106.96
137.8 0.35 68.71
160 0.32 47.16
182.2 0.28 34
204.4 0.25 25.45
226.7 0.23 19.6
248.9 0.21 15.49
271.1 0.19 12.49
287.8 0.18 10.75
343.3 0.15 6.89
3711 0.14 5.66
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Figure 3.1 Plots of oil and water viscosity at various temperatures

Apart from the fluid viscosities, both the rock and fluid compressibility and

thermal conductivity are summarized as below:

Table 3.3 Rock and Fluid Compressibility

Parameters Value
Porosity ref. Pressure 2000 kPa
Formation Compressibility 3.5X106 1/kPa
Water Compressibility 0 1/kPa
0il Compressibility 0.186325X 106 1/kPa

Table 3.4 Thermal Conductivities and VVolumetric Heat Capacity

Parameters Value
Volumetric Heat Capacity 2284700 J/(m’*C)
Reservoir Rock 660413 J/(m*day*C)
Water Phase 53581 J/(m*day*C)
Oil Phase 10592 J/(m*day*C)
Gas Phase 3987 J/(m*day*C)
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3.3 Reservoir Physical Model

Referring to the given data in Table 3.1, reservoir model is built in rectangular
grid with dimension of 37 X 37 X 5 grid blocks in x, y, and z direction, respectively.
The grid size is 50 X 50 X 5 m in respect to the corresponding directions. Each grid is
block-centered with variable depth variable thickness. The reservoir is fully
heterogeneous with variation of porosity and permeability in each grid. Again, such
data is referred to the stochastic studies from the nameless company in the field. The
input details are summarized in Appendix-A. Figure 3.2 shows the entire 3D model
with the variation of permeability. Also, the permeability in each layer is presented by

top view in Figure 3.3.
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Figure 3.2 3D reservoir modeling with illustrating wide range of permeability
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Layer1 Laye[ 2 Layer3

STARS ARS STARS
Parmeatitty | (md) 20150101 Permentity | jnd) 2015.01.01 Pesmestiity | (md) 20150101

Layer 4 Layer 5

STARS $TARS
Permeatity | (md) 20150101 Permestility | (md) 20150101

Figure 3.3 Distribution of permeability in each layer

3.4 Parameters Related to Injection and Production Wells

Both injection and production wells are fully perforated along reservoir
thickness. Wells are placed in inverted 5-spot pattern, having one injector at the center
and four producers surrounding at the corners. Such design is proven to use in
commercial nowadays (Lyons and Plisga, 2005). The schematic diagram shows the
configuration of wells in Figure 3.4. Steam injection rate is determined in a unit of
STB/D which is equivalent to the liquid volume. Steam quality and temperature are
defined at 80% and 232.2 °C, respectively for the entire study (Hong, 1994). The
operating constraints are summarized in Tables 3.5. The total operating duration is 20
years. Both steam injection rate and injector — producer distance are varied as kinds of
strategies which will be discussed in details in section 3.5.2. Again, most of the fixed
values setting are benchmarked from screening criteria and average field data (Sheng,
2013).
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Figure 3.4 Schematic diagram of inverted 5-spot pattern (Maneeintr et al., 2010)

Table 3.5 Operating conditions for SF
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Parameters Value (SI Unit) Value (Field Unit)
Duration 20 years
Pattern Inverted 5-spots
Injector — Producer (141.4, 212, 282.8) m (463, 695, 927) ft
Distance
Steam Quality 80 %
Injection Pressure <9652 kPa < 1400 psi
Temperature 282280 450°F
Injection Rate (30, 60, 120) m%/d (250, 500, 1000) BWE/d

3.5 Thesis Methodology

This study is divided into two parts; the first part is the selection of base case

model based on 27 hypothetical cases. After that, the operating condition from the

selected case is fed to the second process which is the injection and production

strategies for the entire field (or full field).
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3.5.1 Procedure to Create Hypothetical Models

1. Full field heterogeneous reservoir is constructed based on the actual field

data as shown in Figure 3.2.

2. Based on the distribution of permeability in each layer as presented in
Figure 3.3, layer 4 shows the widest range of permeability among other layers and
thus is selected as a representative layer to define three different zones according to

the range of permeability. Zone 1, Zone 2, and Zone 3 are defined as below:

Zones Area =872,500:'sq.

Zohe 2 19,300
Area==862,500:5g.m 17,372
15,444
13,516

11,588
Zone 1

Aread =i, 687, 500855 M

9,660
7,732
5,804
3,876
1,949
21

Figure 3.5 Areas of Zone 1, Zone 2, and Zone 3

3. Median values of permeability for each layer of each zone are estimated by
statistics and summarized in Table 3.6. The statistical data can be referred to

Appendix-A.



Table 3.6 Median values of permeability for each layer in three different zones
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Perm. in zone 1 Perm. in zone 2 Perm. in zone 3(md)
(md) (md)
Layer 1 1,741.35 2,407.91 2,411.37
Layer 2 2,007.54 2,018.86 711.01
Layer 3 5,704.32 3,660.72 1,533.31
Layer 4 15,206.35 3,989.72 2,134.54
Layer 5 8,873.08 3,996.99 2,256.55

4. Twenty-seven hypothetical cases are created by multi-layered heterogeneity
models based on the median values of permeability in each layer. Then, such
27 cases are trial run by inverted 5-Spot SF simulation for 3 zones with the

following conditions:

— Chosen values of injection rates: 30m*/d, 60m*/d, 120m*/d;

— Chosen values of injector — producer distances (pattern): 141.4m (5 X 5
pattern), 212m (7 X 7 pattern), 282.8m (9 X 9 pattern);

The examples of hypothetical models in three different zone with different

well patterns are illustrated in the following figures:

L.

Figure 3.6 Hypothetical model of zone 3 in 5 X 5 X 5 pattern
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Figure 3.7 Hypothetical model of zone 3in 7 X 7 X 7 pattern

L.

Figure 3.8 Hypothetical model of zone 3in 9 X 9 X 9 pattern
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Figure 3.9 Hypothetical model of zone 2 in 5 X 5 X 5 pattern
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Figure 3.10 Hypothetical model of zone 2 in 7 X 7 X 7 pattern
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Figure 3.11 Hypothetical model of zone 2 in 9 X 9 X 9 pattern

15,206

. 13,860
12,513
11,167
9,820
8,474
7,127
5,781
4,434
L_ 3,088
1,741

Figure 3.12 Hypothetical model of zone 1in 5 X 5 X 5 pattern
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15,206
13,860
12,513
11,167
9,820
8,474
7,127
5,781
4,434
3,088
1,741

15,206
13,860
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111,167
9,820
8,474
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5,781

4,434
3,088

1,741

Figure 3.14 Hypothetical model of zone 1 in 9 X 9 X 9 pattern

5. The base case in full field scale is selected from hypothetical simulation
results by the judging criteria which are calculated from the weighted factor of the
maximum recovery factor/area/well (max RF/area/well) and the minimum cumulative
steam-oil ratio/area/well (min Cum SOR/area/well). The selection is based on
normalized values from weighting factor of 1.37 to 1. The higher value of the score

means the better performance of the case.

This ratio is generated based on the economic data and concept from the ratio
between average heavy oil prices to the relevant steam operating costs. Such cost
variables are based on the escalation of the known data from the period of 2013 —

2014 and the assumptions are listed in Table 3.7 and Figure 3.15.



Table 3.7 Financial and Cost Variables
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Variables

Values

Average Inflation rate in
Canada(Economics, 2015)

1.5%/2014 yr average and 2%/2015 yr

average

Average oil price escalation®"?0%®)

Western Canadian Select (WCS) heavy

oil

Steam Operating Costs

Cost of steam injection 2@ ¢tal. 2013)

$10/bbl of water equivalent

Cost of steam generation (" étak. 2014)

$27/ton ($4.3/bbl)

Cost of using artificial lift2® et 2053

$1/bbl

Cost of produced water treatment**

al., 2013)

$5/bbl of water

Other operating cost per bbl of 0il *#*
al., 2013)

$5/bbl

Monthly average crude oil spot prices (2009-17)

P
LS. dollars per barrel cla
140
history « projections
120
100
a0
Brent
B0 »° West Texas
40 o " Intermediate (WTI)
- Western Canadian
20 Select (WCS)
a0

2009 2010 20M

2012 2013 2014 2015 2016 2017

Figure 3.15 Average Crude Oil Prices (EIA., 2016)
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3.5.2 Injection and Production Strategies

After selecting the operating conditions of base case from hypothetical models,
the outcomes of three strategies are compared with the base case in the same
full field scale. The three different strategies are:

a. Strategy 1 —Selection of well spacing or pattern (mixture of 5 X 5, 7 X
7,9 X9)
— Duration (Continuously 20 years)

b. Strategy 2 — Selection of steam injection rates (30, 60, 120 m®/d)
— Duration (Continuously 20 years)

— Matrix with well spacing

Table 3.8 Combinations of strategy 1 and 2

Zone 1 Zone2 &3 Inj. rates ( m*/d)
5X5 30, 60, 120
X7 30, 60, 120
9X9 30, 60, 120
X7 5X5 30, 60, 120
9X9 5X5 30, 60, 120
9X9 X7 30, 60, 120

c. Strategy 3 — Development of different areas in different time basis
— Duration (1% 10 years in the area of Zone 1 only, and then the late 10
years for whole area)
— Well spacing & injection rate are dependent on the best score from

strategy 1 and 2
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Based on the same judgment function as hypothetical cases, the simulation
results of three proposed strategies are compared and analyzed. Conclusion
and further recommendation are stated after the discussion. The work flow of

thesis methodology is simplified as the figure below.

1. Construct heterogeneous reservoir model based on the field data

v

2. Define Zone 1, Zone 2, and Zone 3 based on the range of permeability at layer 4

v

3. Estimate the median values of permeability in each layer

v

4, Trial run 27 hypothetical cases by inverted 5-Spot SF simulation with multi-layered heterogeneity

v v

Injector - Producer distance:

[ Three zones: .
[ Injection rates:

- Zone | - - 141.4m (5X 5)
- Zone 2 :28 :_,jg -212m(7X7)
- Zone 3 Bl -282.8m (9 X 9)

5. Compare the results based on normalized values from weighting of 1.37 : 1 for RF/area/well : Cum SOR/area/well

Y

6. Select the parameters with the highest judging score for base case in full field scale

|
Strategy 1 Strategy 2 Strategy 3
1 | |

v

7. Compare & analyze the results. Summarize and conclude the findings

Figure 3.16 Process of Work Flow



CHAPTER 4
RESULTS AND DISCUSSION

4.1 Steam-flooding Base Case

Initially, the statistical study is carried out by the heterogeneous values of
permeability from the entire field. Based on the representative layer, three different
zones are defined and the hypothetical models are created. After that, the simulation
of steam injection in different hypothetical cases is performed with varying of study
parameters in order to obtain the operating conditions of base case. The details can be
referred to the previous chapter. The best condition among all hypothetical cases is
acquired by comparing the max RF/area/well and min Cum SOR/area/well which are
used to construct the judgment function together with the weighted factors. Once the
best condition is selected from all hypothetical cases, such condition (e.g. well
spacing and steam injection rate) is applied to the full field reservoir model as a base

case.

4.1.1 Observation of Hypothetical Studies

As explained previously in methodology in Chapter 3, the selection of base
case is dependent on the results from hypothetical studies. Actually, the purpose of
the hypothetical studies is to observe the behaviors of different zones in different
operating conditions by using only one inverted 5-spot pattern. Without putting a lot
of wells in the field, this not only can save the processing time in simulation, but also
can help to evaluate the performance of the parameters to the reservoir specifically,
especially in the heterogeneous reservoir. Therefore, the studying parameters
(injection rate and injector - producer distance or well spacing) in the hypothetical
studies are the same range as the strategic cases in full field. Also, the run time of the
simulation is the same as in 20 years for both hypothetical and full field models.
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Regarding the studying parameters, the injection rates are varied from the
smallest rate at 30 m*/d to 60 m®/d and the highest rate is 120 m®d. The chosen values
of injector — producer distances (or well spacing) are varied in 141.4 m; 212 m; and
282.8 m, resulting three different patterns in 5 X 5, 7 X 7 and 9 X 9, respectively.

With combining three different zones, there are total 27 simulation cases.

From the observation, the higher oil recovery can be obtained by increasing
the steam injection rate and/or shorten the injector — producer distances. In terms of
oil recovery, the highest injection rate at 120 m*/d at zone 1 and injector — producer
distance in 141.4 m give the highest recovery factor (RF). Figure 4.1 presents the
results of oil RF in various cases. In contrast, the lowest injection rate at 30 m%d at
zone 3 and injector — producer distance in 282.8 m give the least cumulative steam-oil

ratio (Cum SOR). Figure 4.2 presents the results of Cum SOR in various cases.

m30

m60
SteamInj.

Steam Inj.
Rates(m3/d)

Rates(m3/d)

120 120

RF (%)
o5 883
AR

N\

\_J,' |

] ]

| (||

| -
(=2
Qo
S
(=]
[ I |
Q w
o o
RF (%)

Well Spacing (Pattern)

=30
/120 =60
/60 SteamInj.

- Rates(m3/d) 120

RF (%)

) — / 30
5X5
77 %o

Well Spacing {Pattern)

Figure 4.1 Oil recovery factor obtained from various well spacing and various steam
injection rates at different zones
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m30 =30

Cum. SOR
Cum.S0R
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Steam Inj.

Rates(m3/d) ™ 120

me0
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m 30
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u60
Steam Inj.
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‘Well Spacing {Pattern)

Figure 4.2 Cumulative steam-oil ratio obtained from various well spacing and various
steam injection rates at different zones

4.1.2 Selection of Base Case

Practically, the best performance would be as much as oil recovery with as
less as steam utilization. In the previous section, the best case for both the highest oil
recovery and the lowest cumulative steam-oil ratio is found from those 27 cases.
Based on such observation, the selected injection rate and injector - producer distance
would be applied to full field as a base case for further comparison with each strategy.
The details of selecting the parameters are explained in this section.

Although the higher oil recovery can be obtained by increasing the steam
injection rate and/or shorten the well spacing, the Cum SOR is also increased at the
same time which means the project cost would be impacted as well. Furthermore, the
areas in hypothetical cases are different with different well patterns and the total
number of wells would be different in full field studies; therefore, both the criteria of
RF and Cum SOR are considered in per area per well. In order to justify such
contractible criteria, the weighted factors for RF/area/well and Cum SOR/area/well is
fixed at 1.37 : 1 which can be referred to the previous chapter. Once the values of
RF/area/well and Cum SOR/area/well are calculated for all cases, the data set are
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firstly normalized and then multiplied by the corresponding weighting. Max
RF/area/well and Min Cum SOR/area/well are used to normalized the whole data.
That means, the max RF/area/well and min Cum SOR/area/well will obtain the full
score for their categories.

Regarding RF/area/well, Table 4.1 summarizes all the values of 27
hypothetical cases. The maximum RF/area/well is 17.00 X 10 which is used as the

base to normalize the RF/area/well.

Table 4.1 Summary of RF/area/well of all hypothetical cases

Steam inj. RF/area/well (10)
rates (m>/d) 5X5 7X7 9X9
Zone 1 30 6.33 2.22 1.06
60 10.01 3.27 1.47
120 17.00 5.18 2.20
Zone 2 30 6.45 2.24 1.06
60 10.03 3.26 1.46
120 14.78 5.02 2.14
Zone 3 30 6.65 2.33 1.07
60 9.72 3.28 1.47
120 13.78 4.59 1.95

Apart from RF/area/well, Table 4.2 summarizes the values of Cum
SOR/area/well in all hypothetical cases. As the minimum utilization of steam is the
most favorable in this criterion, the min Cum SOR/area/well at 1.55 X 10°® is used as

numerator whereas other values are denominator for normalizing.



Table 4.2 Summary of Cum SOR/area/well of all hypothetical cases
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Steam inj. Cum SOR/area/well (10°)
rates
(m/d) 5X5 7X7 9X9
Zone l 30 8.89 3.35 1.55
60 11.19 4,52 2.22
120 13.13 5.70 2.96
Zone 2 30 8.95 3.38 1.57
60 11.36 4.59 2.23
120 15.17 5.84 3.00
Zone 3 30 8.93 3.31 1.56
60 11.86 4.57 2.20
120 16.01 5.98 2.86

Normalized data for

both RF/area/well

and Cum SOR/area/well
summarized in Table 4.3. By the use of weighted factors of 1.37 for RF/area/well and

are

1 for Cum SOR/area/well, the judgment score is calculated and summarized in Table

4.4.

Table 4.3 Normalized data for RF/area/well and Cum SOR/area/well of all

hypothetical cases

5X5 X7 9X9
Cum Cum Cum
Steam inj. rates | SOR/area/ | RF/area | SOR/area/ | RF/area/ | SOR/area/ | RF/area/
(m*/d) | well Iwell well well well well

Zone 1 30 0.174 0.372 0.462 0.131 1.000 0.062
60 0.139 0.589 0.343 0.193 0.697 0.086

120 0.118 1.000 0.272 0.304 0.524 0.129

Zone 2 30 0.173 0.380 0.459 0.132 0.989 0.062
60 0.136 0.590 0.338 0.192 0.694 0.086

120 0.102 0.869 0.265 0.295 0.516 0.126

Zone 3 30 0.174 0.391 0.468 0.137 0.994 0.063
60 0.131 0.572 0.339 0.193 0.703 0.086

120 0.097 0.810 0.259 0.270 0.542 0.115
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Table 4.4 Judgment scores of hypothetical studies

steam inj.
rates (m>/d) 5X5 7X7 9X9
Zone 1 30 0.684 0.641 1.085
60 0.945 0.606 0.816
120 1.488 0.689 0.701
Zone 2 30 0.693 0.639 1.075
60 0.945 0.601 0.812
120 1.293 0.670 0.688
Zone 3 30 0.710 0.656 1.080
60 0.914 0.604 0.822
120 1.207 0.629 0.699

In order to create the judgment function, the normalized data are multiplied by

the weighted factors and all terms are summed together as shown as below:

Judgment Score = (1.37)(Normalized RF/area/well) + (1)(Normalized Cum
SOR/area/well)

From Table 4.4, the best score is the 5X5 pattern with steam injection rate of
120 m*/d. This case meets the requirement in terms of high oil recovery and low
steam consumption based on the hypothetical studies and weighted factors. Therefore,
the parameters of well spacing at 141.4 m (5X5 pattern) and injection rate at 120 m®/d
are applied to the full field heterogeneous model as a base case. The wells’ allocation
in 5X5 pattern and its production profile in 20 years are shown in Figure 4.3 and 4.4,

respectively.
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Figure 4.3 Top View of wells’ allocation in base case on 5X5 pattern
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Figure 4.4 Production profile of base case

Regarding the full field scale, the entire production area is about 3,422,500 m?.
With 5X5 pattern, there are total 181 wells placed in the field, in which the inverted 5-
spot configuration is formed by 81 injectors and 100 wells producers. As a result in 20
years, the base case can achieve 51% RF with 6.44 Cum SOR. Thus, the RF/area/well
and Cum SOR/area/well are 8.24 X 10® and 1.039 X 10, respectively as shown in
Appendix-B. This selected case will be used in the following section for comparing
the performance in different strategies.

4.2 Steam Injection Strategies

In this section, three different steam injection strategies are studied as follows:

Strategy 1. Selection of the size of well spacing;
Strategy 2. Selection of steam injection rate; and

Strategy 3. Development of different areas in different time basis
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The judgment criteria are the same as base case section, concerning both
RF/area/well and Cum/SOR/well. Normalization of the data in different cases is based

on the values obtained from base case.

4.2.1 Strategy 1: Selection of Well Spacing

In full field scale, three different areas, zone 1; zone 2; and zone 3, are defined
by the permeability distribution on layer 4. As such, different well spacing may have
different performance in different zones. Therefore, all the possible combinations of
the wells’ patterns in 5X5; 7X7; and 9X9 are studied.

Although all the wells used in this study are vertical well, different zones have
different areas which the wells cannot be allocated evenly on the whole field if the
patterns are mixed. In order to achieve better RF and Cum SOR, zone 1 is considered
to develop in a higher priority due to higher permeability in comparing with other
zones. Also, zone 2 and 3 are combined for well allocations if different patterns are
mixed. But the integrity of the inverted 5-spot configuration must be maintained.
From Figure 4.5 to 4.9, all the combinations of well spacing in different zones are
illustrated in the top view of the field, except the base case in 5X5 patterns which is

presented in Figure 4.3.
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Figure 4.7 Top View of wells’ allocation in 9X9 pattern at zone 1 and 7X7 pattern at
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Figure 4.9 Top View of wells’ allocation in 9X9 pattern at zone 1 and 5X5 pattern at
zone 2 and 3

Since different combination of well spacing may have different number of
injectors and producers, this can affect the results of judgment score which the criteria
are considered by “per well”. Ideally, the optimistic goal is to achieve as high as RF
with as less as both Cum SOR and total number of wells. In fact, more wells drilled
can impact to the economics as well. In Table 4.5, the total number of wells is

summarized for each case.
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Table 4.5 Total number of wells in different well spacing

Zonel/2and 3 Total wells No. of Injectors No. of producers
5X5 181 81 100
X7 85 36 49
9X9 41 16 25
9X9 & 7X7 59 19 40
X7 & 5X5 122 46 76
9X9 & 5X5 106 39 67

As mentioned in the previous chapter, strategy 1 can be studied together with
strategy 2. Therefore, the results of strategies 1 and 2 will be presented together in the

next section.

4.2.2 Strategy 2: Selection of Steam Injection Rate

Regarding the studies of steam injection rates in full field scale, the range is
basically the same as hypothetical studies. In this section, the results of injection rate
from 30 - 120 m*/d are discussed together with different well spacing stated in

previous section. The matrix of strategies 1 and 2 has been shown in Table 3.8.

The results obtained from both strategies 1 and 2 are summarized in Table 4.6.
Both strategies are compared with the base case in terms of RF/area/well and Cum
SOR/area/well. The judgment score is calculated by the same manner as hypothetical

Cases.



54

Table 4.6 Summary of RF/area/well, Cum SOR/area/well, and judgment score for
both strategies 1 and 2

Normalized

Zone Inj. RF/area/ Cum Normalized  Cum

1/2 Rate RF well  Cum SOR/area/well RF/area/ SOR/area/ Judgment

and3 (m’/d) (%) (10®) SOR (10%) well well Score

7X7 30 16.62 3.981 2.86 0.685 0.483 1.518 2.180

&

55 60 2426 5.810 3.86 0.925 0.705 1.123 2.089
120 36.05 8.634 5.12 1.226 1.047 0.848 2.283

9X9 30 15.01 4.136 2.67 0.736 0.502 1.413 2.101

&

5X5 60 2126 5860 3.71 1.023 0.711 1.016 1.990
120 29.88 8.237 5.18 1.427 0.999 0.728 2.097

9X9 30 10.07 4.986 1.95 0.963 0.605 1.079 1.908

&

7x7 60 1433 7.096 2.70 1.338 0.861 0.777 1.956
120 21.50 10.65 3.55 1.757 1.292 0.592 2.361

9X9 30 9.20 6.557 1.80 1.281 0.795 0.811 1.901
60 1297 9.240 253 1.799 1.121 0.578 2.113
120 19.60 13.97 3.30 2.349 1.695 0.443 2.764

5X5 30 24.64 3.977 3.42 0.552 0.483 1.882 2.543
60 3850 6.216 4.33 0.698 0.754 1.488 2.521

(Base 120 51.06 8.242 6.44 1.039 1.000 1.000 2.370

Case)

7X7 30 15.01 5.159 247 0.850 0.626 1.223 2.080
60 2229 7.661 3.28 1.129 0.930 0.921 2.194
120 3490 11.20 4.12 1.415 1.455 0.735 2.728

During the simulation process, well pattern of 5X5, 7X7, and 9X9 are firstly

run with various injection rates. Generally, all cases in 5X5 pattern can achieve better

performance in comparing with other cases because its judgment scores are > 2.37

which is the score of base case. Apart from 5X5 pattern, 7X7 with 120m®/d injection
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rate also can achieve a better score with more than 2.37. The possible reasons are less
number of wells than that in 5X5 pattern and the normalized RF/area/well is higher
than 1. However, the best score is obtained by 9X9 with 120m*/d injection rate, which
score is 2.764. It’s because this pattern achieves the highest value of normalized
RF/area/well and the lowest value of normalized Cum SOR/area/well with the least

number of wells.

In order to verify whether the mixture of patterns in different zones can
provide even higher score than 1.169 or not, 9X9 and 7X7 are selected for zone 1
because of higher score achievements. Then, 5X5 and 7X7 are selected for zone 2 and
3 to mix with the pattern in zone 1. In comparing with base case, their performance is
relatively worse. There are two key reasons. The first one is that the total number of
wells is more than 9X9 pattern. Secondly, the wells’ pattern of a complete inverted 5-
spot cannot be put into some areas in zone 2 and 3 due to the limited space near the

borders of the study area.

All in all, the well spacing in 9X9 pattern (or 282.8 m) with 120 m%/d injection
rate yields the most favorable condition for the full field study. Based on the results
from strategies 1 and 2, it is used as the main consideration for strategy 3. The details
will be discussed in the next section. Also, the comparison among all strategies will

be given after the discussion of strategy 3.

4.2.3 Strategy 3: Development of Different Areas in Different Time Basis

In strategy 3, the study is separated into two different time frames at two
different areas, the first 10 years in zone 1 only and the later10 years in all zones.
According to the production profile from base case as shown in Figure 4.4, the slope
of the cumulative oil production starts to be stable after the first 10 years of operation.
Therefore, it is implied that the end time of project can be studied in 10 years basis.

Since zone 1 is the area with higher permeability distribution, it is preferred to
develop firstly in the first 10 years. Then, all wells are opened from 10" year to 20"

year in all zones. The simulation model for the first 10 years focuses on zone 1 only
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and its model with the example of permeability distribution in layer 4 is demonstrated
in Figure 4.10.

The area in zone 1 is about 1,687,500 m2. Based on the best score obtained
from strategies 1 and 2, only 9X9 pattern with 120m®d injection rate is compared
with the base case in the first 10 years. The base case is 5X5 pattern with 120m*/d
injection rate in the same area as zone 1. The wells’ allocation for both 5X5 and 9X9

are shown in Figure 4.11 and 4.12, respectively.

19,296
17,368
15,441
13,513
11,586
9,658
7,731
5,803
3,876
1,948
21

Figure 4.10 3D model of zone 1 with an example of permeability distribution in layer
4
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Figure 4.12 Top View of wells’ allocation in 9X9 pattern at zone 1 only
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Similarly, the judging criteria are RF/area/well and Cum SOR/area/well which
is the same as before. The comparison between 9X9 and 5X5 in the first 10 years is

summarized in Table 4.7 and Table 4.8.

In fact, the comparison at 10" year is similar to the hypothetical studies as the
area is focused on zone 1 only. As a result, this can be reflected by the judgment score
which 5X5 pattern with 120 m*/d injection rate is better than that of 9X9 pattern. It
may be due to the high value of Cum SOR/area/well in 9X9 pattern. Although
normalized RF/area/well is higher than that of 5X5, a large portion of score is

deducted from normalized Cum SOR/area/well.

Table 4.7 Summary of all patterns that are studied at 10" year for strategy 3

Period Inj. Rate Area Total No. of No. of
(years)  (m’/d) (m?) wells Injectors Producers
5X5 10 120 1,687,500 85 36 49
(Base)
5X5 10 30 1,687,500 85 36 49
9X9 10 120 1,687,500 25 9 16
9X9 10 30 1,687,500 25 9 16

Table 4.8 Summary of RF/area/well, Cum SOR/area/well, and judgment score for
strategy 3 at 10™year

Cum Normalized Normalized

Period RF/area/well SOR/area/well — RF/area/ Cum Judgment

(years)  (107) (10°®% well  SOR/area/ well Score
5X5 10 3.078 2.484 1.000 1.000 2.37
(Base)
5X5 10 1.167 1.668 0.379 1.489 2.009
9X9 10 3.834 5.656 1.245 0.439 2.145
9X9 10 1.917 2.892 0.623 0.859 1.712
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For the comparison at 20" year, the base case is exactly the same as strategies
1 and 2 because the full field area is considered. Referring to the Table 4.6, 9X9
pattern provides the highest score from strategies 1 and 2, and hence the combination
of well spacing between zone 1 and zone 2 and 3 are based on 9X9. Table 4.9
summarized all the patterns that are studied in 20 years for strategy 3. In this
comparison, all the wells at zone 2 and 3 are shut in during the first 10 years and then

open in the late 10 years.

Table 4.9 Summary of all patterns that are studied in 20 years for strategy 3

Zonel/2and 3 Total wells No. of Injectors No. of producers
5X5 181 81 100
9X9 41 16 25
9X9 & 7X7 59 19 40
9X9 & 5X5 106 39 67
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Table 4.10 Summary of RF/area/well, Cum SOR/area/well, and judgment score for
strategy 3 in comparison at 20" year

Normalized

Zone Inj. Cum Normalized  Cum

1/2 Rate RF RF/area/well Cum SOR/area/well RF/area/ SOR/area/ Judgment

and 3 (m’/d) (%) (10%) SOR (107 well well Score

5X5 120 43.74 7.061 5.40 8.721 0.857 1.192 2.366
60 3223 5202 3.72 5.999 0.631 1.733 2.597
30 2022 3.265 3.00 4.849 0.396 2.144 2.686

9X9 120 16.84 12 3.03 21.62 1.456 0.481 2.476
60 11.26 8.022 2.30 16.36 0.973 0.635 1.969
30 8.11 5777 161 11.48 0.701 0.905 1.866

9X9 120 18.07 8.949 3.11 15.42 1.086 0.674 2.161

&

7x7 60 12.02 5953 2.38 11. 80 0.722 0.881 1.870
30 857 4244  1.69 8.393 0.515 1.239 1.944

9X9 120 26.02 7.171 3.56 9.824 0.870 1.058 2.250

&

55 60 17.42 4803 2.74 7.559 0.583 1.375 2.173
30 1193 3.287 2.05 5.655 0.399 1.838 2.385

From Table 4.10, 5X5 pattern with desired steam injection rate at 30 m’/d
yields the highest score based on the same judgment function as before. Although the
favorable well patterns in comparison at 10™ and 20™ year are the same in 5X5
pattern, the injection rates are obviously in contrast. The possible reason is different
number of wells in that more number of wells can yield the smaller values of the
criteria. As the smaller Cum SOR/area/well yields the higher normalized value in the
comparison at 20" year, 30 m*/d injection rate gives the higher score whereas the
normalized RF/area/well is not varied so much in comparing with the case at 10"
year. Therefore, the favorable conditions can be difference if the project development
is considered in different times for different areas, even the weighted factors to the

judging criteria are the same.
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Table 4.11 Summary of Cum Oil Recovery and Cum Steam Injection in water Barrels

for strategies 1, 2, and 3

Zone 1/ Inj. Rate Cum Oil Recovery Cum Steam Injection Judgment
Strategies [2and 3 (m’/d) (bbls) (water bbls) Score
1&2 7X7 30 21,433,556 61,278,316 2.180
(20 yrs) &
5X5 60 31,283,700 120,879,496 2.089
120 46,482,080 237,886,144 2.283
9X9 30 19,348,496 51,635,548 2.101
&
5X5 60 27,411,668 101,711,456 1.990
120 38,530,044 199,501,184 2.097
9X9 30 12,981,955 25,255,780 1.908
&
7X7 60 18,475,492 49,927,392 1.956
120 27,719,374 98,321,200 2.361
9X9 30 11,863,096 21,330,852 1.901
60 16,717,913 42,214,160 2.113
120 25,273,302 83,307,288 2.764
5X5 30 31,767,084 108,666,656 2.543
60 49,647,648 214,823,600 2.521
120 65,836,568 423,944,864 2.370
7X7 30 19,350,144 47,843,716 2.080
60 28,738,230 94,386,976 2.194
120 44,995,928 185,209,376 2.728
3 5X5 120 26,915,320 95,896,216 2.37
(10 yrs)
30 16,210,775 48,401,428 2.009
9X9 120 9,859,010 23,524,132 2.145
30 4,929,514 6,013,500 1.712




Table 4.12 (Con’t Table 4.11) Summary of Cum Oil Recovery and Cum Steam

Injection in water Barrels for strategies 1, 2, and 3
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Zone 1/ Inj. Rate Cum Oil Recovery Cum Steam Injection Judgment
Strategy [2and3 (m’/d) (bbls) (water bbls) Score
3 5X5 120 56,397,720 304,670,272 2.366
(20 yrs)
60 41,554,736 154,429,792 2.597
30 26,078,112 78,335,320 2.686
9X9 120 21,714,604 65,879,708 2.476
60 14,514,081 33,327,998 1.969
30 10,453,076 16,839,450 1.866
9X9 120 23,299,348 72,558,968 2.161
&
7X7 60 15,499,276 36,944,532 1.870
30 11,050,079 18,727,688 1.944
9X9 120 33,546,762 119,563,944 2.250
&
5X5 60 22,466,074 61,607,344 2.173
30 15,377,310 31,545,466 2.385

Apart from the judgment score, the comparison between three different
strategies can be explained by the amount of cumulative oil recovery and cumulative

steam injection in water barrels.

Referring to Table 4.11 and 4.12, it shows that the shorter well spacing and /
or higher injection rate are proportional to both amount of oil recovery and steam
utilization. Again, this phenomenon has been discussed in the hypothetical studies but
it does not mean that the higher oil recovery can yield the favorable result. It’s
because the amount of steam would be increased together with increasing the
injection rate or shortening the well spacing. These can cause the higher Cum SOR.
Besides, the shorter well spacing allowed more wells to be drilled based on the same
size of area. As such, the higher drilling cost would be incurred in the total project
cost which has been considered in the judging criteria before applying weighted
factors.
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To sum up, the amount of oil recovery and steam injection of each favorable

strategy are extracted in Table 4.13 as below.

Table 4.13 Summary of oil recovery and steam injection of each favorable strategy

Inj. Rate Cum Oil Recovery Cum Steam Injection
Strategy |[Zone1/2and 3 (m’/d) (bbls) (water bbls)
1 & 2 (20 yrs) 9X9 120 25,273,302 83,307,288
3 (10 yrs) 5X5 120 26,915,320 95,896,216
3 (20 yrs) 5X5 30 26,078,112 78,335,320

In terms of 20 years, strategy 3 yields higher oil recovery than strategies 1 and
2. Meanwhile, less steam utilization can be achieved. This can be explained by the
lower injection rate and shorter well spacing in strategy 3. Perhaps, it seems that
strategy 3 is more preferable; however, the consideration of total number of wells
cannot be reflected here. That’s why the judgment score of strategy 1 & 2 is slightly
higher than strategy 3 as 5X5 pattern allows more wells drilled than 9X9 pattern
based on the same area.

In terms of 10 years, only zone 1 is developed but it achieves the highest
amount of oil recovery in comparing with other favorable strategies in 20 years. It’s
because the highest injection rate and the shortest well spacing are applied together in
the zone with relatively higher permeability. In return, this case is suffered by the

highest amount of steam injection which is reflected in the judgment score as well.

In conclusion, the highest judgment scorer is obtained by strategies 1 & 2
based on the assumption of steady weightings in 20 years. However, this may not be
practical as oil price will not be always steady in the coming 20 years and the steam
cost normally is dependent on oil price. Therefore, the weightings should be reviewed
from time to time. In addition, another set of weightings in 2.88:1, which is according
to the data in 2013, is compared with 1.37:1. The result will be discussed in the next

section.
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4.3 Sensitivity of Weighted Factors

In this study, the weighted factors are the important ratio to the judging criteria
which can dominant the final outcomes of favorable operating conditions. Referring
to Chapter 3, the ratio is escalated by the actual data from the year of 2013 - 2014
with several assumptions, such as the average crude oil price, financial and costs
variable related to steam operation. From Table 4.14, the raw weightings are 2.88: 1
for RF/area/well: Cum SOR/area/well in 2013. As such, it is interesting to analyze
how sensitivity of the weightings between 2.88: 1 and 1.37: 1 to the results. The
outcomes of various strategies are re-calculated by replacing the weightings of 2.88: 1

instead of 1.37: 1 to the judging criteria.

Table 4.14 Estimation of Weighted Factors

0,
WCS Average oil price Cost of steam Wei/Z]r?tfing
($/bbl) Ratio ($/bbl) Ratio
2013 72.77 2.876 25.300 1 2.88:1
2014 73.60 2.866 25.680 1 2.87:1
2015 35.28 1.367 25.809 1 1.37:1

Weighting 1.37:1

Strategy 1 & 2: 9X9_Inj Rate@120m3/d
9X9 Inj Rate@30m3/d

5X5_Inj Rate@30m3/d

Strategy 3_1st 10yrs: 9X9_Inj Rate@120m3/d

9X9_Inj Rate@30m3/d
5X5_Inj Rate@30m3/d
Strategy 3_20yrs: 9X9_Inj Rate@120m3/d
9X9_Inj Rate@30m3/d

5X5_Inj Rate@120m3/d

5X5_Inj Rate@30m3/d

-40% -30% -20% -10% 0% 10% 20% 30% 40%

Figure 4.13 Tornado chart of different outcomes from weightings of 1.37: 1
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Weighting 2.88:1

Strategy 1 & 2: 9X9_Inj Rate@120m3/d
9X9 Inj Rate@30m3/d
5X5_Inj Rate@30m3/d

Strategy 3_ st 10yrs: 9X9_Inj Rate@120m3/d

9X9 Inj Rate@30m3/d
5X5_Inj Rate@30m3/d
Strategy 3_20yrs: 9X9_Inj Rate@120m3/d
9X9_Inj Rate@30m3/d

5X5_Inj Rate@]20m3/d

5X5_Inj Rate@30m3/d

-40% -30% -20% -10% 0% 10% 20% 30% 40%

Figure 4.14 Tornado chart of different outcomes from weightings of 2.88: 1

From Figure 4.13 and Figure 4.14, the different charts summarize two
different outcomes from the weightings of 2.88: 1 and 1.37: 1. In general, most of the
scenarios show the same trend with different breadth of percentage changes in

comparing with the respective base cases.

However, some cases, like 5X5 pattern with 30 m’/d injection rate for
strategies 1 and 2, shows in different trend for different weightings. In other words,
the weighting of 1.37: 1 obtains a better outcome than its base case in that particular
scenario. In contrast, the weighting of 2.88: 1 gets the outcome worse than its base
case. Similarly, 9X9 pattern with 120 m*/d injection rate for strategy 3 at the 10" year
and 5X5 pattern with 30 m’/d injection rate for strategy 3 at 20" year also exhibit the

outcomes in different trend.

Regarding the comparison between 2 different weightings, Table 4.15 outlines

the selected conditions of each favorable strategy as below:
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Table 4.15 Summary of the selected conditions of each favorable strategy in 2
different weightings

Strategies Weightings of 1.37: 1 Weightings of 2.88: 1
1 & 2 (20 yrs) 9X9 pattern and 120 m*/d
3 3
3 (10 yrs) 5XS5 pattern and 120 m /d 9X9 pattern and 120 m /d
3 3
3 (20 yrs) 5X5 pattern and 30 m /d. 9X9 pattern and 120 m /d

Basically, two different weightings obtain the same favorable condition in
strategies 1 and 2 but there are some differences in strategy 3. In the first 10 years, the
favorable condition of 2.88:1 is achieved by longer well spacing than that of 1.37:1
but their injection rates are the same as 120 m’/d. In terms of 20 years, both well
spacing and injection rate in 2.88:1 are difference with 1.37:1. Longer well spacing
with higher injection rate is more preferable. The overall result shows that the

favorable conditions for 3 different strategies are the same in 9X9 pattern with 120

3
m /d injection rate for the weightings of 2.88:1. According to the same raw data of

cumulative oil recovery and cumulative steam injection in Table 4.11 and 4.12, the
preferable conditions in 2.88:1 can be implied that less number of wells drilled and
less steam utilization are more important during the high oil price situation, even
though the cumulative oil production is slightly less than the favorable cases in the

weightings of 1.37:1.

In conclusion, longer well spacing has higher effect in strategies 1 and 2. In
terms of the same injection rate at 30 m’/d, the % difference with base cases in 9X9 is
about -20% for both weightings; whereas the difference in 5X5 is -15.67% and 7.32%
for weightings of 2.88: 1 and 1.37: 1 respectively. For strategy 3, low injection rate
gives more effect. For example of 9X9 pattern in 20 years, the % difference with base
case of weighting 1.37: 1 at 30 and 120 m?/d injection rate is 4.46% and -21.28%
respectively. Similarly, the % difference with base case of weighting 2.88: 1 at 30 and
120 m’/d injection rate is -24.64% and 20.47% respectively. For those cases in
different trend, weightings of 2.88: 1 shows higher effect than that of 1.37: 1, most of
those cases show more than 5% difference with each other trend. Except 9X9 pattern

with 120 m?/d injection rate for strategy 3 at the 10™ year, weightings of 1.37: 1



67

shows -9.48% difference with base case, in which the range is 5% more than that of

2.88: 1.



CHAPTER 5
CONCLUSIONS AND RECOMMENDATION

Steam-flooding provides efficiently ultimate oil recovery for heavy oil.
However, the steam consumption can impact to the production efficiency as well as
project economics. Based on that particular heterogeneous heavy oil reservoir in this
study, various steam injection strategy by using steam-flooding (SF) has been
investigated. All the favorable conditions of the aforesaid strategies are summarized

in this section. Meanwhile, recommendations for further studies are also provided.

5.1 Conclusion

From the results, different steam injection strategies have different desired

outcomes. Conclusions are summarized as below:

1. Although the higher oil recovery could be obtained by increasing the
steam injection rate and/or shorten the well spacing, the higher SOR would
impact on the project cost at the same time. As such, maximizing
RF/area/well and minimizing Cum SOR/area/well are used as judging

criteria for each strategy.

2. Regarding the judging criteria, the weighted factors of 1.37: 1 are applied
for RF/area/well to Cum SOR/area/well. This ratio is estimated by the

reference price and cost.

3. For the selection of well spacing, six different patterns are varied whereas
well spacing in 282.8 m (or 9X9 pattern) attains the highest judgment

score as the injection rate is fixed as the same as base case at 120 m*/d.
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4. For the selection of injection rate, various rates (30, 60, 120 m%d) are
varied together with different well spacing. The results demonstrate that
the injection rate at 120 m®d is more favorable to flood the entire field

continuously for 20 years.

5. For the development of different areas in different time basis, it is based on
the results from the selection of well spacing and injection rate. The
analysis is separated into first 10 years and the whole 20 years. Only zone
1 is developed in the first 10 years. Well spacing in 141.4 m (or 5X5
pattern) with injection rate of 120 m®d is preferred. In terms of 20 year
period, the whole field is developed, but the wells located in zone 2 and 3
are shut in in the first 10 years and then opened during the last 10 years.
The desired outcome is well spacing in 141.4 m (or 5X5 pattern) with

injection rate of 30 m*/d.

6. Based on this particular heavy oil reservoir, either high injection rate with
longer spacing or low injection rate with shorter spacing generally achieve
positive outcomes in respect to the weighting of 1.37 : 1 for 20 years

project life.

7. In the sensitivity analysis, weighted factors of 1.37: 1 and 2.88: 1 are
compared with each other. These two ratios are come from the reference
price and cost in the years of 2015 and 2013, respectively. The results
show that most of the scenarios give the same trend with different breadth
of percentage changes in comparing with the respective base cases, except

three cases as below:

- 5X5 pattern with 30 m’/d injection rate for selection of well spacing
and injection rate
- 9X9 pattern with 120 m*/d injection rate for development of zone 1 at

10" years
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5X5 pattern with 30 m’/d injection rate for development of zone 1 at

the first 10 years plus entire field from 10" - 20" year

All in all, both weightings show that the longer well spacing has higher

effect in the selection of well spacing and injection rate based on the same

injection rates. Furthermore, the lower injection rate gives more effect for

the development of different areas in different time basis. Apart from the

result at the 10™ year, other two cases, which are in different trend,

demonstrate the larger effect in weightings of 2.88: 1 than that of 1.37: 1.

5.2 Recommendation

Several recommendations are suggested for the further studies in this

particular field:

1.

In this study, the weighted factors of 1.37: 1 are estimated by the
current oil price and historical steam cost. As the factors are critical to
the judging criteria which may cause different final outcomes, so the
weighted factors are suggested reviewing from time to time with actual

price and cost.

If the full actual costs, including CAPEX and OPEX, are available at
the moment, economic feasibility studies can be performed, instead of
applying weighted factors, to evaluate all the strategies in terms of both
technical and commercial aspects. However, it is difficult to acquire

the actual costs, especially in the current oil price crisis.

Since reservoir simulation program used in this study is a kind of
education license, number of grid block is limited. Therefore, the "full
field" heterogeneous reservoir constructed in the simulation is only
part of the data from the actual field. The more grid provided, the more

accurate results can be obtained.
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4. As this study is focusing on inverted 5-spot steam-flooding only, other
thermal recovery processes, such as CSS and SAGD, can be further

studied and compared to this particular field.

5. Regarding the scope of this study, different injection rates are varied in
each case but the rates are fixed for the whole period of simulation run
time. As different zones have different ranges of permeability, the
favorable injection rate and pattern may be different at different zone.
Therefore, it is suggested mixing the favorable injection rates and
patterns at the respective zones during the same period of run time in

the future study.
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STATISTICAL DATA OF DIFFERENT LAYERS IN FULL
FIELD
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Layer 4 Zone 1 Zone 2 Zone 3
Area (sq.m) 1,687,500.00 862,500.00 872,500.00
Max 19,191.93 11,869.51 5,761.36
Min 3,466.24 1,171.07 120.74
Most Repeated Range (md) 15000 - 19000 2,000 - 7,000 100 - 4,000
Median 15,206.35 3,989.72 2,134.54
Average or Mean 13,699.81 4,413.23 2,106.58
Perm Range (md) 3.460 - 20,000 1,170 - 11,870 120 - 5,800

No. of Data
Range of Perm Zone 1 Zone 2 Zone 3
< 1000 md 0] 0 71
1000 - 2000 md 0] 14 78
2000 - 3000 md 0] 99 139
3000 - 4000 md 3 66 36
4000 - 5000 md 1 34 14
5000 - 6000 md 12 55 11
6000 - 7000 md 18] 38 0]
7000 - 8000 md 38 22 0]
8000 - 9000 md 61 13 0]
9000 - 10,000 md 56 3 0]
10,000- 11000 md 20 0 0]
11,000- 12000 md 18] 1 0]
12,000- 13000 md 23 0 0]
13,000- 14000 md 20 0 0]
14,000- 15000 md 22 0 0]
15,000 - 16000 md 151 0 0]
16,000- 17000 md 80 0 0]
17,000 - 18000 md 64 0 0]
18,000- 19000 md 76 0 0]
19,000- 20000 md 12 0 0]

675

w
=
Ch

)
=
=)
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Layer 5 Zone 1 Zone 2 Zone 3
|Area (sq.m) 1,687,500.00 862,500.00 872,500.00
Max 19,295.87 16,153.21 11,878.01
Min 242343 1,429.14 211.27
Most Repeated Range (md) 15000 - 18000 2,000 - 4.000 1,000 - 3,000
Median 8,873.08 3.996.99 2.256.55
Average or Mean 10,933.23 5,306.39 2.939.54
Perm Range (md) 2,400 - 11,000 1,430 - 16,160 210 - 11,880
No. of Data

Range of Perm Zone 1 Zone 2 Zone 3
< 1000 md 0] 33
1000 - 2000 md 0] 86
2000- 3000 md 4 117,
3000 - 4000 md 18] 34
4000 - 5000 md 12] 15
5000 - 6000 md 77, 36
6000 - 7000 md 82 12
7000 - 8000 md 74 12
8000 - 9000 md 72 2
9000 - 10,000 md 30, 1
10,000- 11000 md 17, 0
11,000-12000 md 15 1 1
12,000- 13000 md 10| 5 0
13,000- 14000 md 8] 6 0
14,000- 15000 md 3 5 0
15,000- 16000 md 105 13 0
16,000- 17000 md 46 2) 0
17,000- 18000 md 42 0] 0
18,000- 19000 md 29 0] 0
19,000- 20000 md 21 0] 0

675 345 349
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Layer 3 Zone 1 Zone 2 Zone 3
Area (sq.m) 1,687,500.00 862,500.00 872,500.00
Max 12,369.06 8,757.93 8,511.44
Min 1,860.15 1,506.50 47.75
Most Repeated Range (md) 5000 - 7000 2000 - 4000 < 1000 - 2000
Median 5,704.32 3,660.72 1,533.31
Average or Mean 5.312.35 3.841.26 2.394.90
Perm Range (md) 1,860 - 12,370 1,500 - 8,760 47 - 8,510
No. of Data

Range of Perm Zone 1 Zone 2 Zone 3
< 1000 md 0 0 85
1000- 2000 md 1 16 132
2000- 3000 md 94 119 40
3000 - 4000 md 106 84 19
4000- 5000 md 74 43 13
5000- 6000 md 175 53 36
6000- 7000 md 110 15 18
7000 - 8000 md 71 8 5
8000- 9000 md 26 7 1
9000- 10,000 md 10 0 0
> 10,000 md 8 0 0

675 345 349



Layer 2 Zone 1 Zone 2 Zone 3
Area (sq.m) 1,687,500.00 862,500.00 872,500.00
Max 6,367.66 7,650.02 6,278.45
Min 20.67 28.67 144.30
Most Repeated Range (md) < 1000 - 3000 < 1000 < 1000
Median 2,007.54 2,018.86 711.01
Average or Mean 1,858.15 2,166.02 1,253.63
Perm Range (md) 20 -6,370 28 - 7,650 140 - 6,280
No. of Data

Range of Perm Zone 1 Zone 2 Zone 3
< 1000 md 238 119 229
1000- 2000 md 99 53 38
2000- 3000 md 223 83 45
3000 - 4000 md 70 32 18
4000 - 5000 md 30 20 6
5000 - 6000 md 14 26 10
6000 - 7000 md 1 9 3
7000 - 8000 md 0 3 0
8000 - 9000 md 0 0 0
9000 - 10,000 md 0 0 0
> 10,000 md 0 0 0

675 345 349
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Layer 1 Zone 1l Zone 2 Zone 3
Area (sg.m) 1,687,500.00 [862,500.00 872,500.00
Max 5,700.54 |5,766.91 5,718.01
Min 397.56|859.14 842.42
Most Repeated Range (md) |< 1000 - 3000 |1000 - 3000 |1000 - 3000
Median 1,741.35 [2,407.91 2,411.37
Average or Mean 1,794.50 (2,559.65 2,570.21
Perm Range (md) 390 - 5,700 860-5,770 840-5,720
No. of Data
Range of Perm Zonel Zone 2 Zone 3
<1000 md 142 2 1
1000 - 2000 md 281 99 78
2000 - 3000 md 196 160 194
3000 - 4000 md 80 48 51
4000 - 5000 md 15 25 17
5000 - 6000 md 4 11 8
6000 - 7000 md 0 0 0
7000 - 8000 md 0 0 0
8000 - 9000 md 0 0 0
9000 - 10,000 md 0 0 0
> 10,000 md 0 0 0
675 345 349
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FIELD



83

LT CaR0LONELO SThISSy T A % ) 005221t qoseerr  [SOTCoRgHE[L00ETOTTY|  oeocser  foog 07l W se0g Thenuer] g0 T ey
LSEOSTIETT S0 0993067510 0T 0REOL| & % ) 005221t 0CzBeler  lblsuezfevisre|  oloeers ooz 09 0 se0g Theuer| gg0 ' ey
0T LIS 2076585290 eI o ) % ) 005221t mI0GET  [oconoo0stfomesalre | ouewy oo 0t 0 se0g Thenuer| g0 T ey
laopoigj0°oNfioelu 0 0N |p3uq S0 on (b eary poig (100 encepownd] (o) | o (1o ) ooy un | (o war ey oug] (o) ey | (saf] pouse| e AR UES

(IX0) Hed I

1t7 I ! 00T |8 | 1 19 005224¢ posss  [remesonsfissers]  wemeter o 7] 0 g T e G107 T ey
OIS GOLIGTERT LTrH0TSL0 B-BB6Y  B0GIY | 00 18 1% 0052zt A e e A 09 0 se0g Theuer| gg0 ' ey
BIOBIENST  SIEGNIRST BTSN 0SS S.0usE | o 1 18 005224¢ w00t [cvorseoe [iomeLozrs | osonosr  [ong 0t 0 seg T e G107 T ey
iaonpoigj0°oN ol 0 ON |pauq 330 on (b eary poig (100 encoegpownd] (o) | oS (1o ) ooy un | (o) war ey oug] () ey T (saf] pouse| e ETAES

(6X9) Mg 4

LT T (7| 1189769 NWET  LAHET | @ 9 Ir 005224¢ A e T 7] W se0g T e G107 7 ey
SIUETTT  BAL890L50 §0200T21 T WGLT  S0LGTE [ @ 9 Tr 005221t S e B 09 0 se0g Thenuer| g0 T ey
TUSI0I06T  BLLTZIIgO TLIELISEL0 A vso 9 Ir 005224¢ OROBTT  [ToBve00ce [omeOseLT|  cse0ette  [oue 0t 0 so0g T e G107 7 ey
13m0 0N [scieb 0 N e gm0 ‘o () vy poug (o) enecayp | () | SN (1 ) ool un | ) ey ok (pe) e T (o) poe| ki B VB

T5¥6) Bed g

TUOIET  TSRALTAS 0 006Ep9T62 T NWELT  0TWNT| 0 il 6 005221t A A S WA I 0] 0 se0g Theuer| G107 ' ey
VISIOET  TSBIELOLL0 10550609 0 BT G0H0L [ O il 6 005221t e e ek A 09 0 se0g Thenuer| g0 T ey
QIPLI0L06T  GHTHERRLT 6602261090 IR N il 5 005221¢ OIS [oologo00T[TeTSseT|  0plSse  [oe 0t 0 g T G107 7 ey
1201001410 ON S0 ‘ON A 10 ‘N () ey ‘osg(f0c) Genoneypoum| () 4| 0SWNO)| (10 ) ool | ) wurn ey ok (o) e T () pog| ey AR

XL 36X Padid

VORIELE0T  HEOZZERCLO Q0nzEee0 WIUT 0S| L9 5 0 005221t mO0Ecee  [eoeLiegecfomsoeLcrs|  wemIoseer  foog 0] 0 se0g Theuer| gg0g ' ey
TSORS066T  C0L0ER0T0T TGTE601.0 0W/EOT 0GRS [ L9 & W 005224¢ ol [eeeerTelomenze] oo [ 0 0 seg T e G107 T ey
BUG0TT  ZBLEROETH T 795281050 BOWIGEL T [ L9 5 W 005221t e R e e R 0t 0 se0g Theuer| gg0g ' ey
1201901 10 “ON 1095 0 ON e oM Jo N [t ety ‘posg (1) enooeghound| (o) | 40S un) (10q o) uoseyure | (i) wary ey poig| (i) v T (oo poag| ey g e g

(6573 6X6) ag IS

EOG0TERTT TOBSA0RYE0 19I8SHL40T 0T GHSE9S [ UL % w 005221t 0o0cgrr  [eseevoogfiseoenrrs|  mooeeer oo 7] 0 se0g Thenuer| g0 ' ey
A A 53/ 4 T09R0610L0 OIS o308 | U % w 005224¢ 005871 [o0ssIorH[opoLeeoge  opveL0zr  [ong 0 0 g T e G107 7 ey
BOBeLIT  GTSOETRIST 058662850 Oy sT0e [ oL & w 005221t Qoeeerlz  [orosuzoor|eseeesee|  oneezy oo 0t 0 se0g Thenuer| gg0g ' ey
IO WAUEEI, o [EIROS UG PRZIBION oMl POION [GANBRIRHOSLIY)  JNEJgucnpoig o ON 119t Jo oNpeic stamnJo oN s ety posg (1) Ranoosgnoun)| (o) 4] S unol (1 ) uouselywn | () vy | () ey o (oo poiag] ey g ARQUBS

(SXS79 X0 ad N4

7PUE T SOBATENS




84

CI6S7E9897  DLIERORHTT TSL£0196E0 603006v8%  80-F689TE | 001 18 181 005221¢ V809 [18TLZC02 [6E/8e00E 0c6SeEBL ooz B3 02 og0g ‘T enuer] G707 T e
98S6YPLOST  BTSZELZELT 20817690 6036666 B0-ITH20CS | 001 18 181 005221¢ GLSSTY  [coTSlcc7e [BsReeaTe|  celeeasT [ooe 09 0 Ge07 T Renuer| 610 T At
7618155057 T0BZGGTOTT 9902699580 6030028 80390900 | 001 1 181 005221E 0CLL689S  [26688ELEY [r/Ta0r'S UWHE ooz 4 0z og0g ‘T enuer| G707 T e
51307101 J0 ‘ON [s10j08ul 0 “ON [ P S13mJ ON [(urts) eaay “poid | (190) isnoosy Jown|  (96) | JOS w0 (16 avene)uomoalujwn | (prew) war avey “poid| (piew) aiey ul| (tesf) powog| ~ aleapig Qs

(SIAQT 40§ €% 7 8U0Z UTINYS - GXS) €
CET0RMVBET  27S6CeE8T 678788650 6039 80-36TL8TE 19 3 90 005221% OTELISST  [¥8LIST6TI 126211307 WrSHsTE o0z B3 07 og0g ‘T enuer] G707 T e
GETILIELTT  YIBYBISIET 756892850 603908552 80369208 19 3 901 005221 pI099MZ  |LSeHeTy LT [9I8eenl PELTY  [002 09 07 G0z T Renuer| 610 T A
1651900577 12680850 S266400/80 60386 80-B9NTLTL 19 3 90 005221¢ 09958 [6v969T092 [0U60795E | #vBRISHTT [o0e 4 0z og0g ‘T enuer| 707 T e
Ja0npoig Jo ‘0N [si0123u1J0"ON/ i S J0 ON () ey “posg | (146) Ausnooay hOWND|  (36) | 4O )] (1 o) onaslu g | (pite) war aiey“poid] (piw) ey | (siea) poise| e 3 Qs
TUNOT 10} £ % £ 8007 U TS - GXG 3 6X6) € RVGFEI|
BBISTISOBT  79687YS060 6215260020 S0-I0RTT  80-382LLLS [ 9 Ty 00727¢ QL0BSHOT  [Z8T890T8 [eY9S60T9T 0576897 |00¢ B3 07 o0z T Aenuer] — or0¢ 7 e
11755689 T  STESCZSEY0 OLVEEZEL60 90-IT99T  80-IrT208 [ 9 Ty 005221E 80MISYT  |LP0R9SCTT [ELS9677 g6Lzeee  |o0e 09 02 og0g ‘T enuer| G707 T e
COSYBSSLYT  BYYIBLOBYD 49909095¢ T Q0W0OTT  L0HT00CT [ 9 T 005221¢ YOI |LLZ90789T [£S6a8eE0e 80/685 o0z 4 0 og0 T enuer| G707 T At
51807901 0 ‘ON [S10198ul J0 0N Pl 3180 ON [(urts) eaiy “poid | (190) Aianoosd JOwnD|  (96) | HOSwnO| (106 svene) ool wn? | (prew) wur avey “poid| () awed | (seaf) poued| e pig aRq S
TSR OTJ0] £ 7 07 U TS - O 6X6) € NDBFeng|
GICOT6EN6T  B220SBETT LT2206+150 603716668 B0-T0NTY [ 61 6 005221¢ 6100501 [r0c695'8 [orTo8yesT 90280 o0z B3 02 og0g ‘T enuer] G707 T e
19500087 6729650880 E12a2L0 Q0-IH0STT  B0-TTBI6S o i 6 00521¢ OLZ66YST  [91980207C1 [B6Coe8E e 09 0 og0 T enuer| G707 T Aence
GI66ETOTT  BUIETONLY0 116889580 0IWST 90365868 o 61 6 005221E GYE66CEC [6S99690'8T [9902/TTE ge8sszL  Jooe 4 0z og0g ‘T enuer| G707 T e
RI00S WAWRBNY M ERIBHOS LUND PZIRUION [ /EaLE/f PIZJRLION  [GMERIBRIOS WD |aMeaieyuSiaonpold Jo ON[siciadfu Jo N paja SiamnJo ‘oN [(wbs) eary ‘poid| (1) Aismoaaghownd|  (36) | 40 W0 (1ag Jerem) voposlu wn | (o) war uey ‘poud| (pjew) avey Turf (sreaf) poag| e pu QS
TR 0T 03¢ 9 ¢ &U0Z LTS - [XL 3 GXG) € NDGIe|
00TPI6ILT  $TI6E996S0 1806867580 0FETY 10361697 9 6 @ 005891 GGE899  [e6TEEOTTI [9L05698LT £SI8IT  |00¢ 09 o G207 T /enue]  r0¢ T e
0TZIZILT  YSOET06S80 8199012290 039667 0389767 9 § @ 005.897 yIS667  |S18L980°8 [STL6B6TCT G00SET09  [00C i3 o a0z 7 K| 10 T A
65TEOESTT  ESTORTBEND YSE0TISHT T 803685995 40364888 [ § @ 005891 0106586 |7veSeLT9T [r0rs098e WL |oe 4 o a0z T Rence|  r0g T ey
sJa0npoig J0 ‘ON[si0123u1J0"ON/ i S J0 ON () eany “posg | (14g) Ausnooay hOwND|  (36) | 4O wn)] (1 eves) onaslu g | (i) war aey“poid] (i) avey | (siea) pouise| e g QU
SIROL -1 U0Z 6X6) ¢ AOaeAg|
V89068007 SISTOYT S076676L810 8039899 L0-382L91T 67 % % 005897 PIIN0A0T  |ISTZERLOT [ISTHETeeT W9 |o0e B3 [0 q207 T Kenuer]  r0¢ T K
CHORZIBI0T  S6ON6ZEeTT 7661622090 80351807 J0-TT0KS8T 6 % % 005891 SLOTOT  [Geeneas 9z 1991986 iy |00e 09 o a0z T /Aence| 10 T e
157 1 1 80366877 J0-36EBLOE 6 % % 005.897 0CESTE  [BeTTVST vp [9/588295° 917968%  |00¢ 021 o a0z T Rener| 10z T Aene
PIOOS APt [RLERI0S UnD) PAZJPLUION |3 BB PAEJELLON  JaMRRIERSOS WA - Jauyeale/ 3y sianpoig Jo N Jioioalu J0"ON ey SjamJo ON [(ubs) eary “poig 1) Rianozegiound| (o) 40§ wn) (100 Jatew) uogoelu | () wury ey poi| () aey | () pouag] a3 EER

-

07 GXS) 3SeD) aseq




85

0TI E8R0LOMELO SRTPIESSHT e % % 0052z ooceery  |coneoeseoogronTy|  auseoser e 07 0 e0g Thmuer| S0z 7 e
ROLIESE  CEA9TLOE 999905626 0 NWRIT  GHEOL| 6 % % 0052zt Oeraelsr  fblcszazucoese|  osoee e 09 i ce0g Thmuer| g0z 7 e
BIBLIG0E  LIEHORTT 207685290 I TR e o % % 00ezzse e s e T L L 08 0 g Thenuer| 107 7 e
0900 NS00k ‘N o N ey o) oo ound] (o) 44| oS o] (g )l n | (i) oy i () ey () posg) a3 aeq e

(X0 ad Ind

3¢ I I NIGE0T  B0ezTe | o 18 i 0052zt poesss  [iemesorssesers]  gmee o 0 0 ce0g Thmuer| S0z 7 e
CI00E  GOLIGTERT LIrH0T5L0 e o I 18 i 00szzpe BOP0Gy  eSToe0sne [eeroeore|  ooogzmz e 09 0 eog Thenuer| 107 ' e
BLOGIELTE  STIGHIRET ot 0SS 80usE | o0 1 W 0052z 00E  [oruseom |oreoee | ocenooer g 08 0 g Theuer| g0z 7 e
513000010 ‘0N [s101l 10 ON Ay SJaJo ‘oN () easy poig(jag) Asnoaey o wng| (o) 4| HOSWN (100 o) omaaluy wn) | (o) wury ey poie| (prew) sy | (meaf) poeg| s pig QB

(6¢) Dad Ing

AN 13 Y4 1800697 NIGET LT | @ 1 Ih 006zzse wepls  [cessoosrposuoece | s o 071 0 eog T Aenuer| 107 ' g
BOTO0TO0BE  BSL850LL50 800N0TIT OWELT BTG | & 9 Ih 0052z S A e I 09 0 eog Thmuer| <107 7 e
BIIBTAOTE  BLALTEIIAO 111819510 NWWT  NANEY | 9 Ih 0052zt [ o o A 0t 0 e0g Thmuer| g0z 7 e
Sinpoigjo ookl Jo o o on s ey oig (o) Gtcregponng] () 3a] 405 ) i) el uny | () ey i (e U (sl poeg]  abapa] - e

(6x6) Wad 4

TOROLTIEY  TOSBALT6E0 Q0RER9T6L T BT 0TGNT | O il & 0052z A A T WA 07 0 eog Thmuer| <107 7 e
BIIITE  TRELLLO 05506098 0 OBET  G0IH0L| Oy il & 0052zt eI et IS e R A L 09 0 ce0g Thmuer| g0z 7 e
IBI60TTZ8T  ETAEERLOT 602261090 BO-IMEYS  S0eREr | O il £ 005221t SEIBGT  |onlono0or [iecsesreT|  oRLsRsT e 0t 0 e0g TAmuer| 5107 7 e
1090140 ON [sone 0 ‘o [ S0 ‘on s vy posg (1o enonagpown| (o) ] w05 wn (g eve) ool | () wury ey pose| (o) ey T (seal) poiag] i3 3RS

(XL 9 6¥6) Hd I

180098009 B02ZER2L0 TOnzERB 0 WIUHT WG| L9 & 0 0052z PO0GSRE [soeLrepec|omsoeLcrs|  eeTIOseer o 07 0 e0g Thmuer| g0z 7 e
BLISIGENE  EDL0EE0T0T TGTE801L0 NWOT OGRS | L9 & o0 005221t A A T T A 09 0 ce0g TAmuer|  g107 7 e
BHIPERRT  TBLEAOETHT 79528700 OIBGEL  0HTET| L9 & o0 0522 Orarter  |io0oso0st forrriserz|  eseors e 08 07 g Theuer| g107 7 g
laonoig 0 oNiosu 0 oN b3 3o o {(bs)vary poig(100) Asnasey lown] (o) | HoS L) (10 e ool un | () wur ey poi] (pj) iy T (eaf)poug| e pu3 aRqUES

(X9 6¥6) Hed I

180985 TOBSA0BY0 P9IBSHLA0T 0T BSEE | U ) w 005221t e G e R A 0 0 e0g Thmuer|  g107 7 e
COSTBSRSTE  HOSTBCETTT 108961010 60rSs s | o % w 00522 A (A et I A LA 09 07 g Theuer| g107 7 g
TOU606T GTSOETRIST HS8662870 WAy sTme | U % w 0052z ooz |oroszzooroeeeecez|  gmmmy e 0t 0 eog Thmuer| g0z 7 e
RI00G ALK, [N BAROS UNY) PRZIRLION [ /B3IR PRTJRALON [RMWEBIBAIOS N  [BINEBIEIY SI8npoigJ0 ‘ON [Sioial 10 0N pajii SJam 0 on (urs) eany ‘posg(ja) Asnoseypownd] (o) | 4OSwn) (jocevem) sl wn) | (pjeu) wr ey poig] (pjew) sy | (Smaf) poeg| s pig Qe
(657 1) Mad I

(787 = SN e SoDaens




86

L1ST9VVBTE PLLERIEVTT T6L60796¢0 60-38068°1 80-368790°€ 007 18 187 005¢eve 118209 18152000 [662.8200°C (ceseesL 00C 3 0 G077 Aener| G107 7 Adenue
T.GTE9055°E 8T82ELCELT CCT0817E9 0 60-3€T666'S 80-317200°S 001 18 187 00522%E 9eLyseTy 19TSL20'CE [898629TLE 6L6CHYST 00 09 0 G0z T Avenuer| G107 7 Adenue
(S1€60699 € 1082661677 9902€9958'0 60-3902L'8 80-3/9090'L 001 18 187 00522%E (2LL6895 66886L'€Y [7LT20V'G L20L9%08 007 071 0 G0z T Avenuer| G107 Adene
S130np0lg J0 0N [sic10all J0 ‘ON [ pajia Sjam 40 ‘oN|(wbs) eaiy “posd| (o) Ausnossy pownd| (%) 4 YOS W (1aq Jovem) uonaslu wno) | (prew) murr avey poid| (prew) awey ui| (Sreaf) pousg|  ateq pug aeq e

(SIRQT oy % ¢ U0z U NYS - GXG) ¢ ADBIeNS

908076986 rS8z8es T 6508788650 60-3L9799°S 80-360L80°¢ 19 6¢ 901 0052eve (TELLEST V8LLGI6TT (LO6CVTS0T 99pSpaTe 00 0 0 G0z T Aener| G107 7 Adenue
TGEE26E50°E I87676LET 166892850 60-3889G', 80-3692087 19 6¢ 901 00522%E 71009722 LSCHETY LT (9L8ETThL T EL09TY 00 09 0 G0z T Avenuer| G107 7 Adene
7C0968E95 € TCEE80850'7 626620080 60-3Lche86 80-391LT'L 19 6¢ 901 005¢eve 9L975€EE 6786970'9¢ (88.60795°€ 16695677 00¢ s 0 og0p TAmn| 610 T Areue
snqoid 0 oN i Jo N i 1o jo onurbs) ey ‘g (10g) Asnooay N wng (o) fu] 405 un (1 ) uonoa | () ey poig| (i) ey o (e poiag] et g A

TSRO 036 3 ¢ 2U0Z UV - GXG 5 6XE) & NOaPel

VELITIvEG T 96875060 671526000 80308977 80-38¢LLL'S 4 9 34 005¢eve 9.0€5507 18189078 [€79960T9'T (516€897 00C 0 0 G077 Aener| G107 7 Adenue
GCLLETBENE GT89025€9°0 9LYEETEL60 80-3TH9€9°7 80-3L120°8 4 9 44 00522%E 1801597 LV0E9GC T [€L250960T 866L26E€ 00 09 0 G0z T Avener| G107 7 Adenue
T1619€C7L97 897780870 8990909677 80-380291°¢ 10-397002°7 4 q 005¢eve 09TLTC 110907897 (€9688E€0°E 80L6899 00¢ s 0 og07 TAmner| 610 T Areuey
1201001 0 0N [s10128uJ0 ‘0N (orbs)eany “poig (1g6) Asnoozy jownD| (o) | A0S wnd (1ag s uomoaluy wn | () o ey “posg (rew) e | (s poiag| e i3 a8 B

(SIRQTJoj € 9 ¢ U0z UTNnyS - AUO 6X6) € AD:ReaIS

9990ekTeL T 800098EC T LTC0067750 60-3¢TE6E'8 80-31079¢'y 0f 67 69 005¢eve 6005077 70086958 _m:%_\%_ﬁ 88920187 00C 0 4 og0p TAmn] 610 T Arenuey
186965096 C 6729650880 £10000eL0 80-3H08TT 80-378096'S 14 67 69 00522ve 91066747 9196020777 (8679€8€°C {ESr69¢ 00 09 0 G0z T Aenuer| G107 7 Adenue
£8078.008°¢ 6CTET0L90 1766899807 80-3versT 80-369876'8 14 67 69 00522%E B78667¢7 6599690°8T (950271T°E 8968957, 002 4 0 G0z T Avenuer| G107 Adenue
PIOOSUELRDI, [ [ERI0S LN PAZIBLLION 3 BSIEf PAJBUION| BIRSOS )  [aeaaey]siaonpoid o ‘oN[s1iaaul jo ‘0N paji SamJo ‘oN () ey ‘poig|(190) Alsnoosy hownd| (o) 44| HOSUND] (1o i) oo un | (i) war ey posg| (P ey | (eaf) pous] s pi e e
TOR O 0,6 3 U0 ULV - [XL 3 6XG) & NOAle

619200650 116699650 1806867580 80-30E9TY 10-361€9¢ 9 6 4 0052897 §52£89.9 C6TEE0TTT [9L0G€95L T £95L8817 000 09 _2 G707 7 Avenuer| G107 7 Adenue
666.0759°C 1506706580 8159022290 80-379768¢ 10-3189T6°7 9 6 4 0052897 1196067 GT8L980°8 [STL686TCT §004€709 00 0 _2 G707 7 Avenuer| G107 7 Adene
6692965207 €9T08T6EY 0 S60THSHC T 80-368459°G 10-36L€€8°€ 9a 6 & 0062897 (706586 TESELTIT [70V5098EC CETnesee 00 s _3 o207 ThArner| 610 T Areuey
l201p0k 0 ‘ON s101280 0 ‘ON |pai S0 oN [t ety “poig (10g) snaaay ownd| (o) ] 40S D] (g ) ogoal un | () ey posg] (P aey ] (ead) pouag| e g aeq e

SR T - (T U0z 6Xg) € Adsiens

GELTBETB T L8268y T 5076616.€0 80-398.997 10-380L9TT 6f 9 ) 0052897 11090207 LETCEYL 9T (LGOVET6ET 0691972 00 0 _2 qz0p ThAmn]  Gr0g T Arenuey
175688.26°C G60762€6T T 166822090 80-3L5780C L0-3707987 6f 9% ) 0052897 SLL0TZ9T GC678659C [7995.586'C Ll 00 09 _2 G707 7 Avener| G107 7 Adenue
88°C 1 7 80-3€6€87°¢ 10-3828L0°¢ (4 9% ) 0092897 (2641692 BETTYAT 7 (91988295 °€ 97796856 002 4 _2 G707 7 Avenuer| G107 Adene
_gswsgmmsﬁ /B /BBIEJOS UNY PAZIBLLON |3 fB3IE/ PRZIBLUON  [BMEBIRRIOS LN [[amyeaie/-siaonpoid 0 ‘0N [sioraslu Jo o | ey Sjam o “on [(wbs) eary ‘poig] (10) isnoaay _oga_ (o6) 4 4OS wn| (100 Javem) uonaaluy wng | () wur aiey poi] G\E%m._c__Am_i;o__& Qg aeq Las

SIRQT - {7 U0z G 9seD seq




87

VITA

Mr. Suthon Srochviksit was born on October 29th, 1987 in Hong Kong.
He received his Bachelor degree in Industrial Engineering and Technology
Management from Faculty of Engineering, The University of Hong Kong in 2011.
He continued his further study in Master of Engineering (Petroleum Engineering)
at the Department of Mining and Petroleum Engineering, Faculty of Engineering,

Chulalongkorn University since academic year of 2014,



	THAI ABSTRACT
	ENGLISH ABSTRACT
	ACKNOWLEDGEMENTS
	CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER 1  INTRODUCTION
	1.1 Background
	1.1.1 Properties of Heavy Oil
	1.1.2 Heavy Oil Resources
	1.1.3 Heavy Oil Recovery

	1.2 Enhanced Oil Recovery (EOR)
	1.3 Heavy Oil Production by Steam-Flooding (SF)
	1.4 Objectives and Outline

	CHAPTER 2  THEORY AND LITERATURE REVIEW
	2.1 Technologies for Heavy Oil Production
	2.1.1 Cyclic Steam Stimulation (CSS)
	2.1.2 Steam-Assisted Gravity Drainage (SAGD)
	2.1.3 Steam-Flooding (SF)

	2.2 Thermal Process in SF
	2.3 Well Patterns in SF
	2.4 Operating Conditions of SF

	CHAPTER 3  SIMULATION
	3.1 Computer Modeling Group (CMG) Software
	3.2 Field Data Input for Simulation
	3.3 Reservoir Physical Model
	3.4 Parameters Related to Injection and Production Wells
	3.5 Thesis Methodology
	3.5.1 Procedure to Create Hypothetical Models
	3.5.2 Injection and Production Strategies


	CHAPTER 4  RESULTS AND DISCUSSION
	4.1 Steam-flooding Base Case
	4.1.1 Observation of Hypothetical Studies
	4.1.2 Selection of Base Case

	4.2 Steam Injection Strategies
	4.2.1 Strategy 1: Selection of Well Spacing
	4.2.2 Strategy 2: Selection of Steam Injection Rate
	4.2.3 Strategy 3: Development of Different Areas in Different Time Basis

	4.3 Sensitivity of Weighted Factors

	CHAPTER 5  CONCLUSIONS AND RECOMMENDATION
	5.1 Conclusion
	5.2 Recommendation

	REFERENCES
	APPENDIX
	APPENDIX-A STATISTICAL DATA OF DIFFERENT LAYERS IN FULL FIELD
	APPENDIX-B FULL RESULTS OF STRATEGIES 1, 2 AND 3 IN FULL FIELD
	VITA

