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Abstract

Reserve growth — a concept that is recognized as one of the major contributors to estimates of additional
hydrocarbon reserves around the world, particularly in fields in mature petroleum provinces — was evaluated for
oil and gas at both the pool and field levels in Saskatchewan. Of the known 648 oil pools and 175 gas pools in the
region, 256 oil pools and 51 gas pools were chosen for reserve-growth analysis based on their adequate reserve
data. Despite the low average oil-recovery factor (about 15%) in Saskatchewan pools, there is a reserve growth of
4.9 to 5.6% per year, depending on the method used for estimating the growth. Of the 51 gas pools, 45 are
nonassociated and six are associated. They have average recovery factors of about 70%. Reserves in nonassociated
gas pools grew by about 4.7% per year, whereas associated pools showed no growth.

Models based on the Modified Arrington and the Group Growth methods — whereby the recoverable hydrocarbon
volumes of pools with a certain minimum growth period are summed by year starting from the first production year,
and then cumulative growth is determined — show fairly similar results for potential additional hydrocarbon
volumes, which are expected over the next five-, 10-, and 15-year periods, beginning with 2001. At the end of years
2006, 2011 and 2016, increases in oil reserves of 0.4 to 0 5, 0.7t0 0.8, and 0.9 to 1.2 billion barrels (58.4 to 72.9,
106.9 to 134.7, and 149.7 to 190.0 x 10° cubic metres, m’) andgas reserves 0f0.91t0 1.0, 1.8t0 2.0, and 2.7 to 3.0
trillion cubic feet (26.0 to 28.4, 51.8 to 56.8, and 77.6 to 85.2 x 10° m’), respectively, are expected to be added,
assuming that current economic and operating conditions prevail.

Keywords: reserve growth, field growth, oil and gas pools.

1. Introduction

Reserve (or field) growth is the increase in successive estimates of recoverable crude oil, natural gas, and natural
gas liquids (Klett and Gautier, 2003) in discovered accumulations. The recoverable hydrocarbon volumes include
cumulative production plus proved reserves (i.e., remaining reserves). In this study, reserve-growth definition has
been extended to: 1) pools (a pool is defined as “A porous and permeable underground rock formation that contains
a natural accumulation of crude oil or natural gas and related substances, or combinations of them, that is confined
by impermeable rock or water barrier, and that is individual and separate from other reservoirs”, Canadian Gas
Potential Committee (CGPC), 2001); and 2) fields (a field is defined as “A geographically defined area in which
accumulations of crude oil, natural gas, and related substances occur”, CGPC, 2001). Pools in Saskatchewan are
generally equivalent to what are termed reservoirs in the U.S. and other countries.

Reserve growth has been observed in almost all fields or provinces, but most notably in mature petroleum
provinces, like many in the U.S., where it has contributed substantial additional reserves over the last two decades.
Many papers have been published on the reserve growth for oil and gas fields in the U.S. (Attanasi and Root, 1994;
Root et al., 1995; Lore et al., 1996; Schmoker and Attanasi, 1997; Klett and Gautier, 2003), North Sea (Sem and
Ellerman, 1999; Watkins, 2000), and the former Soviet Union (Verma et al., 2001; Verma and Ulmishek, 2003).
Odell (2001) has pointed out the importance and realities of reserve growth globally. Because no known studies on
reserve growth in Canadian oil and gas pools have been published, Saskatchewan was selected for such an analysis
on the basis of its generally well-kept, long historical records, which offered an excellent opportunity to study
reserve growth both at pool and field levels. The primary objective was to study reserve growth using both the
Modified Arrington and the Group Growth methods and to develop models for forecasting additional hydrocarbon
proved reserves in the province.
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Although reserve growth on individual pool or field levels may be either positive or negative, the growth of reserves
within a country or petroleum province is generally positive, and provides a means for estimating future potential
reserves. An evaluation of reserve growth, however, is complex, being affected not only by geological, reservoir,
and engineering factors, but also by local laws and policies that control exploration, reserve reporting, and field-
development activities. In the present study, geological and reservoir aspects of reserve growth, such as oil type,
pool size, and porosity, were investigated. Also, reserve growth was evaluated at both pool and field levels to
provide more representative reserve-growth model(s) for Saskatchewan oil pools in the near future.

2. Methodology

The Petroleum and Natural Gas Division of Saskatchewan Industry and Resources provided the data for this study.
Although efforts were made to retain all of the original data to facilitate crosschecking, several new columns were
added to the database for three reasons: 1) to report all the data in one common reporting unit, which was necessary
because of the change in units of various parameters — in North American oil-field units prior to 1978 and in metric
units from 1978 through 2001; 2) to modify names of pools and reservoir beds to bring consistency in names and
continuity of data sequences; and 3) to allow efficient data management.

Reserve growth was estimated using two different approaches: 1) the Modified Arrington method (Verma, in press),
and 2) the Group Growth method, which requires summing by year since first production the recoverable reserve
volumes of pools with a certain minimum growth period in each individual group of pools. The latter method was
found to be useful if data were available from only a limited number of fields, as was the case in the study on the
Volga-Ural and West Siberian basins of the former Soviet Union (Verma et al., 2001; Verma and Ulmishek, 2003).
However, the number of pools for study in Saskatchewan is neither too large nor too small for reserve-growth
analysis, therefore allowing the application of the above two methods and providing an excellent opportunity to
compare their respective results for validation.

For the Modified Arrington method, annual growth factors (AGFs) were calculated based on utilizing recoverable
reserve volumes of all pools or fields discovered as recently as 2000. The Group Growth method, first used in the
evaluation of reserve growth in the two petroleum basins of the former Soviet Union, requires the data to be
organized for individual pools or fields starting from a common reference point, which was either the discovery
year, as in the U.S., or the first reserve-reporting/production year, as was the case in the former Soviet Union. For
the Saskatchewan reserve-growth study, the first production year was used as the basis for the pool’s age (note that
the time between the discovery year and the first production year ranges from zero to 23 years for individual pools).

3. Geological Setting

Two sedimentary basins contributed to the hydrocarbon accumulations in Saskatchewan, the Williston Basin and
the Alberta Basin (Figure 1). At least four Williston Basin total petroleum systems have generated hydrocarbons in
the southeastern part of the province and accumulations in the southwestern and west-central parts have generally
received petroleum from other mature total petroleum systems in the Alberta Basin (Creaney et al., 1994; Magoon
and Henry, 2000). The Williston Basin systems include mature source rocks of Ordovician, Devonian, and
Devonian to Mississippian age (Osadetz et al., 1992; Creaney et al., 1994). These source rocks are thermally mature
for liquid hydrocarbon generation in a relatively limited area in Canada, but reservoirs in Saskatchewan lie in a
favourable position for the up-dip migration of hydrocarbons from deeper parts of the basin to the south.

Source rocks within the Alberta Basin that have likely contributed to accumulations in west-central and
southwestern Saskatchewan include thermally mature Devonian to Mississippian shale, Upper Cretaceous shale,
Jurassic shale (Creaney ef al., 1994) and, possibly, Lower Cretaceous shale and coal (Deroo et al., 1977). Although
these source rocks have not reached thermal maturity levels in Saskatchewan sufficient to generate hydrocarbons
(Creaney et al., 1994), they exist at greater depths to the west and south, where they have reached thermal maturity
levels necessary for hydrocarbon generation. Some of these hydrocarbons have migrated into the western part of the
province. Immature Upper Cretaceous rocks are believed to have sourced biogenic gas in eastern Alberta and
western Saskatchewan (Fuex, 1977). Virtually all of the currently known gas is located in southern and western
Saskatchewan.

Timing for peak hydrocarbon generation in the Alberta Basin has been reported to range from about 60 million
years before present (Ma) for Devonian source rocks to about 25 Ma for Cretaceous source rocks (Creaney et al.,
1994). Burial history diagrams (Wright et al., 1994) and modeling results (Burrus et al., 1996; Higley, pers. comm.,
2003) indicate that timing for oil generation within the Canadian portion of the Williston Basin was probably
contemporaneous with that in shallower parts of the Alberta Basin.

Saskatchewan Geological Survey 2 Summary of Investigations 2004, Volume 1



| \ T
| \ \
"\ saskarcHEwAN - /
47%% | | MANITOBA /
|
KN - /
ALBERTA {
|
\ Crsaar ™ |
e a\' f )
% %\ i -
! \dﬁ,\ CA| 7\ {
s r;.,Ugg%,“ NN ~
STUDY AREA
1ozo00p 17 St
so0op_ 000D To000gr 100000 —
1160000 150000 1140000 1130000 170000 11170000 1100000 _1090000" 1080000 1070000 e \\
\ | \
N \
~ ! . 7:0000°
N i
i \\ N i n -+ \\ ;
L \ P
/ \ z
o \ =
. SASKATCHEWAN | . =A™
ALBERTA BN L
‘\ > .o+ o+ 7 :
o+ + o+t Aot v\ %
! ~ .
\ ! | S5°0000°
I -~ +
e +\\
/J/r A " \\ ——
o+ + o+ o+ + T -
s ¥ P
€y - / N 540000°
/
+ // + + "
%, = ’ + +
+ o+ +@<<:?/\ + o+ i‘f ol +
4@ . / AREA 53°000"
4&/4/ G (gas and heavy oil) . T
+
+
I
T+ + 4 T h//( ¢
/\ /® -
\ )~ 2°00'00"
\ L
| o "
/ +
t + + + + + + '7@ Y
\ / AREA || %V
gas and heavy T
5 \ / * i‘;-l and light oil) N + +
% 7‘3’? \ 4 [ N - -
+ o+
EN- / AREAIV - -
2. % ) / ) ) ) €. " 50°00'00"
c | / ¢ (medium and light oil) - +
\ d/’\ \9 ‘ / ﬁ“ 2] Ut
VR o / T+ +
- + + )+ T : ,
\ \
\ K { / ' d . 9°00/00"
VT / - s AREAIII
\ N AN J} - N ﬁ (gas and medium oil)
TN I
0 100 200Miles
I | |
T T
0 100

T 1
200 300Kilometres
Figure 1 - Map showing oil and gas pools and the four production areas in Saskatchewan. Red shading represents gas pools

and green shading represents oil pools. Pool type and locations are from digital spatial data files from Saskatchewan Energy
and Mines (2001). Digital file for area boundary lines was created from a map by Saskatchewan Energy and Mines (1985).
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A generalized stratigraphic chart showing the major source and reservoir rocks in southern Saskatchewan is shown
in Figure 2. The reported oil-in-place and proved oil reserves as of 2001 for all pools in Saskatchewan are shown by
age of reservoir rocks in Figure 3. The largest volume of the proved oil reserves, about 45% of the total reserves in
the province, are located in Lower Carboniferous carbonate reservoirs, followed by about 32% in Lower Cretaceous
sandstone reservoirs, and about 17% in Jurassic sandstone reservoirs. The remaining 6% of Saskatchewan’s oil
reserves are in Ordovician, Devonian to Mississippian, and Upper Cretaceous rocks.
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Figure 2 - Generalized stratigraphic chart for southern Saskatchewan (adapted from
the Stratigraphic Correlation Chart, Saskatchewan Industry and Resources (2004)).
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In contrast to the distribution of
proved reserves, about 51% of
the approximately 34 billion
barrels of the oil-in-place (OIP)
in Saskatchewan is in Lower
Cretaceous rocks, followed by
30% in Lower Carboniferous
rocks. Of the remaining 19% of
Saskatchewan’s OIP, Jurassic
rocks account for about 9%, and
Devonian to Mississippian rocks
hold about 7%. Cretaceous oil
pools in west-central
Saskatchewan generally contain
heavy oil (<20°API or

>0.93 g/cm’), which accounts for
their relatively low average
recovery factor of about 9%.
These pools are generally
shallow and contain oil that has
probably been altered by
processes similar to those
suggested by Deroo et al. (1977)
for heavy oils in eastern Alberta.
Based on the data in Figure 3, the
average recovery factors for
Lower Carboniferous and
Jurassic oil pools are 22% and
28%, respectively.

4. Proved Reserves of
Saskatchewan

According to the Society of
Petroleum Engineers (SPE) and
World Petroleum Congress
(WPC), proved reserves are
defined as those quantities of
petroleum which, by analysis of
geological and engineering data,
can be estimated with reasonable
certainty to be commercially
recoverable, from a given date
forward, from known reservoirs
and pools and under current
economic conditions, operating
methods, and government
regulations (McMichael, 2001).
According to this definition,
proved reserves do not include
cumulative production. The
recoverable reserves in
Saskatchewan have increased
from 309 to 4926 million barrels
of 0il (MMBO) (49.1 to 783.2 x
10° m’) (Figure 4) and from

Summary of Investigations 2004, Volume 1



20,000
- Qil in-place
18,000
Proved oil reserves
o 16,000
e
g
2 14,000
o
12}
=4
2 12,000
E
1%}
g 10,000
Q
@
[
= 8,000
o
K]
8 6,000
[
>
3
e 4,000
o ’_. —.
0 .
Early Jurassic Early Devonian- Other
Cretaceous Carboniferous Mississippian
Age of reservoir rocks

Figure 3 - Bar chart showing distribution of oil-in-place (red bar) and oil reserves (blue bar), in Saskatchewan by age of
reservoir rocks. The Lower Cretaceous reservoirs generally contain heavy oil and the largest amount (51%) of the oil-in-
place.

409 to 6865 billion cubic feet of gas (BCFG) (11.6 to 194.4 x 10° m’ of gas) (Figure 5) over a 48-year period (1954
to 2001). Figure 4 shows the OIP, recoverable reserves, and average recovery by year for all pools in Saskatchewan;
as indicated, oil recovery has averaged around 22% prior to 1977 and 15% in the last 15 years. Similarly, Figure 5
shows the gas-in-place (GIP), recoverable gas reserves, and average recovery by year. Gas recovery was as high as
79% in earlier years but has averaged around 69% since 1990. These increases in oil and gas recoverable reserves in
Saskatchewan pools include contributions from new discoveries as well as from reserve growth.

5. Pool-selection Criteria for Group Growth Method

For reserve-growth analysis, total reserve data have been organized by year starting from the first production year.
In Saskatchewan, the following criteria were used to select the pools for the reserve-growth analysis:

1) Pools with at least 11 years of proved reserve data as well as cumulative production data, giving ten years of
growth values.

2) Recoverable reserve data must extend into 2001.

3) Cumulative production is the only form of production data consistently available by years and has therefore
been used to define the first production year. The first production year was defined only when the cumulative
production at the end of the first year was: a) less than or equal to half of the cumulative production at the end
of the second year, or b) was less than 10% of the depletion rate (ratio of annual production to the known
reserves), if the cumulative production at the end of the first year was more than half of the cumulative
production at the end of the second year.

Application of these criteria resulted in decreasing the total number of pools included in this analysis from 648 to
256 for oil and from 175 to 51 for gas. These pools represent 70.3% of Saskatchewan’s recoverable oil reserves and
61.9% of its recoverable gas reserves. Of the 51 gas pools, 45 were nonassociated and six were associated.

6. Analysis and Results

Reserve growth for oil and gas pools was estimated using both the Modified Arrington and Group Growth methods.
For the Group Growth method, the total proved reserves data were organized by pool and by the first reserve-
reporting year as well as by each subsequent reporting year (or data year). Because each pool has a different length
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oil pools in Saskatchewan. Volume of oil-in-place has increased significantly since 1977, and the low oil reserves are due to a
low recovery factor.
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of historical reserve record from other pools, separate groups of pools with the same minimum growth period (e.g.,
10, 15, 20, 25, 30, and 35 years) were formed. The group with at least ten years of reserve-growth values was the
one that had the reserve values reported as early as 1954 and as late as 1991 for both oil and gas and had the largest
number of pools — 256 oil pools and 45 nonassociated gas pools. The next group with at least 15 years of growth
included those pools that had their reserves reported as early as 1954 and as late as 1986 for both oil and gas. It
included 221 oil and 22 nonassociated gas pools. This process was repeated for all the groups with different lengths
of historical reserves data, and resulted in 187 oil and 12 gas pools for the 20-year growth periods, 154 oil and 12
gas pools for the 25-year growth periods, 141 oil and eight gas pools for the 30-year growth periods, and 103 oil
and four gas pools for the 35-year growth periods. For reserve-growth model development, it was necessary to
choose a group that had an adequate number of pools for fair representation of their variability as well as a
sufficient length of historical reserve record to help establish a trend of reserve growth.

Analysis was carried out separately for oil and gas pools. More detailed work was conducted for oil pools because
of the availability of more pools and the additional parameter of oil gravity as reported in Saskatchewan database;
for our purpose, heavy oil was defined as having oil gravity <20°API (or 0.93 g/cm’), medium oil as having
gravity >20°API (or <0.93 g/cm®) but <30°API (or >0.88 g/cm’), and light oil having gravity >30°API (or

<0.88 g/cm®). Heavy oil is conventionally defined as having gravity of <20°API (or 20.93 g/cm®) (Crysdale and
Schenk, 1990), whereas the distinction between medium and light oil is somewhat arbitrary.

a) Reserve Growth in Qil Pools

For a better understanding of oil reserve growth in the Saskatchewan pools, the effects of oil gravity, pool size, and
reservoir porosity on reserve growth were evaluated. A total of 256 pools, with pool size ranging from 0.063 to
282.6 MMBO (0.01 to 44.9 x 10° m®) reserves, were included in the present study.

As explained earlier, pools were grouped based on the length of reserve record, such as 10, 15, 20, 25, 30, and 35
years, using the first production year as the criterion for age. The annual growth factor (AGF), which is a ratio of
recoverable reserve volume in a particular year to the volume in the previous year, is calculated for each group of
pools by year. The next step is to calculate cumulative growth factor (CGF), which is obtained by multiplying the
AGF of a particular year with the AGFs of all the previous years, as shown in the equation:

CGFn = AGF *AGF*AGF,*AGF5*........... AGFn 1)

where AGF, is the first reporting year and its value is 1, and suffix 1, 2, 3, ... n are
the values of AGF at end of 1, 2, 3, ... nth years from the year since first production.

The CGFs for groups of oil pools calculated by the Group Growth method and the Modified Arrington method are
plotted in Figure 6. The growth curves based on the Group Growth method show a decline in the rate of growth as
the length of the historical reserves record increases, implying lower CGF values for groups with longer growth
periods compared to groups having shorter growth periods. Therefore, it was important to select a group of pools
considered to best represent the average reserve growth for the Saskatchewan pools in developing reserve-growth
models using CGFs. Based on the plotted results in Figure 6, the group of 154 pools with 25 years of growth was
chosen as being representative for the entire province. This group shows a growth of 3.27-fold (227%) increase over
the 25-year period, an equivalent of 4.9% per year. All the curves in Figure 6 show a general decrease in rate of
growth at about 11 years. However, these growth factors are to be used with caution, because they represent
estimates of overall additional reserves for an entire province or country and not for individual pools.

The growth curve based on the Modified Arrington method closely tracks the growth curve for the group of 256
pools with ten-year growth period from the Group Growth method. It shows higher growth of 4.0-fold (300%
increase) over a 25-year period, an equivalent of 5.7% per year, largely because of inclusion of recently reported
pools. However, the slope of the Modified Arrington’s growth curve after the first few years is similar to the 25-
year growth curve developed from the Group Growth method; therefore, the forecast results from the two methods
are relatively close.

Reserve-growth Sensitivity to Pool Size

To study the effect of oil-pool size on reserve growth, all 256 pools were grouped into different class sizes as shown
in Fiégure 7. Based on their plotted distribution, pools were grouped into two sizes, those smaller than § MMBO (1.3
x 10°m®) of proved reserves, and those larger. Because the group with 154 pools and 25 years of historical record
was chosen to represent the entire province, the CGFs were calculated for these two different pool sizes within the
group and plotted against the time since the first production year (Figure 8). There are 68 pools >8 MMBO and 86
pools <8 MMBO (1.3 x 10° m®). The smaller pools, which make up only 14.1% of the recoverable reserves

Saskatchewan Geological Survey 7 Summary of Investigations 2004, Volume 1



55

50
i |Modified Arrington |

45 |

i 154 pools >/
a0 | IEX

187 pools / 141 pools
35 [

- 221 pools :I >/
30 [

|
I

Cumulative Growrth Factor
Multiple of Initial Oil Estimate

25 / |_pools
20 | I
15| g
1.0 ’
0 5 10 15 20 25 30 35

Years Since First Production

Figure 6 - Plot showing cumulative growth factor for groups of oil pools based on length of growth period (time from the first
production year). The group with at least a ten years of growth includes 256 selected pools. With an increase in the minimum
length of growth period, the number of pools in a group decreases from 256 pools with at least ten years of growth to 103
pools with at least 35 years of growth. The plot shows a general positive growth for all groups, and a significant change in
rate of growth at 11 years.

70

50 |

30 f ]

Number of Pools

10 |

o L I:l — —

<0.5 0.5-1.0 1-2 2-4 4-8 8-16 16-32 32-64 64-128 128-256 256-512
Class Size, Million Barrels

Figure 7 - Bar chart showing pool-size distribution of 256 oil pools. The distribution is slightly skewed to the right and its
mode is in the four to eight million-barrel (or 0.6 to 1.3 x 10° n’) class size.

Saskatchewan Geological Survey 8 Summary of Investigations 2004, Volume 1



40 |

[68 Pools, reserves of >8 MMBO

35 7 \
. All 154 Pools, 25 years |

3.0

25 ?
20 | ’///—"86 Pools, reserves of <8 MMBO
15 |

Y

Cumulative Growth Factor (CGF)
Multiple of Initial Oil Estimate

1.0 &
0 5 10 15 20 25

Years Since First Production

Figure 8 - Graph showing the cumulative growth factor plotted against years since first production for the group of 154 pools
havmg 25 years of growth period. Also shown are the cumulattve growth factors for the two subsets of 154 pools, based on
pool sizes (<8 MMBO or >8 MMBO, where 8 MMBO is 1.3 x 1 0° ).

within the 154 pools, show a 1.78-fold (78%) increase over a 25-year period, an equivalent of 2.3% per year,
whereas the larger pools show a 3.61-fold (261%) increase over a 25-year period, an equivalent of 5.3% per year.
The reserve growth of large pools is similar to that of all 154 pools (3.27-fold or 227% increase). A change in
growth rates at 11 years is evident in all the three curves in Figure 8, similar to what was observed in Figure 6.

The effect of the four largest pools (with recoverable reserves >100 MMBO or 15.9 x 10° m®) on the overall growth
was also examined. The CGFs for the combined 154 pools, the group of four largest pools, and the group with
remaining 150 smaller pools (with recoverable reserves of <100 MMBO or 15.9 x 104 m;) are plotted against the
years since first production in Figure 9, which shows higher growth in the four largest size pools (5.28-fold, an
increase of 428% over 25 years) compared to smaller size pools (2.85-fold, an increase of 185% over the same
period). The peak in the curve for the four largest pools at the seventh year is mostly due to an appreciable increase
in recoverable reserves in 1962.

Reserve-growth Sensitivity to Oil Gravity

On the basis of oil gravity (<20°API or >0 93 g/em’ for heavy oil, >20° to <30°API or <0.93 to >0.88 g/cm’ for
medium oil, and >30°API or <0.88 g/cm’ for light oil), CGFs were calculated for each of the three oil groups and
plotted in Figure 10, along with the CGF curve for all 154 pools, which falls in the middle of the three other curves.
The following observations can be made:

1) The heavy oil pools, which are generally of Cretaceous age and younger, showed no growth during the first
four years and then grew at a relatively higher rate than the pools with medium or light oil over the next seven
years, followed by slower growth (though still faster than the other three pool categories) during the remainder
of the 25-year period.

2) The medium-gravity oil pools also showed little growth in the first six years, then grew at a steeper rate for one
year followed by a growth rate similar to that for light oil pools.

3) The light oil pools show highest reserve growth in the first five years (2.27-fold increase) and moderate growth
in subsequent years.
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Figure 9 - Plot showing cumulative growth factors versus years since first production for 154 pools with at least 25 years of
growth period for each pool, the group of the four largest pools with individual pool reserves of >100 MMBO (15.9 x 1 0° n’),
and the 150 smaller pools.

40
a5 | ‘ , 65 pools I\\ /

3.0 Heavy Oil, 35 pools |

25 | T_/_

|Average, 154 pools |

20 |

1.5 d Medium Gravity Oil, 54 pools

0 5 10 15 20 25

Cumulative Growth Factor (CGF)
Multiple of Initial Oil Estimate

Years Since the First Production

Figure 10 - Plot showing cumulative growth factors versus years since first production for the group of 154 pools and for the
three individual groups categorized by oil gravity. Heavy and light oil pools show higher growth compared to the medium oil
pools.
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Reserve-growth Sensitivity to Porosity

Porosity is one of the most important geological parameters in oil pools and is generally linked to permeability,
which plays an important role in hydrocarbon recovery and hence influences the reserve-growth trend. Accordingly,
the 256 oil pools were divided into four categories based on porosity, <10%, >10% to <20%, >20% to <30%, and
>30%. For each group, CGFs were calculated for different periods of growth as shown in Figure 11. The following
observations can be made regarding the effect of porosity on reserve growth:

1) All porosity groups show positive reserve growth with time.

2) Each group shows similar growth trends regardless of the growth period except for the group with porosity
>30%, which shows a much higher growth rate. The higher growth for this group may be due to application of
improved oil recovery techniques; however, the data are based on only a small number of pools (20).

Reserve Growth at Pool and Field Level

To compare the reserve growth at the pool and field levels, reserve growth was evaluated in those fields that had
two or more producing pools: of the total 256 pools, 91 were included in this category. Two observations can be
made from the reserve-growth plots for these 91 oil pools (Figure 12), which are in 42 oil fields (Figure 13):

1) The overall growth trends for both pools and fields are similar. The spike at the seventh year is due to a sudden
increase in recoverable reserves mostly from the Midale Pool in Central Midale Field although two other pools,
the Midale Pool in Carnduff Field and the Sparky Pool in Aberfeldy Field, may have contributed.

2) The field growth rate is higher than that of pools, 9.14-fold increase over a 25-year period for fields compared
to 5.89-fold increase for pools over the same period.

b) Reserve Growth in Gas Pools

The reserve-growth analysis for gas pools is simpler than for oil pools because of the smaller number of pools (51)
available for study. Most of the growth comes from an increase in estimates of GIP (Figure 5). The gas pools have
been sub-divided into two groups, associated and nonassociated. Associated gas is defined by CGPC (2001) as
“Natural gas that overlies and is in contact with crude oil in the reservoir, at original reservoir conditions. Also,
referred to as gas-cap gas and casing-head gas (U.S.)”. Nonassociated is defined as “Natural gas found in a reservoir
in which no crude oil is present at reservoir conditions” (CGPC, 2001). Of the 51 gas pools included in this
analysis, there were six associated and 45 nonassociated gas pools that met the selection criteria. Based on
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Figure 11 - Plot showing cumulative growth factors versus years since first production for various porosity groups.
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Figure 12 - Plot showing cumulative growth factors versus years since first production for pools included in the field-growth
study. The curves show higher growth and different trends than that seen for all pools in Figure 6.
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Figure 13 - Plot showing cumulative growth factors versus years since first production for the fields with multiple pools.
Although growth patterns for fields are similar to those for pools (Figure 12), the growth rates are slightly higher, regardless
of length of growth periods.
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limited data, the average growth in potential reserves for the six associated gas pools was essentially negligible. For
the larger amount of data on the nonassociated gas pools, both the Modified Arrington and the Group Growth
method were used to estimate reserve growth as discussed below.

Using the Group Growth method, the CGFs for nonassociated gas pools were calculated for groups of pools with
different growth periods — ten years (45 pools), 15 years (22 pools), 20 to 25 years (12 pools), 30 years (eight
pools), and 35 years (four pools) — and plotted in Figure 14, which also includes CGFs based on the Modified
Arrington method. The groups with 30- and 35-year growth periods have a small number of pools, and groups with
ten- and 15-year growth periods have a limited growth history. The number of pools constituting the 20- and 25-
year growths period is the same (12), and the group having the 25-year growth period was chosen to be
representative of growth within the province. The results of the Modified Arrington method are closely similar to
those of the Group Growth method (3.18-fold or 218% increase in reserves) for the group of 12 pools within the
with 25-year growth period. This growth is equivalent to a 4.7% increase per year (Figure 14). In Figure 15, reserve
growth for this group of 12 gas pools is compared with those of groups con51st1ng of 10 smaller pools and of the
two largest pools, Hatton Mllk River (reserves of 1802 BCFG or 51.0 x 10° m’) and Hatton Medicine Hat (reserves
of 658 BCFG or 18.6 x 10° m®). The smaller pools show little growth but the larger pools have contributed
substantially to the overall reserve growth.

7. Reserve-growth Prediction Models

Two reserve-growth models, one for oil pools and one for nonassociated gas pools, were developed for predicting
potential reserve growth in Saskatchewan by application of both the Group Growth method and the Modified
Arrington method.

a) OQil Pools

A prediction model for oil pools based on the Group Growth method applies the data from the representative group
of 154 pools with 25 years of growth. Of the three mathematical functions (power, reciprocal, and hyperbolic), the
power function gave the best fit to the transformed variables of CGF and year data where the correlation becomes a
straight line.

50 |

45 f Modified Arrington

35 [ |12 Pools, 20-25 yrs /\/

30 i 22 Pools, 15 yrs >\_,—/ |4 Pools, 35 yrs |
25 B ‘ I —
145 Pools, 10 yrs /t/

20 |

8 Pools, 30 yrs |

Multiple of Initial Gas Estimate

Cumulative Growth Factor (CGF)

15 [

1.0 :
0 5 10 15 20 25 30 35

Years Since First Production

Figure 14 - Plot showing cumulative growth factors (CGFs) for 45 nonassociated gas pools included in the analysis versus
years since first production, using the Group Growth method. All groups with different numbers of pools and growth periods
show positive growth. The CGF curve for the Modified Arrington method is similar to the CGF curve for the 20- to 25-year
growth periods.
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Figure 15 - Plot showing cumulative growth factors for the group of 12 nonassociated gas pools with a minimum of 25 years
of growth history versus years since first production. Because approximately one-third of Saskatchewan’s total gas reserves
are contained in the Hatton Milk River and Hatton Medicine Hat pools, the cumulative growth factors for these pools were
plotted individually. The group of 12 pools grew by 3.18-fold (218%) and the group of ten smaller pools grew by only 1.04-
fold (4%) over a period of 25 years.

For the Group Growth method, the correlation coefficient (R?) for the plot of transformed variables, CGF, and years
since first production (YSFP) is 0.938. The equation is given as:

CGF=1.0191(YSFP)**% (2)

where YSFP is equal to two or more years. The CGF at the end of the first year is the
average value of CGFs at the end of the zero and second year.

For the Modified Arrington method, which considers data from all pools and fields, the correlation coefficient (R?)
for the plot of transformed variables, CGF, and YSFP, is 0.956, and the equation is:

CGF=0.989(YSFP)"*7® (3)

where YSFP is equal to two or more years. The CGF at the end of the first year is the
average value of CGFs at the end of the zero and second year.

The oil CGF data and model results from the Group Growth method and the Modified Arrington method are plotted
in Figure 16.

b) Gas Pools

A prediction model based on the Group Growth method applies data from the group of 12 nonassociated gas pools
with 25 years of growth, from which a reserve-growth model was developed with the linear function giving the best
fit for the CGF data plotted against YSFP. Similarly, a model was developed using the Modified Arrington method
using data from all the nonassociated pools that met the selection criteria. This correlation is linear because GIP has
increased in linear fashion since 1980 and recovery factor has remained relatively constant (Figure 5). Equations for
the two models are given below and the results as plotted in Figure 17 show the curves to be linear and to correlate
closely. The equation based on the Group Growth method is:

CGF=0.0835*YSFP+1.0375 4)
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Figure 16 - Plot showing cumulative growth factors (CGFs) as a function of years since first production for the group of 154
oil pools with at least 25 years of growth history for each pool and the CGFs from the predictive models based on the
Modified Arrington and the Group Growth methods. The blue solid squares represent the CGFs calculated from the Group
Growth method and the solid blue line represents the CGFs calculated from Equation 2 (see text). The solid red triangles
represent the calculated CGFs from the Modified Arrington method, and the solid red line represents the CGFs calculated

from Equation 3 (see text).
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Figure 17 - Plot showing cumulative growth factors and the CGFs calculated from the Modified Arrington and Group
Growth methods, as a function of years since first reserve reporting. Linear function gave the best fit for both the models.
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and the equation based on the Modified Arrington method is:
CGF=0.0775*YSFP+1.2033 (5)
where YSFP is equal to or greater than 1.

Although the CGF data and model results for the Modified Arrington method start higher than those from the Group
Growth method, they begin to converge at about 25 years.

&. Discussion of the Predictive Models

a) Oil Pools

Two reserve-growth models are presented for estimating potential oil-reserve growth in Saskatchewan, one based
on the Group Growth method and one on the Modified Arrington method. The Group Growth model gives a
cumulative growth factor of 3.13, which is an increase of 213% over a 25-year period, or 4.7% growth per year
(Figure 16). The Modified Arrington method for oil-reserve growth predicts an increase of 292%, which is
equivalent to 5.6% growth per year, over the same 25-year period (Figure 16). These annual pool-growth increases
are: 1) higher than those from fields in the U.K. (2.3%) and the West Siberia Basin of Russia (2.8%) (Verma and
Ulmishek, 2003); 2) similar to fields from Norway sectors (4.6%) of the North Sea (Watkins, 2000), Volga-Ural
Basin of Russia (Verma et al., 2001), and U.S. Gulf of Mexico offshore (Lore ef al., 1996); and 3) smaller than
growth rates reported for fields in the U.S. (Attanasi and Root, 1994; Root et al., 1995; Verma, in press). However,
Verma and Ulmishek (2003) reported the different booking requirements and probably insufficient investment as
the possible cause for low growth in West Siberia. For Canada, where booking requirements and monetary
investments are similar to those in the U.S., the reserve growth is smaller than in the U.S., and this may be the result
of the large volume of heavy oil within the province and general lack of improvement in oil-recovery techniques
(Figure 4).

Based on these two predictive models, forecasts were made for growth over the next 15 years. To estimate growth,
pools were organized based on the first production year, which is being used as the age of the pool for forecast
purposes. The CGFs were calculated using appropriate equations — Equation 2 for the Group Growth method and
Equation 3 for the Modified Arrington method. The procedure used for estimating additional reserves for the five-
year forecast intervals, as an example, was to first calculate CGF values required number of years, using the
appropriate equations. This step was followed by determining a multiplying factor (MF) for each pool based on
years of prediction, by calculating the ratio of CGFs at five-year intervals — e.g., for the zero-year-old (the year of
first production) pool, MF is the ratio of CGF at the fifth year to that of zero year (CGF at zero year is 1); for a one
year-old pool, the MF is the ratio of the CGF at the sixth year of production to that of the first year; for a two year-
old pool, the MF is the ratio of the CGF at the seventh year to that of the second year, and so on. Using this method,
forecasts were made of the potential growth volume, as well as the incremental potential reserve growth, over the
next five, 10, and 15 years, as shown in Table 1. The forecasts for the potential incremental growth in oil volumes
over the next five, 10, and 15 years are 459, 847, and 1195 MMBO (72.9, 134.7, and 190.0 x 108 m3) for the
Modified Arrington method, and 368, 672, and 942 MMBO (58.4, 106.9, and 149.7 x 10° m3) for the Group Growth
method; the differences range from 1.9% at five years to 5.1% at 15 years.

b) Gas Pools

The linear function gave the best fit for the CGF and YSFP data plots for both the Modified Arrington and the
Group Growth methods (Figure 17). As indicated, the reserve growth in nonassociated gas pools is about 3.18-fold
(218%), equivalent to 4.7% per year over a period of 25 years of growth history. Most of reserve growth was in a
few large pools whereas smaller pools show either little or no growth during the same period (Figure 15).

The striking linear CGF growth appears to be due to in large part to an increase in total productive area rather than
recovery factor, as indicated in Figure 18, where GIP and developed area are plotted as a function of time, with the
two curves showing a similar rate of increase. This close relation may be a common feature of unconventional
accumulations, in that more time may be required to delineate and fully develop the productive area as compared to
conventional accumulations. Much of the gas in western Saskatchewan is believed to be of biogenic origin (Feux,
1977). The linear function that was used to develop a predictive model is a direct result of the linear relation
between area and GIP as well as between GIP and gas reserves given a constant recovery factor.

The potential increases in gas reserves based on reserve growth over the next five, 10, and 15 years as calculated
from the Group Growth and Modified Arrington methods are summarized in Table 1. The known gas reserves

shown in the table represent the combined total of associated and nonassociated gas volumes. However, only the
nonassociated gas pools were grown using the predictive models and these volumes were added to the associated
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Table 1 - Forecast of potential increases in Saskatchewan’s oil and gas reserves, based on the Modified Arrington method
and the Group Growth method.

Total Hydrocarbon Volumes (oil volumes are in barrels and gas volumes in cubic feet)

Oil Reserves Oil Volumes (million barrels) Gas Reserves Gas Volumes (billion cubic feet)
Year of Reserve Estimate Modified Group Estimate Modified Group
Estimate/Forecast (million barrels) Arrington Growth (billion cubic feet) Arrington Growth
2001 4926.2 6864.6
2006 5384.7 5293.6 7782.5 7868.3
2011 5773.3 5598.5 8693.6 8870.8
2016 6121.0 5867.9 9604.7 9873.3
Incremental Hydrocarbon Volumes (oil volumes are in barrels and gas volumes in cubic feet)
Year of Reserve Oil Volumes (million barrels) Gas Volumes (billion cubic feet)
Forecast Modified Arrington Group Growth Modified Arrington Group Growth
2006 458.6 367.5 917.9 1003.7
2011 847.1 672.3 1829.0 2006.2
2016 1194.8 941.7 2740.1 3008.7
Total Hydrocarbon Volumes (o0il and gas volumes are in cubic metres)
Oil Reserves Oil Volumes (10° m’) Gas Reserves Gas Volumes (10” m’)
Year of Reserve Estimate Modified Group Estimate Modified Group
Estimate/Forecast (10° m®) Arrington Growth (10° m*) Arrington Growth
2001 783.2 194.4
2006 856.1 841.6 220.4 222.8
2011 917.9 890.1 246.2 251.2
2016 973.2 932.9 272.0 279.6
Incremental Hydrocarbon Volumes (oil and gas volumes are in cubic metres)
Year of Reserve Oil Volumes (10° m’) Gas Volumes (10” m’)
Forecast Modified Arrington Group Growth Modified Arrington Group Growth
2006 72.9 58.4 26.0 28.4
2011 134.7 106.9 S1.8 56.8
2016 190.0 149.7 77.6 85.2
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Figure 18 - Graph showing the increases in gas-in-place (GIP) and size of developed area as a function of time.
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gas volumes (for which reserve growth was not determined) to get the total volumes at the five-, 10-, and 15-year
intervals. The potential increases over these ﬁve -year intervals for the Modified Arrington method are 918, 1829,
and 2740 BCFG (26.0, 51 8, and 77.6 x 10° m )and for the Group Growth method 1004, 2006, and 3009 BCFG
(28.4, 56.8, and 85.2 x 10’ m’). The difference in the forecasts resulting from the two models ranges from 1.2% at
five years to 3.9% at 15 years.

9. Conclusions

Reserve growth has become an important part of estimating total potential reserves of an individual petroleum
province or a country. Reserve-growth analysis of Saskatchewan reveals the following important features:

e  The cumulative growth factor for 154 pools after 25 years of growth calculated using the Group Growth
method is a 227% increase, equivalent to a 4.9% increase per year. Over the same time period, the Modified
Arrington method gave an increase of 300%, equivalent to a 5.7% increase per year.

e  The reserve growth by pool for various oil types showed that pools with heavy oil and light oil grew by 293%
over a period of 25 years, equivalent to about 5.6% per year. For the same period, the medium oil pools showed a
148% increase, which is equal to about 3.7% per year.

e Smaller oil pools (<8 MMBO or 1.3 x 10° m®) out of the group of 154 pools with at least 25 years of growth
history grew by 78%, equivalent to a rate of 2.3% per year, whereas larger pools (>8 MMBO or 1.3 x 10° m’)
increased 261%, or 5.3% per year.

e The four largest pools (each pool with reserves of >100 MMBO or 15.9 x 10° m®) grew 428%, equivalent to a
rate of 6.9% per year, whereas the remaining 150 smaller pools grew 185%, or 4.3% per year, the average increase
for all 154 pools with 25 years of growth being 227%, equivalent to 4.9% per year.

e Reserve growth at the field level is higher than at the pool level.
e The average recovery factor for Saskatchewan oil pools is about 15%.

e The difference between the five- and 15-year forecasts for potential incremental oil volumes from the Modified
Arrington method and the Group Growth method ranges from 1.9 to 5.1%, respectively.

e For nonassociated gas pools, the average recovery factor is 70%, and the CGF increased 218% over a 25-year
period, which is equivalent to 4.7% per year.

e  The difference in forecasts from the two models for potential incremental gas volumes ranges from 1.3% at the
fifth year to 3.9% at the 15th year.
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