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Executive Summary
This report presents numerical reservoir simulation results obtained for a subcontract from
CSIRO to UNSW that aimed to model the effects of injecting the same CO2 volumes as used in
the original Schlumberger models into the Sedsim static reservoir models. CSIRO provided with
two static models for these simulations.
First, the first Sedsim model was uploaded to the Eclipse simulator and a dynamic model was
built which was very similar to the Schlumberger model. During this stage, several issues were
experienced in uploading the Sedsim model to the Eclipse. The most important issues include
the simulation’s convergence problems and that the modelled area was not matching the area
considered by Schlumberger. All of these issues were resolved and a successful run with this
model was then performed. The base case models 9 vertical wells at the same locations reported
in the Schlumberger model and CO2 injection into a closed formation. This base case was to
replicate the Schlumberger model.
It was found that the Sedsim model gives higher injectivity and more spreading plumes around
the injection wells than the Schlumberger model. Furthermore, the Eclipse run with the Sedsim
model took a longer CPU compared to the Schlumberger model (more than 5 times).
Two other scenarios were run by using the base case model. In the first, in response to an
increase in the injection rate by 20%, a similar percentage increase in pressure build-up was
observed. Then, the base case was rerun for an open formation. The results indicate that the
boundary conditions affect injectivity significantly.
In the meantime, CSIRO updated the Sedsim model and made it available for further simulations
for well placement optimisation. However, serious convergence issues were experienced again.
Effort of minimizing convergence errors led to a successful run with the base case (same well
locations as in the Schlumberger model) but only one scenario in which one well location was
changed allowed a successful run. Runs for the other scenarios with different well locations for
multiple wells had to stop before reaching the end of injection due to the convergence errors. An
exploration for the source for the convergence issues showed that the sharp grid size changes for
neighbouring grids might be a cause. However, it is not clear and this requires further work
which is unfortunately beyond the scope of this small subcontract.
From the only one comparison with the updated Sedsim model, it was found that there is not
much difference between the base case and the proposed scenario. Further work is
recommended.
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Background
Southwest Western Australia is a region of major industrial ventures and planned industrial
developments, thereby creating a significant source for CO2. This was the motivation for a new
carbon capture and storage (CCS) project, named as the SW Hub Project, which captures CO2
from the point sources in the region, transports it via pipeline to a nearby deep saline formation
within the Lesueur Sandstone Formation and injects into this formation1. It is expected through
this project to inject up to 6.5 million tonnes of CO2 per annum for 40 years with an
approximate total amount of 236 million tonnes of CO2.
An extensive inter-disciplinary investigation has been carried out to obtain detailed knowledge of
geological, geophysical and engineering parameters that can affect the safe and efficient storage
of CO2 at the proposed site in the southern Perth Basin. In particular, the characterisation of the
geological units intersected by the Harvey-1 well drilled in early 2012 has contributed
significantly to the characterisation of elastic and mechanical properties and heterogeneity of the
formations encountered2.
Static and dynamic models were built by Schlumberger using the Petrel and Eclipse software in
order to assess storage capacity, injectivity and containment potential3. The Schlumberger work
supports the storage concept of dissolution and residual trapping as the primary containment
mechanisms. This is accomplished by using nine vertical injectors in the lower Wonnerup
Member to allow for the free CO2 to dissipate before migrating out of the storage complex.
Multiple scenarios on property field, fault transmissibility multipliers and boundary conditions
show the robustness of the concept. Only under the consideration of fully sealing faults, did the
total amount of CO2 injected not meet the project injection target.
In a separate project4, an alternative version of the static model was produced with inter-well
variation based on a physics-based algorithm that predicts grain-size distribution. In theory, this
can produce a static geological model very rapidly without the cost/time of drilling wells and
taking core samples. In order to fully evaluate the advantage and its contribution to accelerating
site characterisation time, a comparison needed to be made between the dynamic simulations
that run on the two static model characterisations.

Government of Western Australia Department of Mines and Petroleum, 2012a.
Delle Piane et al, 2013. CSIRO Report Number EP133710.
3 Schlumberger Reports, 2011, 2012.
4 Griffiths, C. Stratigraphic forward modelling for the Lesueur: Collie Hub 7-0411-0129.
1
2
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This sub-contracted project presents a unique opportunity to take advantage of an existing
commercial subsurface characterisation of the geological static model for the SW Hub and the
research driven physics-based forward model of the same geology, to test:
1. What the implications are to forecasting the dynamic behaviour of injected CO2;
2. Compare drill core and well log results from the Harvey-1 data well to both the pre-drill
static models for validation;
3. Use the Harvey-1 data to calibrate the stratigraphic forward model and
4. Determine the validity of the Sedsim approach to a possible acceleration of storage site
characterisation.

Building The Dynamic Model
The stratigraphic units of interest at the site of the SW Hub include the Triassic to Lower
Jurassic Eneabba, Yalgorup and Wonnerup members. For the SW Hub Project the aim is to
inject CO2 into the Wonnerup Member and, as CO2 migrates upwards, allow residual trapping to
occur. CO2 is planned to be injected as a supercritical fluid which has a density close to the
formation water but with a far lower viscosity. The supercritical state represents CO2 injection
below the critical pressure (73.8 bars) and temperature (31.1 C) of gaseous CO2. Such a
condition can only be achieved by injecting CO2 at a depth below 800 m. CO2 is a buoyant fluid
that moves upward until it becomes trapped physically through capillary forces, trapped in the
water phase through dissolution, or stopped by an overlying seal rock. The Lesueur Sandstone is
thick and heterogeneous and is considered to provide good potential for CO2 trapping even
without an effective overlying top seal.
The Sedsim static model provided was discretised on a 3151850 grid, in the x, y and z
directions respectively, (a total grid number of 1,343,850). The length of each grid was designed
to be 500 m in the x and y directions while the thickness of the layers in the z direction was
variable depending on the thickness of sediment deposited during a constant geological time
interval of 75000 years. The z cells had a minimum thickness of 0 m, a maximum of 180.0 m, a
mean thickness of 6.71 m, a median of 2.74 m, and a standard deviation of 10.01 m.
This static model was imported to the Eclipse 300 software. The CO2STORE option (which
allows us to model dissolution, drying-out as well as salting-out during CO2 injection) was used
in this study for dynamic modelling of CO2 injection into the Leseuer Sandstone. Note that the
9

same package was employed in the Schlumberger studies. This gives the opportunity to directly
compare both Petrel and Sedsim static models for the SW Hub Project.
Porosity, permeability and net-to-gross (created by Sedsim) were also imported into the dynamic
model. The porosity and permeability distributions are shown in Figures 1 and 2. The vertical to
horizontal permeability ratio was set to 0.1. The top and bottom boundaries of the model were
assumed closed. Based on the analysis of the real-time FTA pressure test summary from an RCIGR tool, a hydrostatic pressure gradient is assumed for water with an average salinity of 60,000
ppm. This value originated from averaging the salinity of the Wonnerup and Yalgorup Members,
obtained from petrophysical properties. The reference pressure was considered to be 190 bar at a
datum depth of 1913 m. The temperature variation is in the vertical direction and the
temperature is kept constant horizontally. The temperature gradient is illustrated in Table 1. The
relative permeability curve used in this simulation is shown in Figure 3. These curves were
derived by Bennion and Bachu (2006) for a similar type of sandstone, the Viking Sandstone.
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Figure 1 – Porosity distribution.

Figure 2 – Permeability distribution.
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Figure 3 – Relative permeability curves from the Viking Sandstone (Bennion & Bachu, 2006).

Table 1 – Reservoir depth and temperature from RCI tool.
Depth (m)
916.0
981.0
1059.0
1161.5
1221.5
1384.0
1698.0
1913.5

Temp (˚C)
46.4
46.4
47.0
49.6
50.3
52.5
58.1
60.7
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Well Placement and Injection Interval
In order to compare dynamic simulation results obtained from different static models, the
same well locations, injection intervals and perforations were used as in the Schlumberger
study. All the wells locations were determined using a horizon map as shown in Figure 4.
The wells were placed downdip as far as possible to allow for enough pore space to be filled
with CO2 in order to maximise residual and dissolution trapping during the upward
migration of the plume. The injection interval was chosen based on the most favourable
reservoir properties (permeability and NTG) in the lower Wonnerup member. The upper
Wonnerup member would allow higher injectivity per well due to greater permeability,
resulting in a large but thin plume spread. This is not favourable for the planned storage
concept of dissolution and residual trapping as the plume migrates more quickly and reaches
the overlying formations, restricting pore space invasion in the Wonnerup formation. The
overall completion length per well was taken as roughly 700m. Table 2 illustrates the intervals
of each well perforation and maximum bottom-hole pressure.

Base Case Scenario
In the base case scenario, the formation was assumed to be closed at its outer boundaries.
This is something that has been discussed in the other projects, in particular those that dealt
with the fault characterisation. It is predicted that most of the faults in the domain are sealing
with several in the southwestern part being potentially leaking. Note that, because pressure is
transmitted very quickly in a brine-filled formation, any flow barrier may have a significant
effect on pressure variation in the formation, i.e. injectivity.
Nine wells were placed in the formation as per the well locations reported in the
Schlumberger studies. This injection well design should fulfil the target injection rate of up to
6.5 million tonnes per year (6.5 Mt/y) for a period of 40 years. The top view of the location
of these wells is shown in Figure 5. A standard two level control hierarchy was defined for
individual well operating schedules. The total CO2 injection in the model was under group
control. Each well was assigned an upper limit for its bottom-hole pressure (BHP). The
reference depth for BHP was set to the top of the perforation. The upper limit was
calculated as 90% of the fracture gradient of 0.186 bars per meter and the reference depth of
the perforation. The well injectivity depends on reservoir property distribution in the injector
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area and reservoir pressure build-up during the injection. The formation is assumed to be in
equilibrium with the hydrostatic gradient.

Other Scenarios
In another scenario (scenario 2), injection rates in the base case scenario were increased by
20% in order to see whether the injectivity is affected significantly. Note that, in a closed
system such as the base case scenario, any increase in rate should significantly affect pressure
build-up. In a third scenario (scenario 3), an open reservoir was simulated by attaching four
semi-infinite aquifers at the four edges of the base case model from top to bottom of the
reservoir. Therefore, the model boundary conditions represent an initial hydraulic pressure
distribution at infinite distance along the flanks of the reservoir. To do this, we used the
analytical Carter- Tracy aquifers with the same rock properties as the connected cells.
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Figure 4 – Well locations for dynamic simulation, horizon map refers to Top
Wonnerup. Acquired from Schlumberger model Report V.1.1.
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Table 2 – Perforation depths and BHP limit.

II5N3
II6N3
II7N3
II8N3
II10N3
II11N3
II12N3
II16N3
II17N3

Top of Perforation (m)

Bottom of Perforation (m)

BHP limit (bar)

1931
1960
1944
1826
1944
1979
1732
1726
1665

2688
2603
2662
2506
2640
2731
2367
2549
2216

320
328
325
305
325
331
321
289
275

Figure 5 – Top view of well locations in the Sedsim model.
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Dynamic Model Results
The base case field pressure variation is shown in Figure 6. Over the injection period, the
field pressure builds up by 12 bars. Figures 7-9 show the bottom-hole pressure variation for
all nine wells. The bottom-hole pressure gradient for each well is different due to each well’s
perforation depth. However, the calculated pressure at the end of injection is still far from
the fracture pressure limits as shown in Table 2. The pressure build-ups obtained from the
Schlumberger and Sedsim models for the base case are presented in Table 3. The results
clearly show that the Sedsim model predicts a higher injectivity than the Schlumberger
model.
Figure 10 shows the field pressure build-up for scenario 2. As can be seen, the field pressure
increases further to about 129 bars or by 14.5 bars. A similar change occurs in the individual
well bottom-hole pressures (see Figures 11-13). This suggests that more CO2 could be
injected into the formation under given conditions.
Figure 14 shows well bottom-hole pressures for scenario 3. In this case, the pressure builds
up moderately in response to CO2 injection. This also indicates the impact of a closedboundary on the pressure build-up, i.e. the closed-boundary increases the pressure build-up
significantly, almost by an order of magnitude. Table 3 shows this difference.

Table 3 – Pressure build-up in different cases.
Wells

II5N3

Pressure build-up (bars)
Base case
Base case
(SLB)
(Sedsim)
124
60

Scenario 2
(Sedsim)
71

Scenario 3
(Sedsim)
6

II6N3

132

60

71

6

II7N3

131

63

74

11

II8N3

122

61

72

7

II10N3

133

61

73

8

II11N3

132

58

70

5

II12N3

136

65

77

11

II16N3

116

64

75

11

II17N3

113

63

74

10
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Figure 6 – Field pressure rate variation over a period of 40 years (the base case –
Sedsim model).
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Figure 7 – Bottom hole pressure of wells II10N3, II11N3, II12N3 and II16N3 (the
base case – Sedsim model).
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Figure 8 – Bottom-hole pressure of wells II17N3, II5N3, II6N3 and II7N3 (the base
case – Sedsim model).

20

Figure 9 – Bottom-hole pressure of wells II8N3 (the base case – Sedsim model).
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Figure 10 – Field pressure variation over the injected period in response to a 20%
increase in the injection rate (scenario-2).
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Figure 11 – Bottom-hole pressure of wells II10N3, II11N3, II2N3 and II16N3
(scenario 2).
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Figure 12 – Bottom-hole pressure of wells II17N3, II5N3, II6N3 and II7N3 (scenario
2).
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Figure 13 – Bottom-hole pressure of well II8N3 (scenario 2).
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Figure 14 – Well bottom-hole pressure for an infinite reservoir (scenario 3).
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Plume Extent and Containment
The migration of CO2 is driven by viscous and buoyancy forces and is guided by the
subsurface structure and stratigraphy. Figures 15-18 show the extension and distribution of
CO2 in the reservoir for different scenarios at the end of injection.
Figure 16 shows the plume shapes obtained from the Schlumberger model. Both models
suggest that the plumes develop around the injection wells and remain there in the long term.
The only difference between these two models is that the plume predicted by the Sedsim
model spreads more than that predicted by the Schlumberger model.
The plume shapes predicted by the Sedsim model for different scenarios (Figures 15, 17 and
18) are very similar to each other. Injecting more enlarges the plume as expected. In the
open-boundary scenario, the plume expands to a greater extent compared to the closedboundary case.
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(a)

(b)
Figure 15 – Three-dimensional and top views of the CO2 plume (the base case).
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(a)

(b)
Figure 16 – Three-dimensional and top views of the CO2 plume (the base case –
Schlumberger model).
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(a)

(b)
Figure 17 – Three-dimensional and top views of the CO2 plume (scenario 2).
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(a)

(b)
Figure 18 – Three-dimensional and top views of the CO2 plume (scenario 3).
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Well Placement Scenarios with Updated Sedsim Model
Using the updated Sedsim model, the base case was run first. Then, a single successful run,
changing the position of Well II7N3 was conducted. Several other runs were carried out by
changing the positions of Wells II17N3, II7N3 and II6N3 as well. However, due to the
continuing problem of convergence errors, these other well development scenarios had to
be abandoned. Even when several measures were taken to correct these convergence errors,
the model still encountered problems. From here on, the single successful run is referred to
as scenario 4.
In order to generate scenario 4, several threshold values were applied to the model, to find
new potential locations for Well II7N3. These threshold values included:
• Porosity greater than 0.06
• Permeability in both x & y directions should be greater than 100 mD
• Permeability in the z direction should be greater than 50 mD
• Transmissibility in both x & y directions should be greater than 20 cP.m3/day.bar
The reason why Well II7N3 was moved (originally located in the red circle of Figure 19) was
because it was located in a grid block with zero transmissibility in the x direction. Once
these threshold values were set in place, as seen in Figure 20, other parameters were also
looked at in order to optimize the amount of injected CO2.
Next, any layers that represented the formations above the Wonnerup Member were
removed (any layers above 750th layer were removed). This was done based on a rough
estimation in order to ensure that we were injecting CO2 in the lowest position possible. The
result is shown in Figure 21.
Several locations showed a good potential for CO2 storage, however, due to convergence
problems, the reservoir block where Wells II11N3 and II5N3 are located was selected for
the placement of Well II7N3. This block is shown more clearly in Figure 22. Since water is
known to be denser than CO2, it was decided to inject down-dip. This was done for three
main reasons:
 To prevent the CO2 plume from reaching higher formations earlier.
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 To increase the contact area between the CO2 and water as the plume travels upwards,
which would increase both trapping and dissolution.
 Injecting down-dip would allow us to increase the perforation length (without
perforating the Yalgorup Member), which would help decrease the bottom-hole pressure,
allowing for a higher rate on injection.
Furthermore, the distance between neighbouring wells was also taken into account, by
making sure the new placement of Well II7N3 was not too close to cause interference
problems. Finally, after taking into account all the factors mentioned above, the well was
placed in coordinates (11, 29). Perforation length was selected between Z1 = 750 and Z2 =
846, avoiding the cells that were nullified or were too thin, which could potentially cause
convergence problems due to high throughput. The rough location of Well II7N3 is shown
as the red circle in Figure 37.

Figure 19 – Arial view of the reservoir after threshold limits were applied. The red circle
shows the original location of Well II7N3.
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Figure 20 – Arial view of the reservoir after layers k = 1 – 749 were removed.

Figure 21 – The portion of the reservoir where the new position of Well II7N3 was placed
(red circle)
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Results of the Well Placement Scenarios
Table 4 shows the difference between the base case and scenario 4. Since the injection rates
were group controlled at 6.5 Mt/yr, the difference in cumulative CO2 injected between the
two cases was insignificant. The variation of injectivity as a function of time is shown in
Figures 22-33 for each well. These results show that there are minor changes in injectivity,
except for Wells II7N3 and II16N3. These wells show a decrease and an increase in
injectivity, respectively. However, Figures 22, 23 and 24 show that, at the end of simulation,
the total residual trapping, dissolution trapping and mobile CO2 gas are better for scenario 1.
The differences of residual trapping, dissolution trapping and mobile CO2 are shown in
Table 4.
In conclusion, there is no significant difference in injectivity, except for two wells. In
addition, the amount of trapped, dissolved and mobile CO2 at the end of simulation favours
scenario 4. As a result, scenario 4 is a better well development scenario, compared to the
base case.

Table 4 – Differences in trapped, dissolved and mobile CO2 for
the base case and Scenario 4
Base Case
Scenario 4
Percentage
(KG-M)
(KG-M)
differen
ce
Trapped
4.4E+08
5.1E+08
14.6%
Dissolved
1.5E+09
1.5E+09
2.5%
Mobile
4.0E+09
3.9E+09
-2.5%
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Figure 22 – Residual trapping versus time for the base case (blue) and scenario 1 (red)
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Figure 23 – Dissolution trapping versus time for both base case (blue) and scenario 4 (red)
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Figure 24 – Mobile CO2 versus time for the base case (blue) and scenario 4 (red)

Injectivity (sm3/day.bar)

2.5E+05
2.0E+05
1.5E+05
1.0E+05
5.0E+04
0.0E+00
0

2000

4000

6000

8000

10000 12000 14000 16000

Time (days)

Figure 25 – Injectivity versus time for Well II5N3 (base case in blue and scenario 4 in red)
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Figure 26 – Injectivity versus time for Well II6N3 (base case in blue and scenario 4 in red)
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Figure 27 – Injectivity versus time for Well II7N3 (base case in blue and scenario 4 in red)
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Figure 28 – Injectivity versus time for Well II8N3 (base case in blue and scenario 4 in red)
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Figure 29 – Injectivity versus time for Well II10N3 (base case in blue and scenario 4 in red)
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Figure 30 – Injectivity versus time for Well II11N3 (base case in blue and scenario 4 in red)
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Figure 31 – Injectivity versus time for Well II12N3 (base case in blue and scenario 4 in red)
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Figure 32 – Injectivity versus time for Well II16N3 (base case in blue and scenario 4 in red)
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Figure 33 – Injectivity versus time for Well II17N3 (base case in blue and scenario 4 in red)
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