








model does a good job of matching the actual
pressure in the reef. While not a perfect fit, the
match between modelled and measured pool
pressures is good, particularly given that the
model prediction is very sensitive to the produc-
tion or injection rate of the source term.

Figure 2. Methane source term and modelled and
measured pool pressure, Pool A.

Figure 3 shows a measured pressure profile in
the caprock directly above the gas storage pool.
This profile was taken in September 2013 when
the pool was at minimum pressure. The
multilevel packer system had been installed for
three months and pressures in most intervals
were approaching equilibrium  with the
formation. The measurements show under-
pressures in shallower units (recall the surface
elevation is 200 mASL), which have likely
developed over geologic time and are perhaps
linked to glaciation during the past 120 ka
(Neuzil, 2014). Below these underpressured
units measured pressures are near hydrostatic.

The carbonate formation directly above the reef,
isolated from the storage pool by relatively thin
layers of anhydrite and shale, is over-pressured
with respect to hydrostatic. The genesis of this
overpressure is uncertain. It is close to the pool
discovery pressure, and may have been naturally
present before discovery and development of the
pool. Alternatively, this overpressure may be a
consequence of the storage operation. We have
conservatively assumed the second possibility is
the true explanation, and starting with initial
estimates of the properties of the thin anhydrite
and shale caprock units, the model has been
calibrated to fit the observed overpressure. The

September 2013 pressure profile from the
calibrated model is shown in Figure 3. The
modeled pressure distribution in the overlying
caprock wunits is reasonably close to the
measured values, with the exception of the
underpressured shallower units.

Figure 3. Pore pressure profile above reef, modelled
and measured.

Figure 3 represents a single point in time. The
orange line in Figure 2 shows the timeseries of
average fluid pressure in the carbonate
formation above the reef. The model predicts
that over many years of operation pressures in
the carbonate unit move toward equilibrium with
the average storage pool pressure, tracking the
average pressure during the preceding 4-5 years.
This calibrated model allows small quantities of
gas to seep into the lower part of the overlying
carbonate during the decades-long operational
period of the pool. The modelled overpressure in
this formation does have implications for the
effective stress and fracture gradient in this unit.

These pressures from TOUGH?2 were interpo-
lated onto a FLAC3D grid and imported into the
previously initialized FLAC3D model. Figure 4
shows the model results, from both TOUGH2
and FLAC3D. The results are for a pool pressure
maximum, under current operating conditions at
the time the model was run. The first panel
shows the gas saturation, the second shows the
saturation averaged pore pressure which was
exported to FLAC3D, the third shows the result-
ant total stress distribution (horizontal), and the
final panel shows the calculated percent fracture
gradient. The maximum percent fracture gradi-
ent was 65.4% at 0.73 psi/ft. Increasing the delta
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pressure gradient to 0.8 psi/ft, by increasing
injection and extraction rates, raised the
maximum fracture gradient to 71.4%. In both
cases, this maximum occurred at the top of the
reef, and not in the overlying carbonate. The
fracture gradient was calculated using the
maximum fluid phase pressure, not the average
gas and water pressure.
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Figure 4. Pool A model results. In panel three,

tensile stress is positive.
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In Figure 4, panel 3, the reduction in horizontal
compressive stress directly above the storage
pool is evident. A vertical profile showing
model results at the midpoint of the reef is
shown in Figure 5. The reduced compressive
stress above the pool is apparent, as is the
increased stress at minimum storage pressure
(second panel). The stress change is reduced in
the salt unit, as it is more elastically compliant.
A 3D model for this pool was also developed. It
confirmed that the 2D model adequately
captures the important mechanical processes,
predicting a maximum fracture gradient of
65.5%, as compared to the value of 65.4%
returned by the 2D model (see Figure 6).
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Figure 5. Stress profile at high and low pool
pressures. Compressive stress is positive.

% Fracture Gradient "~ _

8.0000E+01
7.5000E+01
7.0000E+01
6.5000E+01
6.0000E+01
5.5000E+01
5.0000E+01
4.5000E+01
4.0000E+01 -
3.5000E+01

3.0000E+01

Figure 6. Percent fracture gradient in 3D model.

Indirect Measurement of Stress Change

As mentioned earlier, datalogger probes were
installed in seven intervals above the storage
reservoir, to record the evolution of fluid
pressure in the cap during reservoir pressure
cycling. The instruments were intended primar-
ily to measure the in-situ pore pressure, and
provide an early warning should the increased
storage pressure cause detrimental pressure
changes in the cap. Pressures from six datalog-
gers are shown in Figure 7. Data from the
seventh, installed at -160 mASL, is difficult to
interpret due to pronounced underpressure in the
adjacent formation, which may be causing the
packer to leak.

Figure 7 shows that, despite the variation in pool
pressure between 3.5 and 8.2 MPa, the pore
pressure measured in the caprock does not
change significantly. The gradual pressure rise,
especially apparent in ports 2, 3, and 4, is due to
gradual equilibration between the initial water
pressure in the isolated section of borehole, and
the formation fluid pressure. Port 1, in the
relatively permeable part of the overlying
carbonate unit shows virtually no change during
this time, as equilibration was more rapid.
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Figure 7. Measured pressure in caprock.

Even at the scale of Figure 7, small perturbations
are evident in some of the pressure timeseries.
To highlight these perturbations, a cubic spline
fitting the overall trend of the pressure recovery
curve was subtracted from the data. The result-
ing timeseries highlights the small pressure
fluctuations, as shown in Figure 8. Plotted in this
way, there is clearly a relationship between
pressure changes in the storage pool and small
pressure fluctuations in the cap. It is equally
clear that this is not caused by movement of
fluid, but rather by hydromechanical coupling.
The observed pressure response is virtually
instantaneous, and the pressure perturbations are
inversely proportional to the pool pressurization.

Given the very low permeability of the caprock
units, established through hydraulic testing and
also evident in the long equilibration times, the
pore pressure response measured by these
sensors is likely not due to a change in formation
pressure, but rather to borehole deformation.

There are no similar small pressure fluctuations
in Port 1, in the lower carbonate, closest to the
storage reservoir. Pressure at this port is remark-
ably stable. The permeability of this unit is
approximately three orders of magnitude higher
than other units, which may allow any hydrome-
chanically induced pressure fluctuations in the
borehole to dissipate much more rapidly.
Alternatively, even very low gas saturations in
the borehole would reduce the hydromechanical
pressure response (e.g. Walsh et al., 2012).
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Figure 8. Pressure change in overlying caprock.

It might be possible to model the observed
borehole hydromechanical response to stress
changes, and thereby use pore pressure changes
in the borehole as a proxy measurement for
changes in rock stress; however, this was
beyond the scope of this project. In order to
develop such a model, it would be necessary to
have a very good understanding of the in-situ
stress field, compliance of the packer and casing
system (Westbay MP55 in this case), and rock
mechanical properties for the entire isolated
interval. If all of these conditions were met, this
analysis could still be confounded by very low
saturations of gas in the test interval. Low gas
saturations could explain the lack of pressure
response in Port 1, and may also affect the
observed pressure change in other ports, albeit to
a lesser degree. On the other hand, the observed
pressure fluctuations do provide a qualitative
confirmation of the modeled stress changes.

STORAGE POOL B

The pool was discovered in 1931 at a well head
pressure of 6,029 kPaa. The pool has a depth to
crest of 4799 m, and this translates to a
discovery gradient of 12.6 kPa/m (0.56 psi/ft).
The pool was designated as a natural gas storage
area in 1943 and currently operates between a
cushion and maximum pressure of 3,447 kPaa
and 7,320 kPaa (measured at well head).

In contrast to Pool A, the shale and anhydrite
units separating the carbonate reef storage pool
from the overlying carbonate formation are
discontinuous. The casing of two production
wells ends in the overlying carbonate, so the
wells are open from the reef into the overlying
carbonate. Three abandoned wells are also open
to both the reef and the carbonate, with the seals
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ending partway through the overlying carbonate.
During drilling, gas shows were recorded in the
overlying carbonate in four wells. The cross
connections between the overlying carbonate
and the reef and the initial presence of gas in the
overlying carbonate mean that this unit likely
acts as a secondary gas storage zone.

Model Setup

The grid and property distribution in the cross-
sectional model of Pool B are shown Figure 9.
Geologically, Pool B is very similar to Pool A.
The primary difference between the pools is due
to the five open boreholes perforating the
anhydrite and shale cap. As a consequence, the
caprock for Pool B is effectively the thick salt
unit (plus another thin anhydrite layer). This is a
dense and low permeability unit with an average
thickness of 334 m over the reef. There is
evidence, in the form of gas pressure observa-
tions, that a debris bed on the flanks of the reef
forms a secondary storage zone.
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Figure 9. Grid and properties, Pool B model.

Stabilized inventories for Pool B between 1991
and 2015 were provided and used to calculate a
methane source/sink term. A three month data
gap exists starting in January 2003. The model
commences after this gap.

Model Results

To assess suitability of the model, measured gas
pressures in the storage pool, the flanking
carbonate debris bed, and the overlying
carbonate were compared to modelled pressures,
as shown in Figure 10. The model does a good
job matching the measured pool pressure, as
well as those in the flanking debris bed and the
overlying carbonate. The observation borehole
in the overlying carbonate is above the reef flank

(approximately Model X = 525 m). Modelled
pressures directly above the pool are greater than
the measured values above the flank.

—— Modelled Storage Reservoir (Reef)

Tl ol i)

Modelled
©  Measured

H OO N®

Reef Debris Beds
\

oooﬂ & ) ‘:ﬁ o@g"fa‘a?ﬁ‘w\ N YAWA
- g\f VALY U RHEY ﬁi/‘/ Vf%;‘\fw / \f

Upper Carbonate Gas Reservoir

Gas Pressure (MPa)
B OO N ®

—— Modelled
+ Measured

e

W s QN

Jan-03

Jan-04

Jan-05
Jan-06
Jan-07
Jan-08
Jan-09
Jan-10
Jan-11
Jan-12
Jan-13
Jan-14
Jan-15

Figure 10. Modelled and measured pressure, Pool B.

To fit the overlying carbonate pressure, the
model required a connection across the thin cap,
as exists in five boreholes. This was approxi-
mated in the 2D model by a single line of nodes
with high vertical permeability crossing the
anhydrite and shale, and extending half-way into
the carbonate. The observed pressure response in
the overlying carbonate follows the pressure in
the reef, with reduced amplitude and a time
delay. Short duration pressure changes in the
reef have minimal impact on pressures within
the overlying carbonate. Permeability in the
overlying carbonate unit was calibrated to fit the
observed pressures. The calibrated permeability
of 5x10'° m” is close to the measured horizontal
permeability of 4x10"® m* for the same unit at
an adjacent reef.

Figure 11 shows the model results, from both
TOUGH?2 and FLAC3D models. As in Figure 4,
the results represent a pool pressure maximum.
The panels show gas saturation, saturation
averaged pore pressure, the total stress, and the
calculated percent fracture gradient. The
maximum percent fracture gradient was 70.4%
at 0.70 psi/ft. Increasing the delta pressure
gradient to 0.8 psi/ft, by increasing injection and
extraction rates, raised the maximum fracture
gradient to 80.4%. In both cases the maximum is
located within the overlying carbonate unit. As
in Pool A, the reduction in horizontal compres-
sive stress directly above the storage pool is
evident. When this is combined with the
increased gas pressure in the same unit, the
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increased maximum fracture gradient is the
result. An adequate model of this system
requires a model (or as in this case a series of
models) which can represent the physics of gas
flow processes affecting the pore pressure in the
units above the storage pool, and the physics of
stress redistribution above the pool resulting
from expansion and contraction of the reef in
response to pool pressure cycling. The use of
TOUGH2 and FLAC3D in series allowed an
efficient and defendable solution.
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Figure 11. Pool B model results. In panel three,
tensile stress is positive.

CONCLUSION

In this paper, we have briefly described two
similar models developed to investigate gas flow
and geomechanical processes in underground
natural gas storage operations. This work
provides an application example combining
TOUGH2 and FLAC3D models to quantify the
subsurface processes which occur when gas is
injected into deep formations at pressures
exceeding those that were naturally present.
Uncertainty, which is present in all subsurface
engineering, was managed through conservative,

but plausible, assumptions, based on the availa-
ble evidence. The use of all available field data
to calibrate and confirm model predictions
fostered confidence in the model. At Pool A,
pore pressure measurements in a borehole above
the pool provided qualitative confirmation of
model predicted stress changes, and offered a
potential method to estimate stress changes by
the proxy measurements of pore pressure. The
combined use of TOUGH2 and FLAC3D
allowed us to establish the safety of proposed
operating pressures for these pools, allowing the
client to fully develop the value of their assets.

REFERENCES

CSA, Storage of Hydrocarbons in Underground
Formations. Z341 Series-14, Canadian Standards
Association, Mississauga, Ontario, Canada, 2014.

Geofirma and Quintessa, Postclosure Safety Assess-
ment: Gas Modelling, DGR-TR-2011-31, Nuclear
Waste Manag. Org., Toronto, ON, 2011

Lam, T and S. Usher, Regional Geomechanics South-
ern Ontario, DGR-TR-2011-13, Nuclear Waste
Manag. Org., Toronto, ON, 2011.

Neuzil, C.E. and A.M. Provost, Ice sheet load cycling
and fluid underpressures in the Eastern Michigan
Basin, Ontario, Canada, J. Geophys. Res. B: Solid
Earth, 119(12), 8748-8769, 2014.

Reid, R., Prausnitz, J., and B. Polling, The Properties
of Gases and Liquids, 4th Edition, McGraw-Hill
Inc, New York, 1987.

Rutqvist, J., and Tsang, C.F. TOUGH-FLAC: A
numerical simulator for Analysis of Coupled
Thermal-Hydrologic-Mechancial ~ Processes in
Fractured and Porous Geological Media under
Multi-phase  flow Conditions.  Proccedings,
TOUGH2 Symposium 2003, Berkeley, California,
2003.

Walsh, R., N. Calder, and J. Avis, A Simple
Implementation of Hydromechanical Coupling in
TOUGH2. Proccedings, TOUGH2 Symposium
2012, Berkeley, California, 2012.

Walsh, R., O. Nasir, H. Leung, and J. Auvis,
Numerical Characterization of the Excavation
Damaged Zone in the HG-A Experiment.
Proccedings: International High-Level
Radioactive Waste Management, Charleston, SC,
2015.

419 of 565





