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Fig 1. Model description. Length is 1830 in Y-direction (Z/X: 21:1).
Table 2. Rock properties of the three modelled layers
Rock Properties
Overburden
20
Young's Modulus, 𝐺𝑃𝑎
0.3
Poisson's ratio, 𝑣
30
Matrix Cohesion, 𝑀𝑃𝑎
Porosity, %
10
Permeability (kx, ky, kz), mD
1.2, 1.2, 0.6

Caprock
45
0.25
15
12
1×10-6, 1×10-6, 1×10-6

Table 3. Parameters and their values used for sensitivity analyses
Parameter
Low Case
Medium Case (Base Case)
Injection Rate, m3/day
1×105
3×105
Reservoir Permeability (kx, ky, kz), mD
0.1, 0.1, 0.05 1, 1, 0.5
Injection Temperature, ͦC
90
Isothermal

Reservoir
20
0.3
30
13
1, 1, 0.5
High Case
4×105
10, 10, 5
120

Vertical displacement (m)

Table 1. Initialization parameters
Depth to top of overburden, 𝑘𝑚
Stress gradient-z 𝑀𝑃𝑎/𝑘𝑚
Stress gradient-y 𝑀𝑃𝑎/𝑘𝑚
Stress gradient-x 𝑀𝑃𝑎/𝑘𝑚
Hydrostatic Gradient, 𝑀𝑃𝑎/𝑘𝑚
Reservoir Temperature, 𝑇0

Distance from injector (m)
Fig. 4. Vertical displacement in caprock after 365 days of injection
for various injection rates (Table 3) (Z-axes is the vertical direction).
Normal Fracture Effective Stress (kPa)

A 3D model of three layers is proposed (Fig 1). Stress field, pore pressure and temperature are
initialized using values in Table 1. Rock properties of the three layers used in simulation runs are
listed in Table 2. Sensitivity analyses of different parameters were performed (Table 3).
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Fig. 3. Normal fracture effective stress and caprock vertical permeability evolution for three reservoir permeabilities listed in Table 3.
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Fig. 2. Normal fracture effective stress and vertical permeability of caprock for three injection rate scenarios listed in Table 3
(observation point in all runs is in the middle of caprock above injection interval).
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● No fractures occurred within 365 days for low injection rate but they initiated after a
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Fugitive gases are the unintended releases of gas from energy production, transportation, and
storage, including natural gas processes. Fugitive emissions from natural gas, which are
composed mostly of methane, contribute to greenhouse gases in the atmosphere and can
contaminate shallow groundwater [1,2]. As further dependence is placed on natural gas as an
alternative to more carbon intensive energy sources, there may be an increase in demand for
natural gas storage sites, resulting in more opportunities for fugitive gas leakage from storage
reservoirs to occur [3].
Depending on the nature of the storage reservoir and injection, fractures can form in the
confining caprock above and act as potential leakage pathways for fugitive emissions. This
study examines how injection rate, reservoir permeability, and injection temperature impacts
caprock integrity through a sensitivity analysis using normal effective stress and vertical
displacement as a metric for fracture development and aims to understand how to provide
safer natural gas storage.
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Observations and Discussions

Results

month of high injection rate (Fig. 2). When injection ceased after 365 days, normal
effective stress started to build on fracture planes and its permeability dropped to its
residual value (Fig. 2).
● Reservoir permeability is a crucial parameter defining hydraulic diffusivity of the
reservoir. It strongly affects pressure build up around the injection well. Low reservoir
permeability resulted in slower pressure diffusion and higher pore pressure around the
perforations. Therefore, normal effective stress dropped dramatically, and fractures
occurred earlier compared to higher reservoir permeabilities (Fig. 3).
● Higher vertical displacement values occur at higher injection rates and in reservoirs with
relatively lower permeabilities and indicates higher bending and aggravated tensile
stresses in the caprock making it prone to tensile cracking (Fig. 4 & 5).
● Low-temperature gas injection cools down reservoir rock and induces tensile stresses
that alleviate matrix expansion and volumetric strain caused by injected gas pressure.
This reduces vertical displacement and bending of caprock. Cooling the injected gas
resulted in delaying caprock failure offset (Fig. 6). However, cooling effect of injected
fluid can reactivate critically stressed faults in injection zone [5,6].

Conclusions and Future Work
● Storage reservoir permeability results in different pore pressure build up patterns
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around the injection well.
Gas injection rate can be optimized to avoid high bending stresses and tensile fractures
in the caprock.
Cooling the injected gas reduces volumetric strain induced by injected gas pressure and
can be used as a practice to reduce caprock failure risk, however, this practice can
reactivate faults in the injection zone. Proper mapping of faults in the storage reservoir is
required before considering cooling injected gas.
Literature shows that many storage failures which release gas occur due to improperly
characterized geology of the area [6]. These model results support this and show the
importance of considering reservoir properties (e.g. permeability and presence of faults)
in conjunction with operating parameters to avoid fugitive emissions from storage.
As this study only considered tensile failure mode, future work should incorporate shear
failure and slip along pre-existing fractures and incorporate estimates of gas volumes
emitted through fracture networks.
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Fig. 5. Vertical displacement in caprock after 365 days of
injection for different reservoir permeabilities (Table 3)
using medium injection rate case.
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Fig. 6. Normal fracture effective stress for different injection temperatures (Table 3) for the medium injection rate case.
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