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ABSTRACT

Several studies have explored the feasibility of Reservoir Thermal Energy Storage (RTES) in the Portland Basin, Oregon (Burns et al.,
2018, 2020). Thermal-hydrological models by the latter authors have shown the effectiveness of open system heat and cold fluid storage
within permeable interflow zones in the Columbia River basalts. The potential for induced or triggered seismicity and surface deformation
associated with RTES has not been evaluated quantitatively in the Portland Basin, and as well as in most other RTES projects worldwide.
In this study we developed a Thermal-Hydrological-Mechanical (THM) model of an idealized Portland Basin site and the simulation of a
scenario similar to that explored by Burns et al. (2018). The simulation showed that thermal changes on the confined aquifer, particularly
during the cooling cycle, caused near-wellbore thermal contraction and fracturing. Surface subsidence reached a maximum of about 8mm
at the producing well, however alternation of injection and production in the wells could limit this effect. Given that the injection and
production zones were placed at deeper levels than many areas in the Portland Basin, there is the potential for greater surface deformation
locally. Changes in horizontal stresses of about 0.5 MPa extend almost a km from the wells, so the potential for triggered seismicity should
be evaluated with more detailed structural models.

1. INTRODUCTION

Reservoir Thermal Energy Storage (RTES) is being evaluated in the Portland Basin, Oregon for municipal heating and cooling systems
(Burns et al., 2018, 2020; Bershaw et al., 2020). Thermal-hydrological modeling by the latter authors indicated that open-loop systems
drilled into permeable interflow units in buried Columbia River Basalts (CRB) would be effective for circulating/storing hot and cold
water. The purpose of this study was to evaluate the potential geomechanical effects, surface deformation, and induced seismicity using
Thermal-Hydrological-Mechanical (THM) modeling.

The Portland Basin is associated with several NW-SE striking faults as shown in the geologic map in Fig. 1a (Evarts et al., 2009). A
schematic stratigraphic section is shown in Fig. 1b (Swanson et al, 1993).
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Figure 1. Left - Geologic Map of the Portland Basin (Evarts et al., 2009). Right — Stratigraphy of the Portland Basin (Swanson et
al, 1993).
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The conceptual model for RTES in the Portland Basin is shown in Fig. 2 (Burns et al., 2018). Injection into interflow units near the base
of the Columbia River basalts allows for effective communication between wells and storage of heat in the underlying units primarily via
conduction. The model domain explored by Burns et al. is shown in pink. To evaluate the potential for surface deformation, we extend
the model to the surface (black dashed lines). Although there is significant and variable groundwater flow in the aquifers overlying the
CRB, we neglect any hydraulic gradients. The interflow zones are thought to be relatively isolated, in some cases since the Pleistocene.
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Figure 2. Conceptual model for RTES in the Portland Basin (modified from Burns et al., 2018).

2. THERMAL-HYDROLOGICAL-MECHANICAL MODELING APPROACH

THM simulations were performed using the hybrid parallel simulator TReactMech (Sonnenthal et al., 2018, 2015; Smith et al., 2015; Kim
etal.,2012,2015). Simulations included flow of water and heat (conduction and advection), thermoporoelasticity, shear and tensile failure,
and tracer transport.

2.1 Numerical Grid, Initial and Boundary Conditions

The numerical grid illustrating the rock types and the location of the injection and production wells is shown in Fig. 3a. The wells are
spaced approximately 500 meters apart. Fig. 3b shows the permeabilities of the rock units and the inferred initial stress state.
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Figure 3. Left -Numerical grid, well locations, and rock types. Right — Permeabilities, relative initial stresses.

Using source mechanisms given in Yelin and Patton, 1991, and in Thomas et al. (1996), a maximum horizontal stress direction (Shmax) ~
N10E was estimated, a minimum horizontal stress (Shmin) of N80W, and a vertical maximum stress. Yelin and Patton (1991) suggest that
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the maximum and intermediate stress axes easily interchange suggesting only a small difference in stress between them. Given a 16 km
depth for the magnitude 5.4 1962 Portland earthquake (epicenter actually in Vancouver, Wash.), assuming a stress drop of 10 MPa said
to be typical of western N. American earthquakes and allowing 0.5 of the available difference between principal stresses to be reduced in
the 1962 earthquake, suggests a 40 MPa difference in principal stresses at the depth of the 1962 earthquake. Using a generic density model
from McPhee et al. (2014) gravity and aeromagnetics study of the Tualatin Basin, this implies relative stresses of 0.91:0.99:1.0 with
orientations N8OW:N10E:Vertical.

Hydrological and thermal properties in Table 1 are based on various sources (Burns et al., 2016, 2018; Snyder, 2008). Geomechanical
properties in Table 2 were derived from Schmidt et al. (1980), Schultz (1995), and estimated.

Table 1. Preliminary Hydrological and Thermal Properties for Portland Basin

Unit Porosity Permeability Thermal Grain Heat Grain
(m?) Conductivity Capacity Density
(W/m K)? J/kg/C) (kg/m?)
Unconsolidated Sediments 0.26 (top) | Horiz=1x 10712 1.59
0.25 Vert =1x107"2 840. 2500.
Troutdale Gravels 0.28 Horiz=1x 1012 1.59
Vert =1x 10712 840. 2500.
Columbia River Basalt (bulk 0.02 Horiz=2x 1012 2.50
flow) Vert =1x 102 840. 2500.
Columbia River Basalt 0.01 Horiz =2 x 10712 2.50 1000. 2700.
(colonnade/entablature) Vert =1x 10712
Columbia River Basalt (top) 0.10 Horiz=1x 10! 2.50 1000. 2700.
Vert =1x 1072
Sediments & Volcanics 0.15 Horiz=1x 1014 1.59 840. 2500.
Vert =1x 10
Sediments & Volcanics - base 0.15 Horiz=1x 101 1.59 840. 2500.
Vert =1x107"

Table 2. Preliminary Geomechanical Properties for Portland Basin

Unit Young’s Shear Poisson’s Friction Dilation Cohesion Tensile Thermal

Modulus Modulus Ratio Angle Angle (MPa) Strength Expansion
(GPa) (GPa) (deg) (deg) (MPa) Coeff (1/°C)

Unconsolidated 10. 4.20 0.19 35. 2. 2. 1.0 1.36 x 1073

Sediments

Troutdale Gravels 10. 4.20 0.19 35. 2. 2. 1. 1.36 x 10°°

Columbia River 20. 7.69 0.30 37. 2. 2. 1. 6.55x10°

Basalt (bulk flow)

Columbia River 20. 7.69 0.30 37. 2. 2. 1. 6.55x 10

Basalt (interior)

Columbia River 20. 7.69 0.30 37. 2. 2. 1. 6.55x10°

Basalt (top)

Sediments & 10. 4.20 0.19 35. 2. 2. 2. 1.36 x 10°°

Volcanics

3. Simulation Results

Simulations were performed using maximum injection and production rates of 250 kg/s as in Burns et al. (2018), having alternating warm
(32°C) and cold (5°C) water injected every 6 months for 50 years into a single well, with continuous production from the second well.
Likely, most heating/cooling operations would differ from this simple case, however it is useful to look at the potential for maximum
geomechanical effects using high injection rates and long periods of differing temperature injection. Fig. 4 shows the temperature
distributions in the interflow unit (393 meters below the surface) during the warm injection at 49.5 years and the cold injection (50 years).
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Figure 4. Temperatures at 49.5 (warm injection) and 50 years (cold injection)

Temperatures are shown at the injector and producer over time (18-50 years) in Fig. 5. Note that the temperatures are nearly stable (a very
slight decline) at the producer over the entire 50 years, indicating a large region of efficient fluid mixing.
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Figure 5. Temperatures at the injector and producer from 18-50 years.

Surface deformation of a maximum of 8.5 mm after 50 years is observed at the producer (Fig. 6, left). Little deformation is observed at
the injector, owing to temperature changes that cause slightly more cooling and limit uplift. Within the rock mass, a maximum vertical
displacement of 11 mm (downward) at the producer and 4 mm upward at the injector is observed (Fig. 6, right). Clearly using the same
wells for injection and production over the entire 50 years increases the likelihood for subsidence at the producer. Alternation of the wells
(as was simulated by Burns et al., 2018) should reduce the subsidence. However, injection and production into shallower units would
increase surface effects.
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Figure 6. Left - Surface deformation at 50 years. Maximum subsidence at the producer is about 8.5 mm. Right — Vertical

displacement contours, showing a maximum of about 11mm downward displacement at the producer and 4mm upward at the
injector.

Horizontal (E-W) stresses (initially SHmin) are shown during the warm injection (49.5 years) and the cold injection (50 years) in Fig. 7.
Significant expansion (tension) up to a km from the wells in seen during warm injection and cold injection, with local compression during

cold injection. The thermal contraction associated with cold injection leads to fracturing (shear and tensile failure), beginning in the
interflow unit and then migrating out of the zone over time (Fig. 8).
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Figure 7. Left — E-W stresses at 49.5 years (warm injection). Right — E-W stresses at 50 years (cold injection).
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Figure 8. Shear and tensile failure locations. The horizontal planes define the 3 m thick interflow zone and the injection and
production intervals.
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4. CONCLUSIONS

A long-term (50 years) RTES in the Portland Basin is quite feasible with respect to thermal stability by injection into and production from
interflow units in the Columbia River basalts. THM models show little thermal changes at the production well over 50 years. Subsidence
at the production well (> 8 mm) is large enough to be readily observable by LIDAR and tiltmeters. However, subsidence could be mitigated
by modifying injection/production wells and rates, as in some cases examined by Burns et al. (2018). During cold water injection
temperature changes caused rapid contraction in the injection zone resulting in localized shear and tensile failure that propagated out of
the injection zone over time. Horizontal stress changes are significant at least 500 m from the wells. Such stress changes (~0.5 MPa) are
great enough to potentially result in “triggered” seismicity on faults. Therefore, any large-scale RTES in the Portland Basin should be
evaluated using detailed structural models as a basis for further THM modeling.
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