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ABSTRACT

Thermal contraction, mineral dissolution, and secondary mineral precipitation can all affect fracture aperture in enhanced geothermal
systems (EGS). For this work, the reactive transport code PFLOTRAN was used to examine the combined effect of both mineral
dissolution/precipitation and mechanical thermal contraction of the rock matrix on effective permeability of a fracture zone.
PFLOTRAN, which can already consider mineral kinetics and other geochemical processes, was further developed to include the effects
of thermal contraction of a rock matrix and the resulting change in fracture aperture, in an equivalent continuous porous medium
(ECPM) representation. A single horizontal fracture was represented in PFLOTRAN as a zone of distinct high porosity and permeability
in a domain otherwise dominated by low permeability crystalline rock and, from these initial conditions, four 2D simulations (thermal-
hydrological, thermal-hydrological-mechanical, thermal-hydrological-chemical, and thermal-hydrological-chemical-mechanical), were
run in PFLOTRAN to observe changes in fracture aperture and effective permeability over time. It was found that while mineral
precipitation decreased effective permeability of the fracture zone by half an order of magnitude, thermal contraction increased effective
permeability by nearly two orders of magnitude, overriding the effects of mineral precipitation, with implications for pumping and
thermal drawdown in enhanced geothermal systems. These results will be considered as part of the larger techno-economic model GT -
Mod, to speak to the long-term power generating potential and economic practicality of EGS as a carbon neutral energy source.

1. INTRODUCTION

Enhanced Geothermal Systems (EGS) represent a significant potential for geothermal energy usage worldwide (Olasolo et al. 2016).
Hot dry rock is fractured deep in the subsurface and water or other fluid (e.g. CO2>) is injected, removing heat from the surrounding rock
as it moves preferentially through the fractures before returning to the surface for use in power generation (Gringarten et al. 1975;
Olasolo et al. 2016; Feng et al. 2021). Over time, thermal drawdown results in limited returns in heat to the surface and thus power
production (Gringarten et al. 1975). As changes in fluid outflow rate and temperature significantly affect the quantity of power
produced, understanding changes in fracture aperture geometry through which the fluid migrates, is crucial in determining the longer-
term economic viability of EGS (Lima et al. 2019; Huang et al. 2020; Dobson et al. 2021; Chen et al. 2023).

Fracture geometry and aperture width can be affected by both physical and chemical processes (Deng and Spycher 2019; Yin et al.
2019) leading to changes in preferential flow as well as flow velocity and, ultimately with respect to EGS, heat transfer. As matrix
material cools and contracts, fracture aperture may increase (Deng and Spycher 2019; Deng et al. 2022). Concurrently, dissolution of
matrix minerals and reprecipitation of secondary minerals on the facture face can cause further variation in porosity and permeability of
the fracture zone, both decreasing and increasing permeability in different locations. The rate and location along the fracture of
dissolution and re-precipitation is dependent on several factors including matrix mineralogy, the geochemistry of the injection fluid, the
thermal environment, and the flow velocity (Singurindy and Berkowitz 2005; Li et al. 2008; Rawal and Gassemi 2008; Steefel and Hu
2022).

Previous work has explored the effect of thermal expansion and contraction on fractured rock using coupled Thermal-Hydraulic-
Mechanical finite element models (Salimzadeh et al. 2018). The effect of mineral precipitation and dissolution on fractured rock has
also been explored using both reactive transport and other numerical simulations (Xu et al. 2003; Li et al. 2008; Rawal and Gassemi
2008; Ogata et al. 2018; Steefel and Hu 2022). However, the combination of the mechanical and geochemical processes and their effect
on the fluid flow path and thermal drawdown has not yet been investigated together in a reactive transport context. In this work, we use
the reactive transport code PFLOTRAN to simulate fluid flow through a single fracture at 4000 meters (m) depth, including both
mineral dissolution/precipitation and matrix thermal contraction in the simulations to investigate the combined effect of both processes
on fracture permeability and flow.
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2. METHODS

2.1 PFLOTRAN

We used the reactive transport code PFLOTRAN to model a simplified 2-dimensional EGS system. PFLOTRAN is a parallelized
multiphase reactive transport code that solves well-known governing equations relating to subsurface fluid flow and transport (e.g
multi-phase Darcy’s Law with buoyancy, energy, and advection-dispersion including reactive geochemistry) as partial differential
equations to treat nonlinear and tightly -coupled flow and geochemical processes in an equivalent continuous porous medium (ECPM)
(Hammond et al. 2014; Steefel et al. 2015). PFLOTRAN has previously been used to investigate a number of processes including CO»
sequestration, geothermal processes, radioactive waste repositories, and other hydrogeological systems (Lichtner and Karra 2013;
Hammond et al. 2014; Karra et al. 2014; Steefel et al. 2015; Mariner et al. 2016; Hadgu et al. 2017; Chang et al. 2021). PFLOTRAN’s
ability to consider flow of variable density fluid through a porous medium together with thermodynamic and kinetic processes such as
mineral dissolution/precipitation make it a useful tool to explore the relationship between fluid transport and fracture aperture in a
representative subsurface EGS simulation.

In this work, a new PFLOTRAN process model was developed which automatically creates an ECPM representation of a set of discreet
fractures, each defined by an initial facture aperture, geometric orientation, and position in space. In each grid cell of the ECPM domain
containing one or more fractures, the porosity and permeability is calculated as a function of fracture aperture(s). First, the fracture

permeability K f(mz) in the orientation of the fracture plane is calculated according to:
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where f @ (m) is the fracture aperture and h (m) is the grid cell length. In the orientation of the fracture plane, only the xx and yy
components are non-zero. Next, the fracture permeability tensor is rotated into the domain orientation to calculate the anisotropic
permeability tensor for the ECPM grid cell. Each rotated fracture permeability is added to the intrinsic matrix rock permeability such
that ECPM grid cells containing one or more fractures increase in permeability along the axis of the fracture orientations. Only the
diagonal components of the resulting anisotropic permeability tensor are considered for flow calculations. The fracture porosity 67 (m®
m>) for each fracture is calculated according to:

8f = f./h 3)

and added to the intrinsic matrix rock porosity such that ECPM grid cells containing one or more fractures increase in porosity.

Matrix rock thermal expansion and contraction were added to consider changes in fracture aperture with temperature evolution and its
effect on the ECPM permeability field'. In each ECPM grid cell that contains one or more fractures, the change in matrix length due to
thermal expansion or contraction is calculated at theend of each time step as:

AL = aATL @

where AL (m) is the change in material length, @ is the material thermal expansion coefficient (m m™' °C™), AT (°C) is the temperature

AL

change, and L is the original length of the material perpendicular to the fracture. Next, a new fracture aperture is calculated using ,
and the permeability field is updated according to Equation (1), Equation (2) and the procedure immediately following. In the next time
step, flow and transport is solved using the updated permeability field. In this design, the fracture process model is sequentially coupled
to flow and transport.

In addition to the governing equations pertaining to flow and transport (e.g as described in Steefel et al. (2015)), this work necessitated
consideration of changes to porosity, permeability, and tortuosity given changes in mineral volume fraction, as well as changes in
fracture aperture due to matrix thermal contraction. Mineral dissolution and precipitation are calculated given reactive surface area and
assigned kinetic rates (Lichtner et al. 2015; Xie et al. 2015; Lichtner 2016). Porosity is updated at each time step as the porosity of the
control volume at the prior timestep minus the total change in volume fraction of each mineral (Xie et al. 2015). Permeability is then
updated assuming a modified Carman-Kozeny relationship (Xie et al. 2015; Poonoosamy et al. 2021). Updated tortuosity at each new
timestep is also calculated as a function of the updated porosity, using Archie’s Law (Xie et al. 2015; Poonoosamy et al. 2021).

1 While changes in porosity also occur with thermal expansion or contraction, in this work porosity did not change as a function of
fracture aperture beyond the initial porosity assignment. Including porosity updates will be the topic of future work.

2
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Considerable effort was spent in development to ensure the changes in permeability and porosity due to geochemistry were preserved in
addition to the changes in permeability due to thermal effects when both process models were used together?.

2.2 Model domain, boundary conditions

The base of the domain was set at 4115.25 m below land surface and the top of the domain was set to 3884.75 m below land surface.
The initial temperature was set witha gradient of 0.06° C m™' such that temperature increased from 222.5° C t0233.5° C from the top to
the bottom of the domain. Initial pressure was set to hydrostatic and increased from 36.0 MPato37.9 MPa from thetop to the bottomof
the domain. Grid cell volumes ranged from 5.0 m® near the outer boundaries and were progressively refined to 0.25 m® towards the
fracture zone for a 2D model domain 150 m in the x-direction, 0.5 m in the y-direction, and 230.5 m in the z-direction. The fracture
zone was between the depths of -3999.75 m and -4000.25 m, extended horizontally for 125 m (between x = 20.0 m and x= 130.0 m),
and encompassed the entire width of the domain (0.5 m). Injection and production wells with screen length of 0.5 m were set at 24.5 m
and 125.5 m along the fracture zone for a production flow path of 100 m. A high permeability production well zone 1.0 m in length and
0.5 m in width extended vertically from the production screen to the surface (fig. 1).

M aterial properties of granite were assumed for the matrix rock with thermal conductivity of 1.40 W m™ °C™! when dry and 2.75 W m’!
°C! when wet, density of 2.8 g cm®, and specific heat of 0.9 Jg'' K™' (Heuze 1983; Miao et al. 2014). Porosity and permeability of the
(unfractured, intact) matrix rock was set to 0.05 and 1.0 - 10'8 m?, and for the well zones was set to 0.7 and 1.8 - 10® m* (Selvadurai et
al. 2005). Tortuosity was set to 1 for all materials. The initial fracture aperture was set to 3 mm and p ermeability of the ECPM fracture
zone was calculated by PFLOTRAN as 1.32 - 107! m? in the horizontal (x and y) and remained 1.0 - 10"'® m® in the vertical (z). The
thermal expansion coefficient for granite was set to 40 - 10° m m™' °C™! (Heuze 1983). Fluid was injected at 80° C into the fracture zone
at a rate of 3.0 - 107 kgs™!, which is equivalent to a real-world EGS system containing approximately 10 fractures, each 100 m in width,
and a production rate of 60 kg s™!' (Olasolo et al. 2016; White et al. 2018; Yan et al. 2018). The simulations were run for thirty years.
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Figure 1: Conceptual model.

2.3 Reaction network

The reaction network was simplified to consider only the calcite system as a minor phase in granite, with the remainder of the “granite”
matrix assumed chemically inert. Chemical components included Ca®*, HCOs3, H>COs*, H*, OH", CO2 (1 and COx. Initial
concentrations of Ca*" and other components in both the model domain and the injection fluid were set in equilibrium with a matrix
rock assumed to contain 0.04 volume fraction calcite (Worley and Tester 1995; White et al. 2005), for an initial Ca®>" concentration of
5.8 - 10 mol L'!. Initial pH was set to 7.1. These initial concentrations are within range of those reported in groundwater wells near the
Utah FORGE site (M oore 2016; Blankenship and Ayling 2018).

2 In other words, changes made by thereactive transport process model did not overwrite changes made by the fracture process model,
and vice versa.
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The reaction rate for mineral dissolution and precipitation is calculated based on transition state theory, where the overall reaction rate
Im is a function of parallel reaction paths, the mineral’s kinetic rate constant, pH, the mineral’s equilibrium constant, specific mineral
surface area, and the reaction quotient, Qm (See Lichtner et al. 2015; Lichtner 2016 for further detail regarding these equations). For this
work, a temperature and pressure dependent rate constant k, was calculated from the Arrhenius Equation, with logk calcite at 25° C as
-5.81 and activation energy as 23.5 kj mol! under neutral pH and log k calcite as -0.30 and activation energy as 14.2 kg mol' under
acidic pH (Palandri and Kharaka 2004; Lichtner 2016).

2.4 Simulations

Four simulations were run to examine the effect of both matrix thermal contraction and mineral dissolution/precipitation on fracture
zone permeability. A thermal-hydrological (TH) simulation acted as a control and included no thermal contraction of the matrix and no
geochemistry; the “thermal contraction” (THM) simulation considered mechanical thermal contraction and no geochemistry; the
“chemistry” (THC) simulation considered only geochemistry (mineral dissolution and precipitation) and no thermal contraction; and the
“thermal contraction and chemistry” (THCM) simulation considered both mechanical contraction and geochemistry. All simulations
were otherwise assigned the same boundary and initial conditions.

3. RESULTS

Compared to the base case TH simulation, effective permeability of the fracture zone between injection and production wells for the
THM simulation increased up to two orders of magnitude within thirty years, from 1.32 - 10! m? to 1.15 - 108 m? with the greatest
permeability increase near the injection well (fig. 2). Permeability in the fracture zone of the THC simulation decreased half an order of
magnitude from the TH permeability to a minimum permeability of 6.6 - 107! m% with the lowest permeability closest to the injection
well. Fracture permeability for the final simulation (THCM), inclusive of both thermal contraction and mineral dissolution/precipitation,
was a maximum of 6.9 - 10 m? close to the injection well, and 2.4 - 10"'® m® near the production well. For this combined simulation,
fracture zone permeability was an order of magnitude greater than the base case, but half an order of magnitude lower than the
simulation without chemistry. The addition of chemistry from the TH to the THC simulation reduced the maximum permeability by
50%, while the addition of chemistry from the THM to the THCM simulation reduced the maximum permeability by 40%.
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Figure 2: Fracture zone ECPM permeability in the x direction (m?) for all simulations. Blue and red stars indicate the injection
and production wells respectively.
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Calcite precipitation was greatest near the injection well in the direction of flow, with volume fraction calcite increasing from 0.040 to
0.047 in both the chemistry simulation and the combined chemistry and thermal contraction simulation. Dissolution also occurred in
both simulations with chemistry directly adjacent to the injection well decreasing calcite to below 0.01 volume fraction by the end of
thirty years (fig. 3). Anadditional simulation with injection water at 225° C showed negligible calcite precipitation or dissolution.
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Figure 3: Volume fraction calcite between the chemistry only (THC) and the chemistry + thermal contraction (THCM)
simulations. Initial volume fraction calcite was 0.04 and increased to a maximum of 0.047.
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Figure 4: Temperature (°C) between 0 and 30 years for all simulations. Fluid flowis from injection well (Ieft) to production well
(right).

Temperature at the production well in the base case TH simulation, which included no change to permeability from either mechanical or
chemical processes, decreased from 200° C to 150° C over the course of thirty years (fig. 4, fig. 5). Liquid pressure for the base case TH
simulation after thirty years was 3.70097 - 107 Pa at the injection well and 3.70070 - 107 Pa at the production well, for a pressure
differential of 3.10 - 10° Pa (fig. 5). Thermal drawdown for the remaining three simulations (THM, THC, THCM) was similar to the
base case, but the pressure differential between injection and production wells, was notably different (fig. 6). The liquid pressure at the
production well for all simulations at the end of thirty years was the same (3.7007 - 107 Pa) for all simulations. Liquid pressure at the
injection well for the THC simulation was greater than the base case (3.70119 - 107 Pa), while liquid pressure at the injection well for
the two simulations with thermal contraction (TCM and THCM ) was lower than the base case (3.70071 - 107 Pa) (fig. 6).
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Figure 5: Thermal drawdown and pressure at the injection and production wells for the TH simulation.
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4. DISCUSION

This preliminary work suggests that as cool water flows from the injection well to the production well, both mineral precipit ation and
matrix contraction can have a noticeable effect on fracture zone permeability, with subsequent effects on other aspects of the system,
such as pressure. While mineral precipitation decreased permeability in the fracture zone, matrix rock thermal contraction increased
fracture zone permeability. When both were considered, thermal expansion of fracture aperture overrode the permeability decrease from
precipitation, for a net increase in permeability. This suggests that mechanical changes to the rock matrix may play just as important of a
role in controlling flow and transport through a fracture zone as mineral dissolution/precipitation and should be considered as much as
geochemistry when modeling fracture flow and EGS. The work here also suggests that matrix rock thermal contraction will “override”
the effects of mineral precipitation. However, it should be recognized that the geochemical system represented here is simplified and
limited to the calcite system; calcium contribution from other minerals, such as anorthite present in granite, has not been considered, nor
has any contribution from silica. A more complex reaction network in future work may show that considering additional reactive
minerals will increase the effect of precipitation on permeability and show a greater net permeability decrease even when thermal
contraction is included.

Where chemistry and thermal contraction are modeled together versus the simulation with only matrix contraction, the difference in
permeability is not simply equal to the permeability change due to mineral precipitation from the simulation with only chemistry. This
suggests that there is some feedback between the physical contraction of the rock matrix, expansion of the fracture aperture, and mineral
dissolution/precipitation. These feedbacks may be related to processes such as changes in flow velocity as fracture aperture increases,
affecting transport rates and thus the rate of precipitation vs dissolution and where mineral precipitation and dissolution may take place
(e.g (Li et al. 2008)), as well as the pressure differences affecting proportion of CO: in the aqueous phase. Further investigation into the
mechanisms and feedbacks between these two processes will be part of future work.

Injection and production rates are maintained constant for all simulations. When permeability in the fracture zone decreases, there is a
subsequent increase in the pressure at the injection wells, suggesting that these permeability decreases due to secondary mineral
precipitation can have a negative effect on the amount of work required to maintain a constant pumping rate. Conversely, expanding the
fracture aperture through matrix thermal contraction due to cooling may relieve some of this difficulty and make pumping easier. Both
processes can impact the economics of an EGS project.

Rough estimates of the LCOE were conducted using an equivalently parameterized hypothetical EGS field that consists of 4 injectors
and 8 producers in a 400 m wide reservoir, a 400 m separation distance between injectors and producers, and 10 parallel fractures
between each injector and producer. Results show that the changes to the LCOE due only to the changes in effective permeability
between the 4 scenarios are minimal, as the thermal drawdown is equivalent and the changes in pumping costs are minor compared to
other costs. However, it is expected that the impact on the LCOE will be more impactful for 3-D heterogeneous fracture networks and
additional geochemistry processes due to preferential channeling that cause larger variations in the permeability field as well as
difference in the thermal drawdown. These processes will be explored as part of the future work of this project.

Finally, the simulation here is representative of what would be only a fraction of a fracture system used for EGS. Future work will
require not only a more complex reaction network, but also a larger and more complex fracture network to investigate if and how these
processes affecting one fracture can influence what is taking place in other fractures throughout the whole netw ork and, ultimately, the
effect on thermal drawdown for an entire enhanced geothermal system.

5. CONCLUSION

The work presented here is a preliminary investigation into the combined effect of thermal contraction and mineral
dissolution/precipitation on permeability in the fracture zone of an enhanced geothermal system. It was found that both processes can
influence permeability and, when considered together in the same simulation, may override one another, with implications for fluid flow
and pumping costs. Future work will include both an upscaled fracture system and reaction network to further investigate the feedbacks
between these processes and their overall influence on the viability a full scale, enhanced geothermal system.
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