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ABSTRACT

Understanding heat exchange from injected fluid in subsurface fractured media is crucial for successful operation of enhanced geothermal
systems (EGS). To complement our understanding of the EGS-Collab Experiment 1 site, we performed geothermal numerical simulations
by modeling heat flow and tracer transport through three-dimensional fractured media. Different conceptual models of fracture geometry
setups were used for the heat-flow-transport numerical simulations. Prior to flow simulations: (i) we mapped fractures geometry into
continuum computational mesh; (ii) rescaled aperture and permeability of fractures and rock matrix; (iii) projected injection, production
and monitoring wells into the simulation domain according to their known locations.

To account for coupled matrix and fracture heat-flow-transport, we employed novel modeling approach by translating the fracture systems
to subsurface flow and reactive transport model. We used dfnWorks software to generate fracture networks and PFLOTRAN to simulate
heat-flow-transport dynamics. The cold liquid water injection was simulated by using temperatures time-series at the injection source
according to hourly averaged temperature data used at injection well at the Experiment 1 site. In addition, we included temperature
gradient between injection and production wells to illustrate its effect on simulated temperatures at the producing wells. Our simulations
showed that tracer behavior depends on fracture geometry setup. Thermal simulations using three different fracture configurations showed
that faster heat response between injection and production wells can be achieved when there is a direct channel linking these two wells.

1. INTRODUCTION

The Enhanced Geothermal System Collaboration (EGS Collab) project is a multi-institution effort, sponsored by the US Department of
Energy’s Geothermal Technologies Office, with the overarching goal of validating physical/chemical models of hydraulically-stimulated
crystalline rock (Kneafsey et al., 2018). The EGS Collab project is tasked with establishing mesoscale (10’s of m) field test beds for
stimulation and inter-well flow tests that provide a basis for understanding the fracture stimulation methods, resulting fracture geometries,
and processes that control heat transfer between rock and stimulated fractures. This project was designed to complement and inform the
Frontier Observatory for Research in Geothermal Energy (FORGE) project by testing tools, codes, and concepts that could be scaled-up
and employed at FORGE. EGS Collab thus serves as an important research and development step between laboratory-scale stimulation
and rock mechanics studies and full-scale FORGE investigations (U.S. Department of Energy, 2017).

Following evaluation of information from several sites, the EGS Collab team selected the 4850 Level of the Sanford Underground
Research Facility (SURF) in South Dakota as the site for Experiment 1 (Dobson et al., 2017). EGS Collab Experiment 1 (Expt 1) was
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designed to focus on hydrofracturing processes. Preliminary numerical studies were done to address borehole notching, thermal
environment surrounding the drift, and hydraulic fracturing under a stress gradient (White et al., 2017). The post-experimental numerical
simulations are necessary for hypothesis testing and obtaining new insights about collected data.

The main objective of this study is to apply the dfnWorks—PFLOTRAN modeling framework to better understand flow dynamics, heat
exchange, and chemical transport in the Expt 1 site. Here we employ, coupled dfnWorks and PFLOTRAN numerical models to simulate
full 3D hydrothermal flow and chemical transport, where different fracture setups were considered. dfnWorks (Hyman et al., 2015) is a
parallelized computational suite based on Discrete Fracture Network (DFN) model (Dershowitz, 1984). DFN model was chosen due to
its ability to represent individual fractures as two-dimensional planar objects, and to place them in a three-dimensional domain, where
fractures intersect each other and form fracture networks. We used this capability to model Common DFN (Roggenthen and Doe, 2018,
Schwering et al., 2018), where fracture locations and orientations were defined from boreholes core inspections at the experimental site.
Makedonska et al., (2020) documented a dfnWorks workflow developed for flow paths simulations at EGS Collab site, where flow travels
along Common DFN surrounded by stochastic fracture networks. In the current work we used a new approach to map triangular mesh of
fracture network into continuum volume grid, which is used by PFLOTRAN to perform heat-flow simulations. PFLOTRAN is subsurface
flow and reactive transport model that solves a system of nonlinear partial differential equations describing multiphase, multicomponent,
and multiscale reactive flow and transport in porous media (Hammond et al., 2014). Applications of the PFLOTRAN include energy,
climate and nuclear waste disposal (Makedonska et al, 2015), CO2 sequestration (Lichtner and Karra, 2014; Lu and Lichtner, 2007),
enhanced geothermal systems (Lichtner and Karra, 2014; Mudunuru et al., 2017), groundwater contamination (Hammond and Lichtner
2010), hydraulic fracturing (Middleton et al, 2015; Karra et al., 2015), and Arctic hydrology and climate (Karra et al., 2014). The primary
rationale for using this dfnWorks—PFLOTRAN framework in our study is an ability for massive high-performance parallelization and
state-of-art of the chosen modeling tools.

2. METHOD

In this section we describe the methodology that we used to model heat flow and tracer transport. First, we provide a summary of the
Expt 1 site design, then we describe how we scaled up finer scale geometry to a coarser continuum mesh, followed by testing three
different fracture networks, and finalizing with the setup of flow and tracer modeling experiments.

2.1 Summary of the Expt 1 site

Description of the Expt 1 (E1) site geology and borehole setup are well-documented by Kneafsey et al. (2018), White et al. (2019), and
Neupane et al. (2019). Here we provide a short overview required for understanding our modeling set up. Eight boreholes were drilled
from the drift: 1) injection [E1-1], 2) production [E1-P], 3) two fracture-orthogonal monitoring [E1-OT, E1-OB], 4) two deep fracture-
parallel monitoring [E1-PDT, E1-PDB], and 5) two shallow fracture-parallel monitoring [E1-PST, E1-PSB]. All boreholes were drilled
sub-horizontally from the drift. The map-view schematic representation of the drilled boreholes is shown in Figure 1.

Figure 1: Straight colored lines represent borehole layout within the Expt-1 testbed. Injection [E1-I] borehole shown in red and
production [E1-P] borehole shown in green, other six boreholes are the monitoring wells. Y axis indicates north, X is east.

2.2 Mapping a discrete fracture network into a continuum mesh

Natural and hydraulic fractures conduct the main flow at subsurface energy reservoirs and provide the fast path for injected flow. In our
model, fractures are generated using dfnWorks tool. However, using dfnWorks, simulations of flow and transport take place in fractures
only and no rock matrix is considered, and thus, heat diffusion in the matrix cannot be modeled using a two-dimensional DFN mesh. We
describe our approach on mapping DFN triangular mesh into 3D continuum uniform mesh on the example of Common DFN (CDFN)
observed at Expt 1 site (Roggenthen and Doe, 2018, Schwering et al., 2018). Location and orientation of individual fractures are defined
from core and wireline logs and mapped into FracMan software, Golder Associates Inc., (Dershowitz, 2014), by the members of the EGS
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Collab DFN team (Roggenthen and Doe, 2018, Schwering et al., 2018, Ulrich et al, 2018). The first step was to reproduce the fractures
generated in FracMan (Figure 2a) into dfnWorks software, keeping their location and orientation the same as they are defined in (CDFN)
(Figure 2b). The second step was to generate continuum volume mesh containing fractures that could be passed to the PFLOTRAN
model.

a) Common DFN (CDFN) b) Common DFN (CDFN) c) CDFN mapped
FracMan dfnWorks into Continuum Uniform Mesh

Only cells that
contain
fractures
are shown

.-

Figure 2: Mapping of fractures geometry into continuum volume mesh: the fracture locations and orientations defined for CDFN
in FracMan (a) are reproduced at dfnWorks (b) and mapped into continuum volume mesh (c). The continuum mesh shows only
containing fracture grid cells. Here, E1-1 is colored in green and E1-P is colored in red.

The meshing toolbox LaGriT (LaGriT, 2013) was used to map discrete fractures (Figure 2b) into continuum mesh (Figure 2¢). We defined
the size of volume cells and the number of computational cells to generate a continuum mesh. The length and width of the simulation
domain was equal to 260 ft (72.9 m), and the height was equal to 140 ft (42.7 m); the total volume of the domain was 260 x 260 x 140 ft3.
The grid cell resolution in the continuum mesh was equal to 1.0 ft3. The total number of volume cells in the mesh was equal to 9,464,000.
The position of each voxel within the continuum mesh (i.e. a value on a regular grid in three-dimensional space) was matched to the
fracture’s triangular positions. The final continuum mesh had only two cell types: the volume cell that contain fracture (Figure 2c); and
the volume cell that belong to rock matrix. If a fracture crosses a voxel, then we assigned that voxel to the corresponding cell type.

We used the rescaling approach to assign porosity and hydraulic permeability to each type of volume cells. The voxels within the
continuum mesh not containing fractures were assigned to matrix rock porosity and hydraulic permeability.

Af 1ft

b=0.0001 [m]Tl

1ft

Figure 3: The volume mesh of the size 1.0 ft® contains fracture with 0.1mm aperture, br=0.1 mm; At is the fracture area in the
volume cell.

Figure 3 shows an example of a volume cell that contains a fracture portion. To calculate porosity for volume cells that contain fracture
we used the following formulation:

¢=Vf/Vcr (1)

where V; is the fracture volume inside a cell and V is the volume of the cell that intersects the fracture (V,=1.0 ft3). The fracture volume
at the cell is equal to the planar fracture area within the cell multiplied by the fracture aperture, br. In our simulations all fractures are
assigned to the same uniform aperture, 0.1 mm.

To rescale fracture permeability for volume cell, we used Darcy’s model assuming that the flow rate is uniform along the cross-section
area of the cell. This led us to the following equation:

ke = kpAg/A.. )

Here k; is a fracture permeability, k. is a volume cell permeability, and A. volume cell cross section area. We used cubic law (Adler at
el., 2013) to calculate fracture permeability, k, from fracture aperture, b :
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ky = b}/12. (3)

We perform described above rescaling calculations for porosity and permeability assignment for each volume cell in the continuum mesh.
After rescaling, we end up with 3.28-10"* as a mean porosity value for volume cells that contain fracture, and 2.7-101® m? is an effective
permeability mean value for volume cells with fracture.

2.3 Simulation Experiment Setup

The physical Expt 1 network at the EGS Collab site most likely has complicated natural fractures geometry, heterogeneities in the rock
fabric, natural fractures, spatial variations of in-situ stress, and other geologic features. To understand heat and tracer transport in fractured
media we used three basic setups of varying complexity. Three different fracture setups include: 1) a single channel flow; 2) three discrete
fracture network (3DFN), and 3) common discrete fracture network (CDFN). The CDFN setup represents our understanding of the natural
fractures’ locations and orientations at the Expt 1 site (Roggenthen and Doe, 2018, Schwering et al., 2018, Ulrich et al, 2018). All three
setups are shown in Figure 4. In all three setups we assume that injection borehole is well-insulated and there is no heat exchange while
liquid travels along the E1-I borehole. The liquid is injected into the stimulated fracture or channel at a point corresponding to the
intersection of channel/stimulated fracture with E1-1 borehole. In the single channel setup, we have highly permeable direct path in the
stimulated fracture connecting E1-1 and E1-P boreholes (Figure 4a, gray thin line, which connects injection and production wells). In this
configuration the 100% of injected liquid gets collected at the E1-P. In the other two setups, we collect flow from three different locations:
E1-P, E1-OB, and at the E1-PInt. The E1-P, E1-OB production wells corresponding to the intersection of the production borehole with
the stimulated facture and the intersection of the E1-OB monitoring borehole with the stimulated fracture (Figure 4bc). The E1-PInt
location corresponds to the intersection point of the production borehole with the fracture parallel to the stimulated fracture for the 3DFN
setup (Figure 4b), and to the intersection point of the production borehole with the OT-P connector (a fracture passing through the E1-P
borehole couple feet below the production point) for the CDFN case (Figure 4c).

a) Channel b) 3DEN C) CDEN
Stimulated ... OT-P Connector
fracture Deep fracture

zone)
Y Y
X x B
F4 7 ;

Figure 4: Discrete fracture network setup for three numerical experiments: (a) one channel, gray thin line, which connects
injection and production wells; (b) three discrete fracture network (3DFN); and (c) common discrete fracture network
(CDFN). Solid colored lines represent boreholes layout within the testbed. Injection [E1-1] borehole shown in red and
production [E1-P] borehole shown in green, other six boreholes are the monitoring wells.

2.4 Flow-thermal-tracer modeling

PFLOTRAN is a multiphase flow and reactive multicomponent transport simulator that solves a system of generally nonlinear partial
differential equations describing multiphase, multicomponent and multiscale reactive flow, reactive transport and geomechanics in porous
media (Hammond et al., 2014; Lichtner et al., 2015). PFLOTRAN is an open-source object-oriented code that can be downloaded from
https://www.pflotran.org. This code was originally developed as part of the Department of Energy SciDAC-2 groundwater program and
as a result of multiple U.S. Department of Energy National Laboratories effort. It is built on top of PETSc (Portable, Extensible Toolkit
for Scientific Computation) framework (Balay et al., 2017), and incorporates PETSc's parallel data structures, linear and non-linear
solvers, and relies on domain decomposition for parallelism.

To better understand flow and transport mechanisms at the Expt 1 site, we simulate chilling and tracer experiments. PFLOTRAN uses
mode notation to define corresponding physical process (Lichtner, 2001). We used fluid flow and heat transfer mode coupled with tracer
transport mode to setup PFLOTRAN input file. Similar fluid flow and heat transfer setup was used by Mudunuru et al., (2017). Here,
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we skip the description of the governing equations because all of them are well documented in PFLOTRAN User Manual by Lichtner
(2001).

Over the simulated time period we know that higher flow rate of collected flow was measured at the E1-PInt. So, in 3DFN and CDFN
setups we assign 50% of the flow rate at E1-PInt, and 25% at E1-P and E1-OB each. In all three setups the system is closed, so that we
collect 100% of the injected liquid in total. Collecting 100% of the injected liquid is also important for the numerical convergence of the
model. The values of the flow rates at each well for every setup are shown in Table 1. The rock properties used in all three simulations
are shown in Table 2 and might not necessarily match actual parameters observed at the Expr 1 site.

We simulated the chilling experiment based on the hourly averaged data from the Expt 1 site. Here, we use only averaged temperature
data from the injection point at E1-1 to simulate chilling experiments. The temperature at the injection well was recorded every 10 sec.
The total simulation time interval is equal to 3,500.00h. Here, we assume a fully saturated system for all three cases. We used
homogeneous temperature of 30.2 °C and hydrostatic pressure distribution at the initial time step. The system is closed and flow occurs
only within the defined fractures between injection and production wells. In addition, we set 1 °C temperature gradient between injection
and production wells to illustrate how temperature gradient would affect simulated temperatures at the producing wells. Finally, the tracer
experiment includes tracer injection before and after the first chilling test over 5 minutes time interval. The tracer was injected twice: at
1 hour and at 800 hours of the simulation time.

Table 1. Flow rates used for three setups.

Wells Channel [L/min] | 3DFN [L/min] | CDFN [L/min]
El1-l 0.4 0.4 0.4
E1-P 0.4 0.1 0.1
E1-PInt 0 0.2 0.2
E1-OB 0 0.1 0.1

Table 2. Rock matrix properties used in the model.

Physical properties Rock
Tortuosity [-] 0.1
Density [kg/m?] 2716
Specific heat [J/(K kg)] 820

Thermal conductivity [W-m™-K™] | 5.0

Porosity [-] 0.003

Permeability [m?] 10

van Genuchten « 0.001

van Genuchten A 0.75

Residual saturation [-] 0.1
3. RESULTS

3.1 Thermal simulation

Simulated temperatures for all three setups at the E1-P are shown in Figure 5. In all experiments, we used hourly averaged temperature
time-series at the injection point (E1-1) colored in black. The overall temperature decrease after 3500h is equal to -2.8 °C for channel
setup and -0.38 °C for CDFN and 3DFN setups, respectively. These results indicate that for CDFN and 3DFN cases the injected liquid
flows equally in all directions of the circular fracture. Similarly, heat flow in these cases is distributed around the fracture and has a shape
of sphere, with the coldest temperature at the injection point. In the channel setup, the heat is directed towards the production well, causing
the production well respond faster to temperature changes at the injection well. The snapshots of simulated heat distribution from injected
well to rock matrix is shown in Figure 6 for fractured media (3DFN and CDFN) and channeled flow. The final time snapshot shows
directed heat flow along simulated channel from injection source to production locations (Figure 6b).
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Simulated temperatures at the E1-P
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Figure 5: Simulated temperature time-series at E1-P for all three fracture setups. The black line shows the injected temperature
profile at the injection well E1-1.
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Temperature [°C]

Figure 6: Temperature snapshot of simulated heat distribution for a) CDFN and 3DFN setups, and b) channeling flow. Here we

threshold the temperature at 29 °C and then cross cut it in the middle to illustrate the coldest temperatures at the injection
point.

Simulated temperature time-series at E1-Pint and E1-OB for 3DFN and CDFN setups are shown on Figure 7. As it was mentioned above,
temperature at E1-1 cools equally in all directions when directed channel flow is not considered (Figure 6a). The results for E1-PInt show
slight temperature increase first 1000 hours for 3DFN setup (Figure 7a). The CDFN setup does not show that temperature increase,
because CDFN has a direct connection with the stimulated fracture, while the 3DFN setup does not provide direct fracture connection
with stimulated fracture. The temperatures at the E1-OB show gradual decrease over time with both 3DFN and CDFN setups, where
temperature at 3DFN decreases slightly faster. No fractures on the flow path towards E1-OB for the 3DFN setup lead to slightly faster
cooling in comparison to the CDFN setup (Figure 7b).
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Figure 7: Simulated temperature time-series at (a) E1-Pint and (b) E1-OB for three fracture network (3DFN) and Common DFN
setups respectively.

To illustrate the effect of the temperature gradient between injection and production wells, we use 3DFN and CDFN setups with applied
1 °C temperature gradient between injection and production wells. The results indicate temperature increase over some period of time at
all wells for both cases (see Figure 8). The highest temperature increase was obtained at the E1-Pint for 3DFN, the temperature increase
lasted for 1500h indicating the effect of the temperature increase at E1-PInt can be greater when there is a temperature difference between
wells (Figure 8a). The longer lasting temperature increase for the 3DFN setup at E1-PInt suggests that increasing the number of fractures
(i.e. longer flow pathway) between E1-l and E1-PInt would lead to even longer time period for temperatures increase at E1-PInt. In
contrast, CDFN case showed similar to E1-P temperature behavior over first 1000 hours (Figure 8b). Since there is a direct pathway
linking E1-1 and E1-P the temperature at the E1-P decreases faster than at E1-Pint point during chilling injection. Note, E1-PInt has twice
higher flow rate production than other two production well, suggesting that high volume of storage water could be pushed out from other
connected factures. After sufficient mixing of the injected fluid with the storage water, the temperature at E1-PInt started to decrease
(Figure 8b). The temperature profile obtained at the E1-OB shows similar dynamics, which is expected, since E1-PInt and E1-OB are
both located on the stimulated fracture.
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Figure 8: Simulated temperature time-series at all three wells for (a) 3DFN and (b) CDFN setups. In both cases, we set 1 °C
temperature gradient between injection and production wells.

3.2 Tracer simulations

Since tracer simulation for the channel setup is straight forward, we show tracer simulation for 3DFN and CDFN setups only (Figure 9).
The tracer simulations before and after the chilling test showed slight reduction in tracer concentration after chilling test (e.g. Figure 9ac).
The reduction in tracer concentration can be attributed to changes in liquid density after chilling test. The 3DFN setup showed later tracer
arrival at the E1-PInt in comparison to the CDFN setup (e.g. Figure 9ab). The E1-OB well shows almost immediate tracer arrival for the
3CDFN setup and lags behind the E1-PInt for the CDFN setup. The results of the tracer experiment showed that if there is no direct
connection between E1-1 and E1-Pint, then the tracer arrival time at E1-PInt lags behind the E1-OB, located at the stimulated fracture.



Jafarov et al.

3DFN tracer experiment: before chillin i . illi
0.035 P 9 0.035 3DFN tracer experiment: after chilling
a) —s— E1-P —=— E1-P

_.,0.030 —®— El-Pint | {43p —e— E1-Pint
™ -k E1-0B -k FE1-0B
_5 0.025 0.025
=}
£ 0.020
4 0. 0.020
ot
c 0.015 0.015
S \
b A
g 0.010 0.010
m
0
o0 0005 ‘I

0.000 o 0.000 4 —e——a-—o S R __8 |

0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0 800.0 8025 8050 8075 810.0 8125 8150 8175 820.0
0.035 CDFN tracer experiment: before chilling 0.035 CDFN tracer experiment: after chilling
b) —&— E1-P d) —&— E1-P
— 0.030 —e— El-Pint | 0.030 —e— E1-Pint
- -k E1-0B -k FE1-0B
c
5 0.025
=}
o
=} 0.020
c
ot
c 0.015
[s]
)
] 0.010
v
(o]
i
= 0.005
= 0.000 ' A=~ g—g~p—pp
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 800.0 8025 805.0 8075 810.0 8125 8150 8175 820.0
Time [hours] Time [hours]

Figure 9: Tracer transport simulations for (a, c) three fracture network (3DFN) and for (b, d) CDFN setups before and after
chilling test, respectively.

4. CONCLUSION

In the current study, we presented dfnWorks-PFLOTRAN modeling framework developed to simulate heat flow and tracer transport in
three-dimensional fractured media. We used three different fracture geometry setups: channel setup - direct path between the injection
and the production wells; 3DFN — discrete fracture network that consists of three connected fractures; and Common DFN, discrete fracture
network similar to those observed during core inspections from the drilled boreholes (Roggenthen and Doe, 2018, Schwering et al., 2018).
In all considered cases the distance between injection (E1-1) and production wells (E1-P) was the same, 10 meters.

We numerically showed, that the channel setup was the most sensitive to temperature changes at the injection well, and the overall
temperature decrease at the production well, E1-P, obtained during chilling test, was -2.8 °C. 3DFN and CDFN setups showed more
gradual temperature decrease at the E1-P than channeling, with the overall temperature decrease -0.38 °C. Numerical experiments
simulated in this study indicate gradual cooling when applied to the stimulated fracture. In addition, negative temperature gradient
between injection and production wells might lead to temperature increase at the producing locations.

Modeling results with 1 °C temperature gradient between E1-1 and E1-P indicated temperature increase over some period of time at all
considered producing locations. The 3DFN setup showed that temperature increase time interval could be extended when the path between
injection and collection well (E1-PInt) increases (see Figure 8a). Similarly, tracer transport simulations showed later tracer arrival at E1-
Pint for 3DFN setup in comparison to CDFN setup.

The CDFN setup used in this study represents a realization of our current understanding of the core fracture geometry observed in Expt 1
site. The actual natural fracture geometry at the site is more complicated than the fracture network that was detected at the borehole’s
cores. Therefore, further work might include adding stochastically distributed fractures into the CDFN. Solving stochastic fracture
network system is computationally expensive task and would require statistically significant number of cases in order to draw meaningful
conclusions.
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