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2. Executive Summary

Project Objective: Determine the suitability of co-extracted colloidal silica as a zonal
isolation material in EGS and conventional geothermal reservoir management and
optimization.

In enhanced geothermal systems (EGS) the reservoir permeability is often enhanced or
created using hydraulic fracturing. In hydraulic fracturing, high fluid pressures are applied to
confined zones in the subsurface usually using packers to fracture the host rock. This
enhances rock permeability and therefore conductive heat transfer to the circulating
geothermal fluid (e.g. water or supercritical carbon dioxide). The ultimate goal is to increase
or improve the thermal energy production from the subsurface by either optimal designs of
injection and production wells or by altering the fracture permeability to create different
zones of circulation that can be exploited in geothermal heat extraction. Moreover, hydraulic
fracturing can lead to the creation of undesirable short-circuits or fast flow-paths between the
injection and extraction wells leading to a short thermal residence time, low heat recovery,
and thus a short-life of the EGS.

A potential remedy to these problems is to deploy a cementing (blocking, diverting) agent to
minimize short-cuts and/or create new circulation cells for heat extraction. A potential
diverting agent is the colloidal silica by-product that can be co-produced from geothermal
fluids. Silica gels are abundant in various surface and subsurface applications, yet they have
not been evaluated for EGS applications. In this study we are investigating the benefits of
silica gel deployment on thermal response of an EGS, either by blocking short-circuiting
undesirable pathways as a result of diverting the geofluid to other fractures; or creating,
within fractures, new circulation cells for harvesting heat through newly active surface area
contact. A significant advantage of colloidal silica is that it can be co-produced from
geothermal fluids using an inexpensive membrane-based separation technology that was
developed previously using DOE-GTP funding.

This co-produced silica has properties that potentially make it useful as a fluid diversion
agent for subsurface applications. Colloidal silica solutions exist as low-viscosity fluids
during their “induction period” but then undergo a rapid increase in viscosity (gelation) to
form a solid gel. The length of the induction period can be manipulated by varying the
properties of the solution, such as silica concentration and colloid size. We believe it is
possible to produce colloidal silica gels suitable for use as diverting agents for blocking
undesirable fast-paths which result in short-circuiting the EGS once hydraulic fracturing has
been deployed. In addition, the gels could be used in conventional geothermal fields to
increase overall energy recovery by modifying flow.

We believe there may be additional advantages for using colloidal silica as blocking agents:

e It can be inexpensively produced on site or at other geothermal sites (Figure 1)

e Itisinorganic and environmentally friendly as opposite to organic gels often used in
oil/gas industry

¢ Unlike conventional blocking agents, the gel material is not a brittle solid and if
needed might be hydraulically removed after emplacement

e Colloidal silica gelation can be triggered externally, for example by mixing with salt
solutions, changing the pH, or increasing temperature




e There should be fewer environmental restrictions and permitting requirements for its
use given that the material originates in the same place it is to be injected
e Silica removal in itself benefits the power plant in terms of silica scale control

We believe the ability to use geothermally-produced silica as a zonal isolation material is a
potential breakthrough technology for control and optimization of geothermal heat recovery.

In this work, we examine the use of colloidal silica as a blocking agent in the laboratory and
using numerical models to scale the lab-derived measurements to field scale.

FIGURE 1. SILICA GEL PRODUCED FROM THE MAMMOTH LAKES GEOTHERMAL FLUID. THE GEL IS MADE UP OF A
NETWORK OF 10 NM SILICA cOLLOIDS (BOURCIER, 2009).

3. Experimental Work

3.1 Previous work and determination of current work focus

To accurately predict when an injected geothermal fluid will set up and turn to gel, a
quantitative understanding of the kinetics of silica gelation is required. Although silica
gelation has been studied for decades, even the most comprehensive resource (ller, 1979)
provides only a qualitative understanding of the various factors (pH, salt concentration,
temperature, colloid diameter, SiO, concentration, etc.) that influence gelation times. We did
not find any quantitative method or model for predicting gel times from colloidal silica
compositions. Such a method is needed to develop formulations for colloidal silica solutions
for given geothermal applications. In addition, there is very little information on gel times at
elevated temperatures. Because of these needs, we began an effort to acquire additional data
that could be combined with the existing data to develop a more comprehensive quantitative
model for use in our geothermal application.

3.2 Silica gelation times at room temperature

We have determined the relationship between gelation time and silica concentration, CI'/Na”
ratio, which is also known as the universal neutralization (UN) ratio, as a proxy for pH, and
added salinity in the form of NaCl, all at 25 °C. The major finding of our investigation at
25 °C was that there is a simple and clear relationship between gelation time and SiO,
concentration. Previous investigations varied SiO, concentration while keeping pH and NaCl
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concentration constant. However, if the dilution is done by adding different amounts of water
to identical mixtures of colloidal silica sol, NaCl, and HCI, a linear relationship arises
between the logarithm of gelation time and the logarithm of the silica concentration, shown in
Figure 2. Added salinity decreased gelation times markedly, with progressively smaller
effects as more salt was added. Changing the CI"/Na” ratio (and thereby pH) via addition of
HCI was more complex still, with competing rate-limiting steps at low and high pH. The
effects of NaCl and pH are shown in Figure 3.
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s Cl/Na*=05 | 4 Wks
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2,
Q
£5 1 1 day
£
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1 11 12 13 14
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FIGURE 2. LOG GEL TIME VERSUS SILICA CONCENTRATION.
DASHED LINES REPRESENT 95% CONFIDENCE INTERVALS
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FIGURE 3. LOG GEL TIME VERSUS SALT/SILICA RATIO AND LOG GEL TIME VERSUS cL'/NA" (UN) RATIO.
DASHED LINES REPRESENT 95% CONFIDENCE INTERVALS

The experiments, which are listed in Table 1, were fitted to a regression equation with 11
parameters as a function of silica concentration (wt%), molar NaCl/SiO, ratio, and molar CI’
/Na" ratio (added NaCl is not included in the CI/Na" ratio, nor is the NaCl formed by
addition of HCI included in the NaCI/SiO; ratio). The regression equation (R* = 0.9961) is as
follows:
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EQUATION 1: MODEL GEL TIMES AT 25 °C
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FIGURE 4. PERCENT ERROR IN GEL TIMES VS. OBSERVED GEL TIMES

Figure 4 shows the error between prediction and measurement for each experiment listed in
Table 1. No systematic error was observed over SiO, concentration, CI/Na* ratio, NaCl/SiO,
ratio, or observed gelation time.

3.3 Kinetics of silica gelation at elevated temperatures

The kinetics of silica gelation follow an Arrhenius relationship. Activation energies found in
the literature range from 5-20 kcal/mol (ller, 1979). A rough approximation of this
relationship is that the gelation time is halved for every increase of 10 °C. Due to this high
dependence on temperature, nearly all of the chemistries specifically investigated at 25 °C
would turn to gel too rapidly for use in geothermal reservoirs. However, the model
developed at 25 °C can be used to extrapolate to higher pH, lower NaCl, and lower silica
concentration, all of which would increase gel times at 25 °C to months or years. These long
gel times at low temperature implied gel times on the order of hours at geothermal reservoir
temperatures. We investigated one solution chemistry in depth, with no added salt and a CI
/Na" ratio of 0.5, and varied the silica concentration. The finite time needed to heat the
sample was taken into account, and activation energies were determined to vary with silica
concentration from 18-26 kcal/mol. The longest gel time achieved at a nominal bath
temperature of 150 °C using this solution chemistry was approximately 45 minutes, including
heating time. Figure 5 is a typical viscosity curve of gelation, illustrating the 45 minute
experiment.
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TABLE 1: EXPERIMENTS PERFORMED AT 25 °C

Exp. # /;Ia NacCl/si 3;3/20 Gel(':;me Exp. # /;Ia+ NaCl/si 3;3/20 Gel(':;me Exp. # /I(\:Ila NaCl/Si 3&:’;} Gel(:)lme
1 0.7 0.0535 24 453 32 0.5 0.1622 17 486 62 0.7 0.1622 19 380
2 0.7 0.0535 22 959 33 0.5 0.1622 16 832 63 0.7 0.1622 18 485
3 0.7 0.0535 20 1876 34 0.5 0.1622 15 1201 64 0.7 0.1622 17 654
4 0.7 0.0535 14 29033 35 0.5 0.1622 10 31147 65 0.7 0.1622 20 222
5 0.7 0.0535 23 622 36 0.5 0.11 22 214 66 0.7 0.1622 16 892
6 0.7 0.0535 21 1313 37 0.5 0.11 21 323 67 0.7 0.1622 15 1268
7 0.7 0.0535 18 4266 38 0.5 0.11 20 440 68 1 0.1622 20 851
8 0.7 0.0535 16 10803 39 0.5 0.11 19 675 69 1 0.1622 18 1324
9 1 0.0535 25 476 40 0.5 0.11 18 983 70 1 0.1622 17 1759
10 1 0.0535 23 738 41 0.5 0.11 17 1634 71 0.5 0.0535 15 66290
11 1 0.0535 21 1317 42 0.5 0.11 16 2632 72 0.9 0.11 21 514
12 1 0.0535 19 1970 43 0.5 0.11 15 4523 73 1 0.11 21 848
13 1 0.0535 17 3190 44 0.5 0.1622 14 1960 74 0.7 0.2 20 193
14 1 0.0535 15 6125 45 0.5 0.1622 20 146 75 0.7 0.14 20 244
15 1 0.0535 22 1019 46 0.7 0.11 22 261 76 0.7 0.025 20 10317
16 1 0.0535 24 654 47 0.7 0.11 21 338 77 0.7 0.01 20 40536
17 0.9 0.0535 25 350 48 0.7 0.11 20 460 78 0.7 0.075 20 916
18 0.9 0.0535 23 561 49 0.7 0.11 19 627 79 0.7 0.13 20 274
19 0.9 0.0535 21 996 50 0.7 0.11 18 990 80 0.7 0.12 20 337
20 0.9 0.0535 19 1854 51 0.7 0.1622 20 211 81 0.7 0 20 144418
21 0.9 0.0535 15 7273 52 0.7 0.11 16 2070 82 0.7 0.025 25 1430
22 0.5 0.0535 25 559 53 0.8 0.0535 23 615 83 0.7 0.025 24 2123
23 0.5 0.0535 24 753 54 0.8 0.0535 22 800 84 0.7 0 25 17391
24 0.5 0.0535 23 1199 55 0.8 0.0535 21 1075 85 1 0.11 16 2565
25 0.5 0.0535 22 1809 56 0.8 0.0535 20 1534 86 0.9 0.11 16 2208
26 0.5 0.0535 19 7200 57 0.8 0.0535 19 2268 87 0.7 0.01 25 5272
27 0.5 0.0535 21 2954 58 0.7 0.1622 19 273 88 1 0 25 1711
28 1.1 0.0535 22 9178 59 0.7 0.1622 18 370 89 1 0 24 2039
29 1.1 0.0535 15 43137 60 0.7 0.1622 17 535 90 1 0.1622 15 3002
30 0.5 0.1622 19 219 61 0.8 0.0535 15 10943 91 0.5 0 25 168043
31 05 0.1622 18 331 *NaCl/Si ratio does not include NaCl formed by addition of HCI to the Na+ stabilizer.

Likewise, the CI'/Na” ratio does not include added NaCl.
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FIGURE 5. VISCOSITY, OIL BATH TEMPERATURE AND SAMPLE
TEMPERATURE MEASUREMENTS AS A FUNCTION OF TIME.

The blue line in Figure 5 is the viscosity of the sample, measured in cP. As detailed in
previous reports, the initial sol undergoes an induction period where the viscosity of the fluid
is essentially that of water. After the induction period, the viscosity increases very rapidly
and the fluid solidifies into a gel. The measured viscosity drops off after this occurs due to
the gel slipping past the inner cylinder of the rheometer, and therefore exerting a lower torque
on the sensor. The red line is the oil bath temperature, and the green line is the sample
temperature.

In order to investigate kinetics experiments at elevated temperature, a finite sample heating
time must be taken into account. In Figure 5, the sample temperature took approximately 15
minutes to approach the nominal temperature of the experiment, and gelled within 45 minutes
of the start of the experiment. To say that the solution chemistry of Figure 5 gels in 45
minutes at 150 °C would therefore be inaccurate, as the sample did not reach its ultimate
temperature for a full third of the duration of the experiment. Nor can we assume that
because a finite heating time is always necessary, it can be cancelled out or ignored, as the
heating path of the sample may not be the same in the laboratory and the field.

However, this is not a problem for laboratory experiments, as a finite heating time for the
sample can be taken into account as long as the temperature of the solution is known at all
times. The nominal temperature of the experiment is therefore less important than knowing
the temperature vs. time history of the solution/gel. This is the main reason that the bath
temperature in our experiments is not initially set to the nominal temperature of the
experiment: by minimizing temperature gradients between the sample and the bath, we can
rely on the sample temperature measurement. Figure 6 shows an experiment with a large
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temperature gradient between the bath and sample. This temperature gradient leads to a
quicker gel time than would be inferred from the sample temperature profile. The temperature
vs. time history will also be important when injecting gels into geothermal reservoirs — the
solution will not immediately reach the nominal temperature of the reservoir, and this can be
taken advantage of to ensure longer gelation times.
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FIGURE 6. VISCOSITY, OIL BATH TEMPERATURE AND SAMPLE TEMPERATURE
AS A FUNCTION OF TIME, AT A NOMINAL EXPERIMENTAL TEMPERATURE OF 200 °C.

Silica gels follow an Arrhenius relationship with temperature, shown in Equation 2.

EQUATION 2: ARRHENIUS RELATIONSHIP

n =
tgel (TO) R

For any given experimental heating path, we are missing several parameters from this
equation. While the gel time of the experiment is measured, and the gel time of the chemistry
at 25 °C can be modeled via Equation 1, we do not know the activation energy, nor do we
have a single temperature to insert into the equation. To truly account for a finite heating
time, Equation 2 must be integrated over time, with temperature being a function of time.
This is shown in Equation 3.

[1 1
T T,

I [tgel(T) _EA

EQUATION 3: INTEGRATED ARRHENIUS RELATIONSHIP

tgel —EA< 11

tgel(TO) = f e K W_T_O)dt
0

Unfortunately, even if the experimental temperature as a function of time can be described by
a functional form, this is an integral with no closed form solution, and must therefore be
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numerically calculated. For a given heating path, such as the one in Figure 5 above, tge(To)
can be numerically calculated using Equation 3 for a given value of Ea. The activation
energy can therefore be solved for by using the modeled 25 °C gel time and a simple iterative
solver, such as Excel’s goal seek or solver functions. Once the activation energy is known
for the particular experiment, a single “effective temperature” can be calculated using
Equation 2. While it would of course be more accurate to measure the gel time of the same
chemistry for multiple different heating paths (i.e., most likely to different nominal
temperatures), set their integrals equal to each other to minimize the error in the activation
energy and thereby avoid the use of extrapolated model values, this was not generally
possible due to time constraints. However, this was performed on one solution chemistry, as
a proof of concept and proof of the 25 °C model, shown in Figure 7.
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FIGURE 7. GEL TIME AS A FUNCTION OF HEATING PATH.

This solution chemistry (17 wt% SiO,, CI/Na* = 0.3) was run in two separate experiments.
In the first, represented by path 1 in Figure 7, the sample was placed in the bath, and the bath
was then set to a nominal temperature of 150 °C. This is roughly the same temperature path
shown in Figure 5. The gel time using this temperature path was approximately 1 hour and
40 minutes. In the second experiment, represented by path 2 in Figure 7, the sample was held
at 70 °C for approximately 10 hours, and then allowed to increase in temperature
incrementally until the bath reached a temperature of 150 °C. The total gel time of this
temperature path was approximately 17 hours. This is of course not a substitute for a solution
chemistry that will remain near 150 °C for 17 hours before gelling, but it does tell us two
important things. First, that silica solutions can be held at lower temperatures (e.g. during
injection into a geothermal well) for long periods of time without gelling, before being
subjected to the temperature of the actual formation. Second, these paths provide a check on
the 25 °C model. Using Equation 1, Equation 2, and Equation 3, the activation energy of the
experiment following path 1 is 21.3 kcal/mol, and the activation energy of the experiment
following path 2 is 21.8 kcal/mol. It is difficult to account for the experimental error
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involved in these paths, as changing the observed gel time involves changing the number of
steps in the numerical integration, but given the calculated activation energies, an
experimental error (in log units) of only 1.5% is needed to explain this discrepancy.

It should be noted that these reported activation energies are not true activation energies for a
specific chemical mechanism of colloids networking together to create a gel. Colloid size
plays an important role in the development of gels, and as a colloidal sol is heated, the
equilibrium colloid size increases (ller, 1979). As colloid size increases, there are fewer
colloidal particles per unit volume, which actually should increase the gelation time. It is
impossible to separate out these effects from each other unless the colloids are already larger
than their high-T equilibrium size when they begin to heat. This is complicated even further
when a complex temperature-time path is investigated, e.g. path 2 in Figure 7, as the colloids
will have more time to come to their equilibrium size at an intermediate temperature. The
most useful number, in this case, is the observed activation energy of the overall process,
which is reported here and can be used to predict gelation times given a starting chemistry
and temperature-time path.

There is no observed effect of pressure on the gelation time, based on the fact that
measurements conducted below 100 °C, without additional pressure, and measurements
above 100 °C with 600 psi of N, gas pressure to keep the sample from boiling fell on the
same Arrhenius line within error. Pressure may have an effect if the density of water deviates
significantly from 1 g/cc, but this is unlikely to occur in geothermal reservoirs short of
boiling, which, based on early tests above 100 °C without additional pressure, will
significantly affect gelation. If the water boils, the concentration of silica in the remaining
water will increase significantly, and will promote immediate local gelation and/or scale
deposition at the water-steam interface.

3.4 Prolonging gel times and avoiding precipitation

Our goal for this report is to find solution chemistries that extend the gel time at high
(150 °C) temperatures as long as possible, while still forming a brittle gel. This last point is
non-trivial, because one issue that arose in the course of our investigation at high temperature
was that in some cases the silica precipitated on the walls of the sample chamber as scale,
instead of forming a continuous gel. We will attempt to extend the gel time at high
temperatures by lowering the amount of HCI added to the solution, and varying the silica
concentration. We will also investigate the additive NaBF, and the possibility of increasing
the colloid size. If extended gel times can be achieved at 150 °C, the known activation
energies can be used to infer the gelation times at even higher (175-200 °C) temperatures.
Above 200 °C, extremely fast gel times and the thermal stability limit of colloidal silica will
be encountered.

While colloidal silica gels have a greater thermal stability than many organic gels, they will
break down at sufficiently high temperatures. This process is shown in Figure 8 and Figure
9. Figure 8 shows a gel that was produced in a 300 °C oven, in a Swagelok capsule to keep
water from escaping. The nominal temperature of the experiment was 300 °C, but it is
unclear what the temperature vs. time history of the gelation process was. It is doubtful that
the actual temperature of gelation was 300 °C, because this process was completed within ten
minutes. Figure 9 shows the same gel after twenty minutes in a 300 °C oven. The gel still
retained its solidity, but had turned white. In a gel, the silica network forms without changing
local density: in other words, the silica particles do not aggregate and separate themselves
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from the water. A white “gel” indicates that the silica is in the process of aggregating, so that
light can scatter off the regions of higher and lower density. After four hours, the gel had
completely decomposed into a milky fluid, and over the next several days, the silica particles
grew, separated from the water and settled down to the bottom of the capsule. This
experiment was carried out at 200 °C as well, where the gel was stable for between 1 and 2
weeks. This large dependence on temperature implies that gels will be stable for months to
years at even lower temperatures, however silica gels will not be stable for long periods of
time (>weeks) above 200 °C.

FIGURE 8. GEL (RIGHT) PRODUCED IN A 300 °C OVEN. WATER WAS PREVENTED
FROM ESCAPING BY SEALING THE COLLOIDAL SOLUTION IN A SWAGELOK CAPSULE (LEFT).
THE SHAPE OF THE GEL REFLECTS THE INTERNAL GEOMETRY OF THE CAPSULE.

FIGURE 9. ABOVE: GEL AFTER 20 MINUTES AT 300 °C.
BELOW: 4 HOURS (LEFT), 18 HOURS (MIDDLE), 72 HOURS (RIGHT).

Figure 5 reflects a gel time of approximately 45 minutes, including 15 minutes of heating
time, at a nominal bath temperature of 150 °C. This gel time was achieved using a solution
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chemistry of 15 wt% SiO,, no added NaCl, and a CI/Na" ratio of 0.5. From trends available
in the literature (ller, 1979; Bergna & Roberts, 2006), as well as observed and modeled
gelation times at 25 °C in this project, there are two options to extend gel time: lower silica
concentration, and lower CI/Na" ratio (i.e., raise pH). Unfortunately, both of these trends
will also tend to suppress the formation of gels, illustrated in Figure 10. However, the gel
time may be extended if the silica concentration and pH are raised or lowered together.
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FIGURE 10. VISCOSITY, OIL BATH TEMPERATURE AND SAMPLE
TEMPERATURE MEASUREMENTS AS A FUNCTION OF TIME.
THIS SOLUTION DID NOT GEL BUT MERELY DEPOSITED AMORPHOUS SILICA
ON THE SAMPLE CHAMBER WALLS.

It was discovered that, although Figure 10 is an illustration of a solution that did not gel at all,
the single high data point at approximately 7300 seconds was not necessarily indicative of the
fact that the solution would not gel. While it did indicate that a ring of amorphous silica was
deposited on the sample chamber walls at the air-water interface, it was found that the
presence of the ring did not preclude gelling at a later time, as these rings do not contain
enough silica to meaningfully alter the bulk silica concentration. Nevertheless, a transition
from a region of gelation to one of non-gelation does exist. Figure 11 shows a standard linear
trend of gel time as a function of silica concentration. At 15 and 15.5 wt% SiO,, a typical
brittle gel forms. At 14.5 wt% SiO,, though a well-defined gelation time exists, a ductile
paste is formed instead of a brittle gel, denoted by the red outline on the data point. This
ductile paste is shown in a weighing boat in Figure 12. A metal spatula is shown making an
indentation into the paste, demonstrating its ductility. At 14 wt% SiO,, however, no gelation
occurs. According to the linear trend of the other data points, a 14 wt% SiO; solution should
gel or turn to paste in about 7-8 hours. We left this solution at a nominal temperature of
150 °C for 64 hours (denoted by the open square data point), and no gelation was observed.
It is certainly possible that the solution will gel, turn to a ductile paste, or deposit all the silica
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as an amorphous solid on a longer time frame, but regardless, these solutions do not follow
the linear trends that allow prediction of well-defined gelation times.
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FIGURE 11. GELATION TIME AS A FUNCTION OF SILICA CONCENTRATION AT 150 °C

FIGURE 12. DUCTILE PASTE FORMED IN THE

TRANSITION BETWEEN GELATION AND NON-GELATION REGIMES.

Our investigation to extend gelation times while simultaneously ensuring that gelation
actually occurs led us to vary both the silica concentration and CI/Na* ratio. Figure 13
shows the results of our investigation in this parameter space. While all of the experiments in
Figure 13 were performed at a nominal temperature of 150 °C, they were not all at the same
effective temperature (per analysis via Equation 3), due to the high variability in the ratio of
heating time to the experiment duration. We have therefore modeled the activation energies
of these solutions, and plotted the projected gel time at exactly 150 °C.
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FIGURE 13. CONTOUR PLOT OF MODELED GEL TIMES AT 150 °C
AS A FUNCTION OF SILICA CONCENTRATION AND PH

The modeled activation energies were obtained by using Equation 1, Equation 2, and
Equation 3 to calculate the individual experiments’ effective temperature and activation
energy. A linear regression was then performed on the activation energies as a function of
silica concentration and CI'/Na” ratio. Activation energies were not modeled as a function of
salt content. Due to the large effect that even a small amount of salt has on gelation time, we
found that solutions containing any salt would gel too quickly for use in geothermal
reservoirs. The linear regression equation (R? = 0.9608) to calculate the activation energy in
kcal/mol is as follows:

EQUATION 4: ACTIVATION ENERGY AS A FUNCTION OF SILICA CONCENTRATION AND PH

E —1618(Cl
AT Na*t

Cl~

) +log(lsio,) (38.50 ~9.326 (Na+)> 2441

The open data points in Figure 13 denote experiments that did not gel, and the red outlined
data points indicate solutions that turned into a ductile paste. Some of these pastes did not
have a well-defined “gelation” time, and are open symbols. The longest gel time that
produced a brittle gel at 150 °C in this investigation is 6 hours (19 wt% SiO,, CI'/Na" = 0),
but pastes can be produced with “gelation” times of up to 17 hours (18 wt% SiO,,
CI'/Na*" = 0). A full list of experiments performed at a nominal temperature of 150 °C can be
found in Table 2.
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TABLE 2: EXPERIMENTS PERFORMED AT A NOMINAL TEMPERATURE OF 150 °C

Ea (Egs. Brittle

: Equation : Modeled or
a,'t?/s Cl'/Na" pH 1,Equation T(eEr;fp)eg:;\{Sre '(\3/|:|a STlf,rﬁg Gel Time | Ductile

2,Equation (150 °C)
3)

18 0 10.27 24.33 144.3 21 h,10m | 17 h,24m | Ductile
18.5 0 10.27 24.17 143.6 17 h,30m | 10h,9m | Ductile
19 0 10.27 24.24 143.9 12 h, 15m 6 h, Om Brittle
17 0.1 10.00 22.38 143.3 21h,0m | 16 h,40m | Ductile
17.5 0.1 10.00 22.69 141.7 14 h,30m | 9h,29m | Ductile
18 0.1 9.99 22.50 142.9 10 h,40m | 5h,29m | Brittle
19 0.1 9.99 24.63 140.7 2h,27m 1h,55m | Brittle
16 0.2 9.72 20.36 143.9 21h,0m | 14 h,46m | Ductile
16.5 0.2 9.72 20.48 145.3 13 h, Om 8h,13m | Ductile
17 0.2 9.72 21.07 142.3 8 h, 25m 4 h,39m | Brittle
17.5 0.2 9.71 21.63 143.5 4 h,19m 2 h,40m | Brittle
18 0.2 9.71 21.97 141.5 3 h,2m 1h,34m | Brittle
18.5 0.2 9.70 22.41 140.0 2 h,0m 0h,56m | Brittle
19 0.2 9.70 22.86 139.9 1h,13m 0h,33m | Brittle
16 0.3 9.41 19.96 141.8 6 h, Om 3h,36m | Brittle
17 0.3 9.40 21.32 141.9 1h,37m 1h,10m | Brittle
17 0.3 9.40 21.83 104.9 16 h,54m | 1h,10m | Brittle
14.5 0.4 9.10 18.57 143.4 6 h, 30m 4 h,36m | Ductile
15 0.4 9.09 18.91 143.8 3 h, 48m 2 h,30m | Brittle
15.5 0.4 9.08 19.76 142.1 1 h, 59m 1h,23m | Brittle
14 0.5 8.74 18.37 142.0 2h,23m 1h,32m | Brittle
15 0.5 8.72 20.23 135.6 0h, 44m Oh,28m | Brittle
14 0.55 8.55 18.62 137.4 1h,17m O0h,37m | Brittle
13 0.6 8.37 17.51 139.2 1h,50m Oh,48m | Brittle
15 0.6 8.33 19.65 124.3 0h, 26m Oh,5m Brittle
12 0.7 7.99 17.67 135.0 0h, 55m Oh,21m | Brittle
11 0.8 7.59 18.82 123.2 Oh,27m 0h, 8m Brittle

We also explored two other avenues of investigation: additives and colloid size. Sodium
tetrafluoroborate (NaBF,) has been successfully used in the oil industry to delay the onset of
gelation for up to 12 hours at 100-120 °C (Jurinak, et al., 1991). At high temperatures,
NaBF, slowly decomposes in water and forms HBF, and B(OH)s;. Since both of these
compounds are acids, this lowers the pH of the solution, which causes gelation. In effect, this
would move a solution from the right to the left of Figure 13, from the non-gelation regime
into the gelation regime, on a timescale determined by the decomposition of NaBF,.
Unfortunately, it was found in the course of our investigation that the decomposition of
NaBF, also depends on temperature, and while it can delay gelation up to 12 hours at 100-
120 °C, the decomposition is much faster at 150 °C, and therefore does not provide an
appreciable delay in gelation times at geothermal reservoir temperatures. Exploring other
additives in more detail may be of use in future investigations.
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The other parameter investigated is colloid size. While it was found that the 7-10 nm size of
silica colloids produced from geothermal waters was relatively insensitive to on-site
processing conditions (Bourcier, 2009), increasing the colloid diameter to larger values is
commonly done in the silica manufacturing industry. Data for Ludox solutions show that
increasing the colloid size from 7 to 21 nm increases the gelation time by a factor of 40 at
25 °C at a constant silica concentration. However, gels created using large colloids are
generally not translucent, indicating density heterogeneity. At high temperature, we found
that these solutions deposited nearly all the silica present in solution as scale. While the scale
was voluminous enough to be space-filling, it was very difficult to remove it from the sample
chamber walls, needing several days in a 50 °C bath of NaOH. In the interest of time, we left
a comprehensive investigation of large colloid size to future investigations.

As of the present moment, we can create gels at temperatures up to 150 °C easily, with brittle
gel times as long as 6 hours (which will be lengthened in any real-world application, of
course, due to the finite heating time required). From the activation energies determined in
the course of this investigation, this indicates that gels at 175-200 °C can be created in 1.2
hours and 17 minutes, respectively.

3.5 Solution chemistry “recipes” and pH calibration

We have generally described the chemistry of the silica solutions in terms of molar ratios (CI’
INa*, NaCl/SiO,) for two reasons. First, it is when these ratios are held constant that the
linear relationship between the logarithm of silica concentration and the logarithm of gel time
arises. Secondly, the ultimate goal for this project is to provide a recipe based on volumes
that a geothermal operator can follow. It is far easier to provide this when starting from
molar ratios than when starting from a salt concentration and pH, as the silica concentration
desired will affect both the salt concentration and pH. For example, a gel with an NaCl/SiO,
ratio of 0.0535 and a CI"/Na" ratio of 0.5 (Table 1) has the following recipe: for every liter of
starting silica sol, add 110 mL of 1M HCI, and 130 mL of 2.5M NaCl. This is true regardless
of what silica concentration is desired. For a gel with 19 wt% silica (Exp. 26, Table 1), 480
mL of H,0 should be added to the liter of silica sol before the salt and acid. This chemistry
will take two hours to gel at 25 °C. For a gel with 15 wt% silica (Exp. 71, Table 1), 992 mL
of H,0 should be used instead, and this chemistry will take approximately 17 hours to gel.
The reason for adding the water first is simple: if the salt and acid were added first, the
resulting solution would have a silica concentration of 25.34 wt%, which would gel in 8
minutes, according to Equation 1. The time taken to then add the water would be a
significant fraction of 8 minutes, which would irrevocably alter the gel time once the water is
added.

The above paragraph notwithstanding, it will be useful for a geothermal operator to know
what the pH of the solution is. Previous investigations of colloidal silica gels for the oil and
gas industry have calibrated pH against CI/Na" ratio (Jurinak, et al., 1991), but have
neglected the effect of silica concentration on pH. We therefore performed our own
calibration, based on the most likely solutions that will be used in geothermal reservoirs. The
most likely solutions that will be used will be similar to the chemistry shown in Figure 5: no
salt, low CI/Na" ratios, and silica concentrations between 10-20 wt%. We therefore did not
investigate if or how salt influences the pH of the solutions, and only calibrated up to a CI’
/Na* ratio of 0.8. The calibration equation (R? = 0.9994) is as follows:
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EQUATION 5: PH CALIBRATION

H =10.262 00395[5'0]<Cl_> 1768<Cl_> 1429<Cl_)2
pH =20 ' e Na* ' Na* ' Na*

3.6 Calculation and choice of parameters

The full calculation of gelation time based on SiO, wt%, CI/Na" ratio, NaCl/SiO, ratio, and
temperature can be done by combining Equation 1, Equation 2, and Equation 4, resulting in

EQUATION 6: CALCULATION OF GEL TIME

Gel Time (s)
E, (Eq.5) % 1000

1 1
= EXP X -
1.98721 [T(K) 298.15]

+ 2.303[log(GT,s) (Eq. 1)]]

where

-2

C
) + log([Si0,]) (38.50 —9.326 (Na+)) —24.41

C
E,(Eq.5) = 16.18(
A( q ) Na+

and

log(GTys) (Eq.1)
= log(Si0, wt%)
2 -2

NacCl cl- cl- cl
S0, (—16.5 (Na+) +27.3 (Na+> + 4.54) + 5.64 (Na+)
+ (Naa +0 067>_1 lo 479 — 0.385 ( - ﬂ
sio, ' PP \Nat
NacCl cl~
Sio, 734 (Na+

X

— 11.4]

—18.2

) +17.1

For example, a silica solution with 17 wt% SiO,, CI'/Na" = 0.2, and no added salt has a log
gel time of 8.84 at 25 °C (Equation 1). The activation energy of this solution is

21.32 kcal/mol (Equation 4). To calculate the gel time at 130 °C (403.15 K), we plug these
values into Equation 6, which yields a gel time of approximately 16.4 hours. The
accompanying Excel spreadsheet on the geothermal data repository will do all of these
calculations, including error analysis and unit transformations (e.g., using pH, °F, or simple
volume ratios of components)

The reverse problem, to determine a solution chemistry based on a desired gelation time at a
given temperature, is not as straightforward, since multiple solution chemistries can give the
same gelation time (see contour lines in Figure 13). For example, to obtain a gelation time of
4 hours at 130 °C, a solution with 18.35 wt% SiO, and a CI"/Na" ratio of 0.2 can be used, but
a solution with 15.6 wt% SiO, and a CI'/Na" ratio of 0.4 will also gel in four hours.
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However, if a desired silica concentration or pH is known, it is a simple matter to use an
iterative solver to determine the unknown parameter to obtain the desired gelation time (i.e.,
goal seek or solver in the Excel spreadsheet provided to the geothermal data repository for
this project). Care must be taken to select an appropriate chemistry, however. A solution
with 11 wt% SiO; and a CI/Na" ratio of 0.7 should also have a gelation time of 4 hours, but
this chemistry is well into the non-gelling region of Figure 13, and would therefore be a poor
choice of chemistry. Choosing an appropriate CI'/Na” ratio and silica concentration will
ultimately be up to an individual geothermal operator, as there may be a cost difference
between various chemistries (price of HCI vs. production cost of colloidal silica), and the
ultimate strength of the gel will vary depending on how close the chemistry is to the
brittle/ductile transition. For field applications, it may be advisable to perform some specific
gelation tests prior to use, once the desired gel time and temperature/time path is known,
especially if the colloidal silica is produced on-site, as it may differ slightly from the
commercially available sols. The available model should be used as an initial guide, but
specific gelation tests will minimize error from slight composition variations (e.g. trace
dissolved components in the water) as well as model extrapolation error.

3.7 Transparent flow cell experiments

FIGURE 14. TRANSPARENT FLOW CELL EXPERIMENTAL SETUP SHOWING GEL EMPLACEMENT

To observe fluid diversion in a fracture, we designed a Hele-Shaw transparent flow cell.
Using two sheets of shower glass (to simulate subsurface fracture wall roughness), we flowed
water through the system until all surfaces were wetted. Next, we injected red dyed water and
observed the flow from the syringe injection port (our simulated injection well). As shown in
Figure 14 on the left, the dyed water initially flows directly from the injection site because
silica gel is not yet deployed. To test the concept of gel emplacement, we injected a silica gel
with a short gelation time, waited till the gel had set, then injected additional dyed water into
the system. We observed that the injected dye was forced to flow around the blockage
providing us with a rudimentary proof-of-concept for gel emplacement (Figure 14, right).
These experiments are a direct tie-in to the two dimensional parametric study with gel
deployment discussed in the modeling section (see Figure 24, zonal isolation).
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FIGURE 15. FLOW-THROUGH APPARATUS TO OBSERVE FLUID DIVERSION IN POROUS MEDIA

To observe fluid diversion in porous media, we designed a flow-through apparatus, shown in
Figure 15. Porous media (sand-sized granitic rock) was loaded into a straight plastic tube
(with a mesh of 250 um at each end to hold the sand in the tube) and agitated until the total
porosity was at a minimum for uniformly-sized, irregularly shaped particles (~40%). Water
was then allowed to flow through the medium for several days from a height of
approximately three feet. The water is flowing into the tube in Figure 15 from the three-way
valve on the right. It then travels right to left, through both tubes which are joined by a
compression fitting, and drains into the sink on the left. Injection and production “wells” are
located in the center of the apparatus, with syringes in place to keep water from flowing out
of the wells. If the water flow is turned off by the three-way valve (to avoid well overflow),
solutions (water, tracers, silica gels) can be injected into either well. The water can then be
turned back on to simulate background water pressure on the solution of interest.

In the specific example of Figure 15 and Figure 16, we have injected two separate slugs of
silica gel, one dyed green and one dyed blue, each tuned to a 10 minute gel time (the food
coloring used to dye each solution had no effect on the gel time). The green-dyed silica gel
was injected first, followed by an injection of pure water, in the hope that the water would
split the slug of silica gel into two parts, which would travel far enough to surround both
wells without blocking the immediate area around either one (see Figure 25 and Figure 26 for
a 2D modeled version of this idea). While this did in fact occur, the silica gel that flowed
against the background water pressure (left to right, from the injection well in Figure 15)
mixed too thoroughly with the water, and therefore became diluted enough that it did not gel
overnight. However, the gel that flowed with the background water pressure was able to flow
as a plug, and gelled readily. We then injected another silica gel, dyed blue, which was
forced to flow against the background water pressure due to the blockage of the tube by the
green-dyed gel. The blue gel was able to flow as a plug, and gelled readily. We then tested
the communication between the two wells. When water was injected into the injection well,
it flowed up out of the production well into the syringe. No water was observed flowing out
of either end of the tube during this injection. This is therefore an experimental proof-of-
concept of an isolated circulation cell, minimizing water losses to the surrounding formation.
This concept will be modeled and discussed in detail in section 4.5.
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FIGURE 16. CLOSEUP OF FIGURE 15. ISOLATED CIRCULATION CELL IN POROUS MEDIA. SILICA GEL IS DYED GREEN

(ON THE LEFT) AND BLUE (ON THE RIGHT) TO INDICATE LOCATION OF BLOCKAGES. THE INJECTION AND PRODUCTION
WELLS ARE STILL ABLE TO COMMUNICATE WITH EACH OTHER.

4. Modeling of Gel Deployment

4.1 Modeling Philosophy

Our modeling philosophy calls for a multi-level approach by increasing the level of modeling
difficulties. It encompasses three steps:

1. Implement the physical-chemical process of gel transport in a single smooth and
rough-surface fracture.

2. Expand the single fracture model into a simple fracture network for technology
evaluation.

3. Integrate the resulting model into a SDFN-THMC model for technology assessment
and predictive response.

However, uncertainty quantification is needed to assess model responses under non
deterministic, stochastic, conditions to evaluate key design factors. Such uncertainties are, but
not limited to:

e Intrinsic uncertainties: e.g. fracture characterization (e.g., size, orientation etc... see
Figure 17)

e Parametric uncertainty: e.g. rheological laws, gelation time etc...

e Model uncertainties: e.g. conceptual model, physical processes etc...

By using existing codes and/or leveraging other code developments we will be able to
develop gel deployment protocol in predictive mode with an estimated probability of success.
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FIGURE 17. SIMPLISTIC SCHEMATIC OF AN EGS

4.2 The numerical simulation tool: SDFN-THMC

The model used to perform the subsequent simulations is described in Ezzedine (2005) and
has been extensively used in recent years to address the impact of uncertainties in the
geological characterization of fractures on the thermal response of an EGS (see Ezzedine,
(2010-5) (2010-4) (2010-1) (2010-3) (2010-2)). It was originally coded to simulate the
system at Soults-sous-Foréts. Fractures are either deterministic or stochastic.

Fractures are characterized by their density, orientation, size and aperture. The model allows
for multiple set of fractures, each having their own probability distribution (density)
functions. The model is equipped with several numerical schemes for solving the different
previously mentioned processes and different protocol for the numerical coupling of those
processes (see Figure 18). Moreover, it offers different geological conceptualization of the

fractures and how the physical processes are solved within each fracture of the fracture
network.

v l !
Vs M/“a
o AR
—_— ~
v * Severalfull (tight) or sequential (feedback)

coupling of Thermal(T), Hydrological (H),
Mechanical (M)and Chemical (C) processes

Different numerical models: top: parallel plates,
bottom: left, finite difference and, right, finite
element representation

Example of simple boolean Stochastic
Discrete Fracture Network (SDFN).

FIGURE 18. SDFN-THMC (EzzEDINE, 2005) OFFERS AN IDEAL NUMERICAL FRAMEWORK TO ADDRESS THE PROBLEM
OF DEPLOYING SILICA GEL IN EGS. THE MODEL ALLOWS FOR FLOW, THERMAL, AND MECHANICAL & CHEMICAL
SIMULATION IN A 3D STOCHASTIC DISCRETE FRACTURE NETWORK.
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4.2.1 Newtonian vs. non-Newtonian fluids

It is worth noting that gels behave as non-Newtonian fluids (gel viscosity is dependent on the
shear rate). To better mimic the physical processes we have implemented the non-Newtonian
fluid behavior in the model. Figure 19 depicts the velocity profile with the aperture for three
different cases: a) sub-Newtonian (flat profile), b) Newtonian (parabolic profile), and c)
hyper-Newtonian (peaked profile). We expect that silica gel velocity profile shape will be
non-parabolic and thus non-Newtonian.
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FIGURE 19. NORMALIZED VELOCITY PROFILE OF FLUID WITHIN FRACTURE APERTURE. PARAMETERS M AND N ARE
CHARACTERISTICS OF THE FLUID AND THE PROFILE. RED PROFILE, PARABOLIC, IS THE NEWTONIAN, THE OTHER TWO
(BLUE AND GREEN) ARE NON-NEWTONIAN.

4.2.2 Two dimensional simulations of gel deployment

We have simulated the flow without gel deployment in a two dimensional setting. As an
initial step, the fracture is assumed to have smooth walls (i.e. constant aperture, 200um). A
geothermal doublet (one injection and one production well) shown in Figure 20 (left) depicts
the pressure field distribution throughout the fracture, the location of the injection and
production wells as well the streamlines.

100 200 300

FIGURE 20. TWO DIMENSIONAL DOUBLET FLOW SIMULATIONS IN A SINGLE FRACTURE. LEFT: FLOW NETWORK
(PRESSURE AND STREAMLINES) IN A SMOOTH FRACTURE. CENTER: APERTURE RANDOM FIELD, RED DEPICTS LARGE
APERTURE WHILE BLUE DEPICTS SMALL APERTURE. RIGHT: FLOW NETWORK IN A ROUGH FRACTURE.

The flow network shows the circulation cell and stagnation point. As a second step toward a
more complex fracture, we have simulated a fractal aperture field. Figure 20 (center) depicts
the random fractal field of the aperture with a mean aperture equal to the smooth fracture
initially simulated, i.e. 200um. The flow and streamlines are then resolved for this case and
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depicted on Figure 20 (right). It is worth noting the impact of heterogeneity in the aperture
field on the flow streamlines. Flow circulation cells are no-longer smooth and their roughness
reflects the tortuous paths that the fluid emanating from the injection well takes to reach the
extraction well.

Now we consider the deployment of the silica gel. To illustrate the impact of gel deployment
on the thermal response of the doublet we have solved not only the flow and transport of gel
within the fracture but also the heat transfer from the host rock. A thermal test of 250 hours
has been simulated. At ~80 hours the temperature signature started to decrease from it
maximum of 120 °C. At this time we have started injecting the silica with a gelation time of
20 hours (see Figure 21, left). Once the gel settled in the initial circulation cell it created a
crescent-like shape (blue area on Figure 21, center which should be compared to Figure
20, center). Because the streamlines now have been diverted by the presence of gelled silica
the injected flow follows different paths to reach the extraction well thus creating a new
sweeping zone (circulation cells) from both sides of the crescent diverter. The new pressure
field and streamlines impacted with the gel deployment are depicted on Figure 21 (right). It
is expected that the aperture field around the gelled area will dictate the roughness of the
streamlines. It should be noted however that the newly injected geofluid now contacts new
surface area leading to an increase in the fluid temperature to ~110°C from ~95°C. The
temperature did not reach its initial 120°C which is attributed to mixing, losses to the
surrounding area and, most importantly, that the flow and thus the streamlines are sweeping
area with different apertures and therefore different advective flux (velocities).
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FIGURE 21. TWO DIMENSIONAL DOUBLET FLOW AND TRANSPORT SIMULATIONS OF GEL IN A SINGLE ROUGH
FRACTURE. LEFT: THERMAL TEST PROTOCOL AND TEMPERATURE RESPONSES AS FUNCTION OF TIME. CENTER:
APERTURE RANDOM FIELD WITH CRESCENT-LIKE DIVERTER E.G. GELLED SILICA. RIGHT: FLOW NETWORK SHOWING THE
IMPACT OF GELLED SILICA ON STREAMLINES AND FLOW CELLS.

It should be noted that this simple exercise serves as proof of concept of positive impact of
gel deployment on the thermal response of an EGS, when it is used appropriately and
judicially. It is also worth noting that the response of the system and the gelled area
prediction depends on how well the fracture is characterized. Often we are faced with limited
data, especially when fractures are too deep. Prediction under conditions of uncertainty is
therefore a must and will be touched upon later.

4.3 Impact of uncertainties on gel deployment in an EGS

When dealing with real three dimensional subsurface applications we have to cope with the
uncertainties associated not only with the intrinsic thermo-hydrological properties of the host
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rock but also the chemical uncertainty associated with the gelation time of silica (see
experimental results). Moreover, the deeper the geothermal system, the more expensive is the
data collection. We often deal with incomplete characterization of the site at the target depth
and moreover it is practically impossible to characterize each fracture of the fracture network
in detail. Uncertainties and limited data usually call for uncertainty propagation,
quantification and sensitivity analysis (UQ) of key design parameters. We have already
touched on this matter in the previous sections using a single realization of each aperture field
for each fracture. A probabilistic UQ could be accomplished through a classic Monte Carlo
analysis. The prediction of the system response is the ensemble average of all realizations. As
stated before, there are several keys design parameters and several fractures; each is
characterized by several other parameters (e.g. correlation length, mean aperture, correlation
function of the aperture and others). Furthermore, the characterization of the fracture network
(density of fractures, fracture size etc.) is itself tainted with limited data and thus uncertainties
in the geological characterization of the fracture network. LLNL has already invested for
several years in this problem. For example Figure 22 shows a flowchart of UQ analysis that
has been customized for UQ in EGS (see Ezzedine, (2010-3) with several applications).

Deep EGSs: 5-10 km.
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FIGURE 22. FLOWCHART OF UNCERTAINTY PROPAGATION AND QUANTIFICATION FOR EGS APPLICATIONS. USING A
MONTE CARLO (MC) SCHEME ONE CAN ASSESS THE IMPACT OF CHARACTERIZATION UNCERTAINTIES ON THE EGS
RESPONSE. HERE THE IMPACT OF THE SIZE OF FRACTURE ON PRODUCTION RATE IS QUANTIFIED THROUGH A
SENSITIVITY ANALYSIS USING MC SIMULATIONS.

4.4 2D Parametric study with gel deployment

Our recent work on gel deployment scenarios has focused on the sensitivity of gel
emplacement to key parameters used to characterize fluid flow in the subsurface. Gel
deployment in fractures involves several parameters that govern flow and transport processes,
such as the Peclét, Reynolds, Damkohler, and Fourier numbers. For example, for a high
Peclét number (where advection dominates) the gel deployment topology takes a different
shape than in previous simulations with much lower Peclét numbers. Several simulations
have been conducted and a large data set is being analyzed and results will be presented in
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the next report. Figure 23 depicts a series of snapshots for an advective flow with a short gel
injection time. Gel is injected into the left well while extraction is performed via the right
well. Each snapshot shows the distribution of the gel in the fracture.

o

FIGURE 23. SNAPSHOTS OF TWO DIMENSIONAL DOUBLET FLOW AND TRANSPORT SIMULATIONS OF GEL IN A SINGLE
ROUGH FRACTURE. TIME FLOWS FROM TOP TO BOTTOM AND LEFT TO RIGHT. TOP LEFT PICTURE DEPICTS THE
HYDROLOGICAL CONDITIONS. PAINTED COLORS ARE NOT AT THE SAME SCALE; THESE PICTURES ARE FOR ILLUSTRATION
PURPOSES.

Early in the simulation, a ring-like signature of the gel diverges away from the injection well
and then travels downstream and gets captured by the extraction well. If designed correctly,
each one of these snapshots could correspond to a particular gelation time leading to a closed
circulation cell. By changing the values of the key parameters one can expect different
outcomes of the shape topology of the gel. For illustration purposes, Figure 24 depicts several
outcomes as functions of two key parameters. This strategy might be used to reduce water
use in geothermal power production.
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FIGURE 24. ILLUSTRATION OF DIFFERENT OUTCOMES OF GEL DEPLOYMENT AS A FUNCTION OF THE KEY PHYSICO-
CHEMICAL PARAMETERS THAT GOVERN FLOW, HEAT, GEL TRANSPORT AND GELATION TIME.

Given an ultimate goal of the gel deployment in fractures one can design different reservoir
engineering outcomes such as enhanced heat recovery, zonal isolation, or modified fluid
circulation. Charts such as the one presented in Figure 24 will assist technologists to target
the right set of space parameters to produce the right design. We have begun exploring the
space parameters and correlating the outcomes. In the subsequent section we illustrate the use
of silica gel to minimize the injected water losses to the surrounding formation.

4.5 Minimizing water losses from EGS using gel emplacement

To illustrate the use of silica gel for minimizing water losses to the formation we revisit the
problem of Figure 23. First, we have turned off the extraction well allowing the ring-like
slug of silica to propagate through the fracture until it encloses the extraction well. The silica
gelation time should be designed to allow gelation only after the silica-ring enfolds both
wells.
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FIGURE 25. SNAPSHOTS OF TWO DIMENSIONAL DOUBLET FLOW AND TRANSPORT SIMULATIONS OF GEL IN A SINGLE
SMOOTH (LEFT) ROUGH FRACTURE (RIGHT). TIME FLOWS FROM TOP TO BOTTOM. EACH FRAME DEPICTS THE GEL
LOCATION AND THE FLOWNET. IN THE 4 TOP FRAMES THE PRODUCTION WELL IS OFF, WHILE IN THE LAST ROW THE

PRODUCTION WELL IS ON.

Once the silica gel has hardened, the extraction well can be turned on and the injected water
will be limited to the circulation cell bounded by the hardened silica. This technology will
definitely limit the water losses to the surrounding formation and will minimize the
production costs. Figure 25 depicts the process of creating the silica-gel bounded circulation
cell. The left column depicts the process in a smooth fracture while the right column depicts
the emplacement of silica-gel in a rough fracture. The first four rows depict the process of
deployment while the last row depicts the process of the extraction mode when the
production well is turned on. Each frame depicts the location of the silica gel and the flow net
(pressure and stream lines). Figure 26, however, depicts the initial and the last frames of
Figure 25 to better illustrate the impact of silica deployment and the roughness of the
fracture.

It is worth noting that within the inner circulation cells (Figure 23, Figure 25, Figure 26, right
column) one could apply the same concept of enhancing heat extraction, discussed in
previous reports, within the inner cell: creating different sweeping surface areas within the
inner circulation cell, thus enhancing heat extraction while minimizing water losses to the
surrounding formation.
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FIGURE 26. INITIAL (LEFT) AND FINAL (RIGHT) SNAPSHOTS OF TWO DIMENSIONAL DOUBLET FLOW AND TRANSPORT
SIMULATIONS OF GEL IN A SINGLE SMOOTH (TOP) ROUGH FRACTURE (BOTTOM). EACH FRAME DEPICTS THE GEL
LOCATION AND THE FLOWNET. IN THE LEFT FRAMES THE PRODUCTION WELL IS OFF, WHILE IN THE RIGHT FRAMES THE
PRODUCTION WELL IS ON.

4.6 Gelsin 3D porous media: sedimentary geothermal reservoirs

Real applications are three dimensional. Because we have found that the silica gel may
exhibit thermal instabilities in reservoirs at high temperatures (such as deep EGS with
temperatures greater than 200 °C) we have decided to explore the use of silica gel for water
diversion and circulation containment for conventional sedimentary geothermal reservoirs.
To illustrate this application of gel deployment, we show a simple 3-D sedimentary
geothermal reservoir in Figure 27. The reservoir is maintained at a natural flow gradient from
left to right. The silica is then injected at the injection well while the extraction well is
maintained off. Several snapshots of gel transport are depicted in Figure 28(a-f). The gel
deployment affects the streamlines which are depicted in Figure 28g.

Extraction
well

Injection
well

Injection
horizon

3D geothermal reservoir

FIGURE 27. ILLUSTRATION OF 3D SEDIMENTARY GEOTHERMAL RESERVOIR. THIS FIGURE SHOWS BOTH INJECTION
AND PRODUCTION WELLS INTERSECTING THE INJECTION/EXTRACTION HORIZON.
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FIGURE 28. ILLUSTRATION OF 3D SEDIMENTARY GEOTHERMAL RESERVOIR. SNAPSHOTS A-F DEPICT THE TIME
EVOLUTION OF THE INJECTED SILICA WHILE FRAME (G) DEPICTS THE COMPLEX STREAMLINES AROUND THE SILICA GEL.

4.7 Modeling of gel deployment for remediating short-circuits

We have demonstrated in previous work the benefit of gel deployment on enhancing the
thermal extraction and reduction of water losses to formation for fractured and porous media
reservoir, application to porous conventional geothermal reservoir. In the current subsection
we will demonstrate the impact of deployment of silica for remediating short-circuits between
the operational wells. We have numerically built a finite element model that mimics the
following problematic conditions: the reservoir is a porous fractured one; two fast-pathways
fractures are embedded within the reservoir, an upper one that intersect both wells and can
easily be characterized through the wells while the bottom one, a more conductive than the
first, can only be characterized, for example, through tracer or thermal tests. The geological
settings of the problem are depicted in Figure 29. An adaptive finite element scheme has been
used to mimic with high fidelity the geological settings especially the fractures themselves.
The use of homogenized properties or non-adaptive numerical schemes will fail to capture
the essence and the challenges that this problem present. Figure 30 illustrates the vertical
cross-section through a 3D mesh used to solve the problem. The number of nodes used in the
current 3D exercise counts 500 Million nodes.

We have enhanced the model with a streamline solver. Streamlines are essential for tracking
the silica gel though not only the porous medium but more importantly in the fractures
themselves. Because we are targeting short-circuits, which are essentially highly conductive
fractures, resolving the physics of mixing and transport within fractures is essential to the
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successful deployment of silica gel by assessing the impact of mixing within fractures on the
gelation time. Figure 31 depicts the schematic of a vertical cross-section through a 3D
geothermal reservoir near the injection well. It depicts streamlines with the domain. Adaptive
mesh refinement was used to represent the fractures and the streamlines with high fidelity and

illustrated though several zoom-outs.
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FIGURE 29. SCHEMATIC OF A VERTICAL CROSS-SECTION THROUGH A 3D GEOTHERMAL RESERVOIR. FIGURE SHOWS
THE OPERATIONAL WELLS WHICH ARE EMBEDDED IN A DOUBLE POROSITY MEDIUM (DP), THE BACKGROUND
RESERVOIR IS CONSIDERED AS A SINGLE POROUS MEDIUM (SP). SEVERAL FRACTURES ARE ALSO EMBEDDED WITH THE
RESERVOIR; TWO OF THEM INTERSECT BOTH WELLS. THE BOTTOM FRACTURE, UNSEEN BY BOTH WELLS, PLAYS THE
ROLE OF HIGH CONDUCTIVE FRACTURE AND THUS SHORT-CIRCUITING BOTH “WELLS”.

Production
Well

Injection
Well

AN
'# AT

FIGURE 30. SCHEMATIC OF A VERTICAL CROSS-SECTION THROUGH A 3D GEOTHERMAL RESERVOIR. FIGURE SHOWS
THE OPERATIONAL WELLS. ADAPTIVE MESH REFINEMENT WAS USED TO REPRESENT THE FRACTURES WITH HIGH
FIDELITY AND ILLUSTRATED THOUGH SEVERAL ZOOM-OUTS.
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FIGURE 31. SCHEMATIC OF A VERTICAL CROSS-SECTION THROUGH A 3D GEOTHERMAL RESERVOIR NEAR THE
INJECTION WELL. FIGURE DEPICTS STREAMLINES WITH THE DOMAIN. ADAPTIVE MESH REFINEMENT WAS USED TO
REPRESENT THE FRACTURES AND THE STREAMLINES WITH HIGH FIDELITY AND ILLUSTRATED THOUGH SEVERAL ZOOM-
OUTS. STREAMLINES ARE ESSENTIAL FOR TRACKING THE SILICA GEL DEPLOYMENT AND TO ASSESS THE IMPACT OF
MIXING WITHIN FRACTURES ON THE GELATION TIME.

In order to illustrate the impact of silica gel deployment on the circulation of the fluid within
the geothermal system we proceeded by: 1) simulating the injection of a tracer (or thermal
test) in the subsurface prior to silica emplacement, 2) simulating the deployment of silica gel
to obstruct the fast path and 3) re-simulating the injection of a tracer (or thermal test) to
illustrate the difference between 1 and 3. Figure 32 depicts a vertical cross-section through a
3D geothermal reservoir before gel deployment. A thermal tracer test was performed by
injecting the reservoir with cold water. From left to right and top to bottom, the effect of the
cold water can be seen spreading through the geothermal reservoir. One can see that the
bottom fracture plays the role of a fast-path short-circuiting fracture by noting the arrival of
cold water at the heel of the extraction well. Based on Figure 32, we have simulated the
deployment of silica gel to block the highly conductive fracture and then re-conduct the same
simulation as in Figure 32. Results posterior to silica gel deployment are depicted in Figure
33. It displays a schematic of a vertical cross-section through a 3D geothermal reservoir after
gel deployment. A thermal tracer test was performed in the same manner as in Figure 32. In
Figure 33, one can see that the bottom fracture is obstructed after silica gel has been deployed
and that the cold region initially observed before gel deployment has vanished. We can
conclude through this exercise that silica gel can be effectively used to remediate short-
circuits and thus enhance the heat extraction and the longevity of the reservoir.
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FIGURE 32. SCHEMATIC OF A VERTICAL CROSS-SECTION THROUGH A 3D GEOTHERMAL RESERVOIR BEFORE GEL
DEPLOYMENT. A TRACER (THERMAL) TEST WAS INJECTED. FIGURE DEPICTS TIME-SNAPSHOTS OF THE TRACER/HEAT
TRANSFER THROUGH THE RESERVOIR. TIME FLOWS FROM LEFT TO RIGHT AND TOP TO BOTTOM. BLUE COLOR DEPICTS
COLD REGIONS WHILE RED COLOR REPRESENTS HOT REGIONS. ONE CAN SEE THAT THE BOTTOM FRACTURE PLAYS THE
ROLE OF A FAST-PATH SHORT-CIRCUITING FRACTURE, NOTE THE ARRIVAL OF COLD WATER AT THE HEEL OF THE

g

EXTRACTION WELL.

FIGURE 33. SCHEMATIC OF A VERTICAL CROSS-SECTION THROUGH A 3D GEOTHERMAL RESERVOIR AFTER GEL

DEPLOYMENT. A TRACER (THERMAL) TEST WAS INJECTED. FIGURE DEPICTS TIME-SNAPSHOTS OF THE TRACER/HEAT
TRANSFER THROUGH THE RESERVOIR. TIME FLOWS FROM LEFT TO RIGHT AND TOP TO BOTTOM. BLUE COLOR DEPICTS
COLD REGIONS WHILE RED COLOR REPRESENTS HOT REGIONS. ONE CAN SEE THAT THE BOTTOM FRACTURE IS
OBSTRUCTED AFTER SILICA GEL HAS BEEN DEPLOYED AND THAT THE COLD REGION INITIALLY OBSERVED BEFORE GEL
DEPLOYMENT HAS VANISHED.

5. Summary

5.1 Summary of Laboratory Experiments

We have successfully investigated the effects of temperature on a variety of solution
chemistries, and have found solution compositions for use in geothermal systems at or below
~150-175 °C, with gel times of multiple hours (depending on the exact heating path). Fast
gelation times and thermal instability of silica gels indicate that optimized gel formulations
will be needed for routine use at high temperatures. The combination of Equation 1,
Equation 3, and Equation 4 can be used to calculate the gel time for a particular solution
chemistry (assuming no salt is added) given a heating path of interest. We have conducted
laboratory tests of gel emplacement in fractured and porous media to serve as validation tests
of the gel emplacement strategies derived from our numerical modeling task, and believe that
deployment of silica gels will be a viable strategy for maximizing heat production and
minimizing water losses in low to medium temperature (<200 °C) geothermal reservoirs.




5.2 Summary of Modeling Results

We have investigated various parameters in order to design specific, desired, gel deployment
topologies. Previous work has shown that gel deployments can enhance heat production in a
single fracture. Our work this year shows that gel deployments can be tailored to minimize
water losses from a circulation cell and block fast pathways in three-dimensional fracture
networks in addition to the enhancement of heat production. We have also investigated gel
deployments in sedimentary geothermal reservoirs.
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