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ABSTRACT 

During Enhanced Geothermal System development, subsurface permeability is enhanced via stimulation processes that re-open pre-

existing fractures, create new ones, or achieve a combination of both. Because of the heterogeneous nature of fractures, some fractures or 
portions of a fracture will take more flow than others, leading to fast fluid flow and a rapid decline of heat production. While near-wellbore 

fluid flow management has been widely investigated, controlling the reservoir permeability away from wells is challenging, as  injected 

materials need to form solid plugs only after they reach the target locations. To control the timing of the flow-diverter formation in high 

temperature conditions, we are developing a technology to deliver one or more components of the diverter-forming chemicals in 

microcapsules with a thin polymer shell. The material properties of the shell are designed so that it can withstand moderately high 
temperatures (up to 200˚C) of the injected fluid for a short period of time (up to 1 hour), but thermally degrades and releases the reactants 

at higher reservoir temperatures. A microfluidic system has been developed that can continuously produce reactant -encapsulating 

particles. The diameter of the produced particles is in the range of ~250-650 μm, which can be controlled by using capillary tubes with 

different diameters and by adjusting the flow rates of the encapsulated fluid and the UV-curable epoxy resin for the shell. Laboratory 

experiments have demonstrated that (1) microcapsules containing chemical activators can be produced at different sizes and geometries , 
(2) the durability of the shell can be produced and tuned to satisfy different conditions, and (3) the microcapsules release their contents at 

high-temperatures, thus achieving their intended role in activator release and flow-diverter formation. SAND2023-10370A. 

1. INTRODUCTION 

An enhanced geothermal system (EGS) typically involves a reservoir stimulation process that re-opens pre-existing fractures, creates new 

ones, or achieves a combination of both. Ideally these newly created, highly conductive conduits provide pathways for water to circulate 
throughout the stimulated rock volume, and increased water-rock contact areas for heat exchange. However, even when a well-distributed 

flow network is created successfully, because of the heterogeneous fracture properties including geometry, aperture, connectivity, and 

their time-dependent evolution, some fractures or portions of a fracture will take more flow than others (Figure 1a). This potentially leads 

to heat extraction from only a small portion of the reservoir (known as “short circuiting”), resulting in rapid thermal decline of the heat 

extraction fluid (Doe and McLaren, 2016). The DOE Geothermal Technologies Office recently sponsored a comprehensive modeling 
study to evaluate the viability of EGS (Kennedy et al., 2021: Doe et al., 2022). One of the major conclusions of this study was that the 

stimulated fracture network will “require an active management approach that shuts down the more permeable pathways as  they 

experience thermal breakthrough at the production well.” High permeability fractures connecting injection and production wells serve as 

fast flow paths that would function as undesired short circuits, leading to premature thermal breakthrough. High p ermeability fractures 

could also contribute to large fluid losses from the EGS reservoir, as was observed at the Hijiori test site (Tester et al., 2006), making it 
difficult to sustain its operation. For developing a sustainable and economical EGS, it is critical to control the fluid flow within a created 

reservoir and optimize the subsurface heat exchange performance in stimulated fractures. 

Currently, standard approaches for altering reservoir fluid flow target the near-wellbore environment, including a variety of well 

completion and zonal isolation methods by which fluid flow into or out of a well is controlled. For instance, the application of different 

lost circulation materials has shown promise in efficiently plugging wellbore fractures to eliminate loss of drilling fluids while drilling 

(Pu et al., 2022; Kibikas et al., 2023; Nakagawa et al., 2023a). Short-term flow diverter plugs that thermally degrade have been developed 

and used to facilitate multizonal stimulation of EGS wells (e.g., Petty et al., 2011; Nordin et al., 2013). A variety of well completion and 
zonal isolation methods has also been applied, by which fluid flow into or out of a well is controlled. While management of near-wellbore 

fluid flow is critically important for maintaining fluid production from EGS reservoirs, it has limited impact in controlling the fluid flow 

away from the wells, which is necessary for optimization of heat recovery and reservoir performance.  

The focus of this study is to reduce and manage the permeability of fast flow paths within an EGS reservoir far away from both injection 

and production wells, achieving distributed flow and heat exchange within a larger reservoir volume (Figure 1b). To control the timing of 

the flow-diverter formation in high temperature conditions, we are developing a technology that involves (1) microparticles (capsules) 
containing the reactants (“encapsulated microparticles”), for delaying the diverter-forming reactions until the particles are transported to 
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a desired reservoir location, by optimizing the capsule’s shell properties, and (2) silica-gel and metal-silicate-based flow diverters that are 
stable under EGS conditions and can be dissolved and disintegrated when needed. The controlled reaction of the diverter-forming 

components is made possible primarily by thermal degradation of the particle’s polymer shells, which requires the understanding of the 

degradation (or triggering) and transport characteristics of the reactant-delivering microcapsules. 

 

 

 

 

 

 

 

Figure 1: The objective of this study is to develop a technology for reducing fast flow paths consisting of highly permeable 

fractures in (a) by creating more distributed paths occupying a larger reservoir volume (b) at locations away from both 
injection and production wells in EGS reservoir (Revised from 

https://courses.cit.cornell.edu/mclaskey/vib/earth/KatieWhite/geothermal.html).    

2. MATERIALS AND METHOD 

2.1 S ilicate-gel-based flow diverter 

This research uses silicate-gel-based flow diverters at elevated 
temeraptures. The precursor used in this study is sodium silicate, which 

starts the gelation reaction in the presence of acid activators (e.g., An-

Peng, 1963; Bauer et al., 2004). The acid activators could be either strong 

acids (e.g., HCl, H2SO4, HNO3) or weak acids such as acetic acid, citric 

acid and formic acid. When acid activators are delivered via 
microcapsules, the total amount of the acid that can be delivered to the 

target location would be limited by the volume and concentration of the 

particles in the injected fluid. This makes it necessary to use highly 

concentrated acid. Weak, organic acids are preferable for keeping the pH 

at a safe, acceptable level, while providing the necessary amount of H+, as 
long as the strength and durability of the gel is sufficient.  When organic 

weak acids are used, however, their temperature stability under the EGS 

conditions needs to be considered. In this research, we selected acetic acid, 

since it has been shown to be stable up to ~230°C for 72 hours (Li et al., 2017). The reaction between sodium silicate and acetic acid can 

be summarized as follows: 

(𝑁𝑎2𝑂)𝑥(𝑆𝑖𝑂2)𝑦(𝑙𝑖𝑞𝑢𝑖𝑑) + 2𝑥𝐶𝐻3𝐶𝑂𝑂𝐻(𝑙𝑖𝑞𝑢𝑖𝑑) → (𝑆𝑖𝑂2)𝑦(𝑠𝑜𝑙𝑖𝑑) + 2𝑥𝐶𝐻3𝐶𝑂𝑂𝑁𝑎(𝑙𝑖𝑞𝑢𝑖𝑑) + 𝑥𝐻2𝑂           Eq. (1) 

Previously, we conducted a series of laboratory experiments by mixing sodium silicate with different concentrations of acetic acid. 

Stability of the produced gels and precipitates was tested after heating at 200 ˚C for ~72 hours (short -term tests) and up to 28 days (long-

term tests). Results from these experiments indicate that a combination of high-concentration sodium silicate (10 wt.%) and acetic acid 

(4.6 wt.%) produces a high-water-content silica gel that is stable under a high-temperature, closed (no-flow) environment (Figure 2 and 

Nakagawa et al., 2023b). 

2.2 Microcapsules production by single-step microfluidic encapsulation  

The diverter-delivering particles (capsules) need to be sufficiently small, so that they can be injected into reservoir fractures acting as fast 

paths (currently apertures of ~0.5 mm and larger are targeted). Also, the particles need to have a very thin shell, maximizing the amount 

of the encapsulated chemical. Such particles also need to be produced in a large quantity, efficiently and economically. To meet these 
requirements, we used the single-step microfluidic encapsulation method for producing diverter-encapsulating microparticles. Among 

several possible techniques for implementing this method, we adopted a three-phase glass capillary device, which is a promising technique 

for generating microcapsules with well-controlled geometry (Arriaga et al., 2015; Nabavi et al., 2015). The technique is based on a 

combined co-flow and counter-current flow in a glass capillary device (Figure 3a). The microcapsules are then produced through a flow 

focusing mechanism in which fluids containing core and shell materials are forced through a narrow junction. In addition to t he core and 
shell fluid flow, the system involves an outer carrier fluid flow. The capillary junction simultaneously pinches off the interior core and 

exterior shell fluids, forming a double-layer droplet suspended in the outer carrier fluid (as shown in Figure 3a). The carrier fluid is used 

to stabilize the droplets. Once the double-layer droplets are formed, the outer shell, consisting of a photopolymer material, is 

photopolymerized by UV light to form the microcapsule. Compared to the conventional two-step microfluidic encapsulation approach 

(e.g., Okushima et al., 2004; Kim et al., 2011), the advantages of the single-step microfluidic encapsulation are (1) the easy control of 

a b 

Figure 2: Photo images of the gels produced by 

mixing sodium silicate (10 wt%) and acetic 

acid (4.6 wt%) (Revised from Nakagawa et 

al., 2023b). 
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individual flow rates, because the flow rates of the inner and middle fluid do not need to be synchronized; (2) the capability to generat e 
very thinly shelled particles; (3) the simpler system design and smaller number of capillaries and connectors, which makes fabrication of 

the production system easier than the device composed of two sequential drop generation units.  

After a systematic evaluation of the polymer shell materials that could be potentially used for geothermal applications, NOA 61 UV-

curable epoxy (Norland Products, NJ) was selected for its low viscosity, fast UV curing time, and most importantly, high temperature 

stability. The two core materials that we used in our investigation are water stained with a fluorescent tracer dye, and acetic acid (10-50 
wt.%) stained with blue food dye. The carrier fluids were either silicone oil or mineral oil with a lower viscosity. During production, the 

particle size and shell thickness were changed by controlling the relative magnitudes of viscous, capillary and inertial forces of the three 

fluids used in the microfluidic device. Figure 3b is a photograph of the production system that involves three syringe pumps for core, shell 

and carrier fluid injection, and a UV lamp installed in-situ to cure the epoxy shell in the collection tube. We injected the carrier fluid 

(Mineral oil, Gamsol) at a constant flow rate of 300 μL/min, and injected core liquid (50 wt.% acetic acid) and shell epoxy (NOA61) at 

different rates, ranging from 3 to 15 μL/min. 

 

 

 

 

 

 

Figure 3: (a) Schematic of the microfluidic device for producing microcapsules. (b) Photograph of the production system 

developed at Berkeley Lab. (c-d) Photographs of the microscope imaging system and the LED-based particle tracking 

device. 

We also developed a microscope imaging system and a LED-based particle tracking device to provide direct visualization of the particle 
forming mechanism and automatically collect production information, e.g., the production rate. Figures 3c and d are photos of the imaging 

system and LED-based particle tracking device. During production, the flow of microparticles will induce light intensity changes in the 

aluminum block, which will be converted into electrical signal and recorded. 

2.3 Hydrothermal experiments 

In this study, hydrothermal experiments were conducted using the produced microcapsules and sodium silicate solutions to investigate 
the thermal degradation behavior of microcapsules and control of silica gel plug formation. The primary equipment used in this research 

is a series of small, stainless-steel Parr reactor vessels (Figure 4), containing small, sealable internal cells made of corrosion-resistant 

grade-2 titanium with high-temperature Viton O-rings (rated for 230°C) (e.g., Nakagawa et al., 2022). We demonstrated that the system 

could contain water vapor at 200°C without any fluid loss over 1 month, which is important for maintaining constant reaction environment 

and simulating EGS conditions.  

        

 Sealable titanium (grade 2) mini cells b. Parr reactor vessels 

 

 

 

Figure 4: Equipment used for hydrothermal experiments involving produced microcapsules and sodium silicate solutions. To 

minimize fluid loss and chemical contamination of the samples, sealable internal cells (a) were used in combination with 

small Parr reactor vessels (b). These vessels were heated in a convection oven at 150-200 °C (From Nakagawa et al., 2023b). 

a 

b c d 
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3. RESULTS AND DISCUSSION 

3.1 Dynamics of acetic acid (core)-epoxy (shell) double emulsion formation  

Figure 5a depicts representative time-lapse images showing the formation of a microcapsule in the capillary device. As the acetic acid (50 

wt.%) and epoxy were co-injected from the left boundary via the injection tube and the outer capillary tube, a double layer ganglion 

formed at the tip of the injection tube. At the same time, the injection of carrier fluid induced elongation of the ganglion by viscous 

dragging force until 0.2s when snap-off of the ganglion occurred and the double-layer ganglion pinched off from the injection tube. The 
flow of the microcapsules in the collection tube were recorded by the LED-based tracking device, and Figure 5b shows the converted 

electrical signals over 2s. The spike of the voltage indicates passing of a microcapsule at a signal-to-noise ratio of > 40. Although we have 

not conducted a detailed analysis yet, potentially the shape of each spike can also be used to characterize the particle shape parameters 

(e.g. particle size, core-shell diameter ratio). Combining these two systems can produce a unique dataset for understanding the dynamics 

of microcapsule formation, and allow automatic monitoring of the performance during production. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: (a) Time-lapse images showing the formation of microcapsules by the microfluidic system at a core injection rate of 3 

μl/min, shell injection rate of 15 μL/min, and a carrier fluid injection rate of 300 μL/min. (b) Changes of the electrical 

signal in the collection tube captured by the LED-based particle tracking device 

3.2. Characterization of produced microcapsules   
Figures 6a and b show microscope images of some of the produced microcapsules with sizes <500 μm. Figure 6c presents the measured 

microcapsule diameters and core diameters, and Figure 6d depicts the density measured from randomly selected individual microcapsules. 

The average capsule and core diameters are 458 ± 23 μm and 290 ± 22 μm, respectively, and the average density is 1.18 ± 0.095 g/cm3 .  

The statistics of diameter and density measurements on microcapsules indicate the consistency of the product s and high-quality control 

of the production system. 

We also confirmed the capability of the microfluidic system in producing microcapsules with a range of sizes and core materials by 

adjusting the tube sizes and fluid injection rates. For instance, Figure 7 shows example microscope images of more products, including 

(a) water stained with fluorescent tracer dye, (b) 10 wt.% acetic acid solution and (c-d) 50% acetic acid solution stained with blue food 

dye. Figure 7 also illustrates the capability in producing microcapsules with a particle diameter of ~250 to 650 μm and a core diameter of 

~220 to 540 μm. After being UV cured and dried, the microcapsules were tested under elevated temperature and pressure relevant to EGS 
conditions. 
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Figure 6: (a, b) Example microscope images showing the produced microcapsules at <500 μm diameter. (c) Diameter distribution 

of microcapsules and cores measured from representative microcapsules. (d) Density distributions measured from 

individual microcapsules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Microscope images showing produced microcapsules with a variety of characteristics , including (a) water 

core stained with fluorescent dye, (b) 10 wt.%  acetic acid core stained with blue food dye, and (c, d) 50 wt.%  

acetic acid core stained with blue food dye with a range of particle sizes. 
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3.3 S ilicate gel plug formation delayed by microcapsules under elevated temperatures 
By using the microcapsules in Figure 6, we conducted hydrothermal experiments with 10 wt.% sodium silicate at 150-200°C (Figure 8a). 

Figure 8b demonstrates the thermal stability of produced microcapsules after 1.5 h heating at 150 °C. For this sample, heating of the 

system was resumed and continued under 200°C for another 30 min. Figure 8c shows the result, indicating partial degradation of the 

microcapsules but no considerable gel formation. In contrast, Figure 8d presents another experiment that shows degradation of most of 

the microcapsules when subjected to heating at 150°C for 1.5 hours followed by 200°C for 1.5 hours. Again, no considerable gel formation 
was observed, and this is probably due to an insufficient amount of acetic acid for gelation reaction. Figure 8e and f are microscope images 

showing the detailed geometry of the microcapsules after the hydrothermal experiments, with breached shell and geometry of remaining 

microcapsules.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: (a-d) Photograph of the hydrothermal tests on acetic acid (50 wt.%) encapsulated microparticles with 10 wt.% sodium 

silicate at 150-200 °C.(e) Microscope images of the microcapsules after shell breach. (f) Microscope image of a remaining 

microcapsule. 

We also conducted hydrothermal experiments on the produced microcapsules with larger sizes which provide more acetic acid for gelation 

reaction. Figure 9a and b are microscope and SEM images of the investigated microcapsules at a diameter of ~650 μm and core size at 

~450 μm. A higher concentration of sodium silicate (40 wt.%) was also applied in the hydrothermal experiments (Figure 9c). Figures 9d 

demonstrates the stability of microcapsules after 30 min heating at 150 °C, indicating the epoxy shell successfully isolated and protected 
the core reactant (50 wt.% acetic acid) from the sodium silicate solution for at least 30 min at 150°C. With this sample, heating of the 

system was resumed and continued at 150°C for another 1 hour after the observation. As shown in Figures 9e and f, the degradation and 

breach of the epoxy shell released acetic acid and initiated reaction with the surrounding sodium silicate solution, forming an intact gel 

plug with a length up to 2.0 cm. Microscope images of the gel plug clearly showed the degradation of microcapsules, leaving a semi-

spherical shell structure within the plug (Figures 9g, h). 
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Figure 9: (a) Microscope and (b) SEM images of the produced microcapsule at 650 μm. (c-f) Photograph of the hydrothermal tests 
using acetic acid (50 wt.%) encapsulated microcapsules with 40 wt.% sodium silicate at 150°C. (e-f) Microscope images of 

the silica gel plug after shell breach. 

4. CONCLUSIONS  

We successfully developed a microfluidic system and produced reactant-encapsulating microcapsules for EGS fracture manipulation. We 

also built an in-situ imaging and particle tracking system to understand the encapsulation process and automatically monitor and assess 
the particle production performance. We demonstrated the capability of the system for producing microcapsules containing different types 

of flow-diverter-forming reactants, with sizes ranging from ~250 to 650 μm and shell thickness from 30 to 80 μm. We also conducted 

hydrothermal experiments at temperatures between 150-200°C on the produced microcapsules, confirming that (1) the reactions were 

delayed by 0.5-1 hours and that (2) once triggered, reaction can be enhanced by the increased reactive interfacial areas and reduced 

diffusion length. These properties of reactant-encapsulating microcapsules are critically important for delivering gel-forming chemicals  
away from the injection wells, delaying the reaction kinetics, and then achieving the objective of manipulating EGS reservoir  fracture 

permeability. Further work will be conducted to test the thermal degradation and delayed silicate gel and metal precipitate forming 

performance of the microcapsule for a range of activator core materials, particle sizes, shell thickness and concentrations. Additionally, 

the current microfluidic system will be scaled up so that a large quantity of the microcapsules can be produced rapidly.   
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