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ABSTRACT 
 

There is an abundance of heat but lack of fluids 

underground. Current drilling and fracturing technologies 

can provide necessary access to the hot rocks, creating 

Enhanced Geothermal Systems (EGS). Despite the 100-fold 

increase in the geothermal energy potential that EGS could 

yield, the reservoir development costs are very high, and 

adding water in sufficient quantity is not always 

economically viable.   

As an alternative fluid, supercritical CO2 has been 

considered for its potential to yield up to 50% more 

electricity than water, mainly due its lower viscosity and 

greater ability to permeate the reservoir. Nevertheless, there 

are substantial risks associated with reactions triggered by 

introduction of a new fluid like CO2. 

PARC has developed a multichannel system for purpose 

of studying geothermal rock-water-CO2 interactions under 

harsh underground conditions, but could be used as a 

generic tool in many other areas that can benefit from better 

understanding solid-fluid interactions.   
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1 INTRODUCTION 
 

The 2006 MIT report on the U.S. geothermal potential 

[1] revealed, that new fluids are necessary to unlock the 

geothermal potential of hot dry rocks undergorund.  This 

has revitalized an older idea of using supercritical CO2, and 

triggered an avalanche of interest in related issues.   

While advanced modeling software [2,3] is useful to 

simulate use of CO2 as a geothermal working fluid, there 

are an increasing number of reports on significant 

challenges associated with introduction of CO2 into 

reservoirs containing at least some traces of water [4-8], 

requiring experimentation to understand mineral alteration, 

fluid chemistry, and permeability evolution [9-10].  During 

the water-to-CO2 transition, there would be three distinct 

zones present – a core region dominated by a supercritical 

CO2 fluid phase, a surrounding intermediate zone, and 

peripheral region containing an aqueous phase with 

dissolved CO2 [11-15].   

To mitigate some of the risks associated with transition 

of an EGS reservoir from water to supercritical CO2, PARC 

has developed a multi-reactor batch and flow-through 

capability for solid-fluid interactions, operating at high-

pressure and high-temperature conditions to mimic an 

underground setting and geothermal-like situations.  Each 

reactor is coupled to an on-line analytical system to monitor 

the chemical/physical processes inside and at the real time, 

including complex composition of dissolved minerals.  

Additional geothermal applications include understanding 

the role of naturally dissolved gasses and minerals on 

development of underground water pathways, predicting 

the effect of injected waste water purity on native rock 

solubility, assessment of risks and benefits associated with 

precipitation-redissolution processes during reservoir 

stimulation, and many others. 

In addition to studying behavior of diverse rocks in a 

wide range of water-CO2 fluid combinations to predict the 

flow of underground fluids and truly assess both risks and 

benefits of CO2-EGS operation, this unique capability can 

address challenges well beyond geothermal use. The 

additional application areas span from topics of interest for 

traditional industries such as oil & gas exploration (well 

cementing, rocks fracturing, brine water reuse, flow-path 

clogging, etc), up to addressing new challenges in green 

buildings technologies (heat pumps, solar-thermal, cooling 

fluids, and construction materials). 

 

2 EXPERIMENTAL 
 

PARC’s multichannel reactor system, capable to heat up 

to 200 
o
C and a set of pumps that can push up to 20 MPa of 

fluid pressure into 50 mL reactors.  In addition to 

generating undergroud conditions, the system has a unique 

sampling ability that preserves the fluid composition under 

the reaction conditions, with subsequent complex analysis 

to monitor chemical composition changes in real time.  A 

flow-through circulation channel is currently being added to 

the system, sharing the fluid feed as well as the 

measurement parts of the system.  Figure 1 shows the 

whole system as well as its individual components, with a 

suite of five high-pressure / high-temperature reactors 

inside the oven, connected to the feed and sampling 

components via complex electrical and fluidic pathways, 

with a control center outside of the oven.  To extend the 

experimental temperature range, we have equipped reactors 

with additional heaters, which will allow us to perform 

certain experiments well above the oven temperature. 
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Figure 1 – PARC Solid-Fluid Interaction System. 

Individual components include: Oven (1), Reactor cell 

assembly (2), Stirring assembly (3), Gas source (4), 

Supercritical fluid feed pump (5), Liquid feed pump (6), 

Sample withdrawal pump (7), Sample analysis pump (8), 

Chemical analytics (9), System control & Data acquisition 

station (10), and Multi-channel reactors view (bottom). 

For the batch rock-fluid interaction experiments, after 

placing specific amounts of crushed and sieved rock 

samples into individual reactors, the water and supercritical 

CO2 feeds are delivered to the reactor vessels using syringe 

pumps.  Then, the rock particles are mixed with water and 

supercritical CO2 into slurry, optionally stirred by a high-

torque stirrer.  Since dissolution may start immediately 

upon contact of rock sample with fluids, therefore, the 

system is brought up to the operating temperature and 

pressure conditions as quickly as possible.  The interaction 

conditions are monitored by thermocouples and pressure 

transducers at several points, and optionally by a 

conductivity or pH sensor built inside a larger reactor that 

could be connected for a special study. Once the reaction 

conditions are reached, small aliquots of the reaction 

mixture (typically 200 L) are sampled and analyzed 

through the synchronized action of the sampling pump, 

selection valve, sampling valve, sample analysis pump, ion 

separation column, and mineral concentration detector.  

While the small fluid sample travels to the on-line 

connected ion-exchange High-Performance Liquid 

Chromatography (HPLC) system for detailed ion analysis, 

it is filtered and diluted in a strong solvent environment to 

insure that the dissolved components stay in solution.  

Control over the individual components of the whole 

system is provided by custom-made PARC software. The 

instrument control modules are combined with data-

acquisition software that collects mineral concentration 

traces during the course of the experiment.  Then, the 

experimental inputs, with actual pressure and temperature 

stamps at the sampling points, are linked to the mineral 

concentration traces and, after a calibration of our mineral 

ion detector, turned into the final solubility data at the 

specific interaction conditions.   

 

3 RESULTS & DISCUSSION 
 

After a thorough engineering validation, the system 

achieved an excellent stability of the interaction conditions, 

monitored by the pressure and temperature consistency 

throughout the experiments, and sufficient sampling 

precision and ion analysis accuracy.  Experiment-to-

experiment repeatability of the final concentration response 

is the ultimate measure of both precision and accuracy, 

covering the whole process from sample preparation to data 

processing, and currently is within a relatively narrow error 

margin of 20% in most cases, as exampled in Figure 2.   

 

Figure 2 – Experiment-to-experiment  repeatability. 

Calcite equilibrated in CO2-saturated water at 150 
o
C 

and 8.3 MPa pressure. 

PARC’s solid-fluid interaction system represents a high-

throughput experimental setup that allows us to screen 

rapidly for changes in solubility or degradation of solids as 

a result of changing conditions or fluid environment.  We 

can perform experiments using the whole spectrum of fluid  

compositions.  Additionally the strirrer may serve as a 

rheometer to sense thickening of a slurry of solid particles 

dispersed in fluids.  Figure 3 shows an example of resulting 

data streams from such an experiment, with a single mineral 

sample reaching equilibrium solubility in water over time in 

one reactor vessel, while in the other vessels is interacting 

with water-CO2 mixtures of different compositions.  
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Figure 3 – Screening for mineral solubility changes 

across a wide range of fluid compositions.  

Mineral sample: Barite; Particle sizes: 25-150 μm; 

Temperature: 100 
o
C; Pressure: 8.3 MPa. 

It is apparent that its low initial aqueous solubility 

rapidly increases with increased amounts of dissolved CO2, 

and then slowly decreases in solubility when separate fluid 

phases are created until becoming negligible in fairly dry 

supercritical CO2 phase.  This behavior is quite typical for 

many other minerals studied, but the magnitude of the 

response and the range of sensitive fluid compositions 

differ significantly.  For example, calcite responds very 

promptly even to traces of CO2, which makes it difficult to 

quantify as even perfectly deionized water absorbs some 

CO2 immediately upon exposure to air.  The importance of 

such a CO2-responsiveness test is in the rapid determination 

of potential risk factors associated with large differences in 

rock and mineral solubilities across the whole range of 

water-CO2 compositions, which may result in sealing-off a 

geothermal reservoir at the interface of those two fluids. 

As opposed to screening a single mineral in whole range 

of fluid environments and/or under different conditions, we 

can also devote each vessel to individual minerals and 

screen such a mineral diversity against a fixed set of 

conditions.  In the case when solubility is expected to 

change very little when going from one set of conditions to 

another, we can speed up the screening process by reusing 

the mineral sample already exposed to the previous set of 

conditions with a step change in conditions after reaching 

equilibrium solubility at the previous set of conditions.  

Figure 4 shows an example of such an experiment with 

diverse minerals in individual vessels and two sets of 

conditions applied in steps, one at the time.  It appears that 

the increase in pressure results in somewhat lower 

solubilities of calcite and dolomite, higher solubility of 

anorthite, while quartz appears to be insensitive to pressure 

change.  A slight increase of the background as measured 

for the blank fluid environment with no mineral present 

suggests that the observed changes might be within 

experimental error.  

 

Figure 4 – Screening for diverse mineral solubilities at 

step-changed conditions. 

Mineral samples: Calcite, Dolomite, Anorthite, Quartz,   

and no mineral (Blank); Particle sizes:  

63-150 microns; Temperature: 120 
o
C;                    

Pressure: 8.3 MPa (a) changed to 10.4 MPa (b). 

 

The data on individual ion concentrations at different 

mineral-fluid interaction times represent the dissolution 

profile of each mineral at the specific set of experimental 

conditions, and can be combined into the overall mineral 

solubilities, or correlated with other parameters, including 

those important for modeling processes at a specific 

geothermal site.   The complex dataset on the equilibrium 

solubilities and dissolution profiles of numerous diverse 

minerals in the whole range of water-CO2 environments and 

under a variety of underground pressures and temperature 

conditions is serving as a base for development of a new, 

more accurate, model of a CO2-EGS reservoir. Figure 5 

depits such a reservoir, with all three zones and a taget sign 

showing the primary focus of our study – the seal 

formation. 

 
Figure 5  –  Schematics of a CO2-EGS reservoir.   

Modified after Xu, 2012 [16]. 
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4 SUMMARY AND CONCLUSIONS 

PARC’s multichannel Rock-Fluid Interactions System is 

fully operational, capable of simulating various 

underground conditions relevant to geothermal processes, 

and producing mineral solubility and dissolution data that 

can provide valuable knowledge on the behavior of well-

known or unusual minerals in yet untested environments 

and/or under conditions not previously explored in the 

laboratory.  While continuing to generate more batch 

solubility data, including investigation of untested 

territories, we are expecting to upgrade the system by 

installing a flow-through capability with a water-CO2 

circulation through a column packed with several rock 

samples, which may allow us to see the effect of one 

dissolved mineral on dissolution/precipitation of others, 

together with many other effects that are relevant to the 

CO2-EGS reservoir development and operation. 

In our future work, we intend to utilize this unique 

capability to address solid-fluid interaction challenges in 

other application areas, directed towards various pressing 

clean energy issues.  For example, we could lower the 

environmental impact of oil and gas exploration activities 

through better well cementing materials, cleaner rocks 

fracturing processes, brine water reuse.  Or, on another side 

of clean technologies spectrum, we could address new 

challenges in green buildings technologies, including 

development of new heat pump techniques, cooling fluids, 

construction materials, or combined solar-thermal and 

geothermal systems. 
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