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ABSTRACT 
Utilization of underground reservoirs for geothermal 
energy extraction, particularly using CO2 as a working 
fluid, requires an in-depth understanding of fluid, 
solute (e.g., dissolved CO2 and minerals), and energy 
(heat, pressure) transport through geologic formations. 
Such operations necessarily perturb the chemical, 
thermal, and/or pressure equilibrium between native 
fluids and rock minerals, potentially causing mineral 
dissolution and/or precipitation reactions with often 
immense consequences for fluid, solute, and energy 
transport, injectivity, and/or withdrawal in/from such 
reservoirs. The involved physico-chemico-thermo-
mechanical processes often lead to modifications of 
permeability, one of the most variable and important 
parameters in terms of reservoir fluid flow and related 
advective solute/reactant and heat transport. 
Importantly, the amount of mineral 
dissolution/precipitation that can cause orders of 
magnitude in permeability reduction can be very 
small, if minerals are removed or deposited in pore 
throats or narrow fracture apertures. This potentially 
has detrimental consequences for geothermal energy 
usage.  

However, analysing, understanding, and predicting 
reservoir evolution and flow properties are non-trivial, 
as they depend on complex chemical, thermodynamic, 
and fluid-dynamic feedback mechanisms. To achieve 
these goals, it requires the integration and 
extrapolation of thermodynamic, kinetic, and 
hydrologic data from many disparate sources. The 
validity, consistency, and accuracy of these data-
model combinations are unfortunately often 
incomparable due to the relative scarcity of 
appropriate parameterizations in the literature. Here, 
we present some results of hydrothermal flow-through 
experiments on rock core samples. During the 
experiments, we fixed the flow rates, confinement and 
outlet pore-fluid pressures, and recorded inlet pore-
fluid pressure. We also analysed the outlet fluid 
chemistry samples throughout the experiments and 
imaged our rock cores before and after the flow-
through experiments using X-Ray Computed 

Tomography (XRCT). With all these data, we are able 
to interpret the changes in permeability, porosity, and 
(reactive) surface area at the core scale. 

1. INTRODUCTION  
Geothermal energy is thermal energy generated 
mainly from radioactive decay and heat loss from 
Earth’s formation (The KamLAND collaboration, 
2011). The Earth has an estimated internal heat 
content of 1031 joules, with a heat flow to the Earth 
surface by conduction at a rate of 44.2 terawatts (TW) 
(Pollack et al., 1993; Fridleifsson et al., 2008; Bayer et 
al., 2013). A mean geothermal gradient of at least 
35°C/km, maintained to a depth of 3-4 km, is 
estimated to be the economic minimum requirement 
for geothermal energy “mining” (Rollin & Institute of 
Geological Sciences, 1982). Ninety-nine percent of 
the earth's volume has temperatures higher than 1000 
°C, with only 0.1% at temperatures lower than 100 °C 
(Bayer et al., 2013). Therefore, geothermal energy is 
sufficiently large and immense, and counted among 
renewable energies with great potential for the future 
(Blackwell et al., 2006; Tester et al., 2006; Rybach, 
2010; Bahadori et al., 2013).  

Harvesting the energy from deep geothermal resources 
involves circulating fluids, which will be heated while 
transmitted through the hot subsurface reservoirs, and 
extracting their heat at the surface power plants for 
electricity generation or through heat exchangers for 
direct use (Bertani, 2012; Chamorro et al., 2012; 
DiPippo, 2012; Hirschberg et al., 2014). Within recent 
years, many (European and other) sites have been 
investigated and some developed to determine if they 
are suitable for economic geothermal energy 
development (see e.g., Kohl et al., 2003; Bayer et al., 
2013; Schill et al., 2015). The sustainable operation of 
the geothermal system lies on the transmissivity and 
the fluid’s heat content/temperature of the reservoirs. 
One of the major limitations for geothermal energy 
development is low natural fluid productivity, 
particularly in low- and medium-enthalpy reservoirs. 
In order to increase the magnitude of fluid and heat 
productivity to levels that enable economic use of 
natural geothermal systems, permeability stimulation 
treatments are widely used. Permeability may be 
increased by hydraulic, thermal, and/or acid 
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stimulation techniques. However, new well designs, 
adapted from the oil and gas industry, have also been 
developed to enhance the performance of such 
enhanced or engineered geothermal systems (EGS). 
Chemical stimulation is one of the engineering 
treatment to improve the transmissivity and 
productivity of the subsurface reservoirs (Portier et al., 
2007; Rose et al., 2007; Nami et al., 2008; Portier et 
al., 2009; Taron & Elsworth, 2009; Schill et al., 2015). 
In particular, Xu (2010) numerically investigated the 
feasibility of using carbon dioxide (CO2) as a 
stimulation agent for EGS, because dissolution of CO2 
into formation fluids reduces their pH, resulting in the 
dissolution of minerals (Luquot et al., 2012; Luhmann 
et al., 2014; Tutolo et al., 2014; Tutolo et al., 2015; 
Kong & Saar, in prep.). In addition, CO2 may 
simultaneously be used as a working fluid (Figure 1) 
to extract geothermal energy (Brown, 2000; Pruess, 
2006), as a form of carbon capture, utilization, and 
storage (CCUS) to mitigate global climate change that 
is caused by increasing atmospheric CO2 
concentration (IPCC, 2005). 

 

Figure 1: Illustration showing a vertical cross 
section through one possible implementation 
of a simplified radial-reservoir CO2-Plume 
Geothermal (CPG) system (after Randolph 
& Saar, 2011; Saar et al., 2012-2015; 
Garapati et al., 2014; Garapati et al., 2015), 
implemented in a deep saline aquifer. 

Nonetheless, such operations of subsurface reservoirs 
necessarily perturb the chemical, thermal, and/or 
pressure equilibrium between native fluids and rock 
minerals, potentially causing mineral dissolution 
and/or precipitation reactions with often immense 
consequences for fluid, solute, and energy transport, 
injectivity, and/or withdrawal in/from such reservoirs. 
To delineate these coupling processes, hydrothermal 
flow-through experiment on rock cores is one of the 
state-of-the-art approaches allowing us not only to 
examine relevant chemical reactions due to mineral 
dissolution and precipitation, but also to provide 
critical insight on permeability evolution and 
associated fluid flow. Understanding these complex 
geochemical processes involved in the evolution of 
reservoir properties requires determination of mineral 
reactivity, including kinetic reaction rate and reactive 

surface area of minerals. Typically, kinetic reaction 
rates are measured in the laboratory in well-mixed 
reaction systems using crushed mineral grains (see e.g., 
Golubev et al., 2005; Pokrovsky et al., 2005) and their 
reactive surface area, usually measured by the 
Brunauer-Emmet-Teller (B.E.T) method (Brunauer et 
al., 1938) or simply based on geometric area (Gautier 
et al., 2001).  However, mineral surface areas of 
natural rocks are generally poorly characterized 
(Helgeson et al., 1984; White & Peterson, 1990; Nagy 
et al., 1999; Washton et al., 2008; Peters, 2009; 
Landrot et al., 2012; Luhmann et al., 2014) and 
incomparable to the ones measured in laboratory 
experiments (White & Peterson, 1990; Hajash et al., 
1998; Li et al., 2014; Luhmann et al., 2014). Moreover, 
lab-measured kinetic reaction rates and reactive 
surface areas are, unfortunately, related to each other 
because the lab-measured kinetic reaction rate is 
typically normalized to reactant mineral surface area. 
Although many studies focus on mineral-specific 
dissolution rates, very few laboratory studies have 
explored the complexities of whole rock reaction 
kinetics (White et al., 1999; White & Brantley, 2003; 
Gong et al., 2012; Li et al., 2014; Luhmann et al., 
2014; Tutolo et al., 2014). For example, Luquot and 
Gouze (2009) conducted a series of flow-through 
experiments by flooding brines, with dissolved CO2, 
through limestone cores. With fluid chemistry from 
the fluid samples and pre-defined porosity-surface 
area relationships, they can determine changes in 
surface area and porosity-permeability relationships 
through fits of calculated porosity over time, 
employing mass balance calculations. Gouze and 
Luquot (2011) used 3D X-ray micro-tomography 
images to validate the porosity-surface area power-law 
model of Gouze and Luquot (2011) and to determine 
the relative contribution of flow path tortuosity and 
hydraulic radius to porosity-permeability relationships. 
Similarly, Luhmann et al. (2014) conducted 
hydrothermal flow-through experiments of single-pass 
injection of CO2-charged brine on nine dolomite rock 
cores to examine fluid-rock reactions under geologic 
carbon sequestration conditions. Following the fitting 
procedure of Luquot and Gouze (2009), they 
employed a power-law relationship between reactive 
surface area and porosity to determine changes in 
these two quantities. 

In (Luquot & Gouze, 2009; Gouze & Luquot, 2011; 
Luquot et al., 2012; Luhmann et al., 2014; Tutolo et 
al., 2014; Tutolo et al., 2015), fits of calculated 
porosity over time are the cornerstones of the 
subsequent analysis. However, porosities of core 
samples in their works were determined by X-ray 
Compted Tomography (XRCT) data sets and mass 
balance calculations. Thus the calculated porosities 
will be affected by the XRCT resolution and the 
thresholding applied on the XRCT data. Moreover, 
rock samples were imaged ex-situ, i.e., not at elevated 
temperatures and pressures. This will introduce further 
off-set on the porosity calculation using XRCT data. 
Although Luhmann et al. (2014) have performed 
Monte-Carlo analysis on uncertainty estimation of the 
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fitting parameters, new measurements (using water 
saturation) of porosity for the dolomite rock cores 
show a much higher value compared to the porosity 
determined using XRCT data, according to private 
communications with Dr. Luhmann and Dr. Tutolo. 
Therefore, it is necessary to re-visit the experimental 
results and investigate the effect of initial porosity on 
the fitting parameters. Moreover, we extend our 
discussions on implications of our findings to EGS.       

2. METHODOLOGY 
The flow-through system used in (Luhmann et al., 
2014), also previously described in (Luhmann et al., 
2012; Tutolo et al., 2014), employs Teledyne ISCO 
syringe pumps to provide fluid flow through 
cylindrical core smaples at pre-defined flow rates, 
back pore-fluid pressure (set to 150 bar), as well as 
confinement pressure (set to 200 bar) around the 
dolomite sample (see Figure 2). A total number of 9 
experiments were conduted at five levels of flow rates, 
namely, 0.01, 0.0316, 0.1, 0.316, and 1 ml/min, to 
assess relationships of porosity-surface area and 
porosity-permeability over two orders of magnitude of 
flow rates (see Table 1). Temperature during all 9 
experiemtns were maintained to 100 °C by four 
eletronic Watlow band heaters. Core samples were 
first wrapped by 0.8 mm-thick Teflon FEP sheath, and 
then by 0.05 mm-thick stainless stell foil around the 
Teflon sheath to minimize CO2 diffusion into the 
confinning fluid.   

 

Figure 2: Flow-through system used in (Luhmann 
et al., 2014). The double-pump (A and B) 
pushed the CO2-charged brine sitting in a 
separator through the core sample, housed 
in a pressure vessel. Pump C provided 
constant confinement pressure around the 
sample, and Pump D for the constant outlet 
pressure. Inlet and outlet pressures were 
monitored by pressure transducers.    

Experiments used dolomite cores cut from the 
Madison Limestone, collected from an outcrop in 
Layton Canyon in the Black Hills of South Dakota. 
The molecular formula of these dolomite cores was 
estimated from oxide analysis using an inductively 
coupled plasma-optical emission spectrometer (ICP-
OES), namely, CaxMgy(CO3)2, where x=1.02 and 
y=0.98 were suggested. The cores were dried in an 
oven at 60 °C both pre- and post-experiment before 
they were weighed to determine mass change from 
fluid-rock reaction. 

The experimental fluid in the upstream separator 
consisted of a 0.92 ml NaCl/kg solution (1 molal 
NaCl) with a 0.6 mol CO2/kg solution (i.e., 0.65 molal 
CO2 or 129 pCO2), equivalent to ~80% saturation 

concentration, calculated according to CO2 solubility 
model of (Duan & Sun, 2003; Duan et al., 2006). 
During each experiment, fluid samples were collected 
at the the outlet of pressure vessel to constrain fluid-
rock interaction. Major dissolved cations of all 
collected fluid samples were analysed using ICP-OES, 
and major dissolved anions of collected fluid samples 
were only analysed for Experiments 1 and 6 using ion 
chromatography.  

A series of pressure gradients and flow rates was used 
during deionized (DI) water flow both before and after 
each experiment to confirm the presence of laminar 
flow and to provide better resolution for measurement 
of initial and final bulk permeability. 

Table 1: Nine flow-through experiments labeled 
from No. 1 to 9 on dolomite samples with a 
mean diameter of 12.78±0.044 mm and a 
mean length of 25.94±0.413 mm. Qv: the 
volumetric flow rate, td: duration, ∆m: loss of 
mass due to dissolution, k0: initial 
permeability, kf: final permeability. 
(modified from (Luhmann et al., 2014)) 

No. 
Qv 

(ml/min) 

td 

(min) 

∆m 

(g) 

k0 

(m2) 

kf 

(m2) 

1 1.0 61 0.146 3.7x10-16 2.79x10-15 

2 0.316 180 0.114 1.31x10-15 2.12x10-14 

3 0.1 408 0.112 5.7x10-16 4.3x10-15 

4 0.1 350 0.094 7.7x10-16 7.9x10-15 

5 0.1 427 0.118 7.5x10-16 1.07x10-14 

6 0.1 367 ~0.1 4.5x10-16 2.05x10-15 

7 0.0316 2222 0.162 1.47x10-16 3.8x10-15 

8 0.01 12962 0.273 4.5x10-16 1.32x10-15 

9 0.01 12742 0.268 2.89x10-16 1.32x10-15 

 

3. RESULTS AND DISCUSSION 
Real-time bulk permeability, k, can be determined 
using Darcy’s law: 

k = -Qvµf /(A∇P) ,                          [1] 

where A is the core cross-sectional area, ∇P is the 
pressure gradient across the core length, and µf is the 
fluid dynamic viscosity which was taken 
conservatively to be 323.1 µPa s for a 1 molal NaCl 
solution at 100 °C and 150 bar (Kestin et al., 1981; 
Mao & Duan, 2009). Permeability enhancement was 
observed for all nine experiments, with increase 
ranging from ~2.6 times to more than an order of 
magnitude (see Table 1 and Inset in Figure 3). We 
argue that this enhancement in permeability was 
induced by mineral dissolution, as indicted by loss of 



Kong et al. 

 4 

mass shown in Table 1. Note that noise in 
permeability profiles could be caused by laboratory 
temperature fluctuations, collection of fluid samples, 
and small pressure drop across the inlet and the outlet, 
particularly for experiments at low flow rates. Figure 3 
shows the the incubation time versus the volumetric 
flow rates. The incubation time is defined as the 
duration from time zero to the time when permeability 
starts to increase. We notice that the incubation time 
decreases sharply as volumetric flow rate increases 
from 0.0316 to 0.1 ml/min, then steadily levels off 
when volumetric flow rate increase further. The 
incubation time seems to directly link to the 
dissolution patterns occurred during the experiments. 
As shown in Fig. 4 in (Luhmann et al., 2014), three-
dimensional (3D) XRCT images illustrate that 
dissolution pattern changes from conical dissolution at 
the lowest flow rate to dominant dissolution at median 
flow rate, and then to ramified/uniform dissolution at 
highest flow rate (see e.g., Hoefner & Fogler, 1988; 
Fredd & Fogler, 1998; Fredd & Fogler, 1999). For the 
ramified/uniform dissolution, mineral-fluid reactions 
tend to occur homogeneously and largely use the pre-
existing pore networks. Therefore, this type of 
dissolution produces less incubation time. In contrast, 
the conical dissolution mainly results from mineral-
fluid reactions at the upstream end. This would take 
much longer time to its effects on permeability 
because the bulk permeability was still controlled by 
the intact portion of core at the downstream end.  

 

Figure 3: Incubation time versus volumetric flow 
rates. Inset: changes of permeability as a 
function of time (after Luhmann et al., 2014). 

Moreover, permeability heterogeneities in rock 
samples will cause various transport patterns of mass 
transfer (e.g., Kong & Saar, 2013). This effect is also 
shown in the variations of incubation time at a 
volumetric flow rate of 0.1 ml/min in Figure 3. As 
shown in Fig. 8 in (Luhmann et al., 2014), different 
dominant dissolution patterns were observed in 4 
experiments at a volumetric flow rate of 0.1 ml/min.  

One of the possible ways to reduce the off-set 
comparison due to initial permeability heterogeneities 
is to compare the permeability enhancement using  the 
normalized permeability, k/k0, as shown in Figure 4. 

The rate of the normalized permeability increment, 
d(k/k0)/dVin, first increases with the increase in 
volumetric flow rate to a maximum (at 0.1 ml/min), 
then decreases as the volumetric flow rate increases 
further, where Vin is the injection fluid volume. It is 
clearly shown that a flow rate of 0.1 ml/min produced 
the most effective permeability enhancement 
compared to the other flow rates in all the conducted 
experiments. In particular, the normalized 
permeability, k/k0, increases the fastest in Exp. 4.  

 

Figure 4: Evolutions of normalized permeability, 
k/k0, as a function of injection fluid volume 
(= volumetric flow rate Í time).  

As stated above, changes of permeability in the 
samples are attributed to pore structure changes, i.e., 

porosity changes. The changes of porosity, Δφ , can be 
determined by: 

Δφ = φ(t)−φ*= Vdolomite(t)
Vcore  ,                    [2] 

where φ(t) is the sample-averaged porosity at time t, 
φ* is the initial sample-averaged porosity, Vdolomite(t)  is the 
volume of dissolving dolomite at time t, Vcore  is the total 
core volume, i.e., product of the cross-sectional area 
and the length of core sample. Based on mass balance 
and measured Ca and Mg concentrations, Vdolomite(t)  is 
given by: 

Vdolomite(t) = 0.5υQvρ f xΔCCa (τ )+ yΔCMg(τ )⎡⎣ ⎤⎦dτ
τ=0

τ=t

∫
,        [3] 

where υ = 6.36Í10-5 m3/mol is the dolomite molar 
volume, ρ f is the fluid density, ΔCCa and ΔCMg are the 
outlet Ca and Mg concnetrations, respectively. Given 
the Ca and Mg concentrations in Table 3 in (Luhmann 
et al., 2014), Vdolomite(t)  can be easily calculated.  

Figure 5 reports the changes of porosity as a function 
of injection fluid volume, based on equation [2]. The 
increase rate of changes of porosity could be grouped 
into two categories sorted by volumetric flow rates, 
namely, a rapid growth group with flow rates smaller 
than 0.316 ml/min, and a slow growth group with flow 
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rate larger than 0.1 ml/min. In each group, the same 
amount of injection fluid will result in the similar 
changes in porosity, regardless of flow rates. For the 
rapid growth group, a clear transition from non-linear 
to linear growth occurs at fluid injection volume of 
about 20 ml.  

 

Figure 5: Changes of porosity as a function of 
injection fluid volume.  

 

Figure 6: Evolutions of normalized permeability, 
k/k0, as a function of porosity change.  

Figure 6 represents the time-resolved normalized 
permeability versus the porosity change. Experiment 
with flow rates greater than 0.0316 ml/min displays a 
relatively larger enhancement of permeability ratio per 
increase of porosity. Figure 6 clearly illustrates 
permeability complexity induced by a combination of 
several parameters, including the geometry of pores 
and throats, as well as their connectivity. If the 
dissolution occurs at critical throats, very little 
changes of porosity can result in dramatic changes in 
permeability, as shown the growing enhancement of 
normalized permeability observed in experiments with 
flow rates larger than 0.0316 ml/min. 

Although we can use the B.E.T method to determine 
the physical total surface area of void space, because 
of the complexity of fluid flow through void space, 
some portions of the total surface area receive large 

percentages of fluid, where reactions are likely 
controlled by mass transfer rate at the fluid-mineral 
interface; while fluids in other portions of the surface 
area are stagnant, where reactions are likely tranport-
limited. This hydrology complexity will be partially 
resposible for the observed off-set between surface 
area measured by the B.E.T. method and surface area 
suggested by fluid chemistry (White & Peterson, 1990; 
Hajash et al., 1998; Li et al., 2014; Luhmann et al., 
2014). To determine pore volume-normalized reactive 
surface area, σ (t)  at time t, a power-law relationship 
between reactive surface area and porosity was 
employed (Luquot & Gouze, 2009; Gouze & Luquot, 
2011; Luquot et al., 2012; Luhmann et al., 2014): 

σ (t)
σ *

= φ(t)
φ *

⎛
⎝⎜

⎞
⎠⎟

−w

,                            [4] 

where w is a geometrical exponent and σ * is the initial 
pore volume-normalized reactive surface area. By 
linking the sample-averaged porosity to the sample-
averaged mass trasnfer rate using transition state 
theory (Luquot & Gouze, 2009; Gouze & Luquot, 
2011; Luquot et al., 2012; Luhmann et al., 2014), the 
values of w  and σ *can be determined through curve-
fitting of time-resolved porosity calculated in equation 
[2] and the mass balance calculation in equation [3].     

 

Figure 7: Fitting parameter, w, as a function of the 
initial porosity.   

We have noticed that there were no analysis on the 
dependency of w on initial porosity in Luquot & 
Gouze (2009); Gouze & Luquot (2011); Luquot et al. 
(2012); and Luhmann et al. (2014). The major 
uncertainty of porosity determination likely originated 
from XRCT data, including XRCT resolution, 
thresholding, and ex-situ imaging. By assuming that 
initial porosity of the nine dolimite rock samples 
varies from the XRCT-determined porosity to a 
porosity of 18% (the highest value determined using 
water-saturation method, through private 
communication with Dr. Luhmann and Dr. Tutolo), 
Figure 7 reports the dependency of w on the initial 
porosity. The value of w steadily increases with an 
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increasement of initial porosity. Experiments with 
higher value of w appear to have higher increase rates 
of w per increase of initial porosity. In particular, the 
highest values of w and dw / dφ *  both appear in Exp. 4 
with a flow rate of 0.1 ml/min, where the greatest 
enhancement of normalized permeability per increase 
of porosity was observed (see Figure 6). As 
interpreted in Luquot & Gouze (2009), w characterises 
the time-resolved efficiency of the dissolution, namely 
permeabilitiy increase rate per increase of porosity. 
Higher w indicates greater efficiency of the dissolution. 
Figure 7 depicts that the highest efficiency of 
dissolution is observed in Luhmann et al. (2014) with 
experiments of flow rate of 0.1 ml/min, which is 
consist with results of tortuosity calculation in 
Luhmann et al. (2014). Therefore, Figure 7 suggests 
that a higher initial porosity requires a higher 
dissolution effciency at the same flow rate.   

In contrast, σ * decreases with the increase of initial 
porosity, as shown in Figure 8. Although all the curves 
appear to be parallel to each other in Figure 8, the 
decrease rate of σ * per increase of initial porosity, 
dσ * /dφ * , actually decreases with the increase of σ * , 
because Figure 8 is a semi-log plot. It is worth to note 
that σ *  is not solely a geometry-controlled parameter, 
but also controlled by the chemical disequiilibrium of 
inlet fluid, as well as fluid flow complexity (Luquot & 
Gouze, 2009; Luhmann et al., 2014). In that sense,  
Figure 8 also describes the effect of geometry, 
indicated by sample-averaged porosity, on σ * . The 
diffecence between the XRCT-determined porosity 
and the porosity determined by water-saturation 
method is apparently not visible to the current XRCT 
resolution. This difference is likely contributed by the 
micropores in the solid around the macropores that are 
visable to the current XRCT resolution.  Therefore, we 
expect an increase of the physical surface area. 
However, Figure 8 shows that the increase of the 
initial porosity in the fitting of the calculated porosity 
is not followed by an increase of σ * . Thus, Figure 8 
could further imply that although the initial porosity 
increases, the hydraulic accessable reactive surface 
area decreases.  

Figure 9 shows that, as φ* increases, the two 
independent fitting parameters shift from the left to 
the right of the figure. It suggests that to produce the 
same dissolution rate, represented by the rate of 
porosity increment, σ * needs to be reduced and 
simultaneously w needs to be increased, as the initial 
porosity increases. This implies that the effect of the 
decrease of σ *on the dissolution rate is mitigated by 
the increase of dissolution effeciency. Moreover, as 
the initial porosity increases from 0.056 to 0.18, three 
groups of dissolutioin regimes (characterized by the 
relationship between σ *  and w) are clearly identified: 
(1) upper group with flow rates between 0.1 to 1.0 
ml/min, (2) middle group with flow rate of 0.0316 
ml/min, and (3) lower group with flow rate of 0.01 
ml/min, as shown in Figure 9.  

 

Figure 8:The fitted initial reactive surface area, 
σ * , as a function of the initial porosity.   

 

Figure 9: Dependency of the relationship between 
the fitted initial reactive surface area, σ * , 
and the fitted parameter, w, on initial 
porosity. 

As we stated in Section 1, one of the major limitations 
for geothermal energy development is low natural 
fluid productivity, particularly in low- and medium-
enthalpy reservoirs. The reported acidic stimulation 
treatments on permeability in this work are highly 
relevant to EGS. Harvesting the energy from deep 
geothermal resources involves circulating fluids which 
will be heated while transmitted through the hot 
subsurface reservoir. If the permeabilities of the 
geothermal reservoirs are sufficiently high, the 
advective heat transfer is dominant in EGS; otherwise, 
the conductive heat transfer is dominant. The time-
resolved temperature, T, in a porous medium can be 
described as (Saar, 2011) 

∂ φρ f c f + 1−φ( )ρscs⎡⎣ ⎤⎦T

∂t
= ∇⋅

ρ f c fT
µ f

k ⋅∇ P + ρ f gz( )⎡

⎣
⎢

⎤

⎦
⎥

                                        +∇⋅ KTm
⋅∇T( )+ Sh ,       [5] 

where P is pore-fluid pressure, g is gravitational 
acceleration, z is elevation above some reference 
level, Sh is heat source/sink, c is specific heat capacity, 
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KT is thermal conductivity, and subscripts f, s, and m 
denote fluid, sloid, and fluid-solid mixed properties. 
On the right-hand side of equation [5], the first term 
represents advective heat transfer induced by fluid 
flow, and the second term describes the conductive 
heat transfer. For consolidated rock samples, previous 
measurements show that thermal conductivity 
decreases as porosity increases (Woodside & 
Messmer, 1961a, 1961b). It suggests that the 
advective heat transfer will be continuously enhanced 
because of the increment of permeability and the 
conductive heat transfer will be further limited due to 
the decrease of the mixed thermal conductivity with 
dissolution reaction progress. Similar to the effect of 
dissolution pattern on the enhancement of 
permeability, different dissolution patterns will have 
distinct effects on the mixed thermal conductivity. 
Since we are interested in harvesting the energy from 
deep geothermal resources, ideally we would like to 
enhance both the conductive and advective heat 
transfer, or at least minimize the reduction of 
conductive heat transfer if not possible to maintain it. 
Therefore, further work should include investigations 
of relationship between the mixed thermal 
conductivity and porosity and surface area. This will 
help to determine which dissolution pattern will be the 
preferred one, i.e., with the highest dk/dΔφ and the 
lowest dkT/dΔφ. This eventually facilitates the 
development of best practices and tools for the 
assessment of effectiveness of chemical/acid 
treatments for different reservoir conditions. 

4. CONCLUSIONS 
We have re-visited the experimental results of 
injection of CO2-charged brine into nine dolomite 
cores at a temperature of 100 °C and back pore-fluid 
pressure of 150 bar with fluid flow rates that spanned 
two orders of magnitude (from 0.01 ml/min to 1.0 
ml/min). We found that the incubation time decreases 
sharply as volumetric flow rate increases from 0.0316 
to 0.1 ml/min, then steadily levels off when 
volumetric flow rate increase further. Experiment at 
flow rates greater than 0.0316 ml/min displays a 
growing enhancement of permeability ratio per 
increase of porosity. While experiments at the lowest 
flow rates were characterized by a lower permeability 
enhancement rate.  

We refit the calculated porosity data with a guessing 
initial porosity that varies from XRCT-determined 
porosity to a porosity determined by water saturation 
method. We found that the value of w steadily 
increases with an increase of initial porosity. 
Experiments with higher value of w appear to have 
higher increase rates of w per increase of initial 
porosity.  In contrast, the fitted initial reactive surface 
area decreases with the increase of the guessing initial 
porosity. This implies that the effect of the decrease of 
the fitted initial reactive surface area on the 
dissolution rate is mitigated by the increase of 
dissolution effeciency. 

Our experimental results suggest that the advective 
heat transfer will be continuously enhanced because of 
the increment of permeability and the conductive heat 
transfer will be further limited due to the decrease of 
the mixed thermal conductivity with dissolution 
reaction progress. However, further investigations are 
needed to determine the dependency of the mixed 
thermal conductivity on porosity increment and 
surface area. 
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