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a  b  s  t  r  a  c  t

The  development  of  enhanced  geothermal  systems  using  CO2 (CO2-EGS)  is a promising  idea  for  expanding
geothermal  energy  production  (especially  in areas  with  scarce  water  resources)  when  large  supplies  of
captured  anthropogenic  CO2 may  be  available  in the  future.  Implementing  this  concept  relies  on  replacing
the  natural  geothermal  brine  in  the  reservoir  with  injected  CO2 to  achieve  enhanced  energy  recovery,
and  raises  the questions  of  the fate of  dissolved  salts  in  the  brine  as  CO2 dries  out  the system,  and  how
any  precipitated  salt  could  affect  fluid  flow.  In this  case,  a new  TOUGH2  equation  of  state  module  (ECO2H)
was used  to  simulate  CO2 injection  in  an  EGS  with  a  brine  system  comprised  of  H2O  and  NaCl.  This  so
called  CO2-EGS  reservoir  is at  a depth  of  3.5–4.5  km  with  normal  pressure  (hydrostatic)  and  temperature
(160–200 ◦C)  gradients.  A classic  “five-well”  geometry  is assumed  in our  706 m  ×  706  m  ×  1 km block,  of
which  only  one  eighth  of  the area  needs  to  be modeled  due  to symmetry.  The  fractured  EGS  reservoir
was  modeled  using  the  multiple  interacting  continua  (MINC)  conceptual  model  with  fracture  spacing  of
10 m.  Dry  CO2 was  injected  at the  bottom  of the  initially  brine-saturated  reservoir  and  hot  fluids  were
produced  from  the  top  of  the  reservoir.  Simulations  show  that  the  brine  contained  in the  fractures  is
produced  initially,  and  only  a few  weeks  later,  the CO2 plume  breaks  through  at  the production  well.
The  two-phase  nature  of  flow  at this  time  causes  a reduction  in  flow  rate.  Fluid production  increases
again  as the  reservoir  dries  out and  the injected  CO2 fills  the fractures  (and  more  slowly  the  matrix).  As
the  produced  fluid  becomes  single-phase  CO2, energy  production  is  enhanced.  For  salt  mass  fractions
of  the order  of  0.01  (salinity  of  10,000  ppm),  total  heat  produced  during  the  lifetime  of the  well  (about
6  years)  is 270%  more  than  that  achievable  with  H2O as the  working  fluid.  This result  is  probably  at
the  lower  end  of  what  had  been  previously  suggested  by  Randolph  and  Saar  (2011).  Simulation  results
show  that  as  the  brine  is  driven  out  of  the  matrix  by  capillary  pressure,  H2O  evaporates  into  the  CO2

plume  and  salt precipitates  in the fractures  clogging  up the flow  system.  At the  highest  salt  mass  fraction

modeled  here  (0.15),  enhanced  energy  production  is  inhibited  by  halite  precipitation  in  the  fractures.  Our
simulations  suggest  that  for  low-salinity  systems,  significant  clogging  occurs  close  to  the  production  well
after less  than  10 years,  while  at high  salinities  clogging  occurs  close  to the  injection  well  in  less  than  one
year.  Even  though  clogging  of  the  reservoir  is an  apparently  inevitable  consequence  of  the drying  of  the
saline  geothermal  reservoir,  the  fact that  clogging  occurs  in  specific  reservoir  regions  could  imply  that
remediation  strategies  could  be developed  to  mitigate  clogging.

Published by Elsevier Ltd.
. Introduction

It has long been suggested that the use of CO2 as a working fluid
or geothermal heat extraction could be beneficial relative to water
e.g., Brown, 2000; Fouillac et al., 2004) for the following reasons:

1) larger expansivity of CO2 can generate sufficient buoyancy
orces between injection and production wells to drastically
educe power consumption in the fluid circulation system, (2)

∗ Corresponding author. Tel.: +1 510 495 2304; fax: +1 510 486 5686.
E-mail address: aborgia@lbl.gov (A. Borgia).

375-6505/$ – see front matter. Published by Elsevier Ltd.
ttp://dx.doi.org/10.1016/j.geothermics.2012.06.002
lower viscosities allow, for any given pressure gradient, larger
mass (and heat) extraction rates from the geothermal system, and
(3) smaller reactivity with the rocks in the geothermal reservoir,
at least in the “dry-CO2” part of the system.

These technical advantages, along with the convergence of
energy-climate priorities, including the need to (a) reduce anthro-
pogenic CO2 emissions by expanding use of geothermal energy
relative to fossil fuels, (b) develop geothermal resources in arid

regions where water for injection may  be scarce, (c) reduce envi-
ronmental impact related to excessive drawdown of valuable
freshwater aquifers, and (d) utilize or sequester the large amounts
of captured anthropogenic CO2 that may  be available in the near

dx.doi.org/10.1016/j.geothermics.2012.06.002
http://www.sciencedirect.com/science/journal/03756505
http://www.elsevier.com/locate/geothermics
mailto:aborgia@lbl.gov
dx.doi.org/10.1016/j.geothermics.2012.06.002
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Fig. 1. Five-well geometry of the model volume. Because of the intrinsic symmetry
of  our system only one-eighth of the total volume is used for the model. Dashed

direction between the injection and production wells and 0.25 km
perpendicular to this direction (Fig. 2). Therefore, the total reser-
voir volume is eight times the actual volume modeled (0.5 km3).
4 A. Borgia et al. / Ge

uture, have greatly elevated interest in understanding and testing
arious aspects of using CO2 in EGS.

The complexities and uncertainties associated with geothermal
ystems in general, and CO2-EGS systems in particular, motivate
esearch to understand the key processes of fluid flow and heat
xtraction. Fractures typically provide the vast majority of the per-
eability in geothermal systems, which is critical to producing

nergy. But heat flow to the fractures greatly depends on inter-
ctions with the matrix, which makes up the vast majority of the
hemical and thermal mass of the system, to provide fluid and
eat for energy production. In this study, we numerically model
he fracture and matrix interactions when injecting pure CO2 into

 geothermal system with brine-filled fractures. Geochemistry is
onsidered only insofar as NaCl–water dissolution and precipita-
ion reactions are concerned, as these are known to exert a strong
ontrol on permeability (Carpita et al., 2006; Giorgis et al., 2007;
leinitz et al., 2001; Lorentz and Muller, 2003; Xu et al., 2004).

. Prior work

CO2-EGS research has been very active in the last several years.
ruess and Azaroual (2006) quantified the thermophysical and
ynamic properties that make CO2 a desirable fluid for geothermal
nergy extraction. Pruess (2006) presented preliminary modeling
f CO2 injection, production and fractured reservoir development
nd determined that CO2 could be up to 50% more efficient than
ater for geothermal energy exploitation. Atrens et al. (2008, 2009,

010) attempted to optimize the positive thermosiphon effect that
evelops in using CO2 in place of water for geothermal reservoir
xploitation. Rosenbauer et al. (2005),  Xu et al. (2008, 2010),  Xu and
ruess (2010),  Wan  et al. (2011),  and Apps and Pruess (2011) per-
ormed one- and two-dimensional thermo-hydrological-chemical
THC) simulations in order to evaluate the feasibility of using CO2 as

 working fluid and stimulation agent for EGS, to assess the dissolu-
ion and precipitation reactions which could affect reservoir growth
nd longevity, and to understand the tradeoffs between power gen-
ration and CO2 sequestration in mineral phases. Magliocco et al.
2011) carried out laboratory experiments to study heat extrac-
ion from porous media by means of CO2. Randolph and Saar
2011) examined a variety of porosity- and fracture-dominated
eothermal-reservoir scenarios, and their models suggested using
O2 as the working fluid could improve thermal energy capture by

 factor of 2.9–5. Pritchett (2009),  however, performed numerical
imulation studies to evaluate and compare heat extraction from
2O- and CO2-based EGS, finding larger heat recovery for water-
ased systems, because CO2 will exacerbate “short-circuiting”, that

s flow circulation in only a limited volume of the geothermal reser-
oir.

. Conceptual and dimensional models

In our conceptual model, dry CO2 was injected into a
ater-saturated geothermal reservoir to produce hot fluids for

eothermal energy exploitation. Because the development of the
O2 reservoir causes the system to evolve from being water
ominated to supercritical-CO2 dominated, salt saturation in the
ater, and consequent precipitation and permeability reduction,

re among the major processes that may  affect the effective fluid
olume and longevity of the reservoir.

The simulation domain consists of a 1 km-thick homogeneous
olume of low-permeability rock (comparable to that of a granite),

hose permeability is artificially enhanced by dissolution, fractur-

ng and/or fracture reactivation. Such a thick reservoir is chosen to
ake maximum advantage of the hot-CO2-plume buoyancy in order
o increase fluid and heat production. The rock has a (conductive)
green-to-red thick lines are an idealized description of the CO2 flow from cold at
injection to hot at production. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

geothermal gradient of 40 ◦C/km (somewhat larger than normal)
from a surface temperature of 20 ◦C and hydrostatic pressure with
the top of the system at a depth of 3.5 km. This choice of depth
is arbitrary and reflects depth, and temperature and pressure
gradients of potential EGS locations. We  use the common five-well
geometric arrangement extended on the horizontal plane to “infin-
ity” for production and injection (Pruess, 2006; Fig. 1). Because of
the symmetry of this arrangement and the assumption of an imper-
meable cap rock at top and bottom, the triangular parallelepiped
model domain (1/8 of a cube) has no-flow boundaries on all sides.
These simplifications allow focus on salt precipitation effects
and their influence on heat production rather than on the effects
of geometry. The actual model size is 0.5 km in the horizontal
Fig. 2. Geometry, initial and boundary conditions of the model volume. The 3D plot
of  pressure distribution after 0.2 years shows the production (upper left) and injec-
tion (lower right) pressures which are 2 MPa  below and above hydrostatic pressure,
respectively.
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Table 1
Primary variables, initial conditions, and well boundary conditions.

Pressure, P (MPa) Salt mass fraction, Xsm Gas (scCO2) saturation, Sg Temperature, T (◦C)

Reservoir min. 35 0.01 0.00 160
Reservoir max. Hydrostatic 0.15 0.00 200
Injection well 2 above hydrostatic 0.00 1.00 20
Production well 2 below hydrostatic Produced fluid Produced fluid Produced fluid

Table 2
Multiple interacting continua (MINC) parameters (see Appendix A).

Continuum shell Shell thickness (m)  Shell volume (m3) Total volume in grid block (m3) Volume fraction

Fracture 0.0010 6.0000E+00 1.8750E+02 0.0060
Matrix 1 0.1137 6.6266E+01 2.0708E+03 0.0663
Matrix 2 0.2447 1.3253E+02 4.1417E+03 0.1325
Matrix 3 0.5867 2.6507E+02 8.2833E+03 0.2651
Matrix 4 1.6218 5.3014E+02 1.6567E+04 0.5301
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Total 2.57 1.0000E+03 

Fracture spacing 10.0000

esults of energy extraction are given for the total reservoir
olume. Initial conditions of the system are given in Table 1.

In order to simulate flow in fractures and in the matrix pores,
 dual-porosity (Warren and Root, 1963) multiple interacting con-
inua (MINC; Pruess and Narasimhan, 1982, 1985) model (Table 2)
as used. Both matrix pores and fractures are assumed to be ini-

ially brine saturated with no CO2. The NaCl mass fraction (Xsm)
n water was varied from 0.01, corresponding to 10,000 ppm TDS
the salinity limit for protection as a groundwater resource under
he Safe Drinking Water Act (U.S. EPA, 1974)],  to 0.15, correspond-
ng to a salinity not remarkably high for geothermal reservoirs,
ut sufficient for illustrating the effects of drying a high-salinity
quifer. Because the CO2 supercritical phase is very buoyant in
ater, we injected CO2 in the bottom part at the right-hand side,

nd produced fluid (H2O and CO2) with dissolved NaCl in propor-
ions which vary with time, from the upper left-hand side of the
omain (Fig. 2). We  used functions for relative permeability of two-
hase flow, employed capillary pressure as shown in Table 3 [see
ruess et al. (1999)]. In addition, we considered halite precipita-
ion and consequent permeability reduction in both fractures and

atrix by the methods described in Verma and Pruess (1988).

. Thermophysical model

The TOUGH2 equation of state module ECO2H used for our
imulations is an extension of the ECO2N module (Pruess and
pycher, 2007, 2010) taken to higher temperatures appropriate
or geothermal systems. ECO2H includes a comprehensive descrip-
ion of the thermodynamic and thermophysical properties of the

2O–NaCl–CO2 system that reproduces fluid properties largely
ithin experimental errors for temperature and pressure, in the

ange of 10 ≤ T ≤ 243 ◦C and P ≤ 67.6 MPa  respectively, and salin-
ty from zero up to full halite saturation. In particular, ECO2H can

able 3
arameters used for two-phase permeability reduction (Corey, 1954), capillary pressure (
nd  Pruess, 1988).

Corey’s function Van Genuchten’s fu

Parameter Value Parameter 

Relative liquid saturation, Slr (fraction) 0.30 l 

Relative gas saturation, Sgr (fraction) 0.05 Slrvg < Slr (fraction) 

1/P0 (fractures) (1/P
1/P0 (matrix) (1/Pa
Maximum capillary
Sls
3.1250E+04 1.0000

describe a variety of phase conditions for brine–CO2 mixtures,
including transitions between super- and sub-critical conditions. It
does not model the phase change between liquid and gaseous CO2.
Flow processes can be non-isothermal, and phase conditions rep-
resented may  include a single (aqueous or CO2-rich) phase, as well
as two and three-phase mixtures of an aqueous phase, a liquid-like
gas-like or supercritical CO2-rich phase, and a halite solid phase.
Solid, aqueous and CO2-rich phases may  appear or disappear in the
course of a simulation, and solid salt may  precipitate or dissolve.

In the specific model system considered here, given the pres-
sure is everywhere higher than the critical pressure for CO2, the
possible phases present are halite, an aqueous brine, and a liquid-
like or supercritical CO2-rich phase. Under no circumstances can
a liquid/gas phase transition occur in the model. At the injection
well, the CO2 is in a liquid state, but it becomes supercritical as it
warms during flow through the geothermal reservoir toward the
production well.

To compare the heat produced by CO2-EGS with that produced
by an equivalent brine saturated system, a similar system was
modeled injecting only a brine with the same salinity as the one
extracted (no CO2 injection). For the range of salinities investigated,
the reinjection of brine produces no salt precipitation.

5. Numerical model

The model reservoir volume is subdivided into grid-blocks
25 m × 25 m in the horizontal directions and 50 m high. Therefore,
on any of the 20 horizontal triangular layers, there are 110 grid
blocks, for a total of 2200 grid blocks. The dual-porosity MINC

approach used in the simulations is described in Appendix A.
Specific geometric parameters of fracture and matrix MINC grid
sub-blocks are given in Table 2. With this subdivision scheme, the
model has a total of 11,000 grid-sub-blocks.

van Genuchten, 1980), and permeability reduction due to salt precipitation (Verma

nction Verma and Pruess’s function

Value Parameter Value

0.40 g 0.80
0.00 G 0.80

a) 2.50E−04
) 1.50E−06

 pressure, Pmax (Pa) −1.00E−08
1.00
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Table 4
Rock properties of modeled reservoir. Matrix sub-blocks permeability is taken as that of a granite. Fracture block permeability is averaged over the block volume (Pruess,
2006).

Rock continuum Density (kg/m3) Porosity Permeability (m2) Rock heat conductivity (W/(m ◦C)) Rock grain specific heat (J/(kg ◦C))

Fractures 2650 0.5 5.00E−14 2.1 1000

m
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Matrix 2650 0.01 2.00E−18 

The injection and production wells are simulated as the first
atrix MINC grid sub-block with time-independent Dirichlet

constant-property) boundary conditions. In these grid blocks, no
onservation equations are set up, and the primary thermody-
amic variables remain unchanged throughout the simulation.
sing this approach, one can also simulate around the wells a

arger fracture-permeability relative to that of the actual reservoir
o avoid pinch-point effects. Thermo-physical conditions are kept
onstant in the production and injection wells (Atrens et al., 2010;
ruess, 2006).

The primary thermodynamic variables at the injection and pro-
uction wells are given in Table 1 and the rock properties used
re given in Table 4. Worth noting is that wellbore salt mass frac-

ion, CO2 phase saturation fraction, and temperature are less than
r equal to those found in the model reservoir, allowing the flow
f mass and energy from the reservoir into the production well
inhibiting flow in the opposite direction).

ig. 3. Flow rates calculated for the full five-well domain at the central production well (
a)  Xsm = 0.01, (b) Xsm = 0.05, (c) Xsm = 0.10 and (d) Xsm = 0.15. Note in all of them, there ar
econd due to reservoir clogging. Note, also, how the flow rates decrease substantially wit
ith  salinity for the lower 3 salinities, for the highest salinity the reservoir “dies” after les

he  lower salinities and close to the injection well for the higher salinities. Finally, we  obs
nd  of production.
2.1 1000

In addition, the following steps and assumptions were used in
our simulations (cf. Pruess et al., 1999; Table 3):

(1) relative permeability of the two phases (gaseous and aqueous)
are calculated according to the Corey function (Corey, 1954);

(2) capillary pressure is found according to the van Genuchten
function (van Genuchten, 1980);

(3) permeability reduction due to salt precipitation is modeled
using the Verma and Pruess (1988) function with complete pore
clogging occurring at salt saturation at 20% of the pore space of
both matrix and fracture continua;

(4) Klinkenberg diffusivity enhancement is not considered since, at
the supercritical pressures of the simulation models, this effect

has at most a magnitude in the order of a few percent (Pruess
et al., 1999);

(5) dry CO2 at constant pressure of 2 MPa  above hydrostatic and
temperature of 20 ◦C, is injected;

see Fig. 2 and Table 5 for variable definitions) for various salt mass fractions (Xsm):
e two time intervals where production drops; the first due to two-phase flow, the
h the increase in salinity. Instead, while the “life” of the reservoir increases slightly
s than 1 year. This is due to clogging, which occurs close to the production well for
erve how there is salt in the liquid at the beginning and H2O in the gas towards the
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Fig. 4. Heat flow rates and actual heat extracted calculated for the full five-well
problem at the central production well (see Fig. 2 and Table 5 for variable defini-
tions) for minimum and maximum salt mass fractions (Xsm): (a) Xsm = 0.01 and (b)
Xsm = 0.15. In addition to CO2-EGS heat production, we  show the curves for heat
production by re-circulating the brine extracted from the reservoir (dark and light
blue curves). Note that in this second case, the decrease in efficiency due to higher
salinities is relatively small compared to the decrease that occurs for CO2-EGS. (For
i
t

(

6

s
p
d

H
p
(
o

(

most of the reservoir, while close to the injection well the CO
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of this article.)

6) hot fluid at a pressure of 2 MPa  below hydrostatic is produced
at a constant rate (see Fig. 2).

. Model results

The model results are shown with two sets of figures: the first
et (Figs. 3 and 4) describes the time evolution of variables at the
roduction well, while the second set (Figs. 5–7)  describes the 3D
istribution of variables at t = 0.2, 1, 5, and 25 years.

In Fig. 3 we show the variations in time of aqueous phase and
2O-component flow rates, of supercritical CO2-rich and CO2 com-
onent flow rates, and of heat produced and actual heat extracted
see Table 5 for definitions). The figure shows that for all salinities,
ne can identify the following five time periods:

1) The first period is characterized by an increase in produced liq-
uid and heat flow rate, with the liquid composed of H2O + NaCl.
The increase in flow rate results from the displacement of the
aqueous brine contained in the rock by CO . In fact, because
2
CO2 is less viscous than water, it flows more easily through the
fractures, thereby propagating pressure farther into the reser-
voir, and effectively producing a larger pressure gradient near
ics 44 (2012) 13– 22 17

the production well where the more-viscous brine is being pro-
duced.

(2) After a few weeks, the CO2 plume reaches the production well
inducing two-phase flow in the fractures around the well, and a
concomitant decrease in effective permeability for both aque-
ous and supercritical phases. This effect forces a reduction of
about 25% in mass and heat flow rates at the production well
for all salinities. We  observe that the heat flow rate reduction
is not as drastic as the one suggested by Pruess and Spycher
(2010), and Wan  et al. (2011) for two-dimensional planar sys-
tems. We  believe this to be the result of including buoyancy
forces in our model and a multi-layer production 600 m above
injection. We  also note that the CO2 component reaches the
production well before the CO2 plume, because it dissolves and
diffuses into the water ahead of the plume itself.

(3) After the first decrease in heat production, because the brine
dries out in the fractures close to the production well, the effect
of two-phase flow decreases and the CO2 mass flow rate starts
to grow again increasing the production of heat.

(4) When the liquid water completely dries out (roughly after 3
years), there is an additional increase in heat production. This
is because there is no more permeability reduction due to
two-phase-flow in most of the reservoir, and the well-known
advantageous properties of CO2 as a heat transfer fluid take
over.

(5) Right after drying (at around 5 years from start in the lower
salinity cases), halite begins to precipitate in the fractures, sig-
nificantly clogging the system and inhibiting CO2 flow. As a
consequence, the produced heat drops by at least an order of
magnitude.

Comparing the results for various salinities show that as the salinity
increases, there is a general drop in flow rates, particularly dur-
ing period 4 (Fig. 3). The time at which clogging occurs, though,
becomes larger with increasing salinity because salt precipitation
will tend to occur throughout the reservoir before clogging occurs
at the production well. Only at the highest salinity (Fig. 3d) salt
precipitation becomes drastic, even at times smaller than 1 year,
clogging the reservoir around the injection well.

Comparing the actual heat produced when using CO2 and the
extracted brine as the working fluid (Fig. 4) shows that the decrease
in productivity as a function of salt concentration in the brine is sub-
stantially more pronounced for the CO2 case relative to the brine
case. In other words, the decrease in efficiency due to higher salin-
ities is relatively small, if the geothermal aquifer brine is used as
the working fluid, and it is much larger for CO2-EGS because of
salt precipitation. This effect reduces the efficiency of CO2-EGS, at
the highest salinities modeled here, to values smaller than those
obtained from H2O-EGS for an equal period of well productivity.

The second set of figures shows the 3D and time distribution of
CO2 phase saturation (Fig. 5), NaCl mass fraction in liquid (Fig. 6),
and solid (halite) saturation (Fig. 7 and Table 5), both in the fracture
and first matrix shells at the two extreme salt mass fractions in
the liquid (Xsm = 0.01 and Xsm = 0.15). The CO2-rich (supercritical)
saturation plots that show the evolution of the CO2 plume in the
reservoir are used to make the following observations:

(a) At low salinity (Fig. 5a), the plume grows relatively fast from
the injection well towards the top of the reservoir and the pro-
duction well. After just 0.2 years, there is two-phase flow in
2
plume has already dried out the reservoir. After 1 year, at least
one-third of the reservoir has been dried out. Comparing the
gas saturation in fractures with that in the matrix at either time
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ig. 5. Gas saturation in the fracture and 1st matrix continua after 0.2 and 1 year, fo
lume has already reached the production well. (a) Note how in the matrix the plu
trapped” close to the injection well.

shows that the gas is penetrating into the matrix and displacing
water very slowly.

b) At high salinity (Fig. 5b), the CO2 plume grows more slowly
than at low salinity, and after 1 year it has practically become
immobile, remaining confined in the proximity of the injection
well.

he plots of the salt mass fraction in the liquid (Fig. 6) show the
ime evolution of NaCl concentrations. It is observed that:
(a) At low salinity (Fig. 6a), salts become concentrated in a “shell”
that envelopes the dry CO2 plume. This salty envelope has con-
centrations of about Xsm = 0.2 and moves ahead of the plume
until it reaches the production well in less than 5 years.

able 5
efinition of variables used in the model.

Variable Symbol Units D

Pressure P Pa P
Temperature T ◦C T
Gas flow rate Qg kg/s F
Liquid flow rate Ql kg/s F
CO2 flow rate QCO2 kg/s F
H2O flow rate QH2O kg/s F
Heat  flow rate Qh W T
Actual heat flow rate �Qh W H
Gas  saturation Sg V
Solid  saturation Ss V
NaCl  mass fraction Xsm , XNaCl M
t mass fraction of (a) 0.01 and (b) 0.15 (see Table 5 for variable definitions). The CO2

ows much more slowly than in the fractures. (b) Note how the CO2 plume remains

(b) At high salinity (Fig. 6b), salt becomes concentrated in the water
throughout the reservoir reaching values of Xsm = 0.2 from the
original value of Xsm = 0.15. A salty envelope develops in front of
the CO2 plume in this case as well, with concentrations reach-
ing close to Xsm = 0.26. After one year, a large, low-salinity zone
forms close to the production well because of water condens-
ing out of the fading CO2 plume and thereby diluting the saline
water in the liquid (aqueous) phase.

The solid saturation within the matrix and the fractures of the reser-
voir rock shows the clogging effect produced by the precipitation

of halite in the fractures:

(a) At low salinity (Fig. 7a), salt begins to precipitate in the frac-
tures right behind the CO2 plume front, while almost no salt

efinition

ressure of the fluid in the rock pores
emperature of rock and fluid
low rate of supercritical and liquid-like H2O-rich CO2

low rate of CO2-rich brine
low rate of CO2 component in both gas and liquid phases
low rate of H2O component in both liquid and gas phases
otal heat flow rate at production or injection wells
eat flow rate at production minus injection wells
olumetric fraction of gas in matrix and fracture pores
olumetric fraction of halite in the pores of the matrix or in the fracture continua
ass fraction of salt in the liquid phase



A. Borgia et al. / Geothermics 44 (2012) 13– 22 19

Fig. 6. (a) NaCl mass fraction in the liquid phase within the fracture and 1st matrix continua after 0.2 and 5 years, for a salt mass fraction of 0.01 (see Table 5 for variable
definitions). The high-NaCl concentration zone is displaced outward and upward from the injection towards the production well. There is very little salinity increase in the
matrix.  (b) NaCl mass fraction in the liquid phase within the fracture and 1st matrix continua after 0.2 and 1 year for a salt mass fraction of 0.15 (see Table 5 for variable
d tion w
p lt con
T

(

7

C
h

efinitions). The high-NaCl concentration zone remains trapped close to the injec
roduction well the water condenses back to liquid (aqueous phase) diluting the sa
here  is no salinity increase in the matrix.

precipitates in the matrix. Within the geochemical limits of the
model, we explain this result by observing that there is two-
phase flow in the matrix but only single-phase supercritical
CO2 flow in the fractures (see Fig. 5a). Since the permeability of
the matrix is much smaller than that of the fractures, the CO2
flow rate through the matrix is proportionally smaller. There-
fore, while the CO2 phase becomes almost immediately H2O
saturated in the matrix inhibiting any increment in salt con-
centration, in the fractures, the CO2 plume remains unsaturated
allowing water evaporation. Hence, as the high capillary pres-
sure forces the brine from the matrix into the fractures, water
evaporates with consequent increase in NaCl concentration and
precipitation at the matrix–fracture interface. The combined
effects of the salty-front migration in the fractured reservoir
(Fig. 6a) and salt precipitation in the fractures induce salt clog-
ging around the production well after less than 10 years (Figs.
3a and 7a).

b) At high salinity (Fig. 7b) the precipitation effect is so dominant
relative to the salty-front migration that the system becomes
clogged up relatively close to the injection well in less than 1
year.

. Discussion and conclusions
The exploitation of enhanced geothermal systems (EGS) using
O2 as a working fluid has many potential benefits related to the
igh compressibility and low viscosity and reactivity of CO2 at the
ell. Much precipitation occurs everywhere in the model. After 1 year close to the
centration of the brine. This effect is the result of the system becoming clogged up.

supercritical conditions of interest (Brown, 2000; Fouillac et al.,
2004). Our simulations of such a system confirm that these char-
acteristics more than compensate for the lower heat capacity of
CO2 relative to H2O, and allow a significant enhancement in the
heat extraction rate relative to that obtained by a facility which is
run using a formation brine (Apps and Pruess, 2011; Spycher and
Pruess, 2011; Wan  et al., 2011; and references therein). In addition,
there are compounding benefits for the environment from generat-
ing more energy from geothermal systems to offset CO2 emissions
from fossil-fuel combustion, while at the same time utilizing cap-
tured anthropogenic CO2.

However, our numerical simulations suggest that salt precipita-
tion can play an unfavorable role if CO2 is used for heat extraction
from EGS in fractured crystalline rocks. While the brine is easily dis-
placed from the fractures by the CO2 plume, the brine tends to be
drawn out from the matrix by capillary forces. Therefore, because
of the resulting very low flow rate in the matrix, the CO2 supercrit-
ical phase remains water saturated in the matrix, inhibiting H2O
evaporation into the CO2-rich phase, further brine concentration,
and halite precipitation in the matrix. Instead, as soon as the brine
reaches the fractures, it evaporates into the dry, high-flow-rate CO2
stream, precipitating halite, which tends to clog up the fractures
and inhibit fluid flow.
Similar phenomena have been described by Kleinitz et al. (2001)
for gas producing wells, by Lorentz and Muller (2003) around
injection wells in natural gas storage aquifers, by Xu et al. (2004)
around geothermal injection wells, and by Carpita et al. (2006) and
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Fig. 7. (a) Halite solid saturation within the fracture and 1st matrix continua after 0.2 and 25 years, for a salt mass fraction of 0.01 (see Table 5 for variable definitions). After
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5  years the halite plugs the fractures close to the production well. There is very littl
nd  1st matrix continua after 0.2 and 1 year for a salt mass fraction of 0.15 (see Tab
njection well. There is very little salt precipitation in the rest of the volume.

iorgis et al. (2007) for geologic carbon sequestration in depleted-
as reservoirs. In general, however, these studies were limited to
wo-dimensions, isothermal conditions, or did not include matrix
nd fracture flow. Therefore, they produced results that are appar-
ntly different. The later two studies, in particular, found that only
hen the brine has high mobility, can it recharge the halite pre-

ipitation front as it flows towards the injection well. Our study
hows that at low salinities, the saturation/precipitation front is
isplaced toward the production well, where as time passes it
logs up the rock fractures. At high salinities, water displacement
rom the matrix and subsequent halite precipitation in the frac-
ures overwhelms the effect of precipitation-front displacement,
nducing fracture clogging in proximity of the injection well. In our
imulations, salt precipitation plays a much larger role compared
o what was previously suggested by Brown (2000).

For systems with low salinity, the gain in efficiency achieved
y using CO2 as the working fluid in EGS in place of the reser-
oir brines is not significantly affected by clogging. At the time of
aximum heat production this gain is over 360%, while for the

ifetime of the well (about 6 years) the gain is about 270%. How-
ver, the gain in efficiency is drastically reduced at higher salinities,
ecoming practically insignificant at the highest salt mass fractions
odeled in our experiments. In fact, even though the gain at max-

mum heat production is still 25%, the total heat produced over the
hort lifetime of the well (less than 1 year) is 15% less than the heat

roduced with formation brine over this time period. However,
ince in the recycled brine case the lifetime of well is much longer,
ignificantly more total heat is produced. In both low and high salin-
ty cases, devising reservoir development strategies for inhibiting
recipitation in the rest of the volume. (b) Halite solid saturation within the fracture
or variable definitions). After only 1 year the halite plugs the fractures close to the

precipitation and enhancing dissolution in fractures appear to be
fundamental requirements for CO2-EGS.

Our results for the low salinity case show that CO2-EGS is about
3 times more efficient than H2O-EGS, a value that apparently falls at
the lower end of what had been previously suggested by Randolph
and Saar (2011),  in a set of numerical simulations which substan-
tially differ from the present ones. This is probably a consequence
of starting our simulations with a brine-saturated (as opposed to
a CO2-saturated) reservoir, and including salt precipitation dur-
ing CO2 reservoir development within matrix and fractures. In
addition, our model runs are at a higher temperature and include
buoyancy effects using a larger pressure gradient between injec-
tion and production wells relative to former studies (4 MPa  instead
of 2 MPa  in addition to the hydrostatic pressure difference). Note
that the function we  have chosen to describe the porosity and
permeability reduction, the bundle of tubes model (Verma and
Pruess, 1988), represents a worst-case scenario because it allows
complete clogging of the throats between pores at only 20% solid
saturation.

Our results are different in some respects from those obtained
by Wan  et al. (2011).  Their study is not 3D but it includes reactive-
transport. The persistence of two-phase conditions in the matrix
for relatively longer times facilitates rock-fluid reactions which are
not taken into account in our model; on the other hand, buoyancy
effects in the CO2 plume may  result in rapid and distinct flow pat-

terns that were not considered by Wan  et al. (2011).  Combining
these two effects, in addition to analyzing the influence on reser-
voir clogging for different porosity/permeability functions, will be
the focus of future work.
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Our numerical simulation show that in both low- and high-
alinity cases, clogging occurs in very specific areas of the reservoir,
amely close to the production and to the injection wells for low
nd high salinity, respectively. Assuming that salt precipitation and
logging effects are a real consequence of using CO2 in EGS, the
nowledge of the location of the potentially clogged-up volume
ithin the reservoir will facilitate the application of remediation
easures directed at avoiding precipitation, dissolving the plugs,

nd/or mechanically reopening the fractures. Indeed, although our
imulations did not include any geomechanical effects, it is possi-
le that fracture creation and reactivation that accompany CO2-EGS
perations might contribute to maintain the fractures open, despite
aCl precipitation that tends to plug them. Future work will focus
n devising reservoir management strategies for avoiding or dis-
olving salt plugs.
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ppendix A.

To simulate flow in fractures and in matrix pores, we  use a
ual-porosity (Warren and Root, 1963) multiple interacting con-
inua approach (MINC; Pruess and Narasimhan, 1982, 1985) with
arameters and Voronoi grid generated by Wingridder software
Pan, 2007). Accordingly, in this simple model, each grid block is fur-
her subdivided into a “string” of five nested sub-blocks. The first of
hese represents the fracture continuum, which is connected to the
eighboring fracture grid sub-blocks. The following four (Nm = 4)
rid sub-blocks represent the matrix continua, which are connected
n series to each other and to the fracture continuum (Fig. 6). There-
ore, at the scale of the model, flow occurs along fractures, while at
he scale of the grid block, flow occurs between the various matrix
ub-blocks and from the first matrix sub-block to the fracture grid
ub-block. Fracture spacing is assumed to be 10 m in each of the
hree coordinate directions. This spacing is perhaps a lower limit
or fracture spacing in EGS (Sanyal and Butler, 2005). It is chosen
o minimize salt precipitation due to CO2 reservoir development.
or larger fracture spacing, salt precipitation becomes even more
elevant. Wingridder calculates the volumes of each of the Nm grid
ub-blocks by defining a partition factor (�j) as:

j = ˛j−1

∑i=Nm

i=1 ˛i−1
, with j = 1 to Nm, (A1)

here j is the grid block number and  ̨ is the split factor, which we
hoose equal to 2, so each grid sub-block has a volume twice that
f the preceding one. The volume of each grid sub-block becomes
hen

j = �j × Vm (A2)

here Vm is the total volume of the matrix. To obtain the distance
xj) from the fracture to the jth matrix sub-block it is sufficient to
nvert the proximity function prox(xj) given as:
rox(xj) =
i=j∑

i=1

�i (A3)
ics 44 (2012) 13– 22 21

The interface area between subsequent grid sub-blocks is given by

Aj,j+1 = Vm
d[prox(x)]

dx

∣∣∣
xj

, j = 1, (Nm − 1) (A4)

Finally, the semi-thickness of each matrix shell (dj), that is the
distance between the sub-block node and the interfaces with the
neighboring sub-blocks, is defined as

dj = xj − xj−1

2
, j = 1, (Nm − 1) and x0 = 0. (A5)

The distance between the fracture node and the 1st matrix sub-
block is set equal to zero. The nodal distance of the innermost grid
sub-block is calculated based on the quasi-steady state flow theory
as

dm = 3U1U2U3

U1U2 + U2U3 + U1U3
, where Ui = ai − 2xNm

and i = 1, 2, 3. (A6)
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