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ABSTRACT 

The TOUGH2/EWASG code is being applied to a 
numerical study of salt water injection into depleted 
vapour-dominated geothermal reservoirs.  Our study 
investigates whether the injection of water with a 
sodium chloride content of 3.3% by weight (similar 
to that of seawater) for periods of 30 years would 
lead to conditions of permanent reduction of reservoir 
permeability, with the consequent negative effects on 
the recovery of injected fluid as steam.  We neglect 
the effects of water-rock interactions and, in 
particular, the precipitation of mineral species other 
than halite, as these are not handled by EWASG.  A 
few test cases were run to investigate the ability of 
the EWASG V.4 module to solve this type of 
problem.  Numerical experiments have been 
performed using two-dimensional radial, 
homogeneous and isotropic porous medium systems 
with a radius and height of 2 km.  Initial conditions 
were assumed similar to those of some depleted 
zones of the Larderello and The Geysers reservoirs, 
which, neglecting the effects of vapour pressure 
lowering in our models, correspond to single-gas 
phase conditions.  The simulated injection time was 
30 years.  In this paper we present the preliminary 
results of one of these models, in which halite 
precipitation occurs at the vaporization front, and is 
then followed by dissolution processes taking place 
when liquid conditions with lower salinity prevail, 
because of the advancement of the injection plume.  
Reduction in permeability or sealing of the formation 
occurs where the injection plume stops propagating, 
with boiling at its front. Thus, stopping injection 
would lead to the extension of the zones of the 
reservoir with reduced permeability or sealed 
formation all along its final vaporization area.  In the 
model discussed here and throughout the simulated 
time, there are apparently no evident, negative effects 
on the recovery of injected brine as steam, because 
the plume can propagate more or less as if there were 
no precipitation processes, with about 85% of the 
injected brine vaporized throughout the simulated 30 
years of injection.  The results obtained so far have 
demonstrated the efficacy of the EWASG V.4 

module in simulating complex phenomena of coupled 
mass and heat transport in geothermal reservoirs 
whose thermodynamic conditions are strongly 
affected by compositional processes.   

INTRODUCTION 

As geothermal fluids usually consist of complex 
mixtures of water, salts, and gases and their 
thermodynamic and transport properties affect 
reservoir conditions and performance, the EWASG 
equation-of-state (EOS) module was developed for 
the TOUGH2 V.1 multi-purpose numerical reservoir 
simulator (Pruess, 1991a) to handle three-component 
fluid mixtures of water, sodium chloride and a 
slightly soluble non-condensable gas (NCG) 
(Battistelli et al., 1993; 1997).  Apart from low- 
(Battistelli and Nagy, 2000) and high-temperature 
(Battistelli et al., 2002) hydrothermal systems, the 
code can also be applied to the study of underground 
nuclear waste repositories in saline environments, the 
unsaturated zone, and environmental problems, such 
as seawater intrusion into coastal aquifers (Crestaz et 
al., 2002), and the behaviour of shallow aquifers in 
volcanic areas.  EWASG has been available to the 
public since 1999 within the TOUGH2 V.2.0 package 
(Pruess et al., 1999).  Minor enhancements to 
EWASG after 1999 can be found in unpublished 
reports in Italian. 
 
Using the TOUGH2 V.2.0 with the EWASG V.4 
module, we are performing a numerical study to 
estimate the feasibility of brine injection to recharge 
depleted vapour-dominated geothermal reservoirs, 
and at the same time have investigated the ability of 
the code to simulate this type of problem.  Even 
injection of low salinity brine entails some risk, as it 
is capable of progressively increasing the salt 
concentration at the vaporization front, and thus 
triggering salt precipitation and a consequent 
reduction in permeability.  In our study we 
investigate whether the injection of water with a 
sodium chloride content of 3.3% by weight (similar 
to that of seawater) for periods of the order of tens of 
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years would lead to conditions of permanent 
reduction of permeability, with consequent negative 
effects on the recovery of the injected fluid as steam.  
Some preliminary results of this study are presented 
in this paper, as the analysis is still under way. 

THE EWASG EOS MODULE 

The EWASG EOS module was specifically 
developed for LBNL's multi-purpose TOUGH2 
numerical reservoir simulator, adopting its general 
structure for coupled multi-phase, multi-component 
fluids and heat flows (Pruess, 1991a).  EWASG was 
directed at simulating flow problems that include the 
transport of variable salinity brine and a slightly 
soluble NCG (Battistelli et al., 1997).  Sodium 
chloride is used to simulate the effects of dissolved 
salts, whereas the effects of one NCG were included, 
following a general formulation in which the NCG 
can be chosen by the user among a set of 
implemented NCGs.  Other NCGs can be easily 
added by implementing the equations describing their 
specific thermophysical properties in the existing 
subroutines.  Thus, the multi-phase system is 
assumed to be composed of three mass components: 
water, sodium chloride, and an NCG, i.e. carbon 
dioxide for conventional geothermal applications.  
The NCGs available in the TOUGH2 V.2.0 package 
are air, CO2, CH4, H2 and N2, while O2 was added in 
a more recent version of EWASG. 
 
Water and the NCG components may be present in 
the liquid and gas phases, whereas the salt component 
may be dissolved in the liquid phase or may have 
precipitated to form a solid salt phase, which is 
described in terms of solid saturation, Ss.  The 
adsorption of water or NCG in the solid salt phase is 
neglected, as well as the small concentration of NaCl 
in the gas phase.  All relevant thermophysical 
properties are evaluated by means of a subroutine-by-
subroutine structure, so that the correlations currently 
used can be easily modified as soon as more reliable 
experimental data and correlations become available.  
The dependence of brine enthalpy, density, viscosity 
and vapour pressure on salt concentration has been 
accounted for, as well as the effects of salinity on 
NCG solubility in the liquid phase and related heat of 
solution. Vapour pressure lowering caused by suction 
pressure effects has also been included in the 
EWASG module.  Transport of the mass components 
occurs by advection in liquid and gas phases, and by 
molecular diffusion in the gas phase for steam and 
the NCG, and in the liquid phase for the three 
components, whereas the modelling of hydrodynamic 
dispersion has not yet been included in 
TOUGH2/EWASG.  It is assumed that the three 
phases (gaseous, liquid, and solid) are in local 
chemical and thermal equilibrium, and that no 
chemical reactions take place other than interphase 
mass transfer.   

The changes in formation permeability, related to the 
changes in rock porosity caused by precipitation or 
dissolution of halite, can be modelled using several 
alternative porosity-permeability correlations (Verma 
and Pruess, 1988).  These correlations consider 
idealised models of permeable media in which the 
pore network is represented by a set of non-
intersecting flow channels with either circular tubular 
or planar cross-sections.  Some of these models are 
able to represent, albeit if in a rough way, the 
presence of "bottle-necks" in the flow channels.  
Because of this feature the permeability of the porous 
medium can drop to zero at a finite porosity, 
indicated as "critical porosity". For a system of three 
mass components distributed, according to local 
thermodynamic equilibrium, over three phases, four 
independent parameters, or primary variables, are 
needed to identify the thermodynamic state.  In a 
system of three co-existing phases, seven 
combinations are possible: three single-phase 
conditions, three two-phase conditions, and the three-
phase condition.  With the exclusion of the single-
solid salt phase, the EWASG module is able to 
handle the six remaining phase combinations.  Mass 
balances of water, salt and NCG components, 
together with the heat balance, are set up and solved 
by TOUGH2 using the Newton-Raphson iteration 
method.  During the iteration process, the EOS 
module is able to recognize the appearance and 
disappearance of phases, including precipitation and 
dissolution of halite, and to provide all the 
thermophysical properties of phases present, which 
are needed to assemble the balance equations. 

2-D RADIAL MODELS OF BRINE INJECTION 

Brine injection into 1-D radial systems was first 
modelled to test the numerical behaviour of the code 
and the accuracy of the numerical solution, because a 
similarity variable formulation (O’Sullivan, 1981; 
Pruess et al., 1987) holds in this case. The results 
were satisfactory, although they pointed out the 
sensitivity of the solution to space discretization at 
the vaporization and precipitation fronts.   
 
Numerical experiments were then performed using  
2-D radial, homogeneous and isotropic porous 
medium systems with a radius and height of 2 km, 
porosity 0.01 and permeability 10-14 m2  (Fig. 1, 
Table 1).  Initial conditions at the top were: total 
pressure 2.04 MPa, temperature 280°C, and CO2 
partial pressure 0.04 MPa, with gravity equilibrium in 
the rest of the system.  These conditions, neglecting 
vapour pressure lowering caused by suction pressure 
effects in our models, correspond to single-gas phase 
conditions.  An initial solid saturation, Ss, of 10-6 was 
assigned throughout the system to limit the execution 
time, which was strongly affected by the appearance 
of the solid phase due to halite precipitation at the 
vaporization front.   
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The case presented here,  Ud,  has the characteristics 
described in Table 2.  Corey’s relative permeability 
functions were used, with irreducible liquid 
saturation Slr=0.80 and irreducible gas saturation 
Sgr=0.05.  Capillary pressure effects were introduced 
using van Genuchten’s model (van Genuchten, 
1980), with the following parameters: m=0.4438, 
Slr=0.08, 1/P0=5.792⋅10-7 Pa-1, Pmax=5.⋅107 Pa and 
Sls=1.  Molecular diffusion fluxes were considered by 
computing the effect of phase tortuosity using the 
Millington and Quirk (1961) model.  Diffusion is 
treated in all phases in a manner that is fully coupled 
with phase partitioning by using the MOP(24)=0 
option.  Diffusion coefficients were  10-5  m2/s  and 
10-10 m2/s  for mass components in the gas and liquid 
phases, respectively.  The changes in porosity caused 
by salt precipitation and the consequent reduction in 
permeability were modelled by the “tubes-in-series” 
(Verma and Pruess, 1988), with a critical porosity of 
0.008.  We chose this high value of critical porosity 
to cause mass flows to drop to zero, even with a 
small reduction in pore volume (20%).  Active 
saturations of mobile fluid phases, Sla= Sl/(1-Ss) and 
Sga=Sg/(1-Ss), were used to calculate the capillary 
pressure and relative permeability of the liquid and 
gas phases. 
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Figure 1. Schematic of the 2-D radial model. 

The system was discretized into 40 layers of 50 m 
thickness, and into 51 columns in the radial direction 
with width increasing logarithmically from 0.20 m 
(Fig. 2).  The spurious discretization effects on the 
propagation and shape of the plume, caused by the 
“rectangular” grid (planar view) used in these 
simulations, should have been limited by the 
inclusion of capillary pressure effects in our models 
(Pruess, 1991b).  The simulations were carried out 
with discretization grid that is coarse enough to use 
element dimensions that are adequate for field-scale 
simulations.  The injection well was placed at the 
centre of the system with a 200 m open interval at the 
top  of   the   reservoir   and  a  radius  of  0.20  m.   A 

Table 1. Parameters common to all simulations. 

Formation Parameters 

Rock density 2600 kg/m3 

Porosity 0.01 

Thermal conductivity 2.51 W/m°C 

Specific heat of rock 1000 J/kg°C 

Permeability 10-14 m2 

Initial conditions at the top (*) 

Temperature 280°C 

Total pressure 2.04 MPa 

CO2 partial pressure 0.04 MPa 

Solid saturation 10-6 

Injection specifications 

Brine injection rate 
(96.7% H2O + 3.3% NaCl) 

28 kg/s 

Enthalpy 120 kJ/kg 

(*) Gravity equilibrium in the system with top 
conditions. 

Table 2. Parameters for case Ud. 

Relative permeability 

           

Corey    Slr=0.80 

Sgr=0.05 

Capillary pressure van Genuchten 

Molecular diffusion Millington and Quirk 

Critical porosity 0.008 
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Figure 2. Grid nodes in a vertical half cross-section 
of the 2-D radial model shown in Fig. 1. 

constant brine injection rate of 28 kg/s (96.7% water 
and 3.3% sodium chloride by weight) was assigned.  
Constant conditions were maintained at the lateral 
boundary to simulate the effects of reservoir 
exploitation, whereas the top and bottom of the 
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simulated domain were assumed to be impervious 
and insulated.  The simulated injection time was 30 
years. 

SIMULATION RESULTS 

Figure 3 compares the injection plumes, represented 
by the liquid phase saturation contours, and halite 
distribution, represented by solid saturation (solid 
circles) after 10 and 30 years of simulated injection, 
respectively.  Maximum Ss values in the system were 
0.198 and 0.206 at 10 and 30 years, respectively.   
 
The plume of liquid brine initially propagates both 
laterally and vertically due to the injection pressure 
gradient and the strong suction pressure gradient 
present at the vaporization front.  Density-driven 
flow due to gravity becomes more and more 
important with time: when the radial dimension of 
the plume is such that the injected brine can be 
drained off across the horizontal section of the plume 
by density-driven flow, the plume stabilizes in the 
radial direction and moves downwards only (Calore 
et al., 1986).  Halite precipitation occurs at the 
vaporization front (Fig. 3), and is then followed by 
dissolution processes taking place when liquid 
conditions prevail, thus allowing the vaporization 
front to proceed.  As the liquid brine plume 
propagates preferentially in the vertical direction at 
late time, dissolution processes slow down in the 
radial direction and solid saturation persists alongside 
the plume, with eventual clogging or even sealing of 
the formation.   
 
The precipitation/dissolution process was analysed 
for the grid block ‘A5 35’ (node coordinates: r=185 
m, z=-225 m).  Figure 4 shows the plume propagation 
across ‘A5 35’.  What occurs when the boiling front 
of the plume crosses the block is illustrated in greater 
detail in Figure 5 for ‘A5 35’ and the upstream grid 
block ‘A5 34’ (node coordinates: r=160 m, z=-225 
m).  Solid salt saturation in ‘A5 35’ develops when in 
‘A5 34’ the liquid saturation reaches the irreducible 
saturation value and liquid starts flowing into ‘A5 
35’, where single-gas conditions are initially present.  
The entering brine completely vaporizes into ‘A5 
35’, thus decreasing temperature in this element, and 
precipitating sodium chloride.  Because of the 
continuous boiling and liquid supply from the 
upstream element (SS in ‘A5 35’ being even lower 
than the “critical” value), two-phase conditions are 
also reached in this element; the  liquid phase 
develops with salt concentration at the equilibrium 
with halite.  As the entering liquid has a lower salt 
concentration, the halite dissolution process begins 
and the solid saturation decreases. Once the halite is 
totally dissolved, the brine is gradually diluted over 
time, approaching the concentration value of the 
entering brine from the upstream element, ‘A5 34’, 
and finally reaching the injection value. Sealing of 
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Figure 3. Injection plumes (liquid saturation 
contours) and distribution of solid 
saturation in the 2-D radial system after: 
a) 10 and b) 30 years of simulation time 
(case Ud). 

the formation occurs at the radial boundary of the 
two-phase region of the plume, because dissolution 
process ends, being the advancing lower salinity 
liquid mainly drained off vertically by density-driven 
flow.  The sealing process is shown in Figure 6 for 
layer ‘A5’ (225 m depth), together with conditions in 
the layer within a radius of 400 m at three different 
times (2, 10 and 30 years, respectively). 
 
Thus, throughout the simulated 30 years of injection, 
halite precipitation does not cause any damage to 
reservoir permeability such as to definitively stop the 
advancement of the vaporization front.  The growth 
trend of the liquid plume is practically linear (Fig. 7), 
as occurs with pure water injection. After an initial 
transient, about 85% of the injected fluid continues to 
vaporize (Fig. 8), sustaining the “production” and the 
long-term  recovery  of  thermal energy.  Steam flows 
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Figure 4. Liquid (SL) and solid (SS) saturations, 
salt mass fraction (XS), pressure (P) and 
temperature (T) in the grid block ‘A5 35’ 
during 30 years of brine injection. 
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Figure 5. Liquid (SL) and solid (SS) saturations, 
salt mass fraction (XS), pressure (P) and 
temperature (T) as the boiling front 
propagates across the two adjacent grid 
blocks ‘A5 34’ and ‘A5 35’. 

through the constant-pressure lateral boundary at the 
initial reservoir temperature and at a more or less 
constant rate of about 23.3 kg/s, which corresponds 
to 83% of the brine injection rate (Fig. 9). 

CONCLUSIONS 

A numerical study is under way, using the TOUGH2 
V.2.0 with the EWASG V.4 module, to estimate the 
feasibility of brine injection as a means of recharging 
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Figure 6. Radial distribution of liquid (SL) and 
solid (SS) saturations, salt mass fraction 
(XS), pressure and temperature in the 
layer ‘A5’ (depth=225 m) after 2, 10 and 
30 years, respectively. 

depleted vapour-dominated geothermal reservoirs.  
We started the numerical experiments using two-
dimensional radial, homogeneous and isotropic 
porous media, with radius and height of 2 km, and 
initial conditions similar to those of some depleted 
zones of the Larderello and The Geysers reservoirs, 
although these systems are characterized by fractured 
media with low porosity matrix.  Neglecting the 
effects of vapour pressure lowering in our models, 
these initial conditions correspond to single-gas 
phase conditions.  We neglect the effects of water- 
rock interactions and, in particular, the precipitation 
of mineral species other than halite, as these are not 
included in EWASG.  Although the study is still 
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Figure 7. Evolution of the liquid-phase mass present 

in the reservoir. 
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Figure 8. Evolution of the mass fraction (%) of the 
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Figure 9. Mass flux across the lateral boundary 

(“production”). 

under way and the analysis incomplete, the model 
discussed here demonstrates that, with the 
assumptions made, precipitation/dissolution 
processes do occur, allowing the vaporization front to 
advance in a way similar to that of the fresh water 
injection case.  Reduction in permeability or sealing 
of the formation occurs whenever the brine injection 
plume stops propagating, with boiling at its front.  
This here occurs at its (upper) radial boundary.  In 
these conditions a halt in injection would lead to a 
reduction in permeability or sealing of the formation 

all along its final vaporization area.  Throughout the 
period covered by our simulations there are 
apparently no negative effects on the recovery of 
injected fluid as steam, since the plume is able to 
propagate even in presence of precipitation processes, 
and about 85% of the injected brine is vaporized 
throughout the simulated 30 years. 
 
This study has also demonstrated the efficacy of the 
EWASG V.4 module in simulating complex 
phenomena of coupled mass and heat transport in 
geothermal reservoirs whose thermodynamic 
conditions are strongly affected by compositional 
processes. 
 
Excluding any analysis of the effects of water-rock 
interactions and of the precipitation of mineral 
species other than halite, this study should in future 
consider: 

••  brine injection into a fractured-porous medium, 
representative of superheated geothermal 
reservoirs, such as Larderello and the Geysers; 

••  comparison with the case of fresh-water 
injection; 

••  the effects of space and time discretization on 
precipitation/dissolution of halite at the 
vaporization front; 

••  different initial reservoir conditions, including 
vapour pressure lowering phenomena caused by 
suction pressure effects, which allow the liquid 
phase to exist even in a depleted vapour- 
dominated reservoir; 

••  what occurs when the plume reaches the 
reservoir bottom; 

••  enhancement of the EWASG with the inclusion 
of NaCl solubility in the gas phase, neglected in 
the present EOS module version, to improve the 
description of reservoir processes occurring 
when a high salinity brine is present. 
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