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ABSTRACT 

The TOUGH suite of nonisothermal multiphase flow and 
transport simulators has originally been developed in the 
early 1980s for applications in geothermal reservoir engi-
neering, which required special attention to coupled fluid 
and heat flow, accurate description of thermophysical fluid 
properties, and an approach to represent fractured systems in 
a reasonable and computationally tractable manner. While 
the TOUGH simulators have evolved and are currently 
applied to address a wide variety of deep subsurface and 
near-surface problems, the highly nonlinear and coupled 
nature of geothermal system behavior still poses formidable 
challenges and provides the motivation to advance the 
codes. Attempts to significantly increase the worldwide 
production of geothermal energy led to the study and 
exploration of new systems for potential heat mining. 
Specifically, heat extraction from deeper systems with 
higher temperatures, the concept of enhanced geothermal 
system (EGS), the use of alternative working fluids (such as 
carbon dioxide), and the deployment of advanced drilling 
technologies require corresponding enhancements of simu-
lation capabilities, including equation-of-state and reactive 
geochemistry modules with expanded temperature and 
pressure ranges, coupled thermal-hydrological-mechanical 
process simulations to address induced seismicity issues, 
and wellbore simulators linked to the reservoir model. 
Moreover, characterization methods need to be refined and 
the supporting analysis tools updated. This paper summa-
rizes recent advances of the TOUGH suite of simulation and 
analysis tools, and discusses their limitations and applica-
bility in geothermal reservoir engineering. 

1. INTRODUCTION  

1.1 Historical Remarks 

Numerical modeling is a powerful means to understand and 
predict the response of geothermal systems and to design 
and optimize their exploitation. The strong coupling of heat 
and fluid flow, and the fractured nature of most hydrother-
mal and all enhanced geothermal systems (EGS) pose 
significant challenges to an accurate and efficient simulation 
of complex geothermal processes. Nonetheless, numerical 
modeling has been used to study geothermal systems since 
the 1970s, and has become standard practice in geothermal 
reservoir engineering during the last 25 years, for both 
generic investigations and site-specific applications (see 
O’Sullivan et al., 2001, for an overview). 

There exist a number of computer codes for simulating non-
isothermal multiphase flow, transport, and other, more 
complex processes in the subsurface. They differ in the 
features and processes being modeled and the method used 
to couple them, in the numerical approach, and in the 
support provided for setting up models and for post-
processing the results. This article focuses on the TOUGH 

codes (Pruess et al., 1999; http://esd.lbl.gov/TOUGH), 
which was originally developed at the Lawrence Berkeley 
National Laboratory in the early 1980s for geothermal 
reservoir engineering, but is now widely used in universities, 
government organizations, and private industry for 
applications related to geological carbon sequestration, 
nuclear waste disposal, energy production from geothermal, 
oil and gas reservoirs as well as methane hydrate deposits, 
environmental remediation, vadose zone hydrology, and 
other uses that involve coupled thermal, hydrological, 
geochemical, and geomechanical processes in permeable 
media. Code developments and applications of the TOUGH 
suite of simulators are described in numerous conference 
papers and journal articles, a list of which can be found at 
http://esd.lbl.gov/research/projects/tough/documentation/. 

1.2 Basic Simulation Approach 

In this section, we describe the basic mass- and energy-
balance equations solved by all variants of the TOUGH 
codes. For the governing equations of specialized modules 
(e.g., those including reactive transport, rock mechanics, and 
wellbore flow), the reader is referred to the respective 
manuals. The equations for nonisothermal, multiphase, 
multicomponent flows in fractured porous media can be 
written in the following general form: 

 
d

dt
M  dVn  F n dn  q dVn

Vn
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
Vn
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The integration is over an arbitrary subdomain Vn of the 
flow system, which is bounded by the closed surface n. The 
quantity M appearing in the accumulation term represents 
the mass of component  (e.g., water, brine, CO2, tracer, 
radionuclide) or energy ( = h) per volume. F denotes mass 
or heat flux, and q denotes sinks and sources; n is a normal 
vector on the surface element dn, pointing inward into Vn. 
The general form of the mass accumulation term is 

 M    SX



  (1)RaqXaq

 Kd  (2) 

where is porosity, S� is saturation of phase , �   is 
phase density, X

 is the mass fraction of component  in 
phase  , �R is the rock grain density, and Kd is the aqueous 
phase distribution coefficient. Similarly, the heat accumu-
lation term in a multiphase system is   

 M h  (1)RCRT  Su

  (3) 

where CR is the specific heat of the rock, T is temperature, 
and u��is specific internal energy of phase . Advective 
mass flux is a sum over phase fluxes,  

 F

adv
 X




 F  (4) 
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and individual phase fluxes F� are given by a multiphase 
extension of Darcy’s law: 

 F  k
kr 



(P   g)  (5) 

Here� k is absolute permeability, kr� is relative permeability 
to phase , � is viscosity, and P  PPc  is the fluid 
pressure in phase , which is the sum of the reference (gas) 
pressure and the capillary pressure Pc  (≤0), and g is the 
vector of gravitational acceleration. The mass flux term in 
the TOUGH codes include multiphase and Knudsen diffu-
sion. Moreover, vapor pressure lowering due to capillary 
and phase adsorption effects can be considered. 

Heat flux includes conductive, convective, and radiative 
components 

 Fh  T  h F

  f 0T 4  (6) 

where  is effective thermal conductivity, and h� is specific 
enthalpy in phase,  f is the radiant emittance factor, and 
0 is the Stefan-Boltzmann constant. All water properties 
(density, specific enthalpy, viscosity, saturated vapor pres-
sure) are calculated from steam table equations.  

For numerical simulation the continuous space and time 
variables must be discretized. Space discretization is made 
directly from the integral form of the conservation equations 
(1), without converting them into partial differential 
equations. This integral finite difference method avoids any 
reference to a global coordinate system, and thus offers the 
advantage of being applicable to regular or irregular 
discretizations in one, two, and three dimensions. Time is 
discretized fully implicitly as a first-order backward finite 
difference. 

Discretization results in a set of strongly coupled nonlinear 
algebraic equations, with the time-dependent primary 
thermodynamic variables of all grid blocks as unknowns. 
These equations are cast in residual form and solved 
simultaneously using Newton-Raphson iterations. Different 
methods are available to solve the linear equations arising at 
each iteration step, including preconditioned conjugate 
gradient solvers, as well as sparse direct matrix methods. 
Parallel solvers based on domain decomposition are availa-
ble as well (Zhang et al., 2008). 

Dual-continua approaches can be used to model media in 
which a network of interconnected fractures is embedded in 
matrix blocks of low permeability, as is typically the case in 
geothermal reservoirs. Global flow in the reservoir occurs 
mainly through the fracture system, which is described as an 
effective porous continuum. Rock matrix and fractures may 
exchange fluid or heat locally, driven by the difference in 
pressures, mass fractions, or temperatures between matrix 
and fractures, which is assumed as being quasi-steady, with 
the rate of matrix-fracture interflow proportional to the 
gradient in (local) average state variables. In the method of 
multiple interacting continua (MINC), a more accurate 
resolution of these gradients is achieved by subgridding of 
the matrix blocks.  Generation of the fracture and matrix 
continua and their interconnection is a geometrical pre-
processing step that operates on the element and connection 
data of a porous medium mesh to calculate—for given data 
on volume fractions—the volumes, interface areas, and 

nodal distances for a secondary fractured medium mesh. The 
information on fracturing (spacing, number and orientation 
of sets, shape of matrix blocks) is provided by a proximity 
function, which expresses, for a given reservoir domain Vo, 
the total fraction of matrix material within a distance from 
the fractures. Note that all the necessary information about 
the fractures and matrix is encapsulated in the geometrical 
parameters of the discretized equations, i.e., there is no need 
to reformulate the governing equations to implement 
different representations of fractured-porous media (i.e., 
discrete fracture networks, equivalent continuum, double 
porosity, dual-permeability, and MINC approaches).  Details 
about the dual-continuum approaches as well as their 
applicability and limitations can be found in Doughty 
(1999). 

1.3 Simulation Needs 

As numerical modeling became a more common tool in 
geothermal reservoir engineering, the range of science and 
management questions to be addressed by the model 
increased, so did the variety of hydrothermal systems and 
conditions to be analyzed. For example, the renewed interest 
in EGS, the potential use of alternative working fluids 
(Pruess, 2006; Randolph and Saar, 2011), and the assess-
ment of very deep or very hot, magmatic geothermal 
systems (Friðleifsson et al., 2013) call for an expansion of 
the processes and thermophysical states that can be consid-
ered in the simulations. Of particular interest are the geo-
chemical and rockmechanical effects caused by perturba-
tions in the pressure and temperature fields as induced 
during the stimulation and operation of a geothermal reser-
voir. Accurately accounting for these coupled processes 
allows for improved reservoir characterization as well as 
more efficient and safer development and exploitation of the 
field. Moreover, linkages to wellbore simulators and surface 
installations are attempted with the ultimate goal to perform 
a more complete system-level analysis. 

The increase in the number of features, processes, and 
subsystems and their coupling comes at the expense of 
increased model complexity, data needs, and computational 
demands. The following subsections describe some recent 
developments and enhancements of the TOUGH suite of 
simulators that attempt to address some of these challenges. 
Many of these advances have recently been presented at the 
TOUGH Symposium 2012 (Finsterle et al., 2012). 

2. RECENT TOUGH DEVELOPMENTS  

2.1 Thermophysical Properties 

Simulation studies of extensional magmatic systems and 
assessments of the sustainability of geothermal exploitation 
in general require that both the more shallow cooler regions 
and the deep heating zones be modeled, where thermody-
namic conditions are encountered that exceed the pressure 
and temperature range of standard TOUGH2. Attempts to 
extend this range and to include the supercritical region of 
the phase diagram date back to the 1990s, but renewed 
efforts have been made more recently to arrive at an accu-
rate, robust, and efficient equation-of-state (EOS) module 
for such conditions. In particular, Croucher and O’Sullivan 
(2008) replaced the standard thermodynamic formulation 
with the newer IAPWS-97 (1997) formulation. By choosing 
density and temperature as the primary variables in the 
supercritical region (i.e., variables identical to those in 
IAPWS-97), they arrive at a mathematically robust formu-
lation near the critical point, and they avoid the use of an 
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iterative procedure to evaluate fluid properties. They devel-
oped a scheme to robustly perform phase transitions near the 
critical point, and demonstrated the accuracy and efficiency 
of the enhanced TOUGH2 simulator by comparing it to 
alternative approaches (e.g., that of Brikowski, 2001).  

The use of CO2 as an alternative working fluid in EGS has 
been originally proposed by Brown (2000) as a means to 
combine effective geothermal energy capture with geologic 
carbon storage. The concept was explored in more detail by 
Pruess (2006) and adapted by Randolph and Saar (2011). 
Under geothermal conditions, CO2 is a supercritical fluid 
with liquid-like density and gas-like viscosity, which (along 
with its much larger compressibility and thermal expansiv-
ity) leads to favorable flow and wellbore hydraulics condi-
tions and thus an overall higher heat mining efficiency 
compared to that of water, despite its lower heat capacity. 
Other factors (specifically related to geochemistry and 
economic viability) need to be further assessed. 

The TOUGH codes are extensively used to study large-scale 
storage of greenhouse gases in deep geologic formations 
(saline aquifers, depleted oil and gas reservoirs, and 
coalbeds). The TOUGH2 EOS modules ECO2N and 
ECO2M were specifically developed for such applications. 
ECO2N (Pruess, 2005) considers all sub- and supercritical 
CO2 as a single non-wetting phase, a concept that can 
successfully capture the conditions in the storage formation 
as well as certain paths within the phase diagram. However, 
it is limited to systems in which there is no change of phase 
between liquid and gaseous CO2, and in which liquid and 
gaseous CO2 do not co-exist. To overcome this limitation, 
ECO2M (Pruess, 2011) was developed, a module that 
describes the pure-component and mixture properties of 
water, NaCl, and CO2 in the full range of phase conditions, 
including those on the liquid-gas saturation line with the 
potential for three-phase conditions. Both of these modules 
work up to temperatures of about 110C, which make them 
unsuitable for applications in deep geothermal reservoirs. 
The challenge of extending the temperature range lies in the 
correlations needed to compute the mutual solubilities of 
CO2 and chloride brines. Such correlations have been pre-
sented by Spycher and Pruess (2009) and are implemented 
in a new, high-temperature version of ECO2N (dubbed 
ECO2H), which is currently being tested for public release. 

Battistelli (2012) updated the treatment of saline solutions in 
EWASG (Battistelli et al., 1997) for more accurate 
calculations of brine density, enthalpy and vapor pressure, 
halite density, enthalpy and solubility, as well as vapor 
adsorption and capillary condensation effects at high 
temperatures. 

2.2 Wells 

Injection and production wells are key elements of a geo-
thermal system. It is therefore essential that the well 
hydraulics and interactions between the well and the reser-
voir are properly captured. This is especially important for 
multiphase flow systems, where gas compression and 
exsolution greatly affect the flow resistance and thus pres-
sure and temperature distribution along the well, with related 
impacts on the reservoir behavior, injectivities, and 
production rates and enthalpies. Standard TOUGH2 
provides a number of options to represent wells. New 
options have been added by various research groups to 
simulate more complex real-world scenarios (e.g., Yeh et al., 
2012). 

The coupling between the wellbore and reservoir has been 
addressed multiple times, with various approaches and 
degrees of sophistication. Recently, Pan et al. (2011) 
presented T2Well, a coupled wellbore-reservoir simulator, 
which uses the drift-flux model and related conservation 
equations for describing transient two-phase nonisothermal 
wellbore flow. The mass and thermal energy balance equa-
tions are solved numerically by a finite difference scheme 
with wellbore heat transmission to the surrounding rock 
handled either semi-analytically or numerically. The 
momentum balance equation for the flow in the wellbore is 
solved numerically with a semi-explicit scheme.  

Any coupled wellbore-reservoir simulator requires that the 
well be explicitly discretized to get the correct well volumes 
and exchange areas with the formation. Such discretization 
can be simplified. For example, following the trajectory of 
the well, cylindrical grid blocks can be inserted into the 
existing elements of a basic grid. These well elements are 
connected to each other in the axial direction and to the 
elements in which they are embedded. This approach is 
implemented in WinGridder and was used to insert three 
conventional wells and 40 microholes into a three-
dimensional, unstructured-grid reservoir model (see red lines 
in Figure 1).  

For the wellbore sections above the model domain, i.e., from 
the land surface to a depth of 3.8 km, where the surrounding 
rock is not included in the reservoir model, a semi-analytical 
solution for radial heat exchange with the formation is used 
(Zhang et al., 2011) to efficiently calculate heating of the 
injected water and heat losses from the produced water as it 
flows along the wells through rocks that exhibit a 
geothermal gradient. Given the relatively long vertical flow 
distance in these wellbore sections, the gravitational 
potential is added to the energy balance equation (Stauffer et 
al., 2003). This effect, which is similar in magnitude to the 
temperature changes caused by the negative Joule-Thomson 
coefficient of water, is added to avoid an overprediction of 
the temperature and heat content of the produced fluid. 

 

Figure 1: Simulated temperature-change distribution 
after 30 years of exploitation using a microhole 
array (Finsterle et al., 2013). 

 

2.3 Rock Mechanics 

2.3.1 Overview 

Reservoir creation through hydraulic or thermal stimulation, 
as well as pressure and temperature changes induced by 
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fluid circulation in an EGS or conventional hydrothermal 
reservoir lead to stress changes and associated elastic-plastic 
deformations or even rock failure that induces seismic 
events. Having the capabilities to simulate these coupled 
thermal-hydrologic-mechanical (THM) processes is 
essential, as they help to design reservoir stimulation 
activities, to examine and mitigate risks, and to assess the 
success of the stimulation. The coupling of TOUGH’s non-
isothermal multiphase flow and transport processes with 
rock mechanics is an active area of research and code 
development.  

A number of alternative and complementary approaches 
have been developed to account for the coupling between 
pressure and temperature changes and induced stress 
changes with associated thermo-poro-elastic and plastic 
deformations. Fracture propagation and the coupling to 
geochemical processes pose additional, unique challenges. 
These approaches differ in the assumptions about the 
mechanical behavior of porous and fractured geologic 
media, the numerical method used to perform the stress-
strain calculation, the discretization scheme and how state 
variables and parameters calculated for potentially different 
meshes are mapped to each other, and the way to couple 
flow and geomechanics. The approaches integrated into the 
TOUGH framework range from simple models that only 
account for uniaxial poro-elastic deformations due to exter-
nal load changes, to more general formulations that relax 
these assumptions, to complex models that capture fracture 
initiation and propagation mechanisms in multi-porosity 
systems. The following is a short description of some of 
these coupled models. 

2.3.2 TOUGH-FLAC enhancements 

The TOUGH-FLAC simulator has been the first TOUGH-
related simulator capable of modeling coupled THM 
processes. It employs a sequential coupling whereby pore 
pressure and temperature calculated by TOUGH2 are trans-
ferred to a compatible numerical grid for FLAC3D, which 
then calculates effective stresses and associated defor-
mations, returning updated values for porosity, permeability, 
and capillary strength parameter back to the flow simulator. 
Details about this approach can be found in Rutqvist et al. 
(2002). 

To better represent the mechanical behavior of highly 
fractured formations, TOUGH-FLAC was enhanced to 
include a modified version of the crack tensor model of Oda 
(1986), which calculates a discrete summation of contribu-
tions from each fracture that intersects an element volume to 
arrive at upscaled, stress-dependent, anisotropic permea-
bility and compliance tensors. This approach transforms a 
discrete fracture network model into a grid-based continuum 
model. More details can be found in Wang et al. (2012). 

2.3.3 Implicit volumetric strain approach 

Hu et al. (2012) added a mean stress equation for thermo-
poro-elastic multiporosity media to the standard set of 
governing multiphase flow equations of TOUGH2-MP. In 
this formulation, the mean total stress is included as an 
additional primary variable, and the coupled THM system is 
solved fully implicitly, obtaining volumetric strain and 
associated changes in porosity and permeability. 
Geochemical reactions based on the TOUGHREACT code 
have also been included in this formulation.  

2.3.4 Rock Discontinuous Cellular Automaton 

Pan et al. (in press) coupled TOUGH2 to RDCA (Rock 
Discontinuous Cellular Automaton), a code capable of 
simulating nonlinear and discontinuous deformation 
behavior, such as plastic yielding and the initiation, propa-
gation and coalescence of cracks induced by changes of 
fluid pressure and temperature. RDCA uses a special 
displacement function to represent internal discontinuities. A 
level set method tracks the fracturing path, and a partition-
of-unity method is used to improve the integral precision of 
fracture surface and fracture tip calculations. The 
mechanical state is evaluated by a cellular automaton 
updating rule, whereby a mixed-mode fracture criterion 
determines the fracturing behavior. In this approach, the 
discontinuity of a crack is incorporated independently of the 
mesh, such that the crack can be arbitrarily located within an 
element, i.e., the method does not require any re-meshing for 
crack growth, which greatly simplifies the modeling 
procedure and its sequential integration with TOUGH2 
through external coupling modules. 

2.3.5 Multi-continua approach for fracture propagation 

Kim et al. (2012) developed a simulator for vertical 
hydraulic fracturing that involves continuous updating of the 
boundary conditions and connectivity data. As a result of 
fracturing, the domain description changes from a single 
continuum to double or multiple continua. The algorithm 
allows for an explicit description of nonlinear permeability 
and geomechanical moduli, provides two-way coupling 
between fluid and heat flow and geomechanics, continu-
ously tracks changes in the fractures and in the pore volume, 
and fully accounts for leak-off in all directions during 
hydraulic fracturing. The approach also accounts for 
geochemical reactions with associated changes in pore 
volume from dissolution and precipitation. 

2.3.6 Rigid-body-spring-network approach 

Asahina et al. (in press) used a Voronoi-based discretization 
technique for coupled thermo-hydrologic-mechanical 
modeling that includes the formation and propagation of 
discrete fractures embedded in a three-dimensional rock 
matrix. Elastic response and fracture development is 
modeled by a mechanical damage model that is based on the 
rigid-body-spring network, where spring constants are 
related to elastic rock mechanical properties, and fracture 
initiation is determined using a classical brittle approach. 
Fracture configurations are mapped onto an unstructured 
Voronoi grid, which is based on a deterministic or random 
set of spatial points. The resulting discrete fracture network 
is represented by the connections of the edge of a Voronoi 
cell, avoiding numerical gridding issues and allowing for 
flow and transport through a network that also interacts with 
the permeable matrix. 

2.4 Reactive Transport 

Reactive transport modeling was first coupled to TOUGH2 
by White (1995), who used an implicit scheme in which 
batch reactions are separated from the transport terms. This 
code, named ChemTOUGH, was mainly applied to 
geothermal reservoir problems (e.g., Kissling et al., 1996). 
Essentially the same concept of separating reactions from 
flow and transport (but using a sequential iterative approach) 
was later used for the development of TOUGHREACT (Xu 
et al., 2001). It considers thermo-hydrological-chemical 
(THC) processes under various conditions, including 
concentrated aqueous solutions. The code can accommodate 



35th New Zealand Geothermal Workshop: 2013 Proceedings 
17 – 20 November 2013 

Rotorua, New Zealand 

an arbitrary number of chemical species that can be present 
in liquid, gas and solid phases in media with physical and 
chemical heterogeneity. Thermophysical and geochemical 
properties are calculated as a function of pressure and 
temperature as well as of thermodynamic and kinetic data 
for mineral-water-gas reactions. Multiphase transport of 
aqueous and gaseous species occurs by advection and 
molecular diffusion. Aqueous and surface complexation, 
acid-base, redox, gas dissolution and exsolution, and multi-
site cation exchange are considered under the local 
equilibrium assumption.  Mineral dissolution and 
precipitation proceed under either equilibrium or kinetic 
constraints, leading to changes in porosity, permeability, and 
capillary strength.  Intra-aqueous kinetics and biodeg-
radation and surface complexation using non-electrostatic, 
constant capacity and double layer electrostatic models have 
been incorporated into Version 2 of TOUGHREACT (Xu et 
al., 2011). Linear adsorption and decay can be also included. 

TOUGHREACT has been applied to a wide variety of 
problems, including the simulation of mineral alteration in 
hydrothermal and geothermal systems. 

2.5 Inverse Modeling 

2.5.1 Overview 

iTOUGH2 provides inverse modeling capabilities for most 
modules of the TOUGH suite of simulators. By running 
TOUGH simulations multiple times for different input 
parameter sets, iTOUGH2 can be used for parameter 
estimation through automatic model calibration, for 
formalized sensitivity analyses, and for assessing the uncer-
tainty of model predictions. In geothermal applications, 
matching past production data to determine reservoir prop-
erties is appropriate, as the data contain information about 
the relevant properties and on right scale. This means that 
for the subsequent predictive simulations, only limited 
extrapolations to conditions different from those encoun-
tered during calibration need to be made. 

Recent advances within the inversion framework include a 
link from iTOUGH2’s optimization and analysis routines to 
any simulation software that uses text files for input and 
output (Finsterle and Zhang, 2011a), inclusion of global 
sensitivity analysis methods (Wainwright et al., 2013), joint 
multi-physics inversion, improved statistical measures of 
model fit, data contribution, and parameter identifiability, 
and other features making input to the forward and inverse 
part of the simulation-optimization code more convenient. 
The following subsections summarize some of the features 
added to the iTOUGH2 optimization framework.  

2.5.2 Link to external models through PEST protocol 

While the original iTOUGH2 code is tightly linked to the 
TOUGH2 simulator, its optimization routines are general 
enough to also be applicable to other forward models. The 
forward model can be separated from the inversion frame-
work through an interface such as the PEST protocol (Banta 
et al., 2008), provided that the application model (1) submits 
input through one or more ASCII input files, (2) returns 
output to one or more ASCII output files, (3) runs the model 
or multiple models using a system command, and (4) runs 
the models to completion without user intervention. 
iTOUGH2’s core, its optimization routines and related 
analysis tools, remains unchanged; only the communication 
format between input parameters, the application model, and 
output variables are borrowed from PEST.  

 

Figure 2: Optimization and analysis tools evaluate the 
system response z as a function of adjustable 
input parameters p, where the relation between z 
and p is either given by the fully integrated 
TOUGH2 simulator or by an external model 
through the PEST protocol, which uses text-based 
template and instruction files for communication 
with the external model’s input and output files. 

The extended code (Figure 2; Finsterle and Zhang, 2011b) 
allows the user to invoke optimization of TOUGH2 models, 
which are fully integrated within iTOUGH2, or any external 
models, which are loosely linked by the PEST protocol, or a 
combination thereof. The latter is especially powerful, since 
it allows the user to include TOUGH2 pre- or postprocessors 
within the iTOUGH2 optimization framework. Wellmann et 
al. (in press) demonstrate a use case in which an entire 
model set-up and analysis workflow (from the development 
of a geologic framework model to the analysis of TOUGH 
simulation results) is automated and thus accessible for 
parameter estimation and uncertainty quantification using 
iTOUGH2. Finally, this new capability allows users to 
perform inverse analyses of TOUGH-related models that are 
not tightly integrated into iTOUGH2, such as 
TOUGHREACT, TOUGH2-MP, and TOUGH+.   

2.5.3 Global sensitivity analysis 

The derivative-based minimization algorithms implemented 
in iTOUGH2 require the calculation of a Jacobian matrix, 
whose elements are the partial derivatives of each observa-
ble variable zi with respect to each parameter pj. This 
Jacobian matrix provides information for a local sensitivity 
analysis based on individual and composite measures.  

Such a sensitivity analysis is local in the sense that it is valid 
for a specific point in the parameter space. If the model is 
nonlinear, however, sensitivity coefficients are different for 
each parameter combination. Global sensitivity-analysis 
methods address this issue by examining many combinations 
within the range of acceptable parameter values. Two global 
sensitivity-analysis methods have been implemented into 
iTOUGH2 (Wainwright et al., 2013). In the Morris one-at-a-
time elementary-effects method (Morris, 1991), each axis of 
the parameter hypercube is subdivided, and a perturbation is 
then calculated for each parameter. Next, a random grid 
point in the parameter space is selected, the model is run, 
and the performance measure is evaluated. Then—one at a 
time and in random order—each parameter is perturbed, the 
model is rerun to recalculate the performance measure, and 
the corresponding impact (or elementary effect) on the 
output is computed from the relative difference between the 
model output. The procedure is repeated for multiple, 
randomly selected starting points of a path in the parameter 
space. After completion of a number of such paths, the mean 
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and standard deviation of the absolute elementary effects is 
calculated. The mean assesses the overall influence of the 
respective parameter on the output; the standard deviation 
indicates whether the effects are linear and additive or 
nonlinear, or whether interactions among the parameters are 
involved. As a second approach, the method of Saltelli et al. 
(2008) provides the variance-based sensitivity index for 
parameter importance (which is equivalent to the Sobol’ 
index). Conceptually, this measure quantifies the percentage 
contribution of each parameter to the uncertainty of the 
output. In addition, the total sensitivity index is evaluated, 
which can be used to identify parameters with negligible 
effects. An application of global sensitivity analysis for the 
determination influential parameters of a geothermal reser-
voir model can be found in Finsterle et al. (2013a). 

2.5.4 Statistical analyses 

iTOUGH2 performs a rather extensive residual and uncer-
tainty analysis (Finsterle and Zhang, 2011b), helping the 
user to decide whether the model is a likely representation of 
the real system, and to examine the reliability and usefulness 
of certain observations. This analysis has been expanded to 
include the Nash-Sutcliffe (NS) and Kling-Gupta (KG) 
efficiency criteria. The NS index can be interpreted as the 
relative ability of a model to predict the data, where NS = 0 
indicates that the model is not a better predictor than simply 
obtaining the mean of the observed values. The KG index 
allows a breakdown of the misfit in contributions from 
correlation errors, variability, and bias (Gupta et al., 2009). 
These indices are goodness-of-fit criteria that can be used 
for model comparison studies, or directly as objective 
functions to be minimized by iTOUGH2. An application is 
described in Kowalsky et al. (2012). 

As part of the residual analysis, iTOUGH2 now also calcu-
lates the relative impact of omitting an individual observa-
tion. This measure is useful during the design stage of a 
project to evaluate “data worth,” i.e., the potential benefit of 
taking a certain measurement for parameter estimation. The 
measure is calculated based on the D-optimality criterion. If 
omitting a certain data point from a synthetic inversion leads 
to a significant increase in the determinant of the covariance 
matrix of the estimated parameters, then this data point 
should be collected, because it contributes substantially to 
obtaining a more accurate solution of the inverse problem. 
Note that the inverse problem needs to be solved only once 
to obtain the data-worth measure for all observations. 

2.5.5 Multi-physics joint inversion 

The ultimate success of an inverse analysis depends on the 
availability of data that contain sufficient information about 
the relevant parameters. The coupling of THMC processes 
as discussed above provides an opportunity to considerably 
increase the amount and types of data that can be included in 
an inversion. Specifically, geophysical data (such as seismic 
and electro-magnetic data) may help identify the geologic 
structure and the extent and migration of phase boundaries. 
Combining geophysical imaging with estimation of 
hydrogeologic, thermal, geochemical, and mechanical 
parameters within a multi-physics joint inversion framework 
has the potential to significantly improve reservoir 
characterization. The basic concept is described in Finsterle 
and Kowalsky (2008).  Considerable advances have been 
made to implement multi-physics joint inversion into the 
iTOUGH2 framework (Commer et al., 2013).  

2.6 Reduced order modeling 

The TOUGH codes provide high-fidelity multi-physics 
simulation capabilities. As more features and processes are 
added to the codes, and larger, three-dimensional problems 
are tackled within a many-query context (such as Monte 
Carlo simulations for uncertainty quantification, sampling-
based global sensitivity analyses, and high-dimensional joint 
inversions), the computational demands become prohibitive. 
In addition to reducing computational time through 
parallelization, we consider various model reduction 
methods, in which either the forward model itself or select 
model outputs or a response surface are approximated by a 
low-order surrogate model, and the approximation error is 
quantified and accounted for in the respective many-query 
application. The strong nonlinearities inherent in geothermal 
reservoir modeling make it difficult to find accurate, robust, 
and efficient reduced order models. Nevertheless, the initial 
efforts by Cui et al. (2011) and Pau et al. (2013) are 
promising.  

3. OUTLOOK AND CONCLUDING REMAKRS 

The TOUGH codes have been originally developed for 
geothermal applications, and the codes have demonstrated 
their usefulness for both fundamental studies of the complex 
coupled processes occurring in geothermal reservoirs, as 
well as applied simulations for resource assessment, 
optimization of field operations, and sustainability 
evaluations. The codes have been continually updated, 
driven by application needs. In recent years, the renewed 
efforts to make enhanced geothermal systems a viable 
alternative energy resource triggered many research projects 
and code developments to address challenging issues such as 
reservoir stimulation and induced seismicity. 

For the TOUGH suite of simulators to be able to make 
substantial contributions to address these challenges in 
geothermal reservoir engineering, it is essential that key 
capabilities be developed not only for the simulator but also 
its supporting infrastructure. The latter includes improved 
model setup and post-processing tools, data assimilation and 
multi-physics joint inversion capabilities, uncertainty 
quantification, optimization, risk assessment and decision 
support tools, and reduced order modeling. While the 
TOUGH codes have stood the test of time, continual 
updating and enhancement of process descriptions is needed 
in addition to improvements of its data structure, flow logic, 
and computational performance.    

The developer team at LBNL and other organizations 
worldwide strives to keep the TOUGH simulators at the 
forefront of scientific research, and at the same time 
improve the maintainability of the codes and their applica-
bility to problems of practical relevance. 
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