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Five-Spot Geothermal Injection-
Production Problem 

•  Objectives: 
–  Understand main iTOUGH2 concepts 
–  Get familiar with key iTOUGH2 input 

blocks/commands and output files 
–  Requires some knowledge of TOUGH2 

simulator (module EOS1) 

•  Exercises: 
1. TOUGH2 simulation with iTOUGH2 
2. Generation of synthetic data 
3. Defining parameters and performing 

sensitivity analysis 
4. Inversion of synthetic data 
5. Uncertainty propagation analysis 
6. Explore 

Production

Injection

1000 m  
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Forward Problem Description 
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•  Reservoir modeled as a fractured 
medium using MINC 

•  Only 1/8th of pattern is modeled 
due to symmetry 

•  Fractured reservoir parameters 
given in Table 1 

•  Based on sample problem “rfp” 
from TOUGH2 manual. 

•  This problem considers a large geothermal well field with 
production/injection wells in a repeating “five-spot” pattern 

Five-Spot Geothermal Injection-
Production Problem 

•  Note: there may be differences in TOUGH2 input formats 
(e.g., in RPCAP) for standard TOUGH2 vs. iTOUGH2 

Production

Injection

1000 m  
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Table 1. Model parameters for geothermal 
injection-production in fractured reservoir 

Table 14.1.  Parameters for five-spot problem

Formation

Rock grain density 2650 kg/m3

Specific heat 1000 J/kg˚C
Heat conductivity 2.1 W/m˚C
Permeable volume fraction 2%
Porosity in permeable domain 50%
Impermeable blocks: cubes with side length 50m, 250 m
Permeability  6.0x10-15 m2

Thickness 305 m
Relative permeability: Corey curves

irreducible liquid saturation 0.30
irreducible gas saturation 0.05

Initial Conditions
Temperature 300 ˚C
Liquid saturation 0.99
Pressure 85.93 bar

Production/Injection
Pattern area 1 km2
Distance between producers and injectors 707.1 m
Production rate* 30 kg/s
Injection rate* 30 kg/s
Injection enthalpy 500 kJ/kg

* Full well basis
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Summary of EOS1 
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*rfp* - 36 BLOCKS PARALLEL FIVE-SPOT GRID (CF. SPE-18426) 
ROCKS----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
POMED          2650.       .01    6.E-15    6.E-15    6.E-15       2.1     1000. 
FRACT          2650.       .50    6.E-15    6.E-15    6.E-15       2.1     1000. 
MATRX          2650.    1.E-10    0.E-15    0.E-15    0.E-15       2.1     1000. 
 
START----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
----*----1 MOP: 123456789*123456789*1234 ---*----5----*----6----*----7----*----8 
PARAM----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
   1  99      9900000000000000 4 0 
          1.151852E9       -1. 3.15576E7 KA 1 
      1.E5 
     1.E-5                                             1.E-8 
                300.                0.01                5.E5 
RPCAP----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
    3     .30       .05 
    1               1. 
TIMES----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
    3    3 
 1.57788E8 4.73040E8 7.88940E8 
GENER----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
 AA 1INJ 1                         MASS       3.75     5.0E5 
 KA 1PRO 1                         MASS      -3.75 
 
ELEME----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
 AA 1          POMED0.1906E+060.1250E+04          0.        0.        0.1525E+03 
… 

Input File for Radial Flow Problem 
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Exercises 
 



5 

9 

•  Run TOUGH2 file rfp with module EOS1 using iTOUGH2 
•  This can be done with iTOUGH2 input file rfpi using the 

command “itough2 rfpi rfp 1” or by other approaches 
if the iTOUGH2 scripts are installed and the path is set 
properly. Run the simulation and confirm that it ran as 
expected (check the simulation progression in rfp.out). 

1. TOUGH2 simulation with iTOUGH2 

> COMPUTATION 
  >> OPTION 
     >>> perform a single FORWARD simulation 
     <<< 
  >> OUTPUT 
     >>> print results in COLUMN FORMAT 
     <<< 
  << 
< 

iTOUGH2 input file rfpi used for a TOUGH2 forward simulation 
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•  Discuss potential well tests/measurement procedures: 

-  Injection/shut-in/production schedule 

-  Monitoring points and measurement methods 

•  Make list of potential data that could be measured. 

•  Check corresponding iTOUGH2 commands  
 (block > OBSERVATION, iTOUGH2 Command Reference, 
or http://esd.lbl.gov/iTOUGH2/commands.html) 

2. Generating Synthetic Data 
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•  Simulate several data sets, e.g., pressure and temperature 
at the production well (element “ KA 1”) at 5, 10, 15, 20, 25, 
30, and 35 years. Consider adding several more data types 
or locations. 

•  Note that the iTOUGH2 input format requires blanks to be 
replaced by underscores “_” in element names of the ELEME 
or CONNE blocks (or in names of sinks and sources of the 
GENER block). 

•  Modify input file rfpi (consider renaming it rfp2i), and add a 
new block > OBSERVATION with the corresponding entries 
(see next slide for some guidance).  

2. Generating Synthetic Data (cont’d) 
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Add Observations to iTOUGH2 Input File 
> OBSERVATION 
#Create observation times 
  >> provide list : ? TIMES [YEARS] 
     ? ? ? 
 
#First observation 
  >> PRESSURE 
     >>> ELEMENT: ????? 
         >>>> ANNOTATION: P(pro) 
         >>>> DEVIATION: ? 
         >>>> NO DATA 
         <<<< 
     <<< 
#Second observation goes here… 
  << 
 
> COMPUTATION 
  >> OPTION 
     >>> perform a single FORWARD simulation 
     <<< 
  >> OUTPUT 
     >>> print results in COLUMN FORMAT 
     <<< 
     <<< 
  << 
< 
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•  Specify an expected measurement error for each data set 
by adding a fourth level command such as 
 “>>>> DEVIATION: ?” and completing it with an 
appropriate value of the standard deviation. Or assume a 
relative measurement error by adding and completing the 
following: “>>>> RELATIVE: ? %” 

•  Why is the fourth-level command “>>>> NO DATA” 
recommended at this stage?  

•  Run simulation with modified iTOUGH2 input file (e.g., rfp2i) 

•  Open rfp2i.out and rfp2i.col and check that the times and 
corresponding simulated measurements are as expected. If 
not, look for error messages in rfp.out, rfp2i.msg and 
rfp2i.out, and correct any mistakes.  

2. Generating Synthetic Data (cont’d) 
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•  Add an additional observation at 40 years, and rerun the 
simulation. This should cause an error and a corresponding 
message in the iTOUGH2 output file. What is the reason for 
the error? 

•  Make the necessary modification to the TOUGH2 input file 
rfp to allow simulation of data at 40 years. 

•  Rerun the simulation and save/rename the resulting *.col file 
to be used later as a data file for inversion.  

2. Generating Synthetic Data (cont’d) 
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Questions: Exercise 2 
•  Examine time series of your selected observations (you 

might plot data in file rfp2i.col). Describe overall behavior. 

•  Would it be beneficial to add earlier/later times or to use a 
higher frequency sampling interval?  

•  Rather than manually entering times, sampling points can 
be generated automatically with equal or logarithmic 
spacing. Review command >> TIMES and explain how. 

•  Which observations do you expect to change most and 
least significantly if parameters are changed? 
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•  Formulate parameter estimation problem that would provide 
an improved understanding of properties and processes at 
a geothermal production site. 

•  Make list of potential parameters that are uncertain and 
may need to be estimated from well test data. 

•  Identify initial guess, parameter range, and any parameter 
transformation (e.g., to estimate logarithm of permeability). 

•  Check corresponding iTOUGH2 commands 
 (block > PARAMETER, iTOUGH2 Command Reference, or 
http://esd.lbl.gov/iTOUGH2/commands.html) 

3. Defining Parameters and 
Performing Sensitivity Analysis 
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3. Defining Parameters and 
Performing Sensitivity Analysis 

•  Add a new block > PARAMETER and include at least three 
parameters with the corresponding specifications (see next 
slide for an example).  

•  Include initial guesses that are slightly different from the 
actual parameter values in the TOUGH2 input file used to 
generate the synthetic data earlier but assumed to be 
unknown for this exercise. 

•  Increase MCYC, e.g., to 9998 (note that MCYC=9999 
removes a time step limit) in the TOUGH2 file in case some 
parameter combinations require a larger number of time 
steps than originally allowed (99) 

•  Run a single forward to check for syntax errors. 
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> PARAMETER 
 
 Add first parameter, e.g., the residual liq. sat. of Corey’s curves (since  
 IRP=3 in the TOUGH2 file) specifying index 1 for RP(2). The keyword 
 VALUE is used since the value itself will be estimated (not a transformed  
 quantity like the log of its value) 
 
  >> RELATIVE PERMEABILITY 
     >>> MATERIAL: POMED FRACT MATRX 
         >>>> ANNOTATION    : Slr 
         >>>> INDEX         : 1 (RP in Corey's curves IRP=3) 
         >>>> VALUE 
         >>>> GUESS : 0.25 
         >>>> RANGE         : 0.05 0.50 
         >>>> VARIATION     : 0.10 
         >>>> max STEP size : 0.01          
         <<<< 
     <<< 
 
 Add other unknown or uncertain parameters to be analyzed      
 
   << 
> OBSERVATION  
…  
> COMPUTATION 
… 
< 

Add Parameters to iTOUGH2 Input File 
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Perform Sensitivity Analysis 
•  Create blocks > COMPUTATION, >> OPTION and          
> COMPUTATION, >> JACOBIAN using commands that 
invoke a sensitivity analysis 

•  Explain what factors determine how long it will take for 
iTOUGH2 to complete the sensitivity analysis 

•  Perform a local sensitivity analysis 

•  Perform a global sensitivity analysis (Morris OAT and/or 
Saltelli) 

•  Discuss sensitivity measures 

•  Compare results from local and global sensitivity analyses 
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•  Which is the most influential parameter for your model? 
 
•  Which data point contains the most information about this 

parameter, and overall? 
 
•  Which data set is the most sensitive? 

•  Local Sensitivity Analysis: Explain the difference between 
the commands >>> PERTURB and >>>> VARIATION 

 
•  Morris OAT: Which parameter is the most nonlinear/

correlated? 
 
 

Questions: Exercise 3 
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•  Based on the results from the sensitivity analysis: 

–  Select two or three parameters to be estimated by 
inverse modeling 

–  Select at least two data sets of different observation type 
as calibration points 

•  Change the initial >>>> GUESS of the parameters from 
their now “unknown” true values if you have not done so 
already 

•  The (synthetic) calibration data were generated in Exercise 
2 and should be on file rfp2i.col. Add them by selecting the 
appropriate columns holding time and observed value; add 
synthetic measurement noise (see next slides) 

 

4. Parameter Estimation 
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> OBSERVATION 
 Create observation times 
  >> provide list : 8 TIMES [YEARS] 
     5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 
 
 Observations 
  >> PRESSURE 
     >>> ELEMENT: _AA_1 
         >>>> ANNOTATION: P(inj) 
         >>>> HEADER lines: 2 
         >>>> COLUMNS: 1 2 
         >>>> DATA FILE: rfp2i.col  
         >>>> DEVIATION: 0.25E6  ADD NOISE 
         <<<< 
     <<< 
… 

Add Data File to Block  
> OBSERVATION 
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> COMPUTATION 
  >> STOP 
     >>> ITERATIONS: 10 
     <<< 
 
  >> OPTION 
#    >>> solve FORWARD problem only 
     >>> LEVENBERG-MARQUARDT 
     <<< 
 
  >> JACOBIAN 
     >>> FORWARD 
     <<< 
 
  >> OUTPUT 
     >>> print results in COLUMN FORMAT 
     <<< 
  << 
< 

Perform Inversion by Modifying Block  
> COMPUTATION 
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•  Run the inversion using modified file rfp4i. 

•  Check all output files for potential errors: 
-  Screen output 

-  rfp4i.out (main iTOUGH2 file) 

-  rfp4.out (main TOUGH2 output file) 

-  rfp4i.err 

•  Fix potential errors (including warnings) and rerun, if 
needed. 

•  Read the output file rfp4i.out from top to bottom and 
answer the questions on the following slides. 

4. Parameter Estimation (cont’d) 
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•  Which parameters are being estimated in your model? 
Describe them in full, i.e., including initial guess, range, 
weight, etc. 

•  Which observations are being used for calibration?  
  

 

•  How many calibration points are used?  

•  What is the degree of freedom? Provide general definition 
and the specific value for your inversion.  
   

   

Questions: Exercise 4 
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•  Describe the path (through the parameter space) taken by 
the minimization algorithm in your inversion 

•  Which is the most sensitive parameter? Justify your 
answer.   
  

•  Which single observation (type and time) contains the 
most information regarding each of the parameters, and 
overall?  

Questions: Exercise 4 
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•  Which observation type contains more information 
regarding each of the parameters and overall?  

•  What is the value of the a posteriori error variance s0
2?  

•  Was the error analysis based on the a priori error variance 
σ0

2 or the a posteriori error variance s0
2, and why? 

   

Questions: Exercise 4 
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•  What is the uncertainty of the estimated parameters? 

•  What does the correlation coefficient between the two 
parameters indicate?  

•  Provide a physical explanation for why the correlation 
coefficient is positive (or negative). 

Questions: Exercise 4 
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•  Which of the two parameters can be estimated more 
independently, and which one exhibits the largest overall 
correlation? 

•  Examine and discuss the correlation chart.   
  
  

 
•  What is the initial and final value of the objective function? 

   
   

 

Questions: Exercise 4 
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•  What is the result of the Fisher Model Test? 
  

•  Why is the final value of the objective function smaller 
or larger than m? 

   

•  What is the best estimate parameter set? 
   
   

 

Questions: Exercise 4 
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•  Which observation leads to the maximum residual? Is a 
residual of that size acceptable? 

•  What is the best estimate parameter set? Compare it with 
the true parameter set defined in Exercise 1. 

Questions: Exercise 4 
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•  Using the results from the previous inversion,  
–  Best estimate parameter set; and 
–  Estimation uncertainties 

 set up an uncertainty propagation analysis 
–  Linear (i.e., First-Order-Second-Moment, FOSM); or 
–  Monte Carlo simulations (or Latin Hypercube sampling) 

 to estimate the prediction uncertainty of an 
observation data set that was not used during the 
inversion 

•  Check following slides for some hints 

5. Uncertainty Propagation Analysis 
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•  Transfer best estimate parameter set using command       
>> GUESS FILE: rfp4i.par 

•  Add estimation uncertainty from file rfp5i.out as 
 >>>> DEVIATION to each parameter block. 

•  Add one or more of the observations that you discarded 
after the sensitivity analysis to block > OBSERVATION 

•  Check command > COMPUTATION, >> ERROR, >>> 
FOSM for linear uncertainty analysis 

•  Check command > COMPUTATION, >> ERROR,             
>>> MONTE CARLO for sampling-based uncertainty 
analysis 

•  Check report “iTOUGH2 Sample Problems”, Section 2.5, 
for a similar study. 

Hints: Exercise 5 
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•  Plot the predicted system response along with a 95% error 
band around it. 

•  Is the prediction uncertainty acceptable? 
•  Plot the system responses obtained by the Monte Carlo 

simulations. 
•  Is model response approximately linear or highly non-linear?  
•  Compare the uncertainty distributions obtained with FOSM 

and Monte Carlo. 
•  Repeat the Monte Carlo simulation using Latin Hypercube 

sampling and compare the results. 
•  Modify the analysis by changing the distribution of the input 

parameters (e.g., from Gaussian to uniform) or introduce 
correlations.  

Questions: Exercise 5 
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•  Change options and examine the impact on the results: 
–  Add/remove parameters 
–  Add/remove observations 
–  Redefine Czz 

–  Use different objective function 
–  Use different minimization algorithm 
–  Change iteration parameters 
– … 

6. Explore 

36 

Selected Input and Output Files 
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> OBSERVATION 
#Create observation times 
  >> provide list : 8 TIMES [YEARS] 
     5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 
 
#Observations 
  >> PRESSURE 
     >>> ELEMENT: _AA_1 
         >>>> ANNOTATION: P(inj) 
         >>>> DEVIATION: 0.25E6 
         >>>> NO DATA 
         <<<< 
     <<< 
  >> PRESSURE 
     >>> ELEMENT: _KA_1 
         >>>> ANNOTATION: P(pro) 
         >>>> DEVIATION: 0.25E6 
         >>>> NO DATA 
         <<<< 
     <<< 
  >> TEMPERATURE 
     >>> ELEMENT: _AA_1 
         >>>> ANNOTATION: T(inj) 
         >>>> NO DATA 
         <<<< 
     <<< 
  >> TEMPERATURE 
     >>> ELEMENT: _KA_1 
         >>>> ANNOTATION: T(pro) 
         >>>> NO DATA 
         <<<< 
     <<< 
  << 

Example of Possible Observations (rfp2i) 
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Example Description of Observations (rfp2i.out) 
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 TIME                 1                 2                 3                 4 
        [sec]       SIM    0-P(inj)   SIM    0-P(pro)   SIM    0-T(inj)   SIM    0-T(pro) 
   0.15778800E+09    0.10202959E+08    0.51455840E+07    0.12263581E+03    0.26571018E+03 
   0.31557600E+09    0.98899468E+07    0.47688619E+07    0.12084503E+03    0.26097115E+03 
   0.47336400E+09    0.95144447E+07    0.43787940E+07    0.12016212E+03    0.25575256E+03 
   0.63115200E+09    0.90905079E+07    0.38150832E+07    0.11977955E+03    0.24754273E+03 
   0.78894000E+09    0.86681035E+07    0.33016731E+07    0.11953282E+03    0.23921185E+03 
   0.94672800E+09    0.82560348E+07    0.26653578E+07    0.11936306E+03    0.22737299E+03 
   0.11045160E+10    0.78629159E+07    0.20084471E+07    0.11924293E+03    0.21258785E+03 
   0.12623040E+10    0.75211190E+07    0.15811829E+07    0.11915070E+03    0.20080326E+03 
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Example of Synthetic Data (rfp2i.col) 
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> PARAMETER 
  >> RELATIVE PERMEABILITY 
     >>> MATERIAL: POMED FRACT MATRX 
         >>>> ANNOTATION    : Slr 
         >>>> INDEX         : 1 (RP in Corey's curves IRP=3) 
         >>>> VALUE 
         >>>> GUESS : 0.25 
         >>>> RANGE         : 0.05 0.50 
         >>>> VARIATION     : 0.10 
         >>>> max STEP size : 0.01 
         <<<< 
     <<< 
  >> ABSOLUTE PERMEABILITY 
     >>> MATERIAL: FRACT 
         >>>> ANNOTATION    : Fract. perm. 
         >>>> LOGARITHM 
         >>>> GUESS : -13.75 
         >>>> RANGE         : -15.0 -12.0 
         >>>> VARIATION     : 1.00 
         <<<< 
     <<< 
#Enthalpy of injected fluid 
  >> ENTHALPY 
     >>> SOURCE: INJ_1 
         >>>> ANNOTATION    : Inj. Enthalpy 
         >>>> VALUE 
         >>>> GUESS : 5.01E5 
         >>>> RANGE         : 4.0E5 6.0E5 
         >>>> VARIATION     : 1.0E4 
         <<<< 
     <<< 
  << 

Example Specification of Parameters (rfp3i) 
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Example Description of Parameters (rfp3i.out) 
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Example of Sensitivity Analysis Info (rfp3i.out) 
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Example of Sensitivity Output (rfp3i.out) 
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Example of Inversion Output (rfp4i.out) 

…
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Example of Inversion Output (rfp4i.out) 


