
Proceedings World Geothermal Congress 2015  

Melbourne, Australia, 19-25 April 2015 

1 

A Geothermal Reservoir Simulator with AD-GPRS 

Zhi Yang Wong, Roland Horne and Denis Voskov 

Department of Energy Resources Engineering, Stanford University, Stanford, CA 94305 

zhiyangw@stanford.edu 

 

Keywords: geothermal reservoir simulation, AD-GPRS, TOUGH2 

ABSTRACT  

The AD-GPRS framework was modified to simulate geothermal reservoirs. AD-GPRS (automatic differentiation – general purpose 

reservoir simulator) is a computational framework that allows for a fully compositional and thermal reservoir simulation. However, 

this study looks specifically at the geothermal single component, two phase case. AD-GPRS is based on an automatic 

differentiation library that allows for a flexible treatment of the variable formulation and the nonlinear terms within the formulation. 

This allows a geothermal application functionality to be integrated within this framework. To verify the results obtained from 

geothermal AD-GPRS, comparisons with other models were carried out. The geothermal AD-GPRS results were compared to 

analytical and semianalytical models to verify the solutions obtained from the simulator. For situations where an analytical solution 

was unavailable, TOUGH2, a commonly used reservoir simulator was used for comparison.  

1. INTRODUCTION 

Numerical simulation and modeling for geothermal reservoirs is an important aspect in the forecasting and management of 

geothermal resources (O’Sullivan et al., 2001). Reservoir models are useful tools for predicting the performance of a particular 

geothermal field and also to assess the outcomes of various production scenarios (Axelsson et al. 2002). With the increase in 

computing power, there has been an increase in demand for models with increasingly complex geometries, (O’Sullivan et al. 

2013b, Burnell et al. 2012), nonlinear physics (O’Sullivan et al. 2013a) and larger models (Yeh et al. 2011).   

With these added complexities, often a simulator can experience numerical issues when finding a solution to a problem. For 

instance, Magnúsdóttir (2013) experienced difficulty when using TOUGH2 (Pruess et al. 1999), a general purpose simulator to 

solve a discrete fracture model. This was thought to be due to the complexity of the numerical grid, resulting in a ‘domain’ error. 

Another problem observed in geothermal reservoir models, (Noy et al. 2012) is where a stalling behavior in the time step is 

observed. This can occur in various situations but particularly when the simulation is approaching a natural-state solution, where 

large time steps are taken. Reservoir simulation operates in terms of linear and nonlinear solvers. Usually the nonlinear solver 

struggles to converge for large time steps that generates badly conditioned or inaccurate Jacobians, hence time step cuts are 

performed. 

With the growth in computational power, not only are more complicated models being run but in some cases ensembles of models 

are being run. These ensembles of models are needed for uncertainty evaluation and parameter estimation in the geothermal 

industry (Burnell et al. 2012). However, these inverse modelling techniques often need a large number of forward models to be run 

with perturbations to different model parameters. Due to the large number of forward model runs, these forward models have to be 

robust and able to run within a reasonable computational time frame. The convergence and time step issues described earlier can 

greatly hinder the performance of an inverse model run (O’Sullivan et al. 2013a). 

However due to the complexity of most traditional simulators, the ability to understand or investigate some of these numerical 

issues can be difficult. Even if the problem is understood and changes are needed to be made, this can often be a difficult task. In 

particular, one of the most complicated computations in reservoir simulation is in the construction and solution of the Jacobian used 

by the nonlinear solver. The Jacobian matrix contains the derivatives of all the residual equations with respect to each independent 

variable in the nonlinear formulation. These residual equations and independent variables can change depending on the type of 

nonlinear formulation used or the physics that is modeled. Currently, most codes either employ a manual implementation of the 

derivatives (Schlumberger, 2011) or compute a numerical approximation of these derivatives (Pruess et al. 1999). Although a 

numerical Jacobian would allow greater flexibility in the computation, this is less accurate and could result in instability when 

solving the nonlinear equations (Vanden and Orkwis, 1996). These hurdles can make it difficult to implement or investigate the 

effects of different formulations or solution strategies into a general purpose simulator.  

One method of overcoming this hurdle is to implement an automatic-differentiation library that forms the analytical Jacobian 

automatically based on the residual formulation. This library (ADETL) was developed initially by Younis (2009) and further 

extended by Zhou (2012a).  Automatic-Differentiation General Purpose Research Simulator (AD-GPRS) (Voskov and Zhou, 

2012b, Zhou 2012b) is a reservoir modeling platform developed and sustained by the SUPRI-B research group in the Energy 

Resources Engineering Department at Stanford University. AD-GPRS allows the flexible treatment of all nonlinear physics or 

formulations through the automatic differentiation framework inherent in the simulator (Voskov et al. 2009, 2012a). Other AD-

GPRS options include flexible Multi-Point Flux Approximation discretization and general Adaptive Implicit Method (Zhou et al.  

2011), OpenMP and Multi-GPU parallel implementation (Zhou 2012a, Tchelepi and Zhou 2013), advanced thermal-compositional 

formulation (Iranshahr et al. 2010, Zaydullin et al. 2013), fully-coupled geomechanics for fractured media (Garipov et al.  2013) 

and adjoint-based optimization (Kourounis et al. 2010, Volkov et al. 2013). This framework allows the implementation of a 

geothermal fluid module into the simulator such that it can be applied to geothermal problems. Also, with this flexibility, different 

variable formulations could be implemented and investigated further to determine the most effective choice of variables for 

geothermal problems. 
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The objective of this work was to implement a geothermal fluid module into AD-GPRS such that the various unique capabilities of 

AD-GPRS could be investigated in a geothermal context. To verify that AD-GPRS is able to represent and solve the correct mass 

and energy balance equations, test cases were run. These test cases were based on the 1980 Code Comparison study (Stanford 

Geothermal Program, 1980). Once AD-GPRS is verified to be able to sufficiently solve these test problems, other formulations and 

numerical issues can be studied further. 

2. GOVERNING EQUATIONS 

2.1 Conservation Equations 

The governing equations for modeling the flow in a reservoir are given by the mass and energy conservation equations: 
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where   is the porosity,   is the mass density,   is the saturation,    is the volumetric flow and   is a source/sink term,   is the 

internal energy,   is the saturation and   is the heat conduction flux. The subscripts   represent a certain phase,   the rock 

property,   the number of phases. 

Including these two conservation equations, the saturation constraint must be satisfied, that is, the sum of all the phase saturations 

sums to 1. 
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2.2 Darcy’s Law 

To model the flow rates of each phase, Darcy’s Law is used to describe the fluid flow through the porous media. 

   
    

  
 (       ) (4) 

where    the superficial velocity of the phase  ,   is the rock permeability,     is the relative permeability for phase  ,    is the 

pressure for phase  ,   is the gravitational constant and   is the coordinate direction of gravity. 

2.3 Thermal Heat Conduction 

The heat conduction equation used is: 

        (5) 

Where   is the total thermal conductivity of the fluid and rock and   is the temperature and   denotes the gradient of a vector. 

2.4 Phase Equilibrium 

A fundamental step in the formulation of the numerical solution for these conservation equations is the choice of primary variables 

that define the thermodynamic state of a phase. Based on the phase composition, these thermodynamic variables may change based 

on the formulation chosen. For the most basic case, where the only component in the flow is water, in single phase, only the 

pressure   and temperature   values are needed to describe the thermodynamic state fully. However, for a two-phase system, the 

pressure and temperature values are now related with the saturated-pressure relationship       ( ). In this case, the pressure and 

temperature are dependent on each other.  

There are two main methods that are used to formulate and solve this phase equilibrium problem: 1) Natural variable formulation 

(Coats 1980); or 2) a “persistent” variable approach. The “persistent” variable approach involves choosing a set of variables that 

remain independent through all phase regions. Possible choices of these variables are (pressure, enthalpy) (Faust and Mercer, 1975) 

or (density, internal energy) (Pritchett, 1975). However one of the disadvantages is that often thermodynamic properties are 

formulated in terms of pressure and temperature and formulating variables in terms of these “persistent” variables can be difficult, 

because they require the solution of implicit equations, which can result in a loss of accuracy. An alternative approach is to 

formulate it in terms of (pressure, temperature) and to switch variable sets if a phase change is encountered (pressure, saturation). 

From literature it is found that both methods (Pruess et al. 1999, Voskov and Tchelepi 2012a) have been proven to work and the 

efficiency of both methods is model-dependent. In this study, a natural variable formulation was implemented, using (pressure, 

temperature) for single-phase conditions and (pressure, temperature, saturation) for two-phase regions.  
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3. AD-GPRS 

AD-GPRS is a flexible reservoir simulation research simulator which focuses on an extendable structure. Consequently, a modular 

object-orientated code structure was implemented. AD-GPRS focuses on providing a flexible, efficient and extendable numerical 

framework that is designed for reservoir simulation research. AD-GPRS solves the governing mass and energy balance equations 

with the finite volume method and linearizing the nonlinear equations using Newton-Raphson method. The entire code is written in 

standard C++. A full description of the entire structure and implementation of the code is available in (Voskov and Zhou 2012b).  

The main capabilities of AD-GPRS directly related to geothermal problem are: 

1. An extensible treatment of all the nonlinear formulation. 

2. Fully thermal-compositional formulation 

3. General grid description and range temporal discretization schemes 

4. Thermal geomechanical modeling for fracture media 

5. A variety of complex well models 

6. Integrated adjoint-based optimization capability 

3.1 Automatic-Differentiation 

AD-GPRS is built based on the Automatic Differentiation Expression Template Library (ADETL) (Younis 2009, Zhou 2012b). The 

computation of these automatic derivatives consists of: 1) analyzing the expressions and to determine the basic operators (+,-,*, /) 

that are involved; and 2) performing basic differentiation rules -- linearity, product, quotients, function derivatives and chain rule to 

evaluate the derivative. The key benefit that this provides is the ability to compute analytical derivatives automatically without any 

manual implementation of the Jacobian or computing a numerical Jacobian. This manual implementation is often tedious and can 

be difficult to debug. Another alternative is to compute numerical derivatives by using a truncated Taylor series representation of 

the derivatives to represent the analytical derivatives. The main downside to this is that numerical derivatives lead to large 

truncation errors and small intervals would result in considerable round-off errors. A full description of this automatic 

differentiation library and implementation is available in (Voskov and Zhou 2012b, Zhou 2012b) 

3.2 Variable Formulation 

To compute these automatic derivatives, a set of independent variables needs to be defined.  These independent variables are 

chosen such that they are able to fully define the thermodynamic state of the status of that block, this is analogous to the choice of 

primary variables. This choice would vary from block to block dependent on the current status of the block. In a liquid-water/steam 

system, there are three possible statuses: 

Table 1: Status table for liquid water and steam 

 Phases Nonlinear unknowns 

Status Liquid Water Steam        

1 x - x x - 

2 - x x x - 

3 x x x (x) x 

Each of these statuses, corresponds to a certain thermodynamic state, where x represents the existing phases in that status. Based on 

the status, there is also a different variable formulation, with the single-phase statuses using   the pressure and   the temperature. 

For two-phase regions,   and    are chosen to be the primary independent variables and temperature as a secondary variable. The 

derivatives for each block will be computed using these variables as the independent variable.  

3.3 Building Residual Equations 

Utilizing the ADETL library, all the variable sets are stored as an ADscalar. The ADscalar type stores value of the variable and also 

the derivative with respect to all the independent variables. The residual equations are formed using these same AD variable 

structures. There are three main steps in the construction and utilization of these residual equations:  

1. Specifying independent variables 

As discussed earlier, the choice of the independent variables is dependent on the block status. Based on the 

thermodynamic state of the block, the independent variables for each individual blocks could be determined. For each 

independent variable, the gradient will be set to 1 to itself and 0 to all other variables.  

2. Constructing residual equations 

The construction of the residual equations can be split into different parts:  

1) Properties calculation – calculates various properties (e.g. fluid viscosity, enthalpy) as a function of the 

independent variables 

2) Calculate accumulation term and add to residual 

3) For each connection between blocks, compute the associated flux terms and add it to the residual equations 

4) For each well compute the associated source/sink terms and add it to the associated well control equation 
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4. NUMERICAL TEST CASES 

The problem specifications of test Cases 1, 2 and 3 are based on the 1980 Geothermal Model Comparison study (Stanford 

Geothermal Program 1980). 

4.1 Test Case 1 (Injection) 

4.1.1 Problem Specification 

This test case involves a one-dimensional, radial steady-state flow with unsteady heat transport for single-phase liquid water. The 

objective of this test case is to verify the heat conduction and convection of single-phase liquid water.  

This problem involves the injection of 160°C liquid water at a flow rate of          into a reservoir of 170°C water. The 

boundary condition imposed is a pressure of 50 bars at the outer radius of 1000m. The initial condition is that the entire reservoir 

has a temperature of 170°C. The model properties are as follows: 

Table 2: Model parameters for Test Case 1 

Rock Permeability 1000 md 

Rock Density 2500 kg/m3 

Rock Specific Heat Capacity 1.0 J/g°C 

Reservoir Thickness 100 m 

Porosity 0.12 

Spatial Grid Uniform 25m grid spacing 

The results from this test case can be compared with the Avdonin analytical solution (Avdonin 1964). This would verify that 

simulator is solving the mass and energy balance equations sufficiently and also handling the units and treatment of a constant 

volume injection rate correctly. 

4.1.2 Results 

Figure 1 shows the spatial temperature distribution at the final time of 109 seconds and the temporal temperature distribution at each 

time step for the block with its block center at 37.5m. As can be seen from the results, AD-GPRS compares well with the analytical 

solution, within the range of the thermodynamic parameters used. The temperature distribution over time for the block at 37.5m is 

slightly greater than the analytical Advonin solution. A similar deviation was reported in the results that were obtained in the code 

comparison study and could be due to the fact that fluid properties were assumed constant in the Advonin solution. 

 

Figure 1: Temperature distribution at time = 109 seconds (Left) and the temperature distribution corresponding to the 

block with a block center of 37.5 over the simulated time 

4.2 Test Case 2 (Drainage) 

4.2.1 Problem Specification 

This test case involves three different production scenarios. Each of these test cases involves the constant rate production of fluid in 

a one-dimensional radial flow problem. However each of the different test cases results in a different fluid mixture and resultant 

flow scheme. 
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a. The reservoir remains liquid water throughout production scheme 

b. The reservoir begins a two-phase mixture of liquid water and steam and remains a two-phase mixture throughout 

c. Reservoir begins as liquid water and changes to a two-phase mixture as the flash-front propagates throughout the 

reservoir 

The simulation properties for each of the cases are as follows: 

Table 3: Model parameters for Test Case 2 

 Case A Case B Case C 

Initial pressure (bars) 90 30 90 

Initial temperature (  ) 260 233.8 300 

Initial water saturation 1.0 0.65 1.0 

Porosity 0.2 0.15 0.2 

Permeability (md) 10 240 10 

Thickness (m) 100 100 100 

Producing Rate (kg/s) 14.0 16.7 14.0 

Rock Compressibility 0 0 0 

Rock thermal conductivity 0 0 0 

The Corey curves were used as the relative permeability relationships: 

    ( 
 )  

    ((   
 ) (  (  ) ) 

   
      

    
 

(6) 

where     is the relative permeability of liquid is water and     is the relative permeability of the steam.  

The same discretization scheme was used as in the code comparison study where the radius of each segment was: 

        
   
                (7) 

Where r is the radius of the block center for the blocks numbered n, where the index 1 is the block closest to the well and 26 is at 

the outer most radius. 

4.2.2 Results 

Each of the different sub test cases either has an analytical or semianalytical solution to the problem. The semianalytical solutions 

were solved using a similarity variable of t/r2 (O’Sullivan 1981). To verify the results from AD-GPRS these solutions are compared 

with the results from the simulator as a function of t/r2. 

Case 2a) 

For this case 2a) the Theis solution (Theis, 1935) is used for comparison. Figure 2 shows the pressure as a function of t/r2. As can 

be seen, there is a very good match between AD-GPRS and the Theis solution. This shows that the simulator is able to model the 

production from a well and the pressure changes associated with it. 
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Figure 2: Pressure (bars) plotted with respect to t/r2 (days/m2) (Plotted at radius 0.5 m and 0.707 m) 

Case 2b) 

For both case 2b) and 2c) a similarity solution to the model (O’Sullivan, 1981) is available for comparison. This similarity solution 

transforms the governing mass and energy balance partial differential equations into ordinary differential equations and numerically 

integrates the ordinary differential equations. Figure 3 shows an acceptable match between the semianalytical results and AD-

GPRS. The slight deviation between the two results can be attributed to the slight deviation in thermodynamic parameters. 

 

 

Figure 3: Pressure (Left) and Saturation (Right) plotted with t/r2 for Case 2b 

 

Case 2c) 

Again, a semianalytical solution (O’Sullivan 1981) is available for case 2c). This simulation involves the propagation of a flash 

front moving outwards from the production well. Initially, the reservoir begins as completely filled with liquid water, 

approximately 5 bars above the saturation pressure at a temperature of 300°C. This results in boiling occurring 10 m from the well 

after about 1 day. Numerically, this problem is more difficult than the previous case due to the phase change behavior. In Figure 4, 

it can be seen that this match is not as close as the earlier cases. However, it is important to note that AD-GPRS did agree and 

follow the same results as the numerical codes presented in the Code Comparison study. This suggests that this deviation from the 

semianalytical solution is just a limitation of the numerical method that was used.    
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Figure 4: Pressure (Left) and Saturation (Right) plotted with t/r2 (Case 2c) 

4.3 Test Case 3 (Expanding two-phase region with drainage) 

4.3.1 Problem Specification 

This test case problem involves one-dimensional vertical single phase and two-phase flow. The reservoir is split into two 1km thick 

layers with a total of 20 grid blocks. The upper layer is less permeable than the lower layer (exact details shown below). The initial 

temperature in the upper layer linearly varies from 10°C to 290°C to the interface and the lower layer varies from 290°C at the 

interface to 310°C at the bottom of the model. The initial pressure condition in the reservoir is to reflect a hydrostatic pressure 

distribution.  

The reservoir is being produced at a rate of 100kg/(s km2) from the bottom of the model. The grid was chosen to be 20 equally 

sized blocks being simulated for a 40 year period.  

Table 4: Table containing model parameters for test case 3 

 Upper Layer Lower Layer 

Rock Density 2500kg/m3 2500 kg/m3 

Porosity 0.15 0.25 

Permeability (md) 5 100 

Rock Specific Heat Capacity (J/g°C) 1.0  1.0 

Rock Thermal Conductivity (W/m°C) 1 1 

The relative permeability relationships were identical to that of Test Case 2 (Equation 6). 

It is expected that a boiling zone will form near the interface in the lower layer of the reservoir. The boiling zone is expected to 

begin at the block closest to the interface and spread downwards. This problem could present some difficulties as the flow 

mechanism involves both gravity and convection effects. Also, this would test the simulator’s ability to handle a large amount of 

boiling (multiple blocks changing phase).  

4.3.2 Results 

Due to the complexity of this problem, a semianalytical or analytical solution does not exist for this problem set up. Thus, a 

comparison with the results with TOUGH2, a widely used simulator was conducted instead. Figure 5 shows the pressure profile for 

three different blocks at decreasing depths. It can be seen that the pressure profiles for each of the blocks have a very close match to 

the results obtained from TOUGH2. It is important to note that these results are also in agreement to the results obtained in the 

Code Comparison study. From this result it is clear that AD-GPRS is able to handle the expansion of the boiling zone in a reservoir 

and the counter-flow of steam and water. This complex process is evident in geothermal reservoir fields such as Wairakei 

(Mannington 2004). The saturation (Figure 6) also shows a reasonable match with TOUGH2 over the simulated period. For a two 

phase system, the pressure and saturation fully defines the thermodynamic state of the fluid, it can be concluded that the other 

thermodynamic parameters such as temperature, enthalpy, etc. should also produce a reasonable match and any deviations would 

only due to fluid property calculations. 
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Figure 5: Pressure profiles for three different blocks at specified depths 

 

Figure 6: Saturation profiles for three different blocks at specified depths 

5. CONCLUSIONS 

A new geothermal reservoir simulator has been developed using the AD-GPRS simulation framework. Through the automatic-

differentiation capability in AD-GPRS, this presents the opportunity to investigate many of the numerical issues related with 

reservoir simulation. Basic comparisons with AD-GPRS and analytical, semianalytical and TOUGH2 solutions have been 

performed to verify the solutions obtained from AD-GPRS. These solutions have all been in good agreement and provide 

confidence in the solutions from AD-GPRS. 

REFERENCES  

Avdonin, N.A.: Some formulas for calculating the temperature field of a stratum subject to thermal injection: Meft'i Gaz,-V. 3, p. 

37-41 (1964). 

Axelsson, G, Stefánsson V., and Xu. V. Sustainable management of geothermal resources. Proceedings, 2002 Beijing International 

Geothermal Symposium, Beijing, China. (2002). 

Burnell, J., Clearwater E., Croucher A., Kissling W., O’Sullivan, J., O’Sullivan M. and Yeh, A.: Future Directions in Geothermal 

Modelling. Proceedings, 34th New Zealand Geothermal Workshop, Auckland, New Zealand (2012). 

Coats, K. H.: An equation of state compositional model. Society of Petroleum Engineers Journal, 20(05), 363-376 (1980). 

Faust, C. R., & Mercer, J. W.: Summary of Our Research in Geothermal Reservoir Simulation. Proceedings. Workshop on 

Geothermal Reservoir Engineering, Stanford University, Stanford, CA, SGP-TR-12 (1975). 

0 10 20 30 40
60

80

100

120

140

160

Time (years)

P
re

ss
u

re
(b

a
r)

Test case 3

 

 

AD-GPRS 1.05km

AD-GPRS 1.55km

AD-GPRS 1.95km

TOUGH2 1.05km

TOUGH2 1.55km

TOUGH2 1.95km

0 10 20 30 40
0.4

0.5

0.6

0.7

0.8

0.9

1

Time (years)

S
at

u
ra

ti
o

n

Test case 3

 

 

AD-GPRS 1.05km

AD-GPRS 1.55km

AD-GPRS 1.95km

TOUGH2 1.05km

TOUGH2 1.55km

TOUGH2 1.95km



Wong, Z. Y., Horne, R. and Voskov D. 

 9 

Garipov, T.T. T.T, Karimi-Fard, M. and Tchelepi, H.A., “Coupled Geomechanics and Flow in Fractured Media”, ECMOR 

Conference paper, (2012). 

Kourounis D., Voskov D., Aziz K., Adjoint Methods for Multicomponent Flow Simulation, proc.; 12th European Conference on 

the Mathematics of Oil Recovery, Oxford, United Kingdom, September 2010 

Iranshahr A., Voskov D., Tchelepi H., Tie-Simplex Parameterization for EOS-Based Thermal Compositional Simulation, SPE 

Journal, 15, 2 (2010), 545-556 

Magnúsdóttir, L.: Fracture Characterization in Geothermal Reservoirs using Time-Lapse Electric Potential Data, PhD., Stanford 

University, CA (2013). 

Mannington, W., O’Sullivan, M., and Bullivant, D.: Computer modelling of the Wairakei–Tauhara geothermal system, New 

Zealand. Geothermics, 33(4), 401-419 (2004). 

Noy, D. J., Holloway, S. Chadwick, R.A., Williams, J.D.O., Hannis, S. A. and Lahann R.W.: "Modelling large-scale carbon dioxide 

injection into the Bunter Sandstone in the UK Southern North Sea." International Journal of Greenhouse Gas Control 9: 220-

233 (2012). 

O’Sullivan, J, Croucher, A., Yeh A. and O’Sullivan, M.: Improved Convergence for Air-Water and CO2-Water TOUGH2 

Simulations, Proceedings, 35th New Zealand Geothermal Workshop 2013, Rotorua, New Zealand (2013a). 

O’Sullivan, J, Dempsey, D., Croucher, A., Yeh, A. and O’Sullivan, M.: Controlling Complex Geothermal Simulations using 

PyTOUGH, Proceedings, 38th Workshop on Geothermal Reservoir Engineering, Stanford University, CA (2013b). 

O'Sullivan, M. J.: A similarity method for geothermal well test analysis. Water Resources Research, 17(2), 390-398 (1981). 

O'Sullivan, M.J, Pruess K. and Lippmann, M.J.: State of the art of geothermal reservoir simulation, Geothermics 30(4): 395-429 

(2001).  

Pritchett, J. W.: Numerical calculation of multiphase fluid and heat flow in hydrothermal reservoirs. Proceedings, Workshop on 

Geothermal Reservoir Engineering, Stanford University, Stanford, CA (pp. 201-205) (1975). 

Pruess, K., Oldenburg, C. M., and Moridis, G. J.: TOUGH2 User's Guide Version 2 (1999). 

Schlumberger: Eclipse Technical Description 2011.2. Schlumberger, (2011). 

Stanford Geothermal Program (SGP): Proceedings of the Special panel on Geothermal Model Study, Report SGP-TR-42, Stanford 

University, Stanford, CA (1980). 

Tchelepi, H., & Zhou, Y.: Multi-GPU Parallelization of Nested Factorization for Solving Large Linear Systems. Society of 

Petroleum Engineers. DOI:10.2118/163588-MS (2013) 

Theis, C. V.: The relation between the lowering of the piezometric surface and the rate and duration of discharge of a well using 

ground water storage. US Department of the Interior, Geological Survey, Water Resources Division, Ground Water Branch 

(1935). . 

Vanden, K. J., and Orkwis, P. D.: Comparison of numerical and analytical Jacobians. AIAA journal, 34(6), 1125-1129 (1996). 

Volkov O., Voskov D. Advanced Strategies of Forward Simulation for Adjoint-Based Optimization, SPE 163592, RSS, Woodland, 

TX, February 2013 

Voskov D., Tchelepi H., Younis R.: General nonlinear solution strategies for multi-phase multi-component EoS based simulation, 

SPE 118996, RSS, Woodland, TX, February (2009)  

Voskov, D. V., and Tchelepi, H. A.: Comparison of nonlinear formulations for two-phase multi-component EoS based 

simulation. Journal of Petroleum Science and Engineering, 82, 101-111 (2012a). 

Voskov, D. and Zhou, Y.: O.: Technical description of AD-GPRS. Energy Resources Engineering, Stanford University (2012b). 

Yeh, A., Croucher, A. and O’Sullivan M.J.: Recent experiences with overcoming TOUGH2 memory and speed limits, Proceedings, 

33rd New Zealand Geothermal Workshop, Auckland, New Zealand (2011). 

Younis, R.M.: Advances in Modern Computational Methods for Nonlinear Problems; A Generic Efficient Automatic 

Differentiation Framework, and Nonlinear Solvers that Converge All The Time. PhD thesis, Stanford University, (2009). 

Zaydullin R., Voskov D., Tchelepi H., Nonlinear Formulation Based on EoS-free Method for Compositional Flow Simulation, SPE 

Journal 18, 2 (2013) 264-273, DOI: 10.2118/146989-PA  

Zhou, Y.: Parallel general-purpose reservoir simulation with coupled reservoir models and multisegment wells. PhD. Stanford 

University, (2012a). 

Zhou, Y.: ADETL User Manual, (2012b). 

Zhou, Y., Tchelepi H.A., Mallison B.T.: Automatic differentiation framework for compositional simulation on unstructured grids 

with multi-point discretization schemes. In SPE Reservoir Simulation Symposium. SPE 141592, (2011). 

 

 

 


