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Geothermal: A new era of opportunity



Huge, rapid improvements for Enhanced Geothermal Systems

Source: Utahforge.com
Norbeck and Latimer (2023)

EGS from 1970 – 2022

Fervo 2023

Fervo 2024

• Multistage hydraulic fracturing has proven extraordinarily 
successful at stimulating geothermal wells, just like O&G.

• Geothermal well drilling has grown much closer in cost 
parity with O&G.

• This resource is virtually unlimited in size, though mostly 
limited to the western half of the U.S. with current tech.

FORGE: Utahforge.com

Fervo: El-Sadi et al. (2024)
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Modern EGS designs leverage O&G developed technology

Classical EGS designs focused on near-vertical wells, 

shear stimulation, no proppant, open-hole completions 

and no multi-stage fracturing. Poor performance 

obtained and several challenges encountered including 

early thermal breakthrough, too much or too little 

connectivity, too few discrete flow paths and induced 

seismicity

Modern EGS designs consider long horizontal 

laterals, multi-stage hydraulic fracturing, cased 

wellbores, plug-and-perf completions with limited 

entry design and proppants. Initial results indicate 

large number of flow paths are created and high 

circulation flow rates are achieved

Tester et al. (2006)

Photo Credit: DOE/NREL
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Why we simulate: Optimizing geothermal well fields, frac jobs, 
and economics

EGS reservoir modeling helps answer key questions:

• What is the expected rate of thermal decline over time?

• How long should the laterals be, and how many 

stimulation stages are optimal?

• What is the optimal spacing between wells?

• How much fluid and proppant should be injected during 

stimulation?

• What are the projected gross and net electricity outputs?

• Is the project economically viable — will it make money?
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 EGS Resources



Overview – ResFrac Workflow
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Outline

• ResFrac introduction

• ResFrac geothermal applications

• ResFrac EGS example results

• ResFrac geothermal model inputs

• EGS special modeling considerations
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ResFrac simulates the entire lifecycle of the wells and reservoir in a 
single, comprehensive simulation

Proppant total mass per area (lbs/ft^2) Temperature (°F) Poroelastic Stress Change (psi)

+
Fracture Propagation

3D Fracture Initiation & Propagation

Proppant Transport in Fracture & 

Distribution

Geomechanics

Poroelastic Stress

Thermoelastic Stress

Wellbore, Matrix and Fracture Flow and 

Heat Transfer

Full Compositional & Fluid 

Characterization

+
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Various geothermal applications can be simulated with ResFrac

EGS Dual Porosity Systems

Tracer Response Seasonal Thermal Energy Storage

Superhot Geothermal

Template available

Template available

Hydraulic Fracturing in 

Conventionals
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Total injection rate (BPD)

Total production rate (BPD)

Injector WHP (psi)

Producer WHP (psi)

ResFrac EGS example
3-well model with central producer and injectors on both side. All wells stimulated; landing depth of 
7,500 ft at 390°F. Production rate of ~50,000 BPD (~90 L/s).



ResFrac’s approach: sector model scaled up to full reservoir

200 ft stage length with 8 

perforation clusters = 25 ft 

cluster spacing. 

External fractures account for 

stress shadow from previous 

stages not included in the 

sector model.

• Simulate only one or a few stages instead of the full lateral to save on computational time 

• Stages are often identical, and external fractures can account for previous stages

• Well flow scalers allow you to simulate full flow rate in injection and production wells



ResFrac’s multi-sector option

• ResFrac’s new multi-sector option allows you to join multiple sectors into a single full lateral model

• This functionality may be used to assess geologic or design variabilities along the laterals

• Start with a single sector approach for computational efficiency

• If interested, a separate multisector tutorial is available (this current tutorial is a pre-requisite)

16

Representative 

sectors
Full lateral model
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Key ResFrac model inputs for geothermal simulations (1/5)

• Startup Panel:

• Select “Thermal” for Thermal option in Startup Panel 

to include energy balance and heat transfer 

calculations in matrix, fractures and wellbores.

• Turn on thermo-elastic stress changes in the matrix if 

you want to include thermo-elastic effects (e.g., 

fracture propagation due to thermal stresses caused 

by cold water injection.)

• Static Model and Initial Conditions Panel:

• Specify rock properties required for thermal 

calculations: density, heat capacity, thermal 

conductivity, and, if including thermo-elastic stress 

changes in the matrix, coefficient of linear expansion.

• Specify surface temperature and initial reservoir 

temperature at reference depth. Alternatively, a 

temperature versus depth table can be provided 

under advanced options.
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Key ResFrac model inputs for geothermal simulations (2/5)

• Curve Sets Panel:

• We don’t require relative permeability curves but specifying 

pressure-dependent permeability (PDP) multiplier may be 

important to capture enhanced leak-off due to presence of 

natural fractures

• Wells and Perforations Panel:

• Specify trajectory and completion design (open-hole or 

cased with perforations) for both injection and production 

wells in Wells and Perforations Panel.

• Meshing Options Panel:

• Coarse mesh with 1D submesh algorithm is recommended 

for heat transfer calculation between matrix and fracture 

elements. Grid width should be approximately equal to 

cluster spacing in Shmin direction.

• Fluid model Options Panel:

• Built-in water property correlations can be utilized, 

including steam correlations when modeling steam 

production. CO2 as heat transfer fluid can be specified as 

compositional fluid.
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Key ResFrac model inputs for geothermal simulations (3/5)

• Fracture Options Panel:

• Contains key parameters including “Relative fracture 

toughness per square root fracture size” and 

“Effective fracture aperture conductivity factor”, 

which control fracture geometry and are tuned to 

match field data.

• Under advanced options, consider specifying a time 

for the “Symmetric fracture stress shadow boundary 

condition start time” to account for stress shadow 

from neighboring stages when modeling an EGS 

sector model with thermo-elastic stresses.

• Proppants Panel:

• No different than hydrothermal simulations. Specify 

proppant properties with k0 being the key parameter 

to history match flow rate versus pressure data from 

long-term circulation tests

• Water Solutes Panel:

• No different than hydrothermal simulations. Specify 

your slickwater or cross-link gel fluid properties 

here.
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Key ResFrac model inputs for geothermal simulations (4/5)

• Well Controls Panel:

• Specify frac job design for each well, the injection 

conditions for the injectors (i.e., maximum WHP and 

injection rate) and production conditions for the 

producers (i.e., minimum WHP and maximum 

production rate).

• Use well flow scalers under Advanced Options to 

scale up sector model to full lateral model. Their 

start time should match the start time of long-term 

circulation.

• Other Physics Options Panel:

• Likely no changes need here. The parameter “Near-

wellbore complexity erosion factor” may be useful to 

history-match treatment pressures

• Numerical Options Panel:

• Recommended to use the latest available Numerics 

version number.

• When simulating thermo-elasticity, recommended to 

turn on the parameter “Numerical options for long-

term EGS circulation.”
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Key ResFrac model inputs for geothermal simulations (5/5)

• Output Options Panel:

• Specify geothermal economic module to include 

calculating electricity generation, and economic 

metrics such as NPV and LCOE

• Table with temperature-dependent power plant 

conversion efficiency can be provided

• Review reference temperature for heat in place, 

enthalpy outputting and electricity generation

• Advanced Options Panel:

• Input Selectors table allows to show/hide individual 

items in each panel. If certain geothermal input 

parameters or tables are not visible in the panels, 

they were likely turned off in this table.

• User can manually select units for unit category in 

the Units table. 
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EGS – special modeling considerations (1 of 3)
• Because pore pressure in the fractures is much higher than what we see during primary depletion in a 

shale well, the fracture conductivity during circulation should be much higher (10s of md-ft to 100s of md-

ft – this is a key modeling uncertainty that has a big effect on the performance of the system).

• EGS settings typically lack stress layering. Nevertheless, available data from granitic EGS applications 

suggest fracture geometries with fracture lengths that exceed height. This is the result of anisotropy in 

fracture toughness and/or vertical conductivity. This is a key modeling uncertainty that requires more data 

to help constrain. 

• Reversible pressure dependent permeability needs to be carefully calibrated so that the matrix perm is 

elevated during stimulation but not during circulation as this can lead to overly optimistic results.  Our 

testing has found that setting ‘lower deltaP threshold for reversible permeability increase (psi)’ to at least 

500 psi, achieves this.

• Coming soon: flow control devices, which can help mitigate short-circuiting. 
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EGS – special modeling considerations (2 of 3)
• Set the global friction adjustment factor to 1.0. Friction in the well during long-term circulation is important, and you will not be using 

friction reducers. Instead, for the fracturing fluid, specify a friction adjustment factor for the ‘water solute’ fluid additive.

• Wellbore diameter will be larger in an EGS well. 7 inches is a good default for inner diameter.

• You should inject and produce to the surface. Most likely, the production wellhead will not be pumped, but will have a relatively low 

pressure, around 350 psi WHP. Injection wellhead can have elevated pressure of up to a few 1000 psi (but don’t inject at pressure 

greater than Shmin or you’ll see runaway fracture propagation!). Make sure that you specify a max injection rate that is modestly higher 

than the max production rate. This is needed to maintain fluid balance and sufficient production rate.

• To avoid water hammer, slowly ramp up production in the production well, and set a small non-zero production rate in the injection well. 

• The parameter ‘numericaloptionsforlongtermegscirculation’ (found under Numerical Options panel) can improve convergence and 

reduce runtimes when thermoelasticity is turned on in the Startup panel.
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EGS – special modeling considerations (3 of 3)
For insights on calibration parameters from the Utah FORGE project, and specifically on how to prevent 

excessive vertical fracture growth, refer to the following paper:

McClure, M. 2023. Calibration Parameters Required to Match the Utah FORGE 16A(78)-32 Stage 3 Stimulation 

with a Planar Fracturing Model. Forty-Eighth Workshop on Geothermal Reservoir Engineering, Stanford, CA.

https://resfrac.com/papers/calibration-parameters-required-to-match-the-utah-forge-16a78-32-stage-3-stimulation-with-a-planar-fracturing-model
https://resfrac.com/papers/calibration-parameters-required-to-match-the-utah-forge-16a78-32-stage-3-stimulation-with-a-planar-fracturing-model
https://resfrac.com/papers/calibration-parameters-required-to-match-the-utah-forge-16a78-32-stage-3-stimulation-with-a-planar-fracturing-model
https://resfrac.com/papers/calibration-parameters-required-to-match-the-utah-forge-16a78-32-stage-3-stimulation-with-a-planar-fracturing-model
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Thermoelastic stress and thermal breakthrough (1 of 2)

For advanced investigations, you can consider turning on ‘Thermoelastic stress changes in the matrix’. 

This accounts for contraction of the rock under cooling conditions, increasing fracture aperture and 

conductivity over time. Most of the time we turn off thermoelastic stress because of the increased 

computational burden and uncertainty about its effects. 

With thermoelastic stress active, special numerical options should be applied to improve performance:

More discussion on thermoelasticity effect can be found in the ResFrac blog post on “Thermoelastic 

fracturing and buoyancy-driven convection – Surprising sources of longevity for EGS circulation”.

Additional Publications:

McClure, M. W., Irvin, R., England, K., & McLennan, J. (2024). Numerical modeling of hydraulic 

stimulation and long-term fluid circulation at the Utah FORGE project. In Proceedings of the 49th 

Workshop on Geothermal Reservoir Engineering (SGP-TR-227), Stanford, CA, USA.

McClure, M., Kang, C., & Fowler, G. (2022). Optimization and Design of Next-Generation Geothermal 

Systems Created by Multistage Hydraulic Fracturing. SPE-209186-MS. Paper presented at the SPE 

Hydraulic Fracturing Technology Conference and Exhibition, The Woodlands, TX.

https://www.resfrac.com/blog/thermoelastic-fracturing-and-buoyancy-driven-convection-surprising-sources-of-longevity-for-egs-circulation
https://www.resfrac.com/blog/thermoelastic-fracturing-and-buoyancy-driven-convection-surprising-sources-of-longevity-for-egs-circulation
https://www.resfrac.com/blog/thermoelastic-fracturing-and-buoyancy-driven-convection-surprising-sources-of-longevity-for-egs-circulation
https://www.resfrac.com/blog/thermoelastic-fracturing-and-buoyancy-driven-convection-surprising-sources-of-longevity-for-egs-circulation
https://www.resfrac.com/blog/thermoelastic-fracturing-and-buoyancy-driven-convection-surprising-sources-of-longevity-for-egs-circulation
https://www.resfrac.com/blog/thermoelastic-fracturing-and-buoyancy-driven-convection-surprising-sources-of-longevity-for-egs-circulation
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Thermoelastic stress and thermal breakthrough (2 of 2)

Thermal short-circuiting occurs when rock contraction causes a continuous path of mechanically ‘open’ 

fractures to form between the wells. This can also cause the simulation to slow down dramatically. at 

this point, because the production temperature will have also dropped off (see the temperature (yellow) 

line in the lower left panel below (McClure et al., 2022)).

This scenario shows 

that under a constant 

rate condition (blue 

line), the WHP (purple 

line) drops as the 

fracture aperture 

increase. 

Conversely, constant 

pressure conditions 

could cause runaway 

flow rates, 

exacerbating thermal 

breakthrough.
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Injection pressure

Be careful to limit your injection WHP. In the example below, fracture propagation is happening during 

long-term injection because of excessive injection WHP. Because injection volume is greater than 

production volume, pressure is building up over time, causing produced WHP to increase over time. 

Some amount of propagation during long-term circulation is OK and inevitable. But be careful to avoid 

injecting at an excessive pressure and causing too much fracture growth.

0.3 years 2.1 years



Step-by-Step Tutorial 

Setting up an EGS simulation in the ResFrac 

Builder
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Content

• Problem description

• Model overview

Phase 1:

• Job manager and Builder

• Startup

• Static model and initial conditions

• Curve sets

• Wells and perforations

• Meshing options

• Fluid model options

• Fracture options 

• Well controls

• Other physics options

• Numerical options

• Output options

• Advanced options

• Submitting the job

Phase 2:

• Fracture options 

• Water solutes

• Proppants

• Well controls

• Submitting the job



30

Exercise will set up a simple 2-well EGS model in ResFrac

Problem description:

• You would like to evaluate a site for EGS development. 

• Start with a preliminary design to get an initial estimate of the MW potential of the site. 

• A quick way to iterate through certain design scenarios is in ResFrac, while using significantly less 

computational time, is to set-up a two-well reservoir model using pre-existing fractures to represent hydraulic 

fractures. We will do that here first.

• With pre-existing fractures, you can quickly test how parameters like lateral length, well depth, cluster 

spacing, well spacing, and fracture conductivity will impact the MW thermal output and the parasitic load.

• You may also evaluate how non-uniform fracture conductivity changes the results.

• Once you have a preliminary design target, you can replace the pre-existing fractures with hydraulic fractures

• Optimize the pump job design to reach your target fracture conductivity.

• Advanced options

• Run a sensitivity analysis on reservoir properties to evaluate uncertainty.

• Try turning on thermo-elastic stresses

• Build out a multi-well bench to further evaluate well spacing and water loss rates.
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Exercise will set up a simple 2-well EGS model in ResFrac

Model overview:

• Simple granitic formation with initial temperature of 450°F at 12,000 ft depth
• Set up static model

• Two staggered wells with horizontal laterals centered at 12,000 ft depth
• Import wellbore trajectory

• Create a single stage sector model, 8 clusters per stage and 25 ft cluster spacing
• Set up pre-existing fractures in Phase 1

• Set up frac job in Phase 2

• Total lateral length is 28 stages
• Well flow scaler

• Injection at 37 BPM (100 L/s) and 120°F
• Set up long-term well controls

• What is electricity output and LCOE?
• Set up geothermal economics module

• Pre-run model files are available at these links:

• Phase I

• Phase II

• EGS Template (starting point)

https://resfracsoma.blob.core.windows.net/collateral/templates/EGS%20Tutorial_Phase%20I.zip
https://resfracsoma.blob.core.windows.net/collateral/templates/EGS%20Tutorial_Phase%20I.zip
https://resfracsoma.blob.core.windows.net/collateral/templates/EGS%20Tutorial_Phase%20II.zip
https://resfracsoma.blob.core.windows.net/collateral/templates/EGS%20Tutorial_Phase%20II.zip
https://resfracsoma.blob.core.windows.net/collateral/templates/EGS_Template.zip
https://resfracsoma.blob.core.windows.net/collateral/templates/EGS_Template.zip


Tutorial Phase 1 – Pre-existing 
Fractures

32
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Open ResFrac

Find (or search for) the ResFracPro App and 

open.

Make sure you have downloaded and installed the ResFrac Pro App and have an active license.
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Login to ResFrac
If prompted, log in.
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ResFrac Job Manager
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ResFrac Job Manager: Create new project

Click create project to create 

new project folder with 

workflows
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ResFrac Job Manager: Create new project

Name your project folder 

according to your preference
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ResFrac Job Manager: Create new project

Click on newly created folder to 

open project
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ResFrac Job Manager: Create Sandbox

Create new sandbox in your 

project to set up individual 

simulation models
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ResFrac Job Manager: Create Sandbox

Write name for your new 

sandbox and press “Create”
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ResFrac Job Manager: Open newly create sandbox

Click on newly created 

sandbox
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ResFrac Job Manager: Create new simulation

Press button to create new 

simulation model
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ResFrac Job Manager: Create new simulation based on EGS template

Choose a simulation name and 

select the EGS template
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ResFrac Job Manager: Create new simulation based on EGS template

Choose a simulation name and 

select the EGS template

The geothermal_preexisting_fractures 

template may also be useful for full 

lateral modeling.

You can find documentation for 

any of the geothermal templates 

in the ResFracPro app folder.
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After clicking “Create”, your new simulation will open in the Builder
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Welcome Panel (no modifications necessary)

Panel List: You will 

work through each 

panel (approx. 

sequentially) to set 

up your model

You can click “Validate” to review 

errors and warnings in your model

See a 3D preview of your model setup

Search for input parameters and 

jump to input location within Builder. 

(Note, parameters within a table may 

not appear)

Open the builder 

assistant for help
Read the ‘Note on Item 

Visibility’ and watch the 

3-minute tutorial to get 

oriented.
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Start-up panel: Overview

Setup overall model 

characteristics by specifying:

• Recommended settings 

wizard

• Unit system

• Isothermal or thermal

• Fluid model

• Dual porosity mode

• Absorption mode

• Thermo-poro-elasticity

• Max wall clock time
Scroll…
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Start-up panel: Recommended Settings Wizard

Recommended Settings Wizard

• ResFrac updates the recommended values for parameters periodically. This wizard allows you 

to batch apply those updates all at once.

• There are two options: ‘Yes’ or ‘No’. If you select ‘No’, recommended settings will still be 

updated, but only for those that don’t significantly impact sim behavior.

• ‘No’ is recommended since we’re starting from the EGS template to keep EGS specific settings.

• To ID what changes were made, use WinMerge to compare the settings files for the original 

and new simulation.
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Start-up panel: Units

Units

• Select field, metric, or custom (‘advanced’) units (set-up in the Advanced Options panel). 
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Start-up panel: Thermal Option

Thermal Option

• Thermal option must be selected to account for heat transport
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Start-up panel: Fluid Model

Fluid Model

• Fluid model must be compositional because this is a thermal simulation. A compositional model 

applies an equation of state (EOS) to compute phase behavior based on P/T conditions. 

• This applies even if the geothermal project is in an oil reservoir.
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Start-up panel: Thermoelastic stress

Thermoelastic stress changes 

in the matrix:

• This is a computationally 

intensive parameter. 

• Therefore, it is best to keep this 

option unchecked during 

preliminary analysis to improve 

simulation run times. 

• However, thermo-elastic 

stresses may be significant to 

long-term reservoir performance.

• Therefore, this parameters 

should still be considered at 

later stages of the project.
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Static Model and Initial Conditions: Preview Before we begin, let’s 

open the 3D Preview Plot

In this panel we 

define the properties 

that make up the 

static model.

Every template already starts with fully 

defined inputs. Use the 3D preview 

plot window to see the current set-up. 

We’ll use the 3D view to monitor and 

validate our changes. 
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3D Preview Plot: Overview (1 of 2)

Use the 3D preview 

to check the well 

trajectories, static 

model properties, 

and matrix mesh 

extents.

Wells

Static Model and 

Matrix Mesh extents

3D property 

being shown

After making changes in the 

Builder, refresh to view those 

changes in this window

Visibility 

optionsStretch
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3D Preview Plot: Overview (2 of 2)

Use the 3D preview 

to check the well 

trajectories, static 

model properties, 

and matrix mesh 

extents.

Wells

Static Model and 

Matrix Mesh extents

Click to 

expand

Visibility 

options
Stretch

After making changes in the 

Builder, refresh to view those 

changes in this window



56

Static Model and Initial Conditions: Overview

• Import pre-existing static 

model, or save current one

• Option to import grid from 

Petrel or Leapfrog, or other 

non-layer cake model

• Initialization methods (‘by 

layer’, ‘gradient by layer’, 

or constant value)

• Define geological 

properties with depth

• Surface and reservoir 

temperature
Scroll…
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Static Model and Initial Conditions: Initialization methods

We’ll use ‘by layer’ or ‘gradient by 

layer’ as the initialization method for 

all four properties

• This means these properties will be 

defined within the Geological Units 

table (as opposed to a separate input 

box)

We will not be importing a model, but 

rather setting up one of our own

Advance option: a general 

heterogeneity temperature model may 

be used when there’s a non-uniform 

temperature gradient across the domain

Advance option: import 

geological model from 

Petrel or Leapfrog
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Static Model and Initial Conditions: 

Specify surface and reservoir 

temperature (at 12,000 ft depth)

Specify formation properties (see spreadsheet)

• Enter manually, or you can copy + paste from the 

spreadsheet

• The initialization methods and start up panel 

selections may change the number of columns in 

this table.

• Therefore, it is important that those are correctly 

selected, particularly if you are pasting in values.

• The default in ResFrac is to use a layer-cake model.

• Often EGS is modeled as a single homogenous layer (as opposed to O&G, which are 

typically layered sedimentary formations).

• Therefore, the Properties versus depth wizard is rarely used in EGS sims. If you have 

log data you would like to apply, see the Bakken tutorial for step-by-step instructions. 
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Static Model and Initial Conditions: specify formation properties (1 of 7)

• Vertical extent of the 

facies. In a single-

facies model, this is 

somewhat arbitrary, 

as long as it 

encompasses the 

matrix mesh extents 

(see Meshing panel).
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Static Model and Initial Conditions: specify formation properties (2 of 7)

• Permeability
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Static Model and Initial Conditions: specify formation properties (3 of 7)

• Curve set (defined in 

the Curve Sets panel)
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Static Model and Initial Conditions: specify formation properties (4 of 7)

• Rock / formation 

properties (red)

• Thermal rock 

properties (blue) – 

these values are only 

included in ‘thermal’ 

simulations (selected 

in the startup panel).
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Static Model and Initial Conditions: specify formation properties (5 of 7)

• Parameters related to 

the aperture of 

closed fractures.
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Static Model and Initial Conditions: specify formation properties (6 of 7)

• Parameters 

governing completion 

fluid and proppant 

interactions with rock
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Static Model and Initial Conditions: specify formation properties (7 of 7)

• Grayed out boxes are 

not user-input values, 

but rather values 

calculated from the 

user-inputs. These 

cells are not directly 

editable. 
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Static Model and Initial Conditions: Temperature & orientation

Specify surface and reservoir 

temperature (at 12,000 ft depth)

Specify the stress orientation, so that it’s at the correct 

angle relative to the well orientation (to be specified in 

the Wells and Perforations panel)

If the direction is non-zero, ensure this property (below) 

is selected in the Startup panel. (it is by default)

Changing the stress direction will cause current perf 

clusters to no longer be located within the matrix. 

This may cause an error in the 3D preview plot until 

new wells and/or stages are set-up.
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Static Model and Initial Conditions: Matrix edge boundary conditions

Set the SHmax direction boundaries 

to a constant pressure boundary

Depending on your application, you may wish to change the matrix edge BCs from the default ‘No Flow’ 

conditions to ‘Constant Pressure’ conditions. 

...

• ‘No flow’ conditions represent closed 

boundaries, such as with a sealing fault or 

interference from neighboring wells or 

stages. This may also be appropriate in 

very low perm conditions.

• Constant pressure can be used to simulate 

an “infinite reservoir”. It allows for fluid loss 

or recharge from the greater reservoir. The 

boundary should be far enough away that 

pressure changes can be assumed to be 

negligible.

Low z-perm

Neighboring stages

Infinite reservoir



68

Curve Sets: Overview

Expand curve set

...

• Relative permeability

• Negative reversible PDP

• Negative irreversible PDP 

• Positive reversible PDP

• Positive irreversible PDP

• Perm multiplier

• Water bank

This selection 

will change 

the PDP 

options in the 

curve sets
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Curve Sets: specify pressure-dependent matrix permeability

Set positive 

reversible 

pressure 

dependent 

permeability 

(PDP)

... scroll

Expand curve set

Positive reversible PDP 

means the permeability 

increases at high pressures 

(during stimulation), then 

returns to normal.

A ResFrac Mini-Guide 

on Pressure Dependent 

Permeability is also 

available at this link.

https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/Pressure%20dependent%20permeability.pdf
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Wells and Perforations: Overview

• Import saved wells

• Cluster specification methods

• Import or move wells, setup stages

• Well vertex and stage info (expandable for each well)

• External fractures (represents stress shadowing)

• Perf phasing

...

...



71

Wells and Perforations: Cluster specification methods

Set up cluster location using in-line method

Specify clusters per stage
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Wells and Perforations: delete existing wells from template

Delete default wells
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Wells and Perforations: import well from survey (slide 1 of 2)

Important: when importing the 

first well, re-center the matrix 

around 15,260 MD. This is the 

center of the well lateral (Prod 

Interval). 

Create Well_Prod using Wellbore survey import wizard (see excel sheet, Wells tab) 
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Wells and Perforations: import well from survey (slide 2 of 2)

Copy the well survey data from the excel sheet into the wizard

Add a new row first to paste in 

the spreadsheet contents

... scroll

The azimuth 

of the well is 

perpendicular 

to SHmax 

(50⁰ + 90⁰)
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Wells and Perforations: Confirm import

To view the imported well information, expand Well_Prod under the ‘Well Trajectories and Perforation 

Locations’ section. There you’ll find 1) the Well Vertices table, and 2) stage information (not yet defined). 

Confirm the well locations and ID 

defined in the import wizard

If the ID changes with depth, 

manually edit here

The rest of these parameters have 

been assigned default values
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Wells and Perforations: 3D preview plot check (slide 1 of 2)

At this point you can re-open or refresh the 3D preview plot. Observe:

A) The newly imported well replaces the original 3 from the template.

B) The matrix location has been recentered. You can check this by turning on the ruler grid for the matrix. 

B) Confirm the matrix is 

centered along the lateral 

(15,260 ft MD, 11,900 ft TVD). 

Refresh to view the 

recent changes here

The matrix can also be re-

centered as part of the 

Stages setup wizard (next) 

or the Meshing panel.

Select ‘Ruler Grid’ to verify the 

depth of the well and matrix

Toaster message indicates we 

need to correct the external 

fractures. That will be next, after 

we add the second well.

A) Confirm new well is in 

the correct location.



77

Wells and Perforations: 3D preview plot check (slide 2 of 2)

Confirm your well and matrix placement using ‘Show value with click’.

‘Show value with 

click’ tool

‘Show value with click’ 

shows x, y, z 

coordinates

Point selected. You can select 

along the wellbore or a point 

in the matrix.
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Wells and Perforations: create second well (option A) - import

Wellbore spacing of 

400 ft horizontally 

and 200 ft vertically

Repeat for second well - Enter wellbore info, shifting the wellhead position

When importing the second well, 

you do not need to re-center the 

matrix. It has already been 

centered around the first well.

To account for the SHmax 

direction (50⁰ in this case), 

apply the following equations:

    x = 400 ft * sin(50⁰)

    y = 400 ft * cos(50⁰)

Positive z values represent depth.
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Wells and Perforations: create second well (option B) – copy (1 of 3)

Step 1. Duplicate

Step 2. Rename copy to Well_Inj

Step 3. Shift well over (in the SHmax direction) by 400 ft*

Step 4. Shift well down 200 ft**

*  The ‘Well shift wizard’ can also be used to test different well spacings. 

** The ‘Adjust well landing depth wizard’ is useful for testing different depths (and temperatures). 

Alternatively, you may copy the existing Well_Prod, and shift its location (using this 4-step process)

New well
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Wells and Perforations: create second well (option B) – copy (2 of 3)

Step 3: Well shift wizard

Turn on well 

names to 

differentiate

View new 

well location

Goal: Shift Well_Inj over 400 ft
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Wells and Perforations: create second well (option B) – copy (3 of 3)

Step 4: Adjust well landing depth

Goal: Shift Well_Inj down 200 ft 

(to 12,100 ft TVD)

We already re-centered 

the matrix during 

Well_Prod import

The landing zone is our single layer in the static model: Formation.

Calculate the desired position in the landing zone. In this case: 

12,100 ft (target depth) / 20,000 ft (formation thickness) = 0.605.

Well_Inj has 

shifted down
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Wells and Perforations: add stages

• We will be simulating a single stage, so the MD distance in the 

model (Shmin direction) is set to be the same as the stage length.

The matrix center dictates where the 

stages are located along the lateral. 

In this case, we already recentered 

from the Wellbore survey import 

wizard. This can also be done in the 

Meshing Options panel. 

When modeling a single 

stage, the stage and sector 

lengths are equal

𝑠𝑡𝑎𝑔𝑒 𝑙𝑒𝑛𝑔𝑡ℎ =
𝑠𝑒𝑐𝑡𝑜𝑟 𝑙𝑒𝑛𝑔𝑡ℎ

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑎𝑔𝑒𝑠Excel file data:
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Wells and Perforations: expand well details and add clusters

...

Expand each well. Confirm the stage numbers have been updated in the Well Vertices table. Then 

scroll past the table to define the clusters and perf data (see the Perfs tab in the excel file).

scroll

Excel file data:

Cluster spacing = Stage length / clusters per stage 

           = 200 ft / 8 = 25 ft

Repeat for Well_Inj

Observe: the well stages set-up wizard automatically 

reassigned the stage numbers. 

The stage number column has been shifted - to move a column, 

click header to select, then click again to drag and drop. 
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Wells and Perforations: check perforations in 3D image

1. Open (or refresh) 3D preview

2. Use “matrix slices” at the 

bottom of the screen to hide 

upper layers and reveal wells 

(z-layers 1 - 35 are displayed 

in this image)

3. Hover over visibility toggles 

(green sliders at bottom of 

screen), and turn on 

“Perforations” visibility

4. Check that each well has 8 

clusters. Use horizontal 

stretch to help view the 

individual perforations.

5. This image is viewed from 

above (by selecting the “Z” 

display in the upper right 

corner, then zooming in)
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Wells and Perforations: Remove external fractures

External fractures are used to capture stress shadowing from previous stages, which is important for 

accurately simulating hydraulic fracturing. However, for this initial pass we will not be simulating hydraulic 

fracturing but instead using pre-existing fractures (to be defined next in the Static Model and Initial 

Conditions panel). We will revisit external fractures in the second phase of this tutorial. 

• Highlight all three rows from the template and right-click to remove. 

Or else resize table to 0.
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Pre-existing fractures can represent natural fractures, faults, or 
hydraulic fractures

Hydraulic fractures

A ResFrac Mini-Guide on 

Preexisting Fractures is 

also available at this link.

Angled or dipping natural 

fractures or faults

https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/Pre-existing%20fractures.pdf
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Static Model: Pre-existing Fractures (1 of 2)

Return to the Static Model and Initial Conditions panel. Pre-existing fractures can be defined in the Advanced 

options section. Pre-existing fractures can also be used to represent natural fractures, but here we’ll just use 

them to represent hydraulic fractures (to remove the computational time required for stimulation).

Each individual fracture can be defined explicitly in this table. Alternatively, define a single representative 

fracture to serve as a ‘template’. In this case, we want to place identical fractures at every perf cluster, so we 

will define a single fracture in the ‘Preexisting fractures’ table, which will serve as a template. 

Fracture size & orientation

These can override the unpropped fracture 

aperture options in the static model. 

When a pre-existing fracture is used as a template, the x, y, z 

coordinates are arbitrary and do not need to be specified.

(warning will go away after next step)

Here, set a fixed fracture conductivity 

(and optionally apply stress dependence).
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Static Model: Pre-existing Fractures (2 of 2)

Then use the ‘Autoplaced Preexisting Fractures’ feature to position a pre-existing fractures centered at each 

perforation (which were just defined in the Wells and Perfs panel).

Use row 1 of the ‘Preexisting fractures’ 

table as the template, and apply to 

each well. 

Note: pre-existing fractures defined using the auto-placement feature will not appear 

in the 3D preview. They will appear in the viz tool after the simulation is run. 

The warning for not placing x, y, z coordinates in the ‘preexisting fractures’ 

table will disappear once the fracture is assigned as a template.



• Meshing wizard – auto 

creates matrix mesh

• Wellbore and fracture 

element size

• Matrix Mesh

• Location

• Size

• Shmin direction

• SHmax direction

• Vertical direction
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Meshing Options: Overview

...

...
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Meshing Options: Preview

Use the 3D preview 

to check the matrix 

mesh extents and 

refinement.

Turn on matrix & 

fracture edges to 

view the individual 

mesh elements

Click to 

expand

Visibility 

options

Note non-uniform mesh 

refinement outside of 

the central region

Matrix length in 

SHmax direction

Matrix length in 

Vertical direction

Matrix length in 

Shmin direction
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Meshing Options: specify wellbore and fracture mesh sizes

• Meshing guidance:

• Wellbore element length should be less 

than cluster spacing (currently 25 ft)

• Number of fracture elements is the 

number one impact on computational time

• Recommended number of fracture 

elements: 1,000 to 5,000

In this case: 20 fractures, each with dimensions 1000 ft x 500 ft = 10 million ft2 total fracture area. 

If each fracture element is 50 ft x 50 ft, that’s 2,500 ft2 area per element. 

10,000,000 ft2 / 2,500 ft2 = 4,000 fracture elements. That falls within the recommended amount.

If the fractures collide, the total number of fracture elements will be less. 
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Meshing Options: matrix mesh location and Shmin refinement

Currently centered around Well_Prod 

(at 15,260 MD and 11,900 TVD)

Specify 8 matrix elements in 

direction of Shmin (1 per cluster)

Keep at 200 ft – this was 

automatically updated by the 

stages setup wizard based on the 

sector length we defined

The 1D submesh fracture 

algorithm typically makes 

refinement unnecessary

Matrix element size in Shmin direction 

= 200 ft / 8 = 25 ft

Typical element size ranges from 5 – 25 ft
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Meshing Options: SHmax matrix mesh refinement

The default SHmax direction matrix mesh is small in the center, then grows gradually to the matrix edges. 

This trick creates a large mesh without an excessive number of elements. Here, we’ll refine the mesh 

logarithmically around each well, since that’s where most of the activity is occurring. 

Alternatively, you could refine the 

mesh around a single central point

Outward 

growth 

from center 

elements

When ‘Use uniform 

matrix elements’ is 

deselected, the custom 

‘Matrix block length’ 

table becomes active

Typical element size ranges 

from 30 - 150 ft

2

3

1

To change the matrix region length: 

1. Select ‘Use uniform matrix 

elements in SHmax direction’ to 

activate ‘Matrix region length’ input

2. Enter 9000 ft 

3. Apply ‘Mesh refinement in the 

SHmax direction wizard’
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Meshing Options: vertical matrix mesh refinement

Matrix element size in Vertical direction 

= 4500 ft / 60 = 75 ft

When you select uniform matrix 

elements, the custom matrix 

block length table will disappear.

• Meshing guidance:

• Recommended number of matrix 

elements: no more than 200,000

In this case: 8 elements (Shmin direction) 

x 35 elements (SHmax direction) 

x 60 elements (Vertical direction) 

= 16,800 matrix mesh elements. 

This falls well below the maximum amount.

Typical element size (in non-layered 

formations) ranges from 30 - 150 ft

There is no logarithmic refinement wizard in the vertical direction, so we will apply uniformly sized 

vertical matrix elements here. 



95

Meshing Options: 3D preview plot check

Use the 3D preview 

to check the matrix 

mesh extents and 

refinement.

Turn on matrix & 

fracture edges to 

view the individual 

mesh elements

Click to 

expand

Visibility 

options

Matrix length in SHmax direction 

(logarithmic mesh refinement)

Matrix 

length in 

Vertical 

direction

Matrix length in 

Shmin direction
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Fluid Model Options: Overview

...

...

...

...
Water density and viscosity will be 

based on its temperature and pressure

We will use steam correlations

...

This panel defines the properties of the reservoir fluid. As a water-only system, most of this is can be ignored. 

No changes to the template are needed.

*Constant values might 

be preferred if comparing 

results to an analytical 

solution (e.g. Gringarten)
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Fracture Options: Parameters relevant to pre-existing fractures

Allow flow behind casing if 

fractures are within 10 ft of 

perforation (creating a 

hydraulic connection)

Allows fractures (originating 

from different wells) to collide if 

they come within this distance 

of each other.

The 'relative' distance × 

the fracture element length = 

the absolute 'collision’ distance:

0.2 × 50 ft = 10 ft

This panel defines options for fractures. Some of the parameters apply only to hydraulic fractures, while 

others apply to pre-existing fractures as well. The following parameters are relevant to our pre-existing 

fractures (though no changes to the template are needed yet). We will also revisit this panel when we start 

creating hydraulic fractures in Phase 2. 

Because the pre-existing fractures are already initiated in-line with 

each other, the collision distance parameters aren’t critical here. 
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Proppants and Water Solutes: Skip

These two panels would be next if generating hydraulic fractures. We will consider these in Phase 2 

of this tutorial. Skip these panels for now.
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Well Controls: Overview

...

• Import or export well control blocks

• Simulation end time

• Wizards to assist in creating injection and production blocks

• Well Control blocks

• Each well has a tab

• For each well, create injection, production, shut-in, 

and/or general sequence blocks to define the 

• No blocks are currently populated

• Well flow scalers (in Advanced options)

Well Controls define the injection, production, and shut-in sequences.

When you arrive at this panel, there will be Errors because the well 

names have changed and no well controls are defined.

A ResFrac Mini-Guide on 

Boundary Conditions is 

also available at this link.

https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/Boundary%20conditions.pdf


100

Well Controls: Simulation time

Specify simulation time: 

30 yrs × 8,760 hrs/yr = 262,800 hours
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Well Controls: Create new production block for Well_Prod

‘Add Block’

Ensure the Well_Prod tab 

is selected. 

Then change the block 

type from Shut-in to 

ProductionSequence.
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Well Controls: add long-term production condition

Rate and Pressure controls – 

• Production rate ramps up to avoid water hammer issues.

• Max production rate is set equal to the injection rate. Since production 

will always be less than injection, the system will be pressure limited.

• Well_Prod WHP will be kept above 500 psi. (Production pressure must 

be above the saturation pressure to maintain single-phase flow).

As no oil or gas is present, ‘LiquidPlusGasRate’, ‘LiquidRate’, and ‘WaterRate’ will all yield the same result

To include the full wellbore in the simulation, set BC MD to 0 (uses WHP as the pressure 

constraint). If placing a pump in the production well, set MD to the pump depth.

If last entry is left blank, the sequence will end 

when the simulation ends (set at 262,800 hrs)
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Well Controls: Create new general block for Well_Inj

‘Add Block’

Ensure the Well_Inj tab is selected. 

Then change the block 

type from Shut-in to 

General.

Alternatively, an injection sequence may be used. However, a General condition is 

more flexible and is useful to prevent water hammer, as we’ll see on the next slide.
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Well Controls: add long-term injection conditions

Injection is liquid only

To include the full wellbore in the simulation, apply a 

wellhead constraint (and/or set BC MD to 0)

Long-term circulation occurs in all stages 

(though there’s only 1 in this sim)

Injection is entirely water 

(no water solutes)

Rate and Pressure controls – 

• Well_Inj has a target total injection rate of 37 bpm (~100L/s). 

• WHP must also be kept below 3000 psi during injection (due to 

pump limitations). 

• Downhole pressure must also be <Shmin to avoid fracture growth

• The controlling factor may change over time.

Re-injection temperature

Max production rate is set >0 to avoid issues with water hammer 

at the start of injection. This is only possible using a General 

constraint. Otherwise, ramp up injection rate (like production).

Additional columns in General 

BC control table dictate water 

solute and proppant quantities 

– all must be set to 0
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Well Controls: well flow scalers - introduction

‘Well flow scalers’ are used to scale the flow from the wellbore (representing full lateral flow) to the sector model (which 

represents only a fraction of the reservoir).  

In the example shown in the schematic below, 50,000 bbl/day is the target flow rate for the full lateral. However, 

because we are using a sector model that represents only 1 of the 10 total stages, only 1/10 of the total flow should 

pass through the modeled reservoir.

By setting the injector well flow scaler to 10, the 50,000 bbl/day wellhead boundary condition is scaled down by a 

factor of 10, resulting in 5,000 bbl/day being injected into the modeled stage. On the production side, a well flow 

scaler of 10 scales the produced flow back up by a factor of 10, from 5,000 to 50,000 bbl/day in the wellbore, 

representing the combined contribution of all 10 stages along the lateral.

In this way, the reservoir experiences the appropriate single-sector flow rate, while the wellbore calculations 

reflect the full-lateral flow rate, allowing friction and heat-loss effects to be represented more accurately.
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Well Controls: well flow scalers

Start time of 0 days corresponds to when long-term 

circulation starts in the model.

Find under ‘Advanced options’. Delete all existing rows (which contain the old well names and template values).

• Option A: select all rows > right-click > ‘Remove row’

• Option B: Resize Table > 0

Create two new rows, one for each well

The production interval of the well is 5,100 ft long, which 

can fit 28 identical stages (180 ft each). Therefore we 

will scale up the well flow rate by a factor of 28.

Choose an MD just upstream from our sector model. The MD can 

be chosen using the Well Vertices table (Wells and Perfs panel). 

The heel end of the stage in Well_Prod is 15,110.6 ft MD. 

Note: The Well_Inj MD may or may not match the Well_Prod MD, depending 

on how you set-up your second well. Check both well vertices tables. 
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Other Physics Options: Generally, no changes are required

...

This parameter can be used to 

quickly scale up the fracture 

conductivity of all pre-existing 

fractures together. Useful for 

sensitivity analysis workflows.
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Numerical Options: Use latest numerics version

Utilize latest available numerics version (unless 

you’re working with an already history-matched 

model based on a prior numerics version). 

Selecting the puzzle piece will auto-apply latest.

De-activate, unless thermoelastic stresses are 

turned on in the Startup panel. This improves 

numerical performance in thermoelastic sims, 

but can impact results.

No changes to the template are needed.



Output Options: Overview

...

...

...

...

...

...
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• Save or import 

output options from 

a library

• Change amount of 

output files

• Stress obs points & 

planes – in matrix 

and along well

• Econ 

models
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Output Options: Geothermal economics module (1 of 8)
Create a new economic model, and select ‘geothermal’ to calculate electricity generated, net present value (NPV) 

and levelized cost of electricity (LCOE).

A ResFrac Mini-Guide on Economic 

Models is also available at this link.

https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/Economic%20models.pdf
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Output Options: Geothermal economics module (2 of 8)
This table compiles the parameters that are specific to the Geothermal economic model. Meanwhile, 

the parameters below this table are applicable to all economic models (oil and gas included).

• Incoming 

electricity 

revenue

450
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Output Options: Geothermal economics module (3 of 8)

• Surface plant 

CAPEX

This table compiles the parameters that are specific to the Geothermal economic model. Meanwhile, 

the parameters below this table are applicable to all economic models (oil and gas included).

450
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Output Options: Geothermal economics module (4 of 8)

• Surface plant 

OPEX

This table compiles the parameters that are specific to the Geothermal economic model. Meanwhile, 

the parameters below this table are applicable to all economic models (oil and gas included).

450
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Output Options: Geothermal economics module (5 of 8)

• Taxes and tax 

credits

This table compiles the parameters that are specific to the Geothermal economic model. Meanwhile, 

the parameters below this table are applicable to all economic models (oil and gas included).

450
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Output Options: Geothermal economics module (6 of 8)

• Power plant 

design criteria

This table compiles the parameters that are specific to the Geothermal economic model. Meanwhile, 

the parameters below this table are applicable to all economic models (oil and gas included).

450

Set 50 psi below min production pressure 

to account for losses in the plant.
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Output Options: Geothermal economics module (7 of 8)

Drilling 

and land 

costs

Fracturing 

and 

completions 

costs

Additional economics inputs. Many of these will not be applicable, or are covered by other parameters. 

The red parameters represent CAPEX, and the blue parameters represent OPEX.
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Output Options: Geothermal economics module (8 of 8)

For 

calculating 

land area 

costs Set equal to the 

well flow scalers. 

This is a separate 

input used for the 

economics model. 

Since there is no 

fracturing in this 

model, we’ll set 

start times to 0 for 

now.
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Output Options: Geothermal economics module - advanced
In the Advanced options section, there are custom options that may be applied in certain circumstances. 

These are also located near our older version of the geothermal economics model. 

A reference temperature is required for enthalpy outputting and electricity generation calculations, since 

power plant efficiency is based on net thermal output. Typical correlations used in ResFrac expect a 0oC 

value (which is set by default). 

If you’re interested in ‘heat-

in-place’ calculations, enter 

a reference temperature. 

Sometimes reinjection 

temperature is used.

Check this box if you wish 

to change the reference 

temperature.

The ‘Brine efficiency versus temperature 

table’ can be optionally used to used to 

compute the 'Gross electricity generation rate'
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Advanced Options: Overview

Special simulator features not yet available in the UI can 

be entered here. Only use if instructed by ResFrac. 

Typically used for unique applications or quick bug fixes.

Select which features will be visible in the UI. Some 

templates restrict feature visibility for a cleaner UI 

(application specific). The EGS template has all 

features visible by default.

If ‘Advanced Units’ are selected in the Startup panel, 

you can customize the units here. 

...

...

Generally, no changes needed in this panel.
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Save and Exit Builder

Click Save Changes, 

which will validate and 

save your model.

The validation window will appear after 

saving. Any errors must be addressed 

prior to running the sim. Meanwhile, 

warnings should be reviewed, but may 

not always need addressing. Many of 

the warnings are targeted to O&G 

applications, and these may be ignored.
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Run Simulation (slide 1 of 2)
Click on the simulation name, or the ellipses on the right, and select “Run Simulation” from the list of actions. 
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Run Simulation (slide 2 of 2)
Click “Run Simulation” to submit the job.

Generally, select latest 

available simulator version

Job priority has no impact

Choose Vm size depending 

on how fast you want the sim 

to run. On Regular, this sim 

should run in <1 hr.• Then wait for simulation to run. 

This sim should take <1 hr. 
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Builder shows current status of each simulation
Expand the chevron left of the sim to check status details: submitted, running, completed, or cancelled.

• If not complete, it will also show how far along the simulation is, in simulated time and wallclock time. 

• If completed, it will indicate how long the simulation took to run, and whether the results have been fully 

downloaded. 

You may still view the results of an in-progress simulation, if some of the results have been downloaded.

Results will not download while the computer is shut-down. To ensure a timely download, make sure your 

computer remains on.

Simulation successfully completed, and results are downloaded.Click here to expand 

status info for all 

sims in your workflow
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Submitted simulations can no longer be edited

When clicking “Edit Simulation in Builder” from the job manager, it 

will open the simulation but you can no longer make changes
To edit your simulation, you 

need to create a new version 

by clicking “Copy Simulation”
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Other Job Manager Options: Share Simulation
Click “Share Simulation” to open a window for emailing the model to support@resfrac.com (default), a 

colleague, or yourself.

mailto:support@resfrac.com
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Other Job Manager Options: Open files and Automated Workflows

Open comments file for debugging simulations

Set up automated workflow based on this simulation

Open simulation folder in Windows File Explorer

Entire simulation set up is stored in settings and input text files
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Other Job Manager Options: Open Simulation Folder (1 of 2)
Model input files and results are stored in the simulation folder
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Other Job Manager Options: Open Simulation Folder (2 of 2)

Sim_track file stores line plot data 

and can be opened in 

spreadsheet editor such as Excel

Line plot and 3D visualizations stored in the sim_track file, within the “Results” Folder



Results Phase 1 – 
Pre-existing Fractures

129
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Visualizing Simulation Results - Overview

• Line plot 1

• WHP

• BHP

• Line Plot 2

• Water Inj Rate

• Water Prod Rate

• Line Plot 3

• Wellhead Temperature

• Cumulative Net Electricity

• Line Plot 4

• LCOE

• NPV

Objective: Use the 3D viz tool to visualize the EGS tutorial simulation and analyze the results.

• 3D Images to plot 

• Pressure & temperature distribution

• Fracture height, length, and conductivity

For an introduction on using the viz tool, 

watch Module 4: Vizualization Tool on 

the ResFrac Online Resources page. 

If you have any issues with your sim 

setup, you may download the results for 

Phase I at this link.

https://www.resfrac.com/onlinetraining#elementor-toc__heading-anchor-3
https://resfracsoma.blob.core.windows.net/collateral/templates/EGS%20Tutorial_Phase%20I.zip
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Content

• Summary of available / recommended parameters to plot

• Visualization tool: line plots and 3D figures

• Exporting and sharing results

• Simulation folder and Sim_track file
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Various 2D and 3D visualizations 
available for geothermal simulations

• Common 2D line plots for geothermal: wellhead temperatures, 

pressures, enthalpy, steam mass fraction, flow rates, thermal output, 

gross electricity generation, net electricity generation, NPV and 

LCOE

• Common 3D visualizations for geothermal: temperatures, 

pressures, steam mass fraction, proppant mass per area, fracture 

conductivity, fracture aperture, thermoporoelastic delta stress

• Other useful metrics: net water flow through each perf to evaluate 

flow uniformity, stress observation planes, temperature change from 

initial

Producer

Injector
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Visualize Simulation Results
Click on the simulation name, or the ellipses on the right, and select “Visualize Simulation Results” from the 

list of actions. 
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Viz Tool: Default View 
By default, the results of the simulation will show one line plot and three 3D plots.
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Viz Tool: Panel Grid (slide 1 of 3)
Select “Panel Grid” at the bottom of the Viz tool to change the plots types and number of plots.

Select the 

ellipses (…) 

to expand 

options
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Viz Tool: Panel Grid (slide 2 of 3)
Choose plot type or add additional plots (panels).

3D panels 

with matching 

camera 

groups 

display the 

same angle 

and zoom
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Viz Tool: Panel Grid (slide 3 of 3)
To analyze this data, we will enable all six panels, and display four line plots and two 3D viewer panels.
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Viz Tool: Selecting parameters to plot
Choose what each plot is showing via the gear icon (line plot), or by choosing a new displayed parameter 

(3D plot)



139

Viz Tool: Line Plots – Pressure (1 of 4)
Select the settings (gear) icon for the first plot to customize.

Add title

Axis 2: Repeat process. 

Select BHP for Well_Inj.

Axis 1: By default plots WHP for Well_Prod. 

Also select WHP for Well_Inj.

Type or scroll to find parameters. 

Watch out for abbreviations.

On Axis 1, plot: 

WHP

On Axis 2, plot: 

BHP
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Viz Tool: Line Plots – Pressure (2 of 4)
Select the settings (gear) icon for the first plot to customize.

Scroll down to 

the Settings 

sections:

Change font size

Turn on legend

Add legend

Increase font size Optionally change 

the line appearances

16px
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Viz Tool: Line Plots – Pressure (3 of 4)
Practice changing the panel size and the zoom features. See tips on how below. 

Resize panels

Change scale by 

1. clicking + dragging, 

or 

2. clicking + typing

Slide scale by 

clicking + dragging

Zoom by clicking + dragging 

on the plot (up-down, side-to-

side, or both).

Can scale each 

axis individually

Double click anywhere 

on plot to auto-zoom to 

extents

Axis 1 label

Axis 2 label

Legend Hover over the plots 

to see data values
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Viz Tool: Line Plots – Pressure (4 of 4)
Return the panel grid to original size, and zoom back to extents on the Pressure plot. 

Note: max injection 

pressure reached 

after 17.4 yrs
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Viz Tool: Line Plots – Injection and Production Rates (1 of 4)
Select the settings (gear) icon for the second plot to customize.

Add title

Axis 2: Remove

Axis 1: Clear axis. Add Water inj rate, 

Well_Inj, and Water prod rate, Well_Prod. 

You may plot inj & prod rates by 

individual well, or as ‘overall’ 

rates. Since we only have one inj 

and prod well in this sim, the 

overall values will be identical. 

On Axis 1, plot: 

Water inj rate, 

Well_Inj

Water prod rate, 

Well_Prod

Remove Axis 2
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Viz Tool: Line Plots – Injection and Production Rates (2 of 4)
Select the settings (gear) icon for the second plot to customize.

Scroll down to 

the Settings 

sections:

Change font size

Turn on legend

Add legend

Increase font size Optionally change 

the line appearances

16px
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Viz Tool: Line Plots – Injection and Production Rates (3 of 4)
Zoom in on the Production and Injection Rates curve.

Zoom in
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Viz Tool: Line Plots – Injection and Production Rates (4 of 4)
Compare injection and production rates to quantify water loss.

Observations: 

• Production and 

injection rates 

are almost 

identical 

(minimal water 

loss)

• Rates drop 

when the max 

WHP is reached

A ResFrac blog 

post on water 

loss in EGS is 

also available at 

this link.

https://www.resfrac.com/blog/the-influence-of-well-configuration-on-water-loss-in-enhanced-geothermal-systems
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Viz Tool: Line Plots – Total Water Volumes (1 of 2)
Select the settings (gear) icon for the second plot to customize.

Axis 2: Clear axis. Add Water tot inj, 

Well_Inj, and Water tot prod, Well_Prod. 

On Axis 2, plot: 

Water tot inj, 

Well_Inj

Water tot prod, 

Well_Prod
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Viz Tool: Line Plots – Total Water Volumes (2 of 2)
Compare cumulative injection and production volumes to quantify water loss.

Observations: 

• Cumulative 

water production 

and injection 

totals similarly 

show minimal 

water loss
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Viz Tool: Line Plots – Temperature and Electricity (1 of 3)
Select the settings (gear) icon for the third plot to customize.

Add title

Axis 2: Remove BHP. Add 

Cumulative net electricity generation

Axis 1: Clear axis. Add Wellhead temperature 

(exact) for both Well_Inj and Well_Prod. 

On Axis 1, plot: 

Wellhead 

temperature 

(exact), 

Well_Prod

Wellhead 

temperature 

(exact), 

Well_Inj

On Axis 2, plot:

Cumulative net 

electricity 

generation

Note: ‘Exact’ vs ‘internal’ temperature: 

When using steam correlations to interpolate 

across the saturation line, the code may use an 

approximation to the water phase behavior. The 

'exact' temperature corresponds to the element's 

enthalpy and pressure. During two phase 

conditions, will be exactly on the saturation line, 

even though the 'internal' temperature may 

deviate by several degrees. Under single-phase 

conditions, both outputs are identical.
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Viz Tool: Line Plots – Temperature and Electricity (2 of 3)
Select the settings (gear) icon for the third plot to customize.

Scroll down to 

the Settings 

sections:

Change font size

Turn on legend

Add legend

Increase font size Optionally change 

the line appearances

16px



151

Viz Tool: Line Plots – Temperature and Electricity (3 of 3)
See how temperature declines in the production well, and note the diminishing electricity generation rate.  

300°F 

cutoff 

reached

Observations: 

• Lower cutoff 

temperature for 

electricity 

generation is 

300°F (based on 

geothermal 

economics 

model). 

• When 

temperature 

reaches 300°F, 

electricity 

generation 

stops.
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Viz Tool: Line Plots – Economics (1 of 3)
Select the settings (gear) icon for the fourth plot to customize.

Add title

Axis 2: Cumulative 

discounted cash flow (NPV)

Axis 1: LCOE

On Axis 1, plot: 

LCOE

On Axis 2, plot:

NPV

Search for Econ 

Model parameters
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Viz Tool: Line Plots – Economics (2 of 3)
Select the settings (gear) icon for the fourth plot to customize.

Scroll down to 

the Settings 

sections:

Change font size

Turn on legend

Add legend

Increase font size Optionally change 

the line appearances

16px
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Viz Tool: Line Plots – Economics (3 of 3)
See how temperature declines in the production well, and note the diminishing electricity generation rate.  

Rescale the 

LCOE axis 

to go from 

0 to 1

Observations: 

• LCOE is $125 

MW-hr, which is 

a bit high. 

<$100/MW-hr is 

a reasonable 

target (see latest 

Lazard LCOE 

data).

• NVP is low. The 

system should 

be optimized to 

improve the 

economics.

https://www.lazard.com/research-insights/levelized-cost-of-energyplus-lcoeplus/
https://www.lazard.com/research-insights/levelized-cost-of-energyplus-lcoeplus/
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Viz Tool: 3D Plots, parameter selection
Select the bottom right parameter to change it to ‘Pressure’.

1. Click 

parameter 

name

2. Type 

parameter 

to search

3. Select 

correct 

parameter
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Viz Tool: 3D Plots, navigation and visibility
3D Control tips are available in the viz tool via the (?) icon.

Review the 3D 

controls and 

practice zooming 

and navigating 

the 3D views. All 

panels in the 

same camera 

group are 

adjusted 

simultaneously

Turn off matrix 

visibility to view 

the fractures (for 

all panels)
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Viz Tool: 3D plots, fracture dimensions
Under “Show Value with Click,” toggle the “Calculate Distance” tool to measure the length and height of the 

fractures.

Select “Calculate Distance”. 

Click on two points to 

measure the distance 

between them.

Fracture length: 

This matches the 

assigned value of 

1000 ft

Fracture height:

This matches the 

assigned value of 

500 ft

Note: you cannot calculate 

distance with rotated stretch 

turned on (next slide)
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Viz Tool: 3D Plots, rotated stretch
To more easily view individual fractures, apply a 10x horizontal stretch.

This tip window 

can be kept open 

and moved 

around.

Apply a 10x 

horizontal stretch 

to better view 

individual 

fractures
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Viz Tool: 3D Plots – Fracture Conductivity (1 of 2)
Change 3D view from ‘Proppant mass per area’ (since there is none) to ‘Fracture conductivity’.

Search for and 

select fracture 

conductivity

Click on the 

parameter name to 

change selection

To reassign 3D 

panel 

parameters, click 

on the current 

parameter, and 

start typing the 

name of the 

parameter. Keep 

in mind, some 

may be 

abbreviated.
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Viz Tool: 3D Plots – Fracture Conductivity (2 of 2)
Choose “Show value with click” to output the facture conductivity in a specific element in the model. 

Select a location 

in the 3D view to 

output the fracture 

conductivity for a 

specific element

Select “Show 

value with click”

Fracture conductivity:

This matches the assigned 

value of 50 mD-ft
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Viz Tool: 3D Plots – Temperature (1 of 2)
Change 3D view from ‘Fracture conductivity’ to ‘Temperature (exact)’.

Select ‘Temperature 

(exact)’
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Viz Tool: 3D Plots – Temperature (1 of 2)
Change 3D view from ‘Fracture conductivity’ to ‘Temperature (exact)’.

Click on the boundary values 

to change the color scale

Observations: 

• Temperature 

distribution is the 

same across all 

8 fractures

• Thermal 

breakthrough is 

observed at the 

production well

• Pressure 

differential 

between the 

injection and 

production wells
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Viz Tool: 3D Plots, timesteps
Changing timesteps can be done using the bottom right menu.

Clicking the 

“Time / 

Snapshot” 

button opens 

menu to 

navigate 3D 

views through 

time. The 

default is at 

the end of sim.

The yellow dots match 

the line plot data to the 

3D snapshot time
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Viz Tool: 3D Plots, layout settings (1 of 2)
Save the layout you just created to easily revisit these plots. Layout Settings are in the bottom right corner. 

Save CSV of 

sim_track file 

with your layout 

if you want to 

compare your 

results with 

another sim. 

Otherwise, leave 

deselected. Or 

save a version 

each way. 2

1

3

4

Make sure that 

the timestep 

and the color 

scale are set 

to the desired 

value when 

saving layout.
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Viz Tool: 3D Plots, layout settings (2 of 2)
Revert to saved layout by selecting ‘Apply Layout’.

Import shared 

layout

Revert to 

saved layout
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Improving Simulation Results

• Parameters to test:

• Fracture size

• Fracture conductivity

• Injection pressures / rates

• Well spacing & configuration

The completion design in this model is underperforming. Try iterating on some parameters to improve the 

performance. 



Tutorial Phase 2 – Hydraulic 
Fracturing

167
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Phase 2 Overview

Problem description:

• Once the pre-existing fracture case has given you have a preliminary design target, you can replace the pre-

existing fractures with hydraulic fractures

• This requires changing the well controls to include a stimulation period, and defining proppants, water 

solutes, and additional fracture options.

• The goal of this part of a project is to optimize the pump job design to reach your target fracture conductivity.

• We have created a stimulation preliminary design to review performance, and compare against the pre-

existing fracture case. This is not a fully optimized model.

For insights on 

calibration parameters 

from the Utah FORGE 

project, refer to the 

following paper.

https://resfrac.com/papers/calibration-parameters-required-to-match-the-utah-forge-16a78-32-stage-3-stimulation-with-a-planar-fracturing-model
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Phase 2 – Steps to Setup Model with Hydraulic Fracturing

1. Copy existing simulation

2. Static model panel - remove the pre-existing fractures

3. Fracture Options panel

4. Proppants panel

5. Water Solutes panel

6. Well Controls panel

7. Wells and perforations panel - add external fractures

8. Output Options panel

If you have any issues with your sim 

setup, you may download the results for 

Phase I at this link.

https://resfracsoma.blob.core.windows.net/collateral/templates/EGS%20Tutorial_Phase%20I.zip
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Copy existing simulation

Copy your existing pre-existing fractures simulation, name your new file, then open it in the Builder.
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Static Model: Remove Pre-existing Fracture

Delete all rows from the ‘Preexisting Fractures’ and ‘Autoplaced Preexisting Fractures’ tables

Click (and drag) to highlight all rows, 

then right-click and select ‘Remove Row’

Alternatively, select ‘Resize Table’, 

and enter the value ‘0’



• Library – save or import 

panel settings
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Fracture Options: Overview

...

...

• Submesh fractal D 

(fracture swarms)

• Fracture initiation 

randomness

• Collision parameters

• Toughness scaling

• Conductivity scaling

• Submesh adjustments

• Water banking
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Fracture Options: frac geometry tuning parameters

If set, fracture toughness 

increases with size, 

making smaller fractures

Control viscous pressure 

drop in fracture. Increasing 

viscous pressure (by 

decreasing conductivity) 

creates more symmetrical 

fractures
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Fracture Options: Other key parameters (1 of 2)

Introduce randomness in 

location where fractures initiate

Allow flow behind casing if 

fractures are within 10 ft of 

perforation (creating a 

hydraulic connection)

Determines when fractures 

(originating from different wells) 

connect. Multiply by fracture 

element length to get absolute 

distance. 0.2 x 50 ft = 10 ft

Always set to 0 to deactivate 

this feature – use PDP instead

A ResFrac Mini-Guide on Fracture 

Connections is also available at this link.

https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/Fracture%20connections.pdf
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Fracture Options: Other key parameters (2 of 2)

Cluster spacing = 25 ft

Fracture initiation 

randomness 

distance = +/- 8 ft 

Cased well and 

fracture connection 

distance - +/- 10 ft 

If the perforations across the two wells are in line with each other, and ‘fracture 

initiation randomness distance’ is < ‘cased well and fracture connection distance’, 

then all frac hits with the well will hydraulically connect (through cross-flow behind 

the casing).

Fracture collision 

distance = 10 ft

A ResFrac Mini-Guide on Fracture 

Connections is also available at this link.

https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/Fracture%20connections.pdf


• Library – Import proppant specs 

from our library, or save your own
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Proppants: Overview

...

...

• Proppant mixtures – this is 

what is used in Well Controls. 

Mixtures may consist of 1 or 

more proppants. 

• Proppant degradation

• Individual proppant specs

• Proppant 

immobilization and 

screenout behavior
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Proppants: Proppant meshes and mixtures

Key history match parameter to specify propped fracture 

conductivity and control obtained circulation flow rates

The 40/70 mesh is approximated as a single proppant of intermediate 

size, and a single-component mixture. This is the typical approach. 

Alternatively, 40/70 could be specified by a range of individual 

proppant sizes that are then combined as a proppant mixture.
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Proppants: Create new proppants

Right-click on the row number and duplicate the 40/70 entry (twice)

As an exercise, we’ll turn the 40/70 mesh a mixture. 

Split the 40/70 mesh into a 40, 55, and 70 mesh proppant. 

Change the diameter of the new proppants accordingly. 

(we’ll keep k0 constant, and let diameter impact conductivity)

2x
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Proppants: Create new proppant mixtures

Redistribute the components of the 40/70 mesh mixture to contain 40, 55, and 70 mesh.
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Proppants: Other proppant properties

Specify maximum immobilized proppant mass per area:

ResFrac does not currently support a temperature-dependent correlation for proppant degradation. 

However, time-dependent proppant conductivity loss could be used to account for degradation of proppant 

over time. In this simulation, we will skip this.

Apply a vertical proppant flow holdup factor (Advanced options) to account for roughness 



• Library – Import water solutes 

from our library, or save your own
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Water Solutes: Overview

...

• Fluid mixtures – this is 

what is used in Well 

Controls. Mixtures may 

consist of 1 or more 

solutes. 

• Individual water solute specs

Expand fluid mixture

...
• Reactions and chemical 

proppant pack damage

User inputs applied here
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Water Solutes: Delete Xlink gel solute and mixture

We will just use slickwater here. To clean up the panel, remove the cross-linked gel, its degradation 

product, fluid mixture, and reactions.

The water solute and the fluid 

mixture are both named 

“slickwater”. Keep in mind that 

these are different.
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Water Solutes: Rename water solute

In the EGS template, both the water solute and the fluid mixture are named “slickwater”. To help differentiate 

the two, we will rename the water solute to “FR” for friction reducer. This is a common naming convention, 

and is used in the water solutes library.
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Water Solutes: Solute specification methods

There are four ways to specify the slickwater properties:

1. Use the default slickwater (now named FR) from the template. 

2. Use the library to apply pre-saved values.

3. Use the wizard to calculate properties (often to match a target viscosity).

4. Enter custom values based on known properties of the intended fluid. 

Option 1. Default

Option 2. Library

Option 3. Wizard

Option 4. Customize

A ResFrac Mini-Guide on Water 

Solutes is also available at this link.

https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/Water%20solutes.pdf
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Water Solutes: Water solute wizard (1 of 3)

We will use Option 3, the water solutes wizard, to adjust the solute properties based on a target viscosity.

Note: A pre-requisite for using the wizard 

is to have a fluid mixture containing a 

non-zero quantity of the solute. This 

mixture already exists from the template.
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Water Solutes: Water solute wizard (2 of 3)

We will use Option 3, the water solutes wizard, to adjust the solute properties based on a target viscosity.

The wizard changes the properties of the 

water solute (FR) that makes up this fluid 

mixture, in order to match the slickwater 

mixture properties specified in this wizard.



Water Solutes: Water solute wizard (3 of 3)

Observe: the viscosity 

multiplier updated, and 

the viscosity of the 

slickwater now matches 

what was entered into 

the wizard (0.5 cP at 

reservoir temperature 

and 170 s^-1). 

The wizard considers 

the quantity of the 

solute when 

calculating the 

viscosity multiplier

Viscosity now matches what 

was entered into the wizard

The wizard revised 

the viscosity 

multiplier to achieve 

the slickwater 

viscosity target
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Water solutes: initial wellbore fluid mixtures

Initialize the wellbore so that it’s already filled with one of the defined fluid mixtures. Since 

we’ll be using slickwater for our stimulation, it makes sense to initialize the wellbore with 

slickwater.
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Well Controls: Overview (again)

...

• Import or export well control blocks

• Simulation end time

• Wizards to assist in creating injection and production blocks

• Well Control blocks

• Each well has a tab

• For each well, create injection, production, shut-in, 

and/or general sequence blocks to define the 

• No blocks are currently populated

• Well flow scalers (in Advanced options)

Well Controls define the injection, production, and shut-in sequences.

When you arrive at this panel, there will be an Error because we’ve 

added new proppants. We must fix this in the General Constraint.

A ResFrac Mini-Guide on 

Boundary Conditions is 

also available at this link.

https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/Boundary%20conditions.pdf


190

Well Controls: Planned Pump Schedule (1 of 2)

Total time = 167 minutes

We’ll perform a zipper frac, starting with Well_Prod. Each stimulation takes 167 minutes, with a 60-min 

shut-in between each. Long-term circulation starts on day 10.

Well_Prod Well_Inj

Shut-in Shut-in

Zipper Frac 

Timing:

167 min 60 min 167 min 60 minDuration:
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Well Controls: Planned Pump Schedule (2 of 2)
We’re simulating a single stage. To account for stress shadow from previous stages, we include ‘external 

fractures’ (Wells and Perfs panel, see next slide).

The best practice for setting up a model with an external fracture is to initiate the model one stage before the 

sector model is stimulated, as shown below. 

Well_Prod Well_InjShut-in Well_Prod Well_InjShut-inShut-in Shut-in

Timeline:

0

Activate 

Well_Prod 

external 

fracture

Activate 

Well_Inj 

external 

fracture

Start 

stimulation 

of Well_Prod

Start 

stimulation 

of Well_Inj

167 394 454 681227

Simulation 

Time (min): 621 908848

Model 

start time

Stage 0 stimulation 

(not explicitly included in sector model 

– represented by external fracture)

Stage 1 stimulation 

(sector model – explicitly represented 

by injection sequence in Well Controls)



External fractures are used to “mimic” stress shadowing from the previous stages. Activate these at the shut-

in time of the previous stage (167 and 394 min, respectively).
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Wells and perfs: add external fractures

Specify external fracture location

• Convention is to place an external fracture at 0.5*{cluster spacing} outside the matrix

• Assign either fracture distance from the edge of the matrix, or (x,y,z) coordinates of the fracture.

Settings do not need to be exact, but 

something ‘representative’ helps to 

preserve realism. Optionally, this can 

be done iteratively by running the sim 

once to select representative fracture 

properties for future runs. (see External 

Fractures Mini-Guide to learn how)

Anticipated propped 

fracture size (or slightly 

smaller to avoid 

excessive overlap). 

Activation time – 

shut-in time for the 

previous stage 

(see Well Controls)

Create a new row 

for each well

Time fractures 

close after 

activation, and 

residual net P

Assign either net pressure or 

fracture volume. This should be 

the stress shadow at the end of 

the previous stage’s stimulation.

250

250 0

02.7

6.4

0.5

0.5

0.2

0.2

https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/External%20fractures.pdf
https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/External%20fractures.pdf
https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/External%20fractures.pdf
https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/External%20fractures.pdf
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Well Controls: Create new injection block for Well_Prod

‘Add Block’

Ensure the Well_Prod tab 

is selected. 

Then change the block 

type from Shut-in to 

InjectionSequence.

Collapse the block to 

drag it to the top of the 

Well Control blocks list
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Well Controls: specify pump schedule

Expand injection 

sequence

These dictate how 

proppant and fluid 

injection quantities are 

defined. These change 

the column names in 

the Control Records 

table below.

Pump schedule in the 

spreadsheet can be 

copied and pasted here 

(ctrl+v). Note: the well is 

shut-in for first 454 min 

(to represent previous 

stage).

Copy schedule from spreadsheet.

Pressure constraints and 

injection temperature (ambient)

Proppant and slurry types + quantities
Duration of injection step, 

and stage being stimulated

A high max 

pressure ensures 

rate-controlled 

stimulation



195

Well Controls: preview pump schedule (1 of 3)
Select graph symbol to preview the injection sequence.

Note: last step has a rate of 0 bpm. This 

allows the simulator to calculate ISIP. 
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Well Controls: preview pump schedule (2 of 3)
In the settings, add another axis showing the proppant concentration.
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Well Controls: preview pump schedule (3 of 3)
In the settings, add another axis showing the proppant concentration.

100 mesh
40/70 

mesh
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Well Controls: Create new Shut-in block for Well_Prod

‘Add Block’

Ensure the Well_Prod tab 

is selected. 

Keep the block type as 

Shut-in

Collapse the new block 

to drag it between the 

injection and production 

sequences

...

Isolate wellbore for 

13,764 min so we 

can start production 

at exactly day 10

(13,764 + 636 = 

14,400 min = 10 day)

Isolate wellbore option 

saves on computation 

time, and cleans out 

the well
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Well Controls: Copy well blocks to Well_Inj

Duplicate Injection 

sequence and Shut-in 

blocks 

Copy blocks to Well_Inj

We will use the same injection sequence to stimulate the injection well. Duplicate the Well_Prod well blocks.
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Well Controls: Reorder well blocks in Well_Inj

Two new well blocks 

have been copied 

over to Well_Inj

Duplicated well blocks append by default to the end of the well block list. Reorder to match Well_Prod.

Switch to the Well_Inj tab

Move both new 

blocks above the 

General Constraint

New order
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Well Controls: Revise Well_Inj injection sequence
Increase the shut-in at the start of the injection sequence (by 167 + 60 = 227 min) to account for the Well_Prod 

stimulation.

A shut-in period within an 

injection sequence block is 

defined by: 

1. Selecting ‘Isolate wellbore’ 

as the stage

2. Setting injection rate to 0
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Well Controls: Revise Well_Inj shut-in block

...

Because we’ve increased the duration of the injection sequence, we need to shorten the shut-in duration too.

Isolate wellbore for 

13,537 min so we 

can start production 

at exactly day 10

(13,537 + 863 = 

14,400 min = 10 day)
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Well Controls: Correct Error Messages

...

Because we’ve made new proppants, it impacted the General Constraint.

Most Well Control 

sequences only deal 

with proppant mixtures. 

However, because 

General Constraints are 

designed to be more 

flexible, the quantity of 

each individual proppant 

must be specified. Enter 

0 for all. 
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Well Controls: well flow scalers

Start time of 10 days corresponds to when long-term 

circulation starts in the model.

Change the start time of the Well flow scalers to apply after hydraulic fracturing. During stimulation, injection 

occurs one stage at a time, so the flow does not need to be scaled up. Conversely, during long-term 

circulation flow occurs in all stages at once, and that is when well flow scalers need to be applied to 

represent flow across the full well lateral. 



Output Options: Overview (again)

...

...

...

...

...

...
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• Save or import 

output options from 

a library

• Change amount of 

output files

• Stress obs points & 

planes – in matrix 

and along well

• Econ 

models



Including a horizontal stress observation plane allows the mechanical stress to be viewed in the viz tool. 

This can be used to depict the stress shadow, or matching fiber optic data. 
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Output options: Stress observation plane (1 of 2)

We’ll center the plane approximately around the center of the matrix. 

The matrix length is 200 ft by 9000 ft. We’ll make a plane with the same SHmax extents, but slightly 

longer in the Shmin direction (to better capture stress shadowing). To do that, set the min and max values 

to be +/- 200 ft to the x center point, and +/- 4500 ft to the y center point.

Additional 

columns

Number of data points 

(observations) to record.

Extents of the stress 

observation plane

Matrix center can be found in 

the Meshing Options panel
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Output options: Stress observation plane (2 of 2)

The stress observation 

plane will rotate 

around its center point: 

(2467.5, -2940.7)

Because the SHmax 

direction is not 0, we 

need to rotate the 

stress observation 

plane to align with 

the stress orientation.

A ResFrac Mini-Guide on Stress 

Observation Points and Planes is 

also available at this link.

https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/Stress%20observation%20points%20and%20planes%20(Recreating%20fiber%20diagnostics).pdf
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Output Options: Geothermal economics module - Update
Some modifications need to be made to account for the additional hydraulic fracturing phase.

• Shift start times 

by 10 days to 

account for 

fracturing period

• During the pre-existing fracture case, since 

proppant and fluid injection were not included 

in the model, $3 million were added to the 

‘fixed fracturing cost per well’ to account for 

those costs. In this sim we are explicitly 

modeling stimulation, so we’ll separate those 

costs out based on the Well Control inputs 

and specify the cost per lb and bbl.
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Output options: add VFR and frac hit trackers
Turn on Volume to first response (VFR) and Frac hit trackers.

Since we’re stimulating 

both wells, we’ll treat 

them as both ‘injection’ 

and ‘observation’ wells

A ResFrac Mini-Guide on Volume to 

First Response and Frac Hit 

Trackers is also available at this link.

https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/Stress%20observation%20points%20and%20planes%20(Recreating%20fiber%20diagnostics).pdf
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Output options: add extra fracture info

... scroll

Should already be checked in the EGS template
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Save and Exit Builder

Click Save Changes, 

which will validate and 

save your model.

The validation window will appear after 

saving. Any errors must be addressed 

prior to running the sim. Meanwhile, 

warnings should be reviewed, but may 

not always need addressing. Many of 

the warnings are targeted to O&G 

applications, and these may be ignored.
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Run Simulation (slide 1 of 2)
Click on the simulation name, or the ellipses on the right, and select “Run Simulation” from the list of actions. 
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Run Simulation (slide 2 of 2)
Click “Run Simulation” to submit the job.

Generally, select latest 

available simulator version

Job priority has no impact

Choose Vm size depending 

on how fast you want the sim 

to run. On Regular, this sim 

should run in <1 hr.• Then wait for simulation to run. 

This sim should take <1 hr. 



Results Phase 2 – 
Hydraulic Fracturing
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Visualizing Simulation Results - Overview

• Line plot 1

• WHP

• BHP

• Line Plot 2

• Water Inj Rate

• Water Prod Rate

• Line Plot 3

• Wellhead Temperature

• Cumulative Net Electricity

• Line Plot 4

• LCOE

• NPV

Objective: Use the 3D viz tool to visualize the EGS tutorial simulation and analyze the results. 

Compare Phase I and Phase II results.

• 3D Images to plot 

• Pressure & temperature distribution

• Fracture height, length, and conductivity

• Proppant concentration & screenout

• Stress shadowing

For an introduction on using the viz tool, 

watch Module 4: Vizualization Tool on 

the ResFrac Online Resources page. 

If you have any issues with your sim 

setup, you may download the result for 

Phase II at this link.

https://www.resfrac.com/onlinetraining#elementor-toc__heading-anchor-3
https://resfracsoma.blob.core.windows.net/collateral/templates/EGS%20Tutorial_Phase%20II.zip
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Visualize Simulation Results

Click on the simulation 

name, or the ellipses on the 

right, and select “Visualize 

Results with Layout” from 

the list of actions. 

Choose the Layout that you 

saved during Phase I as a 

starting point.

Pull up both the Phase I and 

II sim results to compare. 
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Viz Tool: Phase I Results (for comparison)



Toaster message 

warns of possible 

screenout
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Viz Tool: Phase II Results (Saved Layout View)
Our previously saved plot views show up, with the same axis scales. 

Max inj 

pressure 

reached 

early Flow rate 

drops faster
Temp 

declines 

slower

Greater 

delta 

pressure
Less 

favorable 

economics

Lower 

heat 

sweep

Observations
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Viz Tool: Import External Dataset – Compare Sims (1 of 4)
Let’s compare between the Phase I and Phase II results directly.

1. Select 

‘Manage Line 

Plot Data 

Sets’

2. ‘Import CSV 

Dataset’

3. Navigate to 

the sim_track 

file of the sim 

you’d like to 

import

*If importing 

external data, 

match sim_track 

format

1

2 3
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Viz Tool: Import External Dataset – Compare Sims (2 of 4)

For each 

axis, select 

the same 

parameters 

loaded from 

the new 

sim_track 

file.

Turn the 

legends ‘off’ 

to save on 

space.

Newly imported sim_track file data

Let’s compare between the Phase I and Phase II results directly.

Scroll
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Viz Tool: Import External Dataset – Compare Sims (3 of 4)

The external 

csv data 

(Phase I) is 

automatically 

dashed.

The design 

of the HF 

system 

(Phase II) 

could be 

improved.

Let’s compare between the Phase I and Phase II results directly.
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Viz Tool: Import External Dataset – Compare Sims (4 of 4)
Save the layout with external data. Then the Phase I data will automatically load when opening the layout.

1. Select 

‘Layout 

Settings’

2. ‘Save 

Current 

Layout’

3. Select the 

Phase I 

sim_track file 

with the 

layout so it 

will auto-load 

as an 

external 

dataset
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Viz Tool: Phase II Results – Return to the Saved Layout View
Now to remove the Phase I data, just re-load the original layout.
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Viz Tool: Panel Grid
Remove line plots 2-4, keeping only the pressure line plot and the two 3D views.
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Viz Tool: 3D Plots – Fracture Conductivity (1 of 4)
Convert the first 3D plot parameter to ‘Fracture Conductivity’, and change the max value to 100 mD. 

View fracture 

conductivity. 

Scale from 0 to 

100 mD to 

compare with 

the 50 mD in 

Phase I.

Increase the 

horizontal 

stretch to 20 

and rotate to 

view fractures. 
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Viz Tool: 3D Plots – Fracture Conductivity (2 of 4)

Much of the 

fracture area 

hovers between 

25 and 100 mD. 

However, the 

toe fracs show 

diminished 

fracture 

conductivity 

(due to poor 

proppant 

placement).
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Viz Tool: 3D Plots – Fracture Conductivity (3 of 4)

Fractures are 

numbered 

based on the 

perforation from 

which it initiated. 

If a new fracture 

merges with an 

existing one, it 

may not create 

a new named 

fracture (thus, 

there are 8 

Well_Prod fracs, 

but only 2 

Well_Inj fracs).

Turn on perforations and filter by fracture - choose a representative fracture to view.
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Viz Tool: 3D Plots – Fracture Conductivity (4 of 4)

Use ‘Calculate 

Distance’ to see 

how large the 

propped fracture 

is.

Here, the 

conductive 

(propped) 

fracture length 

is ~900 ft. In 

Phase I the total 

fracture length 

was 1400 ft. 

Measure conductive fracture length.
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Viz Tool: 3D Plots – Proppant Placement

If you do look at 

the proppant 

total mass, 

you’ll find a 

close correlation 

between 

conductivity and 

proppant 

concentration.

Toe fracs show 

poor proppant 

placement
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Viz Tool: 3D Plots – Identifying Screenout (1 of 3)

Add proppant 

injection to 

the line plot

Axis 3: Add new axis. Add Prop mass/vol 

for both Well_Inj and Well_Prod. 
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Viz Tool: 3D Plots – Identifying Screenout (2 of 3)

Zoom in on the 

stimulation 

period of the 

line plot. 

Stagger the 

axes so each 

plot is visible. 

Change the 

snapshot time to 

be during 

simulation.

Toe fracs still 

show low 

conductivity.
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Viz Tool: 3D Plots – Identifying Screenout (3 of 3)

Change the first 

image to 

‘Proppant mass 

per vol’.

Rescale the 

pressure plot 

(set min = 

10,500 psi)

These signals 

indicate 

screenout. Significant 

proppant settling 

in the wellbore.

Sharp pressure 

decline along the 

toe of the well.

Save as a 

new layout
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Correcting Screenout

Observations: 

Increasing the 

fluid viscosity 

removed 

significant 

settling and 

pressure decline 

in the toe of the 

well.

Here is a version of the simulation with the slickwater viscosity set at 1.5 cP instead of 0.5 cP. 
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Viz Tool: Import External Dataset – Compare Sims (1 of 3)
Here’s how you would compare between the high viscosity case (current) and the low viscosity case (original). 

1. Select 

‘Manage Line 

Plot Data 

Sets’

2. ‘Import CSV 

Dataset’

3. Navigate to 

the sim_track 

file of the sim 

you’d like to 

import

*If importing 

external data, 

match sim_track 

format

1

2

3
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Viz Tool: Import External Dataset – Compare Sims (2 of 3)

For each 

axis, select 

the same 

parameters 

loaded from 

the new 

sim_track 

file.

Turn the 

legends ‘off’ 

to save on 

space.

Newly imported sim_track file data

Let’s compare between the high viscosity case (current) and the low viscosity case (original). 
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Viz Tool: Import External Dataset – Compare Sims (3 of 3)

The external 

csv (original) 

data is 

automatically 

dashed.

Despite 

removing 

screenout, 

overall impact 

is minimal 

because frac 

#3 is creating 

a short-

circuit.

Let’s compare the high viscosity case (current) to the low viscosity case (original) using the 6-panel layout. 

Open 6 

panel 

layout
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Viz Tool: Import External Dataset – Compare Job Size

The external 

csv (original) 

data is 

automatically 

dashed.

Pressure limit 

is reached 

later, leading 

to greater 

production, 

net electricity, 

and NPV.

This time, let’s compare a sim with a 15% larger job size to our original sim.
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Viz Tool: Stress Observation Planes (1 of 5)
Turn on external fractures so we can observe the stress shadow imposed on the sector.  

A ResFrac Mini-

Guide on Stress 

Observation 

Points and 

Planes is also 

available at this 

link.

https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/Stress%20observation%20points%20and%20planes%20(Recreating%20fiber%20diagnostics).pdf
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Viz Tool: Stress Observation Planes (2 of 5)
View ‘Delta stress (initial Shmin direction)’ to view the stress shadow from the fractures opening.
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Viz Tool: Stress Observation Planes (3 of 5)

Observations: 

Greatest stress 

shadowing 

occurs near the 

wellbore and at 

the upper 

fractures, where 

there is greatest 

net pressure.

Set the minimum delta stress value to 0 psi.
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Viz Tool: Stress Observation Planes (4 of 5)

Observations:

Peak delta 

stress is about 

50 psi – which 

matches the 

residual net 

pressure 

defined in the 

external 

fractures table. 

Change time to right before stimulation, to see the residual stress shadow exhibited by the external fractures.



242

Viz Tool: Stress Observation Planes (5 of 5)

Observations:

This plane 

allows you to 

estimate net 

pressure, time 

to closure, and 

residual stress 

shadow. This 

data can be 

used to 

populate the 

External 

Fractures table. 

Change time to right end of Well_Prod stimulation to see peak stress shadow.

A ResFrac Mini-

Guide on External 

Fractures is also 

available at this 

link.

https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/Stress%20observation%20points%20and%20planes%20(Recreating%20fiber%20diagnostics).pdf
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Click “square icon” to make a movie or save a screenshot

Click square icon to open panel

Making a movie can be a good way to monitor changes in the 3D view over time.
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Viz Tool: Additional Outputs – VFR and frac hit trackers (1 of 2)
You can show Volume to First Response (VFR) and frac hits on the injection plot.

“Add new Axis”

On Axis 4, add: Frac hit 

counter

“Add new Axis”

On Axis 5, plot: VFR

A ResFrac Mini-Guide on 

Volume to First Response 

and Frac Hit Trackers is 

also available at this link.

https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/Stress%20observation%20points%20and%20planes%20(Recreating%20fiber%20diagnostics).pdf
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Viz Tool: Additional Outputs – VFR and frac hit trackers (2 of 2)
You can show Volume to First Response (VFR) and frac hits on the injection plot.

A ResFrac Mini-Guide on 

Volume to First Response 

and Frac Hit Trackers is 

also available at this link.

This shows 6 

total frac hits in 

the adjacent 

well, with the 

first frac hit 

occurring after 

3,240 bbl were 

injected.

https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/Stress%20observation%20points%20and%20planes%20(Recreating%20fiber%20diagnostics).pdf
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Here we can use the 

injection plot as a base.

“Remove” Axis 2-5

On Axis 2, add any frac 

info of interest. In this 

case, we selected the 

height and length of the 

fracture.

Viz Tool: Additional Outputs – Extra fracture info (1 of 2)
You can also show extra fracture information, which splits results up by each fracture or perforation. 

Search for a given 

frac number, e.g. 

“Frac #1” to see 

available plots.
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Viz Tool: Additional Outputs – Extra fracture info (2 of 2)
Here we see the fracture growing during stimulation. Frac by frac production parameters could also be 

shown.
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Improving Simulation Results

• Parameters to test:

• Higher frac fluid viscosity – to improve proppant placement

• Job size – to improve fracture conductivity and size

• Cluster distribution and perforation phasing – to improve flow uniformity

• Well spacing & configuration

The completion design in this model is underperforming. Try iterating on some parameters to improve the 

performance. 



Advanced ResFrac 
Geothermal Topics
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Content

• ResFrac geothermal features:

• Superhot geothermal

• Geothermal economics module

• Pre-existing features

• Thermo-elasticity

• Templates

• Tips, tricks and troubleshooting

• Geothermal templates

• Pre-existing fractures

• Tracers 

• Dual porosity model

• Thermo-elasticity

• Importing data

• Automated workflows
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ResFrac can simulate superhot geothermal conditions

• ResFrac has built-in water property tables (i.e., 

density, viscosity, enthalpy) for liquid water, steam, 

two-phase, and supercritical conditions.

• Water properties are valid up to 800°C and 100 MPa.

• Relevant output results include temperature, 

pressure, steam mass fraction and enthalpy. Property 

values are available in matrix, fracture, and wellbore.

• Computational time may increase, especially when 

fluid undergoes phase transitions
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Pre-existing fractures can simulate natural fractures or synthetic 
hydraulic fractures

• Pre-existing fractures represent synthetic 

hydraulically created fractures or pre-existing faults. 

They can have any orientation and dip angle.

• Pre-existing fractures are computationally fast, 

which allows to simulate the full reservoir instead of 

only a section of the reservoir

• Specify pre-existing fracture location, geometry, 

aperture parameter and/or fracture conductivity 

under Advanced Options in Static Model and Initial 

Conditions panel
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Cold water injection introduces thermo-elastic stresses causing 
fracture opening and downward fracture propagation

Thermo-elastic fracture opening due to cold water injection has potential to cause premature 

breakthrough because of the positive feedback loop. However, it can also cause buoyancy-driven 

convection and downward crack extension over time, enhancing heat-sweep efficiency.

Thermo-elasticity activated in ResFrac by 

turning on thermo-elastic stress changes in 

the matrix and assigning a value for linear 

expansion coefficient. Thermo-elastic 

simulations generally increase 

computational time. 
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Built-in ResFrac templates available to help you with setting-up 
geothermal models

Slug tracer test

Dual porosity model with 1 

injector and 3 producers. 

Tracer injected for 0.1 day 

and recovery monitored at 

the producers

EGS template

3-well EGS model calibrated 

with publicly-available FORGE 

and Fervo data. Sector model 

simulating 1 stage for each 

well, scaled up to a full 

reservoir with well flow 

scalers.

Pre-existing fractures

Doublet with horizontal laterals and 

100 pre-existing fractures 

representing synthetic hydraulic 

fracture network. Fracture aperture 

constant at 0.00006 ft, corresponding 

to fracture conductivity of 100 md-ft.
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If simulation fails, first thing to check is info in job manager and 
comments file

Comments file:

Simulation status info in Job Manager:
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Check 3D visualization plots if simulation fails during runtime

• Proppant screenout? Is proppant volume fraction above 0.66?

• Wellbore connectivity?

• Pressure and temperature field as expected?

• Uniform fracture conductivity?

Some fractures are mechanically open, 

taking majority of the flow

Poor connectivity between wells
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Various resources available to help with addressing common 
issues and questions

• FAQ 

• A-to-Z Guide 

• Mini-Guides

• ResFrac Technical Writeup

• Template documentation: available in 

the ResFracPro folder > resources > 

documentation > Workflow templates

• Ask ResChat, our AI chatbot with 

access to the full suite of ResFrac help 

content. 

• Share simulations with 

support@resfrac.com 

https://resfracsoma.blob.core.windows.net/collateral/ResFrac%20FAQ.pdf
https://resfracsoma.blob.core.windows.net/collateral/ResFrac%20FAQ.pdf
https://arxiv.org/abs/2205.14820
https://arxiv.org/abs/2205.14820
https://arxiv.org/abs/2205.14820
https://arxiv.org/abs/2205.14820
https://arxiv.org/abs/2205.14820
https://arxiv.org/abs/2205.14820
https://www.resfrac.com/library-category/training
https://www.resfrac.com/library-category/training
https://www.resfrac.com/library-category/training
https://www.resfrac.com/library-category/training
https://arxiv.org/abs/1804.02092
https://arxiv.org/abs/1804.02092
https://www.resfrac.com/reschat
mailto:support@resfrac.com
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Use Winmerge to compare simulation settings files
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Tricks

• Start with small, simplified model: only 1 stage, without thermo-elasticity, uniform rock 

properties, etc. 

• Start with available templates and modify for your conditions

• Verify:

• Flow rates are as expected

• Fracture conductivity in single- to double-digit md-ft

• Matrix cools down around injection points

• Are you producing liquid, two-phase, steam?

• Meshing tricks:

• Number of fracture elements has number 1 impact on computational time

• Wellbore length should be less than cluster spacing

• Decrease mesh size by using non-uniform mesh distributions

• Recommended number of matrix elements: Up to 200,000

• Recommended number of fracture elements: Up to 5,000
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Geothermal ResFrac templates

• EGS model based on FORGE data: 

https://resfracsoma.blob.core.windows.net/collateral/templates/EGS_Template.zip 

• Pre-existing fractures: 

https://resfracsoma.blob.core.windows.net/collateral/templates/geothermal_preexisting_fracs.zip

• Slug tracer test: 

https://resfracsoma.blob.core.windows.net/collateral/templates/geothermal_slug_tracer_test.zip

Links to run 

versions of 

the templates

How to find 

templates in 

the UI

Where to find template 

documentation

https://resfracsoma.blob.core.windows.net/collateral/templates/EGS_Template.zip
https://resfracsoma.blob.core.windows.net/collateral/templates/geothermal_preexisting_fracs.zip
https://resfracsoma.blob.core.windows.net/collateral/templates/geothermal_slug_tracer_test.zip
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Pre-existing fractures template

• The template simulates a geothermal EGS 

reservoir with 100 pre-existing fractures.

• The stimulation phase (i.e., fracture 

creation and growth) is not modeled; 

instead, the model assumes 100 

rectangular, vertical fractures are present 

from time 0, connecting the injection well 

to the production well.

• Because the computationally-intense 

stimulation step is skipped, the model 

allows for rapid calculations including 

simulating all fracture clusters along a 

lateral for full reservoir simulations.
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Potential EGS simulation studies with pre-existing fractures

• Using pre-existing (i.e., pre-defined) fractures can be computationally fast, which allows to simulate the full reservoir 

instead of only a section of the reservoir. Simulating the full lateral length allows to investigate, for example:

✓ Impact of frictional pressure drop in the laterals on flow and thermal performance of fractures at the toe vs. the heel

✓ Impact of non-uniformity of flow on thermal performance. For example, how is the production temperature profile 

impacted if the reservoir has a few fractures with very high conductivity

✓ Impact of large pre-existing features (e.g., a fault) intersecting the reservoir on overall reservoir performance.

• Other studies that can be conducted with pre-existing factures include:

✓ Investigating the impact of cluster spacing on thermal performance

✓ Investigating required fracture area to limited thermal decline after x years by y %.

• Pre-existing fractures cannot be used and modeling she stimulation phase would be required to answer questions such 

as:

✓ What are the required pumping volumes, rates and pressure?

✓ How effective is my proppant placement?

✓ What is expected fracture conductivity?

One approach can be to apply a sector model to simulate one or a few stages per lateral for designing a stimulation 

treatment plan, which can then inform fracture properties (i.e., geometry, aperture/conductivity) of a full reservoir model 

with pre-existing fractures.



263

Pre-existing fractures can also represent natural fractures or faults

Faults 

(hydraulic fracturing in 

conventionals)

A ResFrac Mini-Guide 

on Preexisting 

Fractures is also 

available at this link.

Angled or dipping 

natural fractures

https://resfracsoma.blob.core.windows.net/collateral/cheatsheets/Pre-existing%20fractures.pdf


264

Slug geothermal tracer test

• In a tracer test, a small amount of detectable substance (the tracer) is 

injected in an injection well(s) and the recovery is monitored in a 

production well(s). In geothermal systems, the tracer typically injected as 

a small pulse (“slug”) and monitored over an extended time.

• Tracer tests are performed to characterize a variety of subsurface 

parameters such as inter-well connectivity, flow paths, swept volume, 

swept area, porosity, mineralogy and reservoir temperature. 

• Tracer types:

• Inert or conservate tracer tests do not react chemically or physically 

with the formation fluids or rocks. These are the simplest tracers 

and can currently be simulated in ResFrac.

• Reactive tracers interact with the reservoir chemically or thermally:

• Chemical reactive tracers react with rock minerals of in-situ 

fluids and can estimate reactive surface area of mineral 

dissolution rates.

• Thermal tracers break down at predictable rates at different 

temperatures and can help estimate effective heat transfer 

area and temperature distribution. 

Shook (2001) demonstrates a powerful example application 

of a tracer test for an idealized, two-well geothermal system. 

Using a tracer test performed around day 50, reservoir 

thermal decline (starting around day 500) was predicted 

within a few percent from the tracer test response.
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Slug geothermal tracer test template results

• Tracer recovery at each producer plotted in the figure 

on the right, indicating rapid arrival of tracer (within a 

few hours) at each well, particularly producers 1 and 

3, which are closest to the injector.

• Ring-shaped tracer pathway within the matrix shown 

in the figure below.
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Dual porosity model: ResFrac can run “traditional” dual porosity 
simulations

Choose a dual porosity option in the start-up 

panel:

Specify dual porosity 

parameters in the static model



267

You can account for thermo-elasticity to investigate long-term 
fracture opening and downward fracture growth

Specify thermal expansion 

coefficient in the static model

Activate thermo-elastic stress changes 

in the matrix in the start-up panel

Result: Fracture opening and downward fracture growth

In Fracture Options panel, activate 

stress shadow boundary condition
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Automated workflows: sensitivity analysis, history matching, 
optimization



Thank you

269

Aileen Zebrowski

aileen@resfrac.com

Julian McDowell

julian@resfrac.com

Mark McClure
mark@resfrac.com
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