GEOTHERMAL RISING
301 N Palm Canyon Drive, Suite 103

Palm Springs, CA 92262 * USA




GRC TRANSACTIONS, VOLUME 47

Using the Earth to Save the Earth

2023 GEOTHERMAL RISING CONFERENCE

GEOTHERMAL RISING
301 N Palm Canyon Drive,
Suite 103
Palm Springs, CA 92262 - USA



Copyright © 2023 Geothermal Rising
Printed in the United States of America

Notice

All views and conclusions in this publication are those of the individual authors of the
papers in which they are contained, and should not be interpreted as necessarily representing the
official policies and/or views/recommendations of the Geothermal Resources Council (GRC). Draft
papers were reviewed by the GRC 2021 Technical Program Committee. Final paper submissions
were not reviewed for scientific and/or editorial correctness prior to publication. The papers
presented in this publication are reproduced as faithfully as possible by Geothermal Rising. The
contents of papers in this volume, however, are solely the responsibility of the authors.

ISSN: 0193-5933
ISBN: 0-934412-29-4



Table of Contents

Case Studies Technology Improvements for Geothermal Utilization 1

Amin Atashnezhad et al.

Advancing Enhanced Geothermal Reservoirs with lonic Liquids as Potential
Geothermal Fluid 2

Harish Chandrasekar et al.

Coupled Thermal Hydraulic Mechanical and Chemical (THMC) Modeling of
the GreenLoop system in the Southeast Geysers, California 16

Kerry Daly

Case Study: Oilfield Completion Technology and Reservoir Analysis Optimizes Injectivity
for Geothermal Water Production In the Netherlands 35

Andrey Fastovets et al.

Boosting Production From High-Enthalpy Geothermal Wells With New Electric Submersible
Pump Technology 52

Adam Johnson et al.

Injection Well Chemical Cleanouts at Zunil, Guatemala: A Low-Cost Caustic Treatment
to Remove Silica Scale from Injection Wells R3 and R5 70

Dana Jurick et al.

Case Study - Fiber Optic Strain Sensing Results from Cross Well Geothermal Interference
Testing 86

Thomas Kerr et al.

Innovations in Geothermal Power based on the Commissioning and Testing Results of Sage
Geosystems’ sCO2 Prototype Turbine 92



Sang H. Lee and Ahmad Ghassemi
Stimulation Modeling and Circulation Forecasting in the Utah FORGE Doublet 107

Leslie D. Miller and Anthony J. Gerbino

Modeling Direct Lithium Extraction From Geothermal Brines Using Rigorous Electrolyte
Thermodynamics 117

Esteban Rodriguez

Online Cleaning of Direct Contact Condenser to Remove Sulfur Deposition 132

Dhani Sanjaya

Roles of Borehole Image Logs for Fracture Evaluation and Well Planning in Geothermal
Field. A Case Study of Sorik Marapi Field, North Sumatera, Indonesia 143

Johanna Waldheim et al.

Geothermal Well Abandonment Preparation Aided By Real Time Video Technology 153

Vlad Zatonski and Colin Brown

Eavor-Lite Update After Four Years of Operation 168

Yuhao Zhu et al.

Field Tests of Thermoelectric Generators for Power Generation at Low Temperatures 177

Challenges and Successes in the Lithium Extraction
from Geothermal Brine 191
Margaret M. Busse et al.

Environmental Impact Assessment of Lithium Recovery from Geothermal Brines in the SS-
KGRA: An Overview 192



Shaghayegh Danehkar and Saeid Jalilinasrabady

Comparative Assessment of Geothermal-Based Hydrogen and Lithium Production in Kyushu,
Japan 201

J. Humphreys et al.

Distribution and Isotopic Composition of Li in the Salton Sea Geothermal Field 225

John O’Sullivan et al.

A Natural State and Production Forecast Model of the Salton Sea Geothermal Field for
Lithium Extraction 241

Country and Regional Updates 261

Volkan $. Ediger and Serta¢ Akar

Historical Pattern Analysis of Global Geothermal Power Capacity Development 262

Djama Ali Guelleh et al.

Preliminary Results of the Geothermal Exploration Project of EDD in Fialé,
Asal Rift, Djibouti 290

Matthew Minnick et al.

Tu Deh-Kah Geothermal Development Project: Resource Characterization, Well Testing,
and Reservoir Modeling Results and Challenges 305

Ann Robertson-Tait et al.

United States Geothermal Power Update 321



Economic and Durable Materials and Completion Solutions for
Geothermal Well Constructions and Operations 339
Khizar Abid et al.

Evaluation of the Thermal Properties of Different Well Cement Mixtures with Applications
to Geothermal Well Construction 340

Fatemeh Hamidi et al.

A New Polymer Nanocomposite for Improving Geothermal Sweep Efficiency 354

William Kibikas et al.
Thermal Expansion of Simulated Wellbores Subjected to Thermal Shock Conditions 363

Sai Liu et al.

Graphite Filled Ethylene Propylene Diene Monomer Rubber for Geothermal
Applications 381

Habib Ouadi et al.

Numerical Investigation of Fishbone Well Design Impact on Geothermal System Enhancement
in North Dakota 394

Tatiana Pyatina et al.

Hydrophobic Lightweight Cements for Reservoir Thermal Energy Storage Geothermal Well
Systems 416

Tatiana Pyatina and Toshifumi Sugama

Cements for Supercritical Geothermal Wells at 4000C 447

Tatiana Pyatina et al.

Results of High-Temperature Cement Blends Exposure in Newberry Well, Oregon 468



Ting Roy et al.

Nano-Composite Production Tubing with Near-Zero Thermal Conductivity and Elastomer-
Energized Insulated Packer for Enhanced Geothermal Systems, Rated to 750 °F 489

Alberto Toledo Velazco et al.

High Temperature Testing of Downhole Non-Metallic Materials Used for Sealing Annular

Space 500
Emerging Technologies in EGS 523
Chun Chang et al.

Development of Chemical-Encapsulating Microparticles for Delayed Flow Diverter Formation
in EGS Reservoirs Away from Wells 524

George Danko and Matyas Krisztian Baracza

Analysis of Blasthole Fracture System for REGS 534
Robert Egert et al.
Numerical Study of Proppant Transport and Settling Processes in Fractures 545

Ram Kumar et al.

Reactive-Transport Model for Thermally Induced Calcium Carbonate Precipitation (TICP)
In EGS: Geochemical and Fracture Permeability Evolution in Batch and Fractured-Core
Experiments 559

Ahmed Merzoug et al.

Investigating the Feasibility of a Geothermal Huff-n-Puff: Implications for Enhanced
Geothermal Systems 572



Israel Momoh et al.

Fracture Conductivity Tuning in Granite under Triaxial Loading using lonic Liquids:
Implications for Enhanced Geothermal Systems 581

Established and Emerging Technologies for In-Situ Stress Estimation
for Geothermal Reservoirs 597
Guanyi Lu et al.

Interpretation of Mini-frac Test Data Accounting for Wellbore Cooldown in an EGS Well
at the Utah FORGE Site: A Numerical Study 598

Yunxing Lu et al.

Understanding In Situ Stress Complexities in EGS Reservoirs through True-Triaxial Block
Fracturing Experiments on High Temperature Analogue Utah FORGE Granites 609

Ayyaz Mustafa et al.

A Machine Learning Approach for Stress Prediction in Granitoid Formation at FORGE
Geothermal Site Using Compressional and Shear-wave Slowness 624

Daniela Pinilla et al.

In-situ Stress Analysis in CUBO (Cornell University Borehole Observatory) 635

Anna Rogers et al.

A Comparison of Pre-Drill and Post-Drill In-situ Stress Estimates for the Eavor-Deep™
18,000 ft-TVD Closed-Loop Geothermal Demonstration Well 645

Financing and Economics for Geothermal Energy 665

Dayo Akindipe et al.

Variability in Diurnal and Seasonal Ambient Conditions on Geothermal Plant Performance
and Cost 666

Vi



Leland Davis et al.

Case Study: Impacts of Multi-Donor Project Funding and Project Appraisal Document on
the Exploration Drilling Phase of Geothermal Development, Fiale Caldera, Djibouti 680

William Fleckenstein et al.

A Stochastic Economic Analysis of An Enhanced Geothermal System 689

Jonathan A. Hernandez and Ann Robertson-Tait

A Five-Phase Linear Workflow for Geothermal Power Project Development 710

William C. Leighty

'Hydrogen Anywhere' from Deep Hot Dry Rock AGS Removes Difficult Pipelining
Hydrogen Barrier and Enables 'Clean’ Growth 725

Emily Smejkal et al.
Revisiting the Geothermal Potential of the Dehcho Region in NWT, Canada — Right Sizing

Geothermal Development 739
Matt Uddenberg
EGS Design Procedure 755

Floris Veeger et al.

De-Risking Geothermal for Direct-Use Heating in North America: Lessons Learned from
Europe 766

FORGE Activities, Progress & Plans 780

Thomas Bruce et al.

Successful Wellbore Isolation for Ultra-High Temperature Multistage Hydraulic Fracturing
Treatments at the Utah FORGE Site 781

vii



Yosafat Esquitin et al.

Laboratory Testing of a Novel Packer Instrumentation for EGS Applications 801

Christopher Katis et al.

Best Practices for Community Engagement and Stakeholder Involvement — Case Study
at Utah FORGE 808

Anthony LeBaron et al.
Numerical Simulation Of Rock Cutting For The Utah FORGE Geothermal Project 827

Sarah Sausan et al.

Chloride-based Wireline Tool for Measuring Feed Zone Inflow in Enhanced Geothermal
Systems (EGS) Wells: Experimental, Numerical, and Data-driven Updates 841

Zhi Ye and Ahmad Ghassemi
The Cooling Effect on In-situ Stress Determination Using DFIT 864

Geothermal as Energy Storage 878

Eric Berger et al.

Geological/Geo Thermal Energy Storage (GeoTES) Using Traditional Oil Reservoirs 879

Meng Meng et al.

Evaluation of Cement Mechanical Performance in Thermal Storage Wells 889

Jerjes Porlles et al.

Synthetic Geothermal Reservoirs: Optimized Drilling Patterns for Cost-Effective Efficient
Energy 901

Douglas Simpkins et al.

Energy Storage in Deep Hydraulic Fractures: Mathematical Model and
Field Validation 915

viii



Geothermal Drilling Technologies 936

Sami Atalay et al.

Successful Planning and Drilling of Forked Injection Wells at Sorik Marapi Geothermal
Project 937

Pramod Bhuvankar et al.

Numerical Study on the Impact of the Size and Concentration of Granular Particles on
Clogging Characteristics in Lost Circulation Management 945

Robert Ford et al.

Drill Bits For Hard-Rock And Geothermal Wells: Roller-Cone Bit Performance Quantified
and Fixed-Cutter Bit Lessons Learned 958

Nicholas Goura et al.

Managing Temperature to Enable Directional Drilling to 500°C Without Losses 984

John Hayes et al.

Hard Rock Geomechanical and Petrophysical Properties from Drilling Data 1008

Kaoru Ishizawa et al.

Optimization of Drilling Parameters for PDC Bit Drilling Medium-to-Hard
Formations 1019

Ross Lowdon et al.

The Drilling Challenges of Advanced Geothermal Wells 1029

Thomas Miyora et al.

Modelling of Geothermal Cuttings Transportation During Drilling—A Case Study of Well
PW-03B in Paka Geothermal Field, Kenya 1045



Abdelmjeed Mohamed et al.

New Versatile Additive to Improve Fluid Loss Control in Water-Based Mud for Harsh
Drilling Conditions 1060

Peter Moyes et al.

Percussion-Enhanced Drilling Technology Supercharges Drilling Performance 1074

Pufinji Obene et al.

Enhancing Bottom Hole Awareness in Geothermal Drilling with a Novel Brush Wire Tool
Joint Connectivity System for Real-Time Data Transfer: Design and Experimental
Evaluation 1091

Masayoshi Onuki et al.

Experimental Analysis of How the Form of Biodegradable Resin Drilling Fluid Additives
Affects Filtration Properties and Lost Circulation Prevention Performance 1104

Ernesto Rivas et al.

Improvement in Drilling ROP with Real Time MSE Monitoring in the Salton Sea
Geothermal Field 1115

Martin Rotich

Innovation in Drilling of Geothermal Wells to Minimize Environmental Footprint in
Menengai and Paka Geothermal Fields in Kenya 1125

Michael Savage et al.

Advancing Drill Bit Design to Counter Challenges in Hard Rock Applications Using
Full Scale Testing in Basalt 1139

Gang Tao
Tackling Burst and Collapse for High-temperature Geothermal Well Casing Design 1155



Jonathan Vecseri and Eric Gollmyer

Torque Reduction and Buckling Mitigation for Drilling Highly-Deviated Geothermal

Wells 1174

John D. Wood

Exploration Drilling in Geothermal Fields for Beginners 1184
Geothermal Exploration Play Fairway Analysis (PFA) 1190

Dale E. Bird et al.

Machine Learning Applications for Predicting Heat Flow and Thermal Conductivity in
Northwest U.S. 1191

Estefanny Davalos-Elizondo et al.

Low-Temperature Geothermal Resources: Relevant Data and PFA Methods to Reduce
Development Risk 1203

Emilie Gentry et al.

Geothermal Resource Evaluation and Applicable Technology for Wyoming 1232

Nicole R. Hart-Wagoner et al.

Feature Engineering of Fault Attributes for Play Fairway Analysis, Great Basin
Region, USA 1248

Kevin McCarthy et al.
Geothermal Play Fairway Analysis (GPFA): A Texas/Gulf Coast Case Study 1271

Stanley P. Mordensky et al.

Cursed? Why One Does Not Simply Add New Data Sets to Supervised Geothermal Machine
Learning Models 1288

Xi



Geothermal Resource Exploration 1314

Gordon Brasnett et al.

Mapping Techno-Economic Feasibility of Geothermal Resources in Alberta, Canada 1315

Jason W. Craig et al.

Geothermal Potential of the Kigluaik Fault System, Western Alaska: Structural Controls,
Multicomponent Geothermometry, and Low-Temperature Thermochronology 1346

Elisha Drumm et al.

Geothermal Heat, Power and Critical Elements: How Can We Explore Co-Production
Potential? 1364

Corinne Mae M. Estrella et al.

Preliminary Review of the Recent Mak-Ban Deep Drilling Campaign and Its Implication
to Future Targeting 1381

Rand Gardner and Justin E. Birdwell

Hidden System Identification: Basin Modeling as a Tool for Examining Sedimentary
Geothermal Resource Potential 1407

Michael Gravatt et al.

Approximate Bayesian Computation for Uncertainty Quantification of Geothermal
Reservoir Models 1415

Charlene Joubert et al.

Geothermal Development Opportunities in US Sedimentary Basins: A Focus on the
Williston, Denver, Appalachian and Gulf Coast Basins 1427

Lynette Liston et al.

Drilling Deep into New Mexico’s Proterozoic Basement 1440

Xii



Noel Lopez et al.

Application of Thermoluminescence of Calcite and Feldspar for Geothermal Exploration:
Case Study in Santa Rosa de Lima, El Salvador 1463

John N. Louie et al.

Shear-Velocity Profiling of Kilometer-Deep Basins in Nevada with One Day of Passive
Recording 1475

Alex Milton et al.

Exploration for Blind, Deep Circulation, Geothermal Resources Along Gulf of Agaba
Coastal Region of NEOM, Saudi Arabia 1484

A. Mohor et al.

Technical, Economic, Social, and Environmental Assessment of Geothermal Resources
in Chile 1499

Shane Namie et al.

Unlocking the Potential of Geothermal Energy in North Dakota's Williston Basin:
Developing a Correction Method for Bottom Hole Temperatures 1520

Justin Pogacnik et al.

Analytical Estimation for the Production Temperature of a Geothermal Doublet 1534

Gabrielle Ramirez et al.

Integrated Conceptual Model of Sedimentary Basin-Hosted Geothermal Fields in Imperial
Valley, CA 1551

Malcolm I. Ross and Koenraad Beckers

GEOPHIRES-X: An Object-Oriented Update to GEOPHIRES 2.0 1573

Xiii



Eric Stautberg and Stephen A. Sonnenberg

Sedimentary Geothermal Play Types of the Texas Gulf Coast: Applications to Electrical
Power Generation 1587

Jim Stimac

Petrography as a Cost-Effective Approach to Understanding Geothermal System
Evolution 1605

Chyi Wang and Sheng-Rong Song

The Geothermal Exploration in the Last Decade at the Metamorphic Region in
Northeastern Taiwan 1627

Leandra M. Weydt et al.

Assessment for Medium-Depth Geothermal Energy Utilization in Germany — First Results
from the ArtemlIS Project 1640

Jade Zimmerman et al.

Evaluation of 2-Meter Temperature Surveys from the Coso Geothermal Field, CA 1651

Great Basin Geothermal Resources and Exploration 1671

Pascal D. Caraccioli et al.

Don’t Let Negatives Hold You Back: Accounting for Underlying Physics and Natural
Distributions of Hydrothermal Systems When Selecting Negative Training Sites Leads to
Better Machine Learning Predictions 1672

Jacob DeAngelo et al.

Detrending Great Basin Elevation to Identify Structural Patterns for Identifying
Geothermal Favorability 1694

Xiv



Christine Downs et al.

Development of the Prospect Portfolio and Initial Surface Exploration Studies in the Basin

& Range Investigations for Developing Geothermal Energy (BRIDGE) Project

James E. Faulds and Maria C. Richards

INGENIOUS Transitions from Regional to Local Scale to Find Hidden Geothermal
Systems

Jonathan M.G. Glen and Tait E. Earney

New High Resolution Airborne Geophysical Surveys In Nevada And California For
Geothermal And Mineral Resource Studies

Stanley P. Mordensky et al.
Predicting Large Hydrothermal Systems

Jared R. Peacock and Paul A. Bedrosian

Importance of Understanding Bottom-Up Control when Characterizing Geothermal
Systems

Josh Sellars

Creating an Integrated Geologic Model of Nevada Using Open-Source Geoscience
Data

Drew L. Siler

Structural Discontinuities and their Control on Hydrothermal Systems in the Great
Basin, USA

Whitney Trainor-Guitton and Sierra Rosado

1703

1721

1738

1763

1797

1808

1824

A VOI Web Application for Distinct Geothermal Domains: Statistical Evaluation of Different

Data Types within the Great Basin

XV

1836



Irene Wallis et al.

Faults, Fractures, Formation, and Stress at Fish Lake: Controls on Wellbore-Scale

Permeability in a Deep Circulation Geothermal System 1852

John D. Wood

Epithermal Mineral Deposits within Geothermal Systems 1872
Identifying and Imaging Geothermal Reservoirs 1882

Abdul Latif Ashadi et al.

Exploration of Ain Al-Harrah-Al-Lith Geothermal Field in Saudi Arabia Using
EM Methods 1883

Daniel Feucht et al.

Magnetotelluric Data Acquisition in a High-Noise Environment: Results from the Steamboat
Hills Geothermal Complex, Nevada, USA 1895

S. Mulyani et al.

Comprehensive Study of Geology to Geomechanics for Delineating a Sweet Spot Map in a
Geothermal Field. Study Case: Utah FORGE, USA 1915

Steven Sewell et al.

Using Helicopter Time-Domain Electromagnetic (HELITEM) Resistivity Surveys with
Supporting Geoscience Data to Target Temperature Gradient Wells and Discover Hidden
Geothermal Systems in the US Basin and Range 1934

Improvements to Downhole Logging and Instrumentation 1949
Jakob B.U. Haldorsen et al.

Optical Multi-Component Seismic Array for Long-Term Monitoring of
Geothermal Wells 1950

XVi



Cory Langford et al.

Increasing Reliability of Measurement-While-Drilling Sensors in Geothermal Wells Using a
Life-Cycle Management System Incorporating Temperature and Vibration 1960

Santiago E. Rocha et al.

Quantifying Scale/Obstruction Thickness in Salton Sea Geothermal Field Wellbores Using
Standard Bottom Hole Assembly Tools 1970

Johanna Waldheim et al.

Diagnosing Common Geothermal Well Challenges With High Temperature, High-Resolution
Video Technology 1980

Innovation and Future of Geothermal Power Plants 2007

Mohammad Aljubran and Roland Horne

Multitask Reinforcement Learning for the Techno-Economic Optimization of Flexible
Geothermal Power and Battery Storage 2008

Paolo Basile et al.

Feasibility Analysis, Design, and Authorization of a Zero-Emission Geothermal Power Plant
in Italy Case Study: Casa Del Corto Project 2022

Marta Giudici et al.

Carbon Neutral Electricity Production from a Fractured Granite Geothermal Reservoir
with Organic Rankine Cycle: The United Downs Deep Geothermal Power Project 2032

Andrew Marsh et al.

Flexible Geothermal Application within the New Zealand Electricity Market 2044

Joshua D. McTigue et al.
Design of a Geothermal Power Plant With Solar Thermal Topping Cycle 2059

XVii



Katrin Unnur Olafsdottir et al.

Managing Flammable Species in CO2 Capture Processes Utilizing Water Scrubbing at
Geothermal Power Plants 2071

|. Richardson et al.

Non-Condensable Gas Reinjection at the Te Huka Geothermal Power Plant 2088

Wilson Ricks and Jesse D. Jenkins

Impacts of Weather-Driven Output Variability on the Value of Geothermal Electricity 2100

Nakao Yoshinobu et al.

A Case Study on Geothermal Power Generation System by Carbon Dioxide Circulation 2110

Low Temperature Latest Technology and Developments 2128

Serta¢ Akar et al.

Techno-Economic Analysis for a Potential Geothermal District Heating System in Tuttle,
Oklahoma 2129

Koenraad F. Beckers and Malcolm I. Ross
Utilizing GEOPHIRES-X Beyond Electricity 2145

Nicholas Fry et al.

Underground Thermal Energy Storage at Scale: A Review of Techniques and a Case Study
for Calgary, Alberta 2157

Catherine Hickson et al.

City of Regina, Saskatchewan, Canada - Low Temperature Geothermal Infrastructure
Project 2185

XViii



Eylem Kaya et al.
Exploring the Geothermal Heating System at AC Baths in Taupo, New Zealand 2192

Sarah R. Nicholson et al.

Comparing UMNY Machine Learning Predictions of Ground Temperature and Soil
Thermal Conductivity to Real-World Sensor Measurements from Across the World 2212

Anya Seward et al.

Direct Geothermal Energy Use in New Zealand: Efforts Towards Better Understanding
the Medium- to Low- Temperature Resources and Their Potential Use in a Low-Carbon
Future 2229

Duncan Z Steven et al.

Applications of Geothermal Direct Use Heating in the Beer Making Industry 2245

Duncan Z Steven et al.

Applications of Geothermal Direct Use Heating in Poultry Farming Sheds 2257

Machine Learning in Geothermal Development 2280

Paul Michael B. Abrasaldo et al.

Detecting Abnormal Events in Geothermal Power Plant Time-Series Data Using a Semi-
Supervised Machine Learning Approach 2281

Zeming Hu et al.

Computer Vision in Predicting Thermal Diffusivity of Subsurface Rocks 2299

Abdul Muaizz Koray et al.

An Assessment of the Red River Formation as A Geothermal Hotspot In North Dakota: A
Machine Learning Approach 2309

XiX



Maruti K. Mudunuru et al.

GeoThermalCloud for EGS — An Open-source, User-friendly, Scalable Al Workflow for
Modeling Enhanced Geothermal Systems 2334

Reeby J. Puthur et al.

An Inverse Model Approach Used for Unknown Fracture Aperture Distribution Using a
Machine Learning Algorithm and Dimensionality Reduction 2340

Nicole Taverna et al.

An Update on the Geothermal Data Repository's Data Standards and Pipelines: Geospatial
Data and Distributed Acoustic Sensing Data 2361

Jon Weers et al.

Connecting People to Data: Enabling Data Connected Communities through Enhancements
to the Geothermal Data Repository 2376

Xiaoyu Yang et al.

Fracture Characterization by Temperature Log Interpretation Based on Machine
Learning 2385

Monitoring and Characterizing Active Geothermal Systems 2395

Thomas Borrmann et al.

Silica Scaling and Monitoring — A Look at the Molybdate Test 2396

Han Claringbould et al.

A Pragmatic Approach to Monitoring Geohazards at Geothermal Operations 2403

Arkaitz Manterola Donoso et al.

Optimization Of Geothermal Well Control For A Sustainable Utilization Strategy 2410

XX



Amanda Fishbin et al.

Utilization of a Python Algorithm to Evaluate Changes in Y-Grid Based Reservoir
Temperature and Liquid Saturation at the Coso Geothermal Field 2419

Bettina P. Goertz-Allmann et al.

How Microseismic Can Contribute To Targeting Superhot EGS Wells At Hengill,
Iceland 2431

Nori Nakata et al.

Towards Subsurface Stress and Strain Monitoring and Modeling at Geothermal Fields —
a Case Study of the Patua Geothermal Field 2437

Oil & Gas Applications and Value for Geothermal 2459

Ray Alvarado et al.
Residual Heat Extraction from Depleted Heavy-Oil Wells in Thermal EOR 2460

Orkhan Khankishiyev et al.

Geothermal Energy in Sedimentary Basins: Assessing Techno-economic Viability for
Sustainable Development 2470

R. Klenner et al.

Constructing a Test Facility to Demonstrate and Commercially Scale Geothermal
Technologies 2485

Kagan Kutun et al.

Resource Characterization to Estimate Potential for Electricity Co-Production at Blackburn
Oil Field, Nevada 2498

XXi



Hyunjun Oh et al.

Subsurface Characterization for Evaluating Geothermal Resource Potential from Existing Oil
and Gas Wells in Tuttle, Oklahoma 2515

Cesar Vivas and Saeed Salehi

Repurposing Inactive Oil and Gas Wells for Sustainable Geothermal Energy Production:
A Case Study in Oklahoma 2532

Dongmei Wang et al.

Enhanced Sweep Efficiency in EGS Using a Bio-polymer Supplement from Over Fractured
Oil/Gas Operations 2550

Overcoming Non-Technical Hurdles in Geothermal Development 2563

Paul Pinchuk et al.

Development of a Geothermal Module in reV: Quantifying the Geothermal Potential while
Accounting for the Geospatial Intersection of the Grid Infrastructure and Land Use
Characteristics 2564

Andrea Warren and Taylor Behn-Tsakoza

Indigenous Women Leading the Transition: A Story from Tu Deh-Kah Geothermal 2587

Potential of Reservoir Thermal Energy Storage in Geothermal Systems 2593

Trevor Atkinson et al.

Geologic Thermal Energy Storage (GeoTES) Using Shallow Subsurface Aquifers 2594

Nicholas Fry et al.

Aquifer Thermal Energy Storage Supports Responsible Building Electrification Strategies in
Manhattan 2608

XXii



Ram Kumar et al.

Thermo-Hydrological Modeling of Thermal Energy Storage in a Depleted Oil
Reservoir 2625

An Mai et al.

Reservoir Thermal Storage as Part of a Middle-Deep Closed Loop Geothermal
System 2636

Joshua D. McTigue et al.

Geological Thermal Energy Storage Using Solar Thermal and Carnot Batteries: Techno-
Economic Analysis 2649

Uno Mutlu et al.

Engineered Geothermal Battery Systems: Coupled Processes and Wellbore Operability
Limits 2664

Scale and Corrosion Inhibitors for Geothermal Applications 2683

Alessandro Guidetti et al.

New Highly Thermally Stable Corrosion Inhibitor for Geothermal Applications 2684

Tianlong Jiang et al.

Theoretical Analysis of Predicting the Amount of Generated Silica Scale in Water with
Temperature and pH Dependence 2693

Fritz Earwin Monterozo et al.
Inhibiting Co-deposition of Smectite and Calcite to Prevent Production Well Output

Decline 2711

XXiii



Yuya Nakashima et al.

Development of Carbon-Based Coating to Suppress Silica Scale Accumulation on Geothermal
Turbine Blades 2719

Michael Schweig et al.

Update on the CaSil Technology: Economically Solving the Worldwide Problem of Silica
Scaling and Enabling Unprecedented Low Temperature Direct-Heat Extraction and
Electricity Generation Utilisation 2733

Stimulation Technologies for Geothermal Energy Development 2745

Nima Gholizadeh Doonechaly et al.

Flow Path Alterations during Hydraulic Stimulation at Bedretto Underground Laboratory for
Geosciences and Geoenergies 2746

Margariete Malenda and Tiziana Vanorio

Using Acoustic Velocities and Microimaging to Probe Microstructural Changes caused by
Thermal Shocking of Tight Rocks 2760

Ahmed Merzoug and Rita Esuru Okoroafor

Numerical Investigation Of The Effect Of Fracture Aperture Anisotropy On Thermal
Breakthrough Using THM Modeling 2782

Technological, Engineering, and Geological Advances in
Super-Hot Geothermal 2795

Isabelle Chambefort

Geothermal: The Next Generation - Exploring New Zealand Future Supercritical
Resources 2796

XXiv



Trenton T. Cladouhos and Owen A. Callahan

Heat Extraction from SuperHot Rock: A Survey of Methods, Challenges, and Pathways
Forward 2804

John Eichelberger et al.

Augustine Volcano, Cook Inlet, Alaska has Magma Storage at Shallow Depth and Merits
Geothermal Exploration 2852

John Eichelberger et al.

Magma is the Key to Sustainable Super-Hot Geothermal Energy 2868

Agustin Garbino

Iceland Deep Drilling Project: a Review of the Main Challenges and Implications of
Drilling the Well IDDP-1 2883

John Hirschmiller and Darcy Riva

Evaluating the Potential and the Uses for Super Hot Rock Geothermal in the Western
Canadian Sedimentary Basin 2903

Vala Hjorleifsdéttir et al.

DErisking Exploration for geothermal Plays in magmatic Environments — Results and
Perspectives from the DEEPEN Project 2925

Ketil Hokstad and Claudia Kruber

Multigeophysical Inversion for Geothermal Exploration 2939

Benjamin K. Holtzman et al.

Quench-Spallation Drilling: A Novel Drilling Head Design for Routine Heat Mining Above
the Brittle-Ductile Transition 2960

XXV



Orkhan Khankishiyev and Saeed Salehi

Technology Review and Techno-Economic Analysis of Super-Hot EGS Development in Hard
Rock Formations 2979

Jerjes Porlles et al.

Geomechanics Considerations for Superhot Rock and Millimeter Wave Drilling 2998

Julius Marvin Rivera et al.

Characterisation of Supercritical Fluid Production in Taupo Volcanic Zone (TVZ) through
Wellbore Modelling and Simulation 3013

Samuel Scott et al.
Numerical Modeling of Heat Mining at 10-25 km Depth 3021

Ryo Shimomura et al.

Thermal Stress Analysis Considering Casing Eccentricity in a Supercritical Geothermal
Well 3033

Use of Open Hole Logs for Geothermal Reservoir Characterization 3043

Emmanuel Gyimah et al.

Heat Flow Study and Reservoir Characterization Approach of the Red River Formation to
Quantify Geothermal Potential 3044

Fritz Earwin Monterozo and Aarthi Narayanan

Metal Sulfides and Silicates Inhibition and Impact on Amorphous Silica Scaling 3058

XXVi



Marietta W. Mutonga and Yasuhiro Fujimitsu

3D Natural State Model of Menengai East Geothermal Reservoir, Kenya 3079

Mark Person et al.

Analysis of Convective Temperature Overturns near the East Rincon Hills Fault Zone using
Semi-Analytical Models 3093

Fatemeh Saberi et al.

Investigating the Fractures of Asmari Formation as a Geothermal Reservoir with
Image Log 3118

Sara Vashaghian et al.

Petro-physical Characterization of Lodgepole Formation as a Geothermal Reservoir 3138

Andy Wray et al.

A Subsurface Fracture Characterization Case Study from Utah FORGE Enhanced Geothermal
System 3153

Poster Session Abstracts 3163

XXVii



Case Studies Technology Improvements for
Geothermal Utilization



GRC Transactions, Vol. 47, 2023

Advancing Enhanced Geothermal Reservoirs with lonic
Liquids as Potential Geothermal Fluid

Amin Atashnezhad, Saman Akhtarmanesh, Vigleik N. Kjeldal, and
Mohammed F. Al Dushaishi

Oklahoma State University

Keywords
Enhanced Geothermal System (EGS), lonic liquids (ILs), Hydraulic conductivity

ABSTRACT

Enhanced Geothermal System (EGS) is a type of geothermal energy system that involves creating
a fracture system in the Earth's subsurface to extract heat, allowing for water or other fluids to be
injected through designated wells. As a result of its desirable properties and availability, water
remains the predominant geothermal fluid of choice. Nonetheless, water is prone to exhibiting
breakthrough phenomena, as it travels from an injection well to a production well through large,
highly-permeable fractures that offer minimal resistance to hydraulic and frictional forces. The
main drawback associated with high-conductivity pathways is the corresponding reduction in heat
extraction efficiency over time, as a consequence of the progressive cooling of the bulk rock
matrix. To ensure the long-term sustainability of enhanced geothermal systems, enhancing the
hydraulic characteristics of the geothermal fluid is imperative. One potential option for improving
the hydraulic properties of the geothermal fluid is through the use of ionic liquids (ILs). The most
pertinent characteristics of ILs that render them favorable for improving the hydraulic conductivity
within fractures of an EGS are their viscosity, thermal stability, and ability to maintain in a liquid
state. In this paper, two pyridine-based ionic liquids were synthesized and characterized using H-
NMR and HPHT viscosity measurements. The HPHT viscosity analysis involved applying
pressures of up to 1800 psi and temperatures of up to 480 °F to the ionic liquids. The results suggest
that these ILs tend to flow more readily through smaller fracture systems with higher temperatures,
rather than the larger ones with lower temperatures. This flow diversion is a gradual equilibrium
process as the temperature in larger fractures starts decreasing over an extended period. The results
of this study contribute to the growing body of research on geothermal energy and offer new
avenues for further exploration and development of sustainable energy sources.
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1. Introduction

Geothermal energy is a sustainable energy resource that utilizes heat from the earth's crust, offering
a clean and reliable alternative to traditional fossil fuels. Geothermal wells are drilled deep into
the earth's crust to extract energy, by harnessing the heat from these natural sources. The utilization
of the geothermal resource depends on the reservoir temperature, where low temperature reservoirs
are used for direct heating and cooling, and high temperature reservoirs are used for electricity
generation.

Enhanced Geothermal Systems (EGSs) consist of deep engineered reservoirs having high
temperatures with insufficient permeability and low fluid saturation (Figure 1). Hydraulic
fracturing is employed in EGSs to enhance the reservoir permeability and harvest the heat by
circulating working fluid, typically water, to extract the heat from the reservoirs. The concept of
EGS emerged in the 1970s at the Fenton Hill project, conducted at the Los Alamos National
Laboratory in the United States (Tenzer, 2001).

Figure 1: Schematics of an enhanced geothermal system.

One of the critical long-term issues in EGS reservoirs is managing the fluid flow through the
reservoir to achieve optimal heat transfer performance. Due to the heterogeneous nature of
fractures, fractures with higher hydraulic conductivity will take more fluid flow than others. This
could potentially lead to limited heat extraction from only a small portion of the reservoir, which
causes a rapid thermal decline of the heat extraction. This phenomenon is similar to water
breakthrough in oil and gas reservoirs when the injected water finds few fast paths to the
production well.
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The temperature of the bounding rock matrix is depleted faster near fractures with higher hydraulic
conductivity compared to the reservoir with lower permeability fractures. As the rock matrix cools
down, the fracture widens due to thermal contraction and leads more fluid to flow through the
path(s) with insufficient heat energy. For a given fluid velocity, due to the higher shear rate,
pressure loss through fractures with low hydraulic conductivity is higher than fractures with higher
hydraulic conductivity. That means fluid will travel at a lower velocity in the fractures with lower
permeability to reach a pressure differential equilibrium with fractures with higher hydraulic
conductivity. Another challenge in EGS is mineral dissolution, which has a negative impact on
fracture permeability. These challenges limit the efficiency of heat extraction from the stimulated
reservoir volume.

Geothermal working fluids play a significant role in geothermal energy extraction. Water is
commonly used as a working fluid, however, different fluids such as supercritical carbon dioxide
(ScC02) have been proposed as an alternative fluid (Brown, 2000; Isaka et al., 2019). While using
CO2 as a working fluid aid in CO2 storage, CO2 has a lower heat capacity and thermal
conductivity than other common geothermal fluids specifically water, which can limit its ability
to efficiently transfer heat.

lonic liquids (ILs) are a group of molten salts known for their remarkable features such as low
melting points (typically below 220 °F) and negligible vapor pressure which sets them apart from
traditional solvents (Baker et al., 2005). lonic liquids have unique characteristics that make them
a potential option for use in thermal energy storage technologies. These properties include high
heat capacity, low volatility, and high chemical stability. As a result, they have the potential to be
effective working fluids for thermal energy storage systems. lonic liquids have gained attention as
potential working fluids in geothermal systems due to their unique properties. They offer several
advantages over traditional working fluids, including high thermal stability, low toxicity, and
tunable properties. lonic liquids hold promise in addressing fluid flow through the fast path, i.e.,
short-circuiting. lonic liquids have the unique ability to change their rheological behavior in
response to variations in shear rates and temperatures. By leveraging this characteristic, ionic
liquids can be designed to control the flow distribution within the geothermal reservoir. These
advantages could make them a promising solution for enhancing the efficiency and sustainability
of geothermal energy production.

In this study, two ionic liquids were synthesized and characterized using H-NMR. The rheological
properties of the synthesized ionic liquids were measured at different temperatures and pressures
adhering to geothermal reservoir conditions, where a rheological model was obtained for each test
condition. Theoretical pressure drop investigation in rectangular fracture was performed using the
measured ionic liquid rheology, which was compared to water to investigate the potential benefits.

2. Methodology
2.1 lonic Liquid Development

Considering the geothermal application environment, two ionic liquids having the characteristics
required for high-pressure and high temperature applications were synthesized for this
investigation. The first ionic liquid, N-hexylpyridinium bromide (HPyBr), was synthesized by
adding 1-bromohexane (0.5 mol, 90 gr) to pyridine (0.5 mol, 39.55 gr) with a 10% excess in a flat-
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bottom flask. The mixture is stirred at 149 °F for 24 hours, resulting in the formation of 1-
hexylpyridinium bromide.

The resulting HPyBr is used as a precursor for synthesizing the N-hexylpyridinium
tetrafluoroborate (HPyBF4). The HPyBF4 was synthesized by adding the 1-hexylpyridinium
bromide and sodium tetrafluoroborate (NaBF4) (0.5 mol, 60.38 gr) and 80 mL of water with a
10% excess of sodium tetrafluoroborate in a flat-bottom flask. The solutions of sodium
tetrafluoroborate and water were slowly added to the N-hexylpyridinium bromide and mixed for
24 hours. After allowing the solution to sit for 24 hours, the N-hexylpyridinium tetrafluoroborate
was extracted from the water solution. The remaining components, including water and 1-
bromohexane, were then extracted through vacuum-drying. The sodium bromide and sodium
tetrafluoroborate were filtered to obtain N-hexylpyridinium tetrafluoroborate.

2.2 lonic Liquid Characterization

Proton nuclear magnetic resonance (1H NMR) was used to verify the synthetization of ionic
liquids. H-NMR is a technique that utilizes nuclear magnetic resonance in spectroscopy to analyze
the hydrogen-1 nuclei present in a substance's molecules. Its primary purpose is to deduce the
molecular structure based on the obtained NMR spectra. Bruker NMR, Ascend 400 was used to
perform H-NMR on the synthesized IL samples. Figure 2 shows the apparatus while measuring
the proton spectrum for an IL sample dissolved in chloroform-d (CDCI3).

Figure 2: Bruker NMR, Ascend 400, used to characterize the ionic liquids.
2.2 Rheology measurement

Chandler HPHT viscometer Model 5550 (Figure 3) was utilized to measure the rheological
properties of the developed ionic liquids. The viscometer follows the rotor and bob geometry
specified by 1SO and API standards, which are designed for measuring fluid viscosity under high-
pressure and high-temperature conditions. The equipment consists of a sliding carbon dry-block
heater and a digital torque sensor positioned outside the sample cell. The rotor drive system
incorporates a speed control mechanism to regulate the shear rate, while torque measurements are
performed by a sensor located outside the sample cell. Pressure is applied to the fluid sample,
around 55 cc, using nitrogen gas.
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Figure 3: Rheology measurement using Chandler HPHT 5550 viscometer.

The HPHT viscometer measures viscosity, sample temperature, pressure, and shear rate at 1 hertz.
A sample of the raw data for HPyBF4 at a constant pressure of 100 psi is illustrated in Figure 4,
which shows viscosity, temperature, pressure, and shear rate versus time. The rheology data were
average at each tested temperature, pressure, and shear rate for the analysis.

Figure 4: Rheology measurement at constant pressure for HPyBF4,

3. Results and Discussion
3.1 lonic Liquid Characterization

To verify the structure of the synthesized ionic liquids, H-NMR testing was performed. Figure 5a-
b presents the H-NMR characterization of HPyBr and HPyBF4, respectively. Although most of
the hydrogen atoms were successfully identified and assigned based on the H-NMR analysis for
HPyBr, as evidenced by the presence of green peaks, there were specific hydrogen atoms depicted
in yellow color, indicating that H-NMR was unable to detect or assign them. In the NMR plots, the
peaks are representative of the number of different neighborhoods and the area under the peaks is
representative of the number of atoms at the specific neighborhoods. In this case, there are 4
hydrogen atoms in one neighborhood while the area under the corresponding curves are showing
around 3 atoms.
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Figure 5: H-NMR spectrum of in chloroform-d solution showing characteristic proton signals of (a) HPyBr,
and (b) HPyBF4.

The characterization of HPyBF4 using H-NMR is shown in Figure 5b. While the majority of the
hydrogen atoms were successfully identified and assigned using H-NMR, as indicated by the

presence of green peaks, there were some hydrogen atoms indicated in red color which suggest
that H-NMR was unable to identify them.
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The synthesis of HPyBF4 is a two-step process and it has been observed that the yield is low.
Additionally, purifying the final product poses challenges, which can introduce impurities into the
sample. These impurities can lead to the H-NMR characterization not recognizing all hydrogen
atoms.

3.2 Rheology
3.2.1 Constant pressure rheology

The rheological behavior of HPyBF4 and HPyBr was investigated under a constant pressure of
100 psi. The relationship between shear rate and shear stress was examined at different
temperatures and shear rates. Figure 6 presents the rheological properties of HPyBF4 and HPyBr,
showcasing the results obtained. In Figure 6(a), the relationship between shear rate and shear stress
for HPyBF4 is depicted at various temperatures. On the other hand, Figure 6(b) demonstrates the
viscosity of HPyBF4 plotted against temperature for different shear rates. For HPyBr, Figure 6(c)
showcases the shear rate versus shear stress at different temperatures, providing insights into its
rheological behavior. Figure 6(d) presents the viscosity versus temperature for HPyBr at various
shear rates.

(a) HPyBF4 shear rate (b) HPyBF4 viscosity
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Figure 6: Shear stress and viscosity behavior at 100 psi constant pressure for (a) HPyBF4 at varying shear
rate, (b) HPyBF4 at varying temperature, (c) HPyBr at varying shear rate, and (d) HPyBr at varying
temperature.

The influence of temperature on viscosity behavior can be observed in Figure 6. In the case of
HPyBF4, increasing temperature leads to a decrease in shear stress and viscosity. However, for
temperatures higher than 310 °F, a slight decrease in shear stress and viscosity can be seen (Figure
6a-b). Similar trends can be observed for HPyBr concerning temperature (Figure 6¢-d), but HPyBr
exhibits higher shear stress and viscosity compared to HPyBF4.
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To facilitate a better comparison between the two ionic liquids (ILs), a power law model, 7=k »",
which describes the shear behavior at different temperatures, was fitted to the experimental data.
The resulting constants, n and k, for each IL at various temperatures, are provided in Table 1.
The table also includes the coefficient of determination (r?) for each model fit, indicating the
goodness of fit for the power law model to the data.

Table 1. Shear stress versus shear rate power law model constants of HPyBF4 and HPyBr at a constant

pressure of 100 psi.
lonic Liquid Temperature (°F) n k r’
74 0.972 3.848 1
120 0.952 0.943 1
220 0.262 4.34 0.94
HPYyBF4 310 0050 7668 085
410 0 9.186 0.01
480 0.038 7.623 0.69
74 0.981 7.631 1
120 0.799 5.497 1
HPyBr 220 0.109 18.798 0.78
310 0.027 17.406 0.74
410 -0.031 18.875 0.76
480 0.063 8.866 0.92

For HPyBF4, Table 1 reveals that as the temperature increases, the value of the parameter n
decreases. This indicates a deviation from purely Newtonian behavior, suggesting that the
viscosity of HPyBF4 is not solely dependent on shear rate but also on other factors. The parameter
k also exhibits variations with temperature, indicating different flow properties at different
temperatures. In general, the r2 values indicate a good fit for the power law model, except for the
test at 410 °F where the relationship between shear stress and the shear rate appears weaker,
possibly due to the influence of elevated temperatures.

Similarly, for HPyBr, the parameter n decreases as the temperature increases, indicating non-
Newtonian behavior. This suggests that the viscosity of HPyBr is also affected by factors other
than shear rate. The parameter k also shows variations with temperature, and the r? values generally
indicate a good fit for the models.

The decreasing values of the n parameter with increasing temperature for both HPyBF4 and HPyBr
suggest non-Newtonian behavior. Non-Newtonian fluids do not follow a linear relationship
between shear stress and shear rate, as observed in Newtonian fluids. The decreasing trend
indicates that the viscosity of the ionic liquids decreases as the shear rate increases. This behavior
is often observed in complex fluids where factors such as molecular structure, interactions, and
particle or polymer content influence the flow characteristics.

Comparing the parameters and their values between HPyBF4 and HPyBr, it is clear that each ionic
liquid exhibits its unique shear behavior. The differences in the n and k values indicate variations
in their flow properties. HPyBF4 generally demonstrates lower consistency with lower k values,
while still displaying a pronounced shear-thinning behavior compared to HPyBr. The term
consistency refers to a material's ability to withstand flow or deformation when subjected to
applied stress, reflecting its capacity to maintain structure and resist flow under external forces.
Conversely, HPyBr exhibits higher consistency with higher k values.
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Figure 7 presents a comparative analysis between HPyBF4 and HPyBr under varying temperatures
and shear rates. The comparison is performed at two specific temperatures: 74 °F and 480 °F
(depicted in Figures 7a and 7c, respectively), as well as two different shear rates: 25 sec* and 100
sec! (illustrated in Figures 7b and 7d, respectively). Notably, it should be emphasized that the
pressure is consistently maintained at 100 psi throughout the entire comparison.
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Figure 7: Constant pressure comparison of HPyBF4 and HPyBr at (a) 74 °F, (b) 25 sec?, (c) 480 °F, and (d)
25 sec™.

HPyBF4 exhibits lower shear stress and viscosity values compared to HPyBr. The dissimilarities
in shear stress and viscosity can be attributed to the distinctive molecular structures and chemical
compositions of the two substances. The higher shear stress and viscosity observed in HPyBr
indicate that its molecular structure promotes stronger intermolecular interactions and greater
resistance to flow. This could be due to factors such as more molecular structures, increased
molecular polarity, larger molecule size, or stronger ionic interactions within the liquid.

On the other hand, HPyBF4 demonstrates lower shear stress and viscosity values, suggesting that
its molecular structure allows for easier flow and reduced intermolecular interactions. This could
be attributed to weaker ionic interactions within HPyBF4 compared to HPyBr. The structural
disparities among the ionic liquids lead to variations in their physical properties, including
viscosity and shear stress response, as these properties directly depend on intermolecular forces
and molecular mobility.

To gain a deeper understanding of the observed trends, factors such as molecular size, shape,
polarity, as well as the strength and nature of the interactions within the liquid, need to be
considered. These factors collectively contribute to the variations in physical properties exhibited
by the two ionic liquids.

10
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3.2.2 Constant temperature rheology

Figure 8 depicts the viscosity characteristics of HPyBF4 and HPyBr at a constant temperature of
380 °F while subject to varying shear rates and pressures. Figures 8a and 8b illustrate the viscosity
behavior of HPyBF4 under different shear rates and pressures. The impact of shear rate and
pressure on viscosity is relatively minimal at 380 °F. A similar trend is observed for HPyBr, as
depicted in Figures 8c and 8d. The findings suggest that pressure does not exert a substantial
influence on the viscosity of both HPyBF4 and HPyBr. Despite variations in shear rate and
pressure, the viscosity of the fluids remains relatively stable at the given temperature of 380 °F.
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Figure 8: Viscosity behavior at 380 °F: (a) HPyBF4 at varying shear rates, (b) HPyBF4 at varying pressure,
(c) HPyBr at varying shear rates, and (d) HPyBr at varying pressure.

In line with the analysis conducted for varying temperatures, a power law model was utilized to
establish the relationship between shear stress and shear rate for the HPyBF4 and HPyBr tests
conducted under varying pressure conditions. The resultant n and k constants, along with the
coefficient of determination r?, are presented in Table 2.

Table 2. Shear stress versus shear rate power law model constants of HPyBF4 and HPyBr at 380 °F.

lonic Liquid Pressure (psi) n k r’

100 0.382 0.137 0.33

500 0.255 0.406 0.47

HPyBF4 800 0.208 0.497 0.47
1300 0.306 0.377 0.98

1800 0.291 0.418 0.93

100 0.661 0.067 0.93

500 0.341 0.295 0.77

HPyBr 800 0.429 0.23 0.83
1300 0.435 0.242 0.92

1800 0.203 0.718 0.41

11
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The rheological behavior of HPyBF4 and HPyBr was analyzed using the power law model under
different pressure conditions. HPyBF4 displayed shear-thinning behavior with power law
exponent n values ranging from 0.208 to 0.382, indicating decreased viscosity as the shear rate
increased. The flow behavior index k values ranged from 0.137 to 0.497, indicating consistent flow
properties. HPyBr also exhibited shear-thinning behavior with power law n exponent values
ranging from 0.203 to 0.661, indicating viscosity reduction at higher shear rates. The flow behavior
index k values ranged from 0.067 to 0.718, indicating consistency in flow behavior. Both liquids
showed slight variations in the parameters with respect to pressure, suggesting a minor influence
of pressure on their flow behavior.

Based on the results, it can be concluded that at a constant temperature of 380 °F, both HPyBF4
and HPyBr show a weak pressure dependency in their shear behavior. The small variations in the
power law constants at various pressure levels indicate that the effect of pressure on flow behavior
is negligible. Additionally, shear-thinning behavior is seen in both ionic liquids, with HPyBr
typically exhibiting a milder shear-thinning tendency with an average power law n constant of 0.41
compare to the HPyBF4 with an average of 0.28.

Figure 9 compares HPyBF4 with HPyBr over a range of shear rates (Figure 9 a, ¢) and pressures
(Figure 9 b, d) at a constant temperature of 380 °F. According to the results, the viscosity slightly
increases as pressure rises. Both ionic liquids have viscosities that change from around 2 cP to
almost 6 cP. The operating temperature of 380 °F can be responsible for the low viscosity values
in the range of 1 to 6 cP. The influence of pressure on viscosity appears to be insignificant, likely
due to the high temperature of 380 °F, which contributes to the exceptionally low viscosity of the
ionic liquids. The reduced sensitivity of viscosity to pressure at 380 °F may be due to the thermal
energy overriding the pressure-induced effects on molecular interactions.
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3.3 Implication of ionic liquids in EGS application

lonic liquids offer a potential benefit in their responsiveness to temperature changes, leading to a
reduction in viscosity. This characteristic becomes particularly advantageous when utilizing these
liquids for heat extraction in EGS. The ionic liquids examined in this study exhibit lower viscosity
at higher temperatures and vice versa. Such behavior proves valuable as it allows the ionic liquid
to flow more easily through narrower and hotter fractures compared to larger and colder fractures.
Consequently, this enhances the efficiency of energy extraction. To support this claim, a
theoretical pressure drop investigation is conducted using HPyBF4, HPyBr, and water for
comparison. A smooth rectangular fracture with a hydraulic diameter of 7.11 mm was selected for
the investigation. The pressure drop per unit length is calculated following Darcy—Weisbach
equation (Rouse, 1946).

L~ /D axp?

AP pxv? )

where AP is the pressure drop across the fracture, L is the fracture length, fp is the Darcy friction
factor, p is the fluid density, v is the average velocity, and Dy is the hydraulic diameter. For laminar
flow (Re<2000), the Darcy friction factor is obtained using Equation 2.

64

fo=— 2

~ Re
where Re is the Reynolds number, which is calculated as:

szth
Re === 3)
where u is the fluid dynamic viscosity. For turbulent flow (Re>4000), the Darcy friction factor can
be calculated using Karman—Prandtl resistance equation in smooth pipes (Rouse, 1946).

1 — p—
= 1.930 x log(Re x \/f;) — 0.537 4)

The input parameters for the pressure drop investigation are shown in Table 3 for different
temperatures, where the viscosity of the ionic liquids is presented as a function of shear rate y
measured in sec™ derived from HPHT rheology measurements.

Table 3. Pressure drops input parameters for water, HPyBr, and HPyBF4.

Temperature Density (Ib/gal) Viscosity (cP)
(°F) Water HPyBr  HPyBF4 | Water HPyBr HPyBF4
68 8.33 10.85 9.68 1.00 720.34-0.231xy 357.41-0.2075xy
122 8.25 10.69 9.52 0.55  300.22-0.87xy  89.415-0.1521xy
176 8.11 10.53 9.36 0.35 224-1.188xy  78.761-0.5586xy

Figure 10(a-c) shows the pressure drop per unit length for water, HPyBr, and HPyBF4,
respectively, for different flow rates in gallons per minute (GPM). Logically, higher pressure drops
can be seen with higher flow rates and water shows a lower pressure drop per unit length compared
to HPyBr and HPyBF4 due to lower dynamic viscosity. As temperature increases, the decrease in
pressure drop per unit length is low due to the insignificant change in viscosity (Figure 10a).
HPyBr has a higher viscosity and thus shows a higher pressure drop compared to water. The
viscosity change due to temperature increase causes a significant change in pressure drop (Figure

13
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10b). Similarly, HPyBF4 shows a significant reduction in pressure drop as a result of increasing
temperature (Figure 10b).
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Figure 10: Pressure drop per unit length for (a) water, (b) HPyBr, and (c) HPyBF4.

The pressure drop behavior of the ionic liquids suggests that the fluid will be less resistant to flow
through higher temperature fractures due to the significant change in viscosity. Such behavior can
be used to stimulate smaller fractures with higher temperatures for efficient heat extraction and
reducing short-circuiting.

As a comparison between the ionic liquids and water, the pressure drop reduction relative to water
for 1 GPM due to temperature increases. Table 4 shows the change in pressure drop and relative
reduction compared to water for the two ionic liquids. The reduction in pressure drop relative to
water for HPyBr is higher than HPyBF4, where higher reduction indicates the ability to flow
through higher temperature fractures.

Table 4. Change in pressure drop due to temperature change of HPyBr and HPyBF4 relative to water.

. Change due to
Tem Pressure drops (psi/ft) temperature Frictional pressure
(oF)p ' loss reduction ratio
Water HPyBr HPyBF4 | Water HPyBr HPyBF4

HPyBr  HPyBF4

68 5.18E-03 3.67E+00 1.80E+00
122 | 4.79E-03 1.33E+00 4.23E-01 | 8% 64% 54% 8.37 7.03
176 | 4.16E-03  8.51E-01 2.63E-01 | 20%  77% 71% 3.90 3.62

The results suggest that these ILs tend to flow more readily through smaller fracture systems with
higher temperatures, rather than the larger ones with lower temperatures. This flow diversion is a
gradual equilibrium process as the temperature in larger fractures starts decreasing over an
extended period. An experimental fluid flow investigation in fracture networks will be necessary
to verify the predicted behavior under varying temperatures.
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4. Conclusion

The HPyBF4 and HPyBr ionic liquids were synthesized in the lab and their rheological properties
were investigated using a HPHT rheometer. A power law model was fitted on the data to describe
the behavior of the two ionic liquids under varying shear rates, pressure, and temperature. A
theoretical pressure drop investigation was performed. The main conclusions of this work are:

e Both HPyBF4 and HPyBr show a reduction in shear stress and viscosity with increasing
temperature. The shear stress response and viscosity of HPyBF4 and HPyBr remain
relatively constant for temperatures higher than 310 °F. It is seen that the HPyBr in general
shows higher viscosity compared to HPyBF4.

e Both ionic liquids show deviation from Newtonian fluid behavior with both displaying
shear thinning characteristics. It is seen that the flow behavior index “n” decrease as the
temperature increase.

e The viscosity values of HPyBF4 and HPyBr remain low at a constant temperature of 380
°F and are unaffected by changes in pressure.

e lonic liquids exhibit greater pressure drop reduction relative to water with increasing
temperature, which can be used to control short-circuiting in enhanced geothermal systems.
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ABSTRACT

GreenFire Energy Inc. (GFE) has been developing a technology for the application of closed-loop
geothermal (CLG) technology in steam-dominated and high-enthalpy two-phase reservoirs (called
Steam 2-Phase GreenLoop (S2PGL)) for several years. Details on the coupling of thermal,
hydraulic, mechanical and chemical (THMC) modeling of the S2PGL system with focus on factors
such as heat transfer, phase change, temperature, fluid flow, mineral alteration, fluid chemistry,
and seismic activity have been illustrated. The simulation was conducted for a well in the Southeast
Geysers area using TOUGH-REACT and TOUGH-FLAC. The Downbore heat exchanger
(DBHX) model in the simulation was calibrated with GFE’s DBHX model and was found to be in
good agreement. Gravity drainage of condensate in the well fills the lower 60-80 meters of the
well and flows by gravity and imbibtion into the surrounding unsaturated reservoir rock. The net
changes in porosity were found to be minor over the period of simulation/testing and are therefore
not expected to impact the S2PGL testing. The THM analysis indicates minor geomechanical
impact of the S2PGL operation because temperature and pressure changes are minor in the host
rock. The most substantial geomechanical changes are expected to occur at the bottom of the
injection well as a result of local cooling, but of smaller magnitude than typical conventional
geothermal operations.

1. Introduction

GFE has been focused on tailoring solutions to specific geothermal resource characteristics so as
to optimize the heat extraction from the resource in a sustainable fashion. One such tailored
solution of GFE, the S2PGL is currently being implemented as a proof of concept test project (test
project) in the Southeast Geysers area with funding from the California Energy Commission (CEC)
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in a project to prove its commercial feasibility (Scherer et al., 2022). This project aims to establish
a proof-of-concept test in a well owned by Geysers Power Corporation, a subsdiary of Calpine
Corporation, with the underlying objective of deploying the technology in a larger scale at The
Geysers known geothermal resource area (KGRA). The testing period for the system is expected
to be about 3 months.

The S2PGL system at The Geysers consists of a tube-in-tube downbore heat exchanger (DBHX)
inserted into a well. The tube-in-tube system consists of vacuum insulated tubing that is contained
within an outer casing. The material of the outer casing is typically designed based on the near-
wellbore/resource fluid chemistry. The S2PGL system can have variations too as covered in prior
research (Amaya et al., 2021; Higgins et al., 2021).

Depending on the specific application/end use of the heat from the S2PGL system, a working fluid
for the DBHX can be selected. Details on the comparative analysis between multiple working
fluids is covered in Chandrasekar et al. (2023). In the case of the DBHX in the Southeast Geysers
test well, water was chosen as the working fluid. The flow direction within the DBHX can either
be forward or reverse. Forward flow refers to injection of the working fluid through the center
insulated tubing and production of the working fluid through the annular region between the
outside of the insulated tubing and the outer casing of the DBHX. On the other hand, reverse flow
refers to the injection of working fluid through the annular region and production through the
center insulated tubing. Both forward and reverse flows are expected to be tested for substantial
time periods in the test project; however, this paper only covers the simulation results considering
the reverse flow operating condition.

Besides flow inside the DBHX, there exists an additional fluid loop on the outside of the DBHX
in the near wellbore region. The steam enters the wellbore through its perforated liner from the
resource and interacts with the relatively colder outer surface of the DBHX resulting in
condensation. The latent heat of vaporization is extracted by the DBHX and captured in the
working fluid. The resource fluids (in liquid state) flow downwards by virtue of having a higher
density than steam and the hydrostatic pressure of the fluid column causes the fluid to recharge
back into the resource. Prior to and during recharge, the condensate will contact the DBHX and
casing metals. The chemistry of the condensate impacting the DBHX, casing materials and the
resource rock are assessed in this paper using reactive-transport simulations of water chemistry
changes owing to the rock-steam-water interaction and acid gas transport. Non condensable gases
(NCG?’s) are either vented at the surface (if their concentrations are high) or, if very substantial,
may power a surface heat exchanger to make additional power. Due to the counter flow, as the
NCG’s approach the surface, they cool and lose humidity until they are produced relatively dry at
the surface.

The geomechanical changes in the resource as a result of cooling around the heat exchanger are
also rigorously modeled to estimate the expected stress changes and possible increases in the
fracture apertures.
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Figure 1: Schematic of the S2PGL system with a DBHX tube-in-tube configuration (i.e., a vacuum insulated
tubing contained within an outer perforated liner casing) inserted within a geothermal wellbore. Various
subsurface and surface components that are pivotal for the operation of the technology are also labeled
and shown in the figure. Non-condensable gases are shown venting at the surface as they flow between
the outer casing of the DBHX and the casing of the wellbore. The figure shows the reverse flow operating
condition within the DBHX (cold fluid entering the annulus and hot fluids exiting through the center of
the vacuum insulated tubing). The figure is adapted from Scherer et al. (2022).

2. California Energy Commission Support

GreenFire was awarded a $2,705,228 grant by the California Energy Commission (CEC) to
advance the development of GreenFire’s Steam Dominated GreenLoop (SDGL) system in an
existing low-production geothermal well at The Geysers geothermal area in Lake County,
California (GreenFire Energy, 2022). The award (EPC-21-015) came from the CEC’s Bringing
Rapid Innovation Development to Green Energy (BRIDGE) funding opportunity, which
competitively selects and awards follow-on funding for the most promising clean energy
technologies that have previously received an award from an eligible CEC program or United
States federal agency. GreenFire’s previous CEC project (GEO-16-004) that retrofitted an existing
well and conducted tests with a DBHX at Coso, California was referenced to support award
selection.

BRIDGE seeks to 1) help start-up companies minimize the time between when their successful
publicly funded project ends and new public funding becomes available; and 2) mobilize more
early-stage capital in the clean energy space by providing non-dilutive, matching investments in
promising clean energy companies alongside investors and commercial partners. This provides
increased support for the most promising clean energy technologies that have already attracted
interest from the market as they are developed and continue their path to market adoption.

BRIDGE is part of the CEC’s Electric Program Investment Charge (EPIC) program — a public
interest research and development program that invests in scientific and technological research to
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accelerate the transformation of the electricity sector to meet the state’s energy and climate goals.
The EPIC program invests more than $130 million annually to help:

e Expand the use of renewable energy.

e Build a safe and resilient electricity system.

e Advance electric technologies for buildings, businesses, and transportation.
e Enable a more decentralized electric grid.

e Improve the affordability, health, and comfort of California’s communities.

e Support California’s local economies and businesses.

Figure 2: The layout of surface equipment along with wellhead modifications that were required for the
demonstration project conducted by GreenFire Energy at Coso, California. The project was funded by the
California Energy Commission.

3. Modeling Methodology

A thermal-hydrological-mechanical-chemical (THMC) model was developed as a part of the
project to analyze and predict the behavior of the wellbore and the near wellbore region over the
period of the testing (before the actual installation of the system in the wellbore). The model was
primarily developed using LBNL’s multiphase reactive-transport and geomechanics simulators
TOUGH-REACT, TReactMech (Sonnenthal et al., 2021; Xu et al., 2011; 2006), and TOUGH-
FLAC (Rutqvist et al., 2002; Rutqgvist, 2011; 2017; Rinaldi et al., 2022). The thermal hydrological
wellbore simulator implemented for the closed loop of the DBHX of the multiphase transport
model was also compared with GFE’s proprietary S2PGL DBHX model. Greater detail on GFE’s
S2PGL modeling methodology can be found in Higgins et al. (2021). The following paragraphs
details the various steps undertaken for the simulation.
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First, a 2-D axisymmetric mesh was developed and generated to simulate the native-state model
(at steady state) of the wellbore in the Southeast Geysers area capturing the observed depth of the
liquid cap and steam zone as well as the approximate reservoir pressures and temperatures.
Appropriate permeabilities were assigned to various rock layers adjoining the wellbore which
include the cap rock section and the reservoir sections. A high permeability zone or feedzone was
also assigned to the grid at an appropriately observed depth. The DBHX was modeled with a casing
outer diameter of 7.625 inches. Thermal conductivities (wet and dry) along with densities and
specific heat capacities were assigned to various rock layers, well casing, DBHX casing and the
vacuum insulated tubing. Van Genuchten correlations were employed for modeling the capillary
pressures and the relative permeabilities, based on earlier modeling studies of the Geysers area
(Dobson et al., 2006).

TReactMech introduces a parallel coupled continuum geomechanics capability into the THMC
parallel simulator TOUGHREACT V4.13-OMP (Sonnenthal et al., 2021; Xu et al., 2011); with
improvements to the TOUGH2 multiphase flow core (Pruess et al., 1999). The geomechanical
formulation is based on a continuum finite-element model with stress calculations (Smith et al.,
2022; Kim et al., 2012). Geomechanics are solved after fluid and heat flow, followed by transport
of aqueous and gaseous species, mineral-water-gas reactions, and finally permeability-porosity-
capillary pressure changes owing to geomechanical and geochemical changes to porosity (or
fracture aperture). For the reactive-transport simulations we used the TOUGHREACT v4.13
reactive transport core of the simulator (i.e., no geomechanics).

Figure 3: Heat and fluid flow, stress, and reactive transport are solved using the sequential non-iterative
approach in TReachMech as shown. Fluid flow and heat transport are solved simultaneously with
modifications to consider multiple coupled geochemical and geomechanical effects on porosity and
permeability, as well as new capabilities such as temperature-dependent thermal properties.
Geomechanics are solved using Petsc/MPI and reactive chemistry with OpenMP (TOUGH-REACT
core).
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The coupled multiphase fluid flow, heat transport and geomechanics was in this case simulated
with the TOUGH-FLAC simulator, that links TOUGH2 or TOUGH3 multiphase flow and heat
transport simulators with the FLAC3D geomechanical simulator (Rutqgvist et al., 2002; Rutgvist,
2011; 2017; Rinaldi et al., 2022). The TOUGH-FLAC simulator has been extensively applied to
The Geysers system associated with the Northwest Geysers EGS Demonstration Project (Garcia
et al., 2016; Rutqvist et al., 2016).

4. Results and Discussions

The findings and discussions have been divided into three distinct sections namely: Thermal-
Hydrological (TH), Thermal-Hydrological-Chemical (THC), and Thermal-Hydrological-
Mechanical (THM) modeling. The results from the TH analysis are used as inputs to obtain the
detailed THC and THM models.

4.1 Thermal-Hydrological (TH) Modeling

The liquid velocity vectors in the wellbore and the region very close to the wellbore (about 2 m
away) are shown in the figure below through streamlines (Figure 4). The arrows indicate the
direction of the flow in the wellbore/near wellbore region. The figure captures the effect of
condensation and the resultant density differential that is created while operating the S2PGL
system at a specific flow rate. The liquid saturation is high as the fluid reaches towards the DBHX
bottom (about 1460 m), post which the saturation decreases since the fluid begins to gain
temperature during the downflow within the wellbore.

Figure 4: Liquid velocity vectors represented in the radial and axial coordinates (radial distance in m versus
Depth in km). The figure also represents the liquid saturation in the wellbore and the near wellbore
region. The near wellbore region right below the DHX at about 1.465 km shows a high liquid saturation
due to the effects of capillarity. The X axis scale is from up to 2 m and the Y axis scale is from 1.44 km to
about 1.48 km.
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The figure below (Figure 5) illustrates the liquid saturation in the wider vicinity of the wellbore
(50 m away from the DBHX). It also displays the saturation profile spanning the entire wellbore
and extending beneath it for a particular flow rate within the DBHX. It can be observed that the
liquid saturation at the surface when the DBHX is in operation is very low (about 0.1 from the
dashed blue line which represented the open well, i.e., the annulus between the DBHX outer casing
and the well casing) and that steam is primarily expected to consist of NCG’s. Towards the bottom
of the well (lower 60-80 m) ponding occurs due to gravity drainage of condensate leading to high
liquid saturations. However, beneath the well the liquid saturation is expected to drop rapidly
towards the native state of the resource.

It is also observed that the effects of capillarity are minimal and can be observed only up to a radial
distance of about 20 m from the bottom of the DBHX. In addition, it is also analyzed that the
condensed fluid movement back into the resource in the region right below the DBHX is minimal
and the majority of the condensed fluids travel down the wellbore resulting in the ponding effect.
Therefore, it is understood that capillarity only plays a minor role in the performance of the system
overall.

In the near wellbore region, the liquid saturations are seen to reduce as the radial distance from the
wellbore center increases. At the bottom of the DBHX it is observed that there is an increase in
the liquid saturation due to the effects of capillarity, however, below the DBHX; it is observed that
the liquid saturation quickly drops off to lower levels (cyan, orange and dashed black lines).

Figure 5: Liquid saturation in the near wellbore region represented in the radial (in m) and axial coordinates
(in km) (left). The effects of capillarity leading to increased liquid saturation can be observed only up to
a radial distance of about 20 m. The figure on the left only shows the near wellbore region between depths
of 1.4to 1.54 km. The liquid saturation profiles in the entire wellbore and beneath the wellbore are shown
in the figure on the right. The dashed blue line represents the liquid saturation profile in the region
between the outside of the DBHX casing and the wellbore casing (open well). The liquid saturations are
seen to drop with radial distance as the native state of the resource is reached with increasing radial
distance.
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The temperature profile at the base of the well and the DBHX was also analyzed for a particular
flow rate in the DBHX as a function of radial distance from the wellbore (Figure 6). The profiles
in the figure below are after about 42 days (6 weeks) of continuous steady operation at the selected
flow rate. Temperatures in the rock around the base of the DBHX are close to the reservoir
temperature owing to the condensed steam flow towards the well. At the base of the well the
cooling front has reached nearly its maximum extent from the base of the well from condensate
imbibition.

Figure 6: The temperature profile at the bottom of the DBHX and the base of the well are represented for a
particular DBHX flow rate. The temperature at the base of the well has been shown as a function of
weeks. With increasing time the native state resource temperature is reached with increasing radial
distance.

4.2 Thermal-Hydrological-Chemical (THC) Modeling

The fluid chemistry at the DBHX was simulated by setting the initial pore fluid chemistry.
Information related to the shallow pore water above the caprock was obtained from the Allen
Spring thermal-meteoric water composition (Peters, 1993). The pore water conditions for the
deeper rock layers (caprock, reservoir, and hornfels) were adapted initially from Wilbur Hot Spring
(Donnelly-Nolan et al., 1993) and then equilibrated with reservoir mineral assemblages (Moore et
al., 2000). The gas chemistry was calculated through equilibration with the mineral-fluid system.

The figure below (Figure 7) illustrates the pH of the fluids at the bottom of the DBHX and in the
wellbore after 6 months of continuous testing at the preferred DBHX flow rate. The condensate is
more dilute and has a lower pH in the well.
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Figure 7: The profile of pH at the bottom of the DBHX and in the near wellbore region after a period of about
6 months of continuous operation is represented for a particular preferred DBHX flow rate. The
condensate is more dilute and has a lower pH in the well and in the near wellbore region. The radial axis
indicates the distance in meters from the wellbore. The axial direction indicates the depth in km.

Cl-and HCO3™ concentrations were also analyzed as a function of radial distance from the wellbore
in the figure below (Figure 8). The concentrations of the ions are fairly low near the DBHX but
due to boiling of condensate significantly higher concentrations of these ions are found in the near
wellbore region.

Figure 8: CI- and HCOs ion concentrations in the near wellbore region after a period of about 6 months of
continuous operation. The radial axis indicates the distance in meters from the wellbore. The axial
direction indicates the depth in km.
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The CO», CHs, H2S, and NH3 gas fractions were analyzed and found to vary with steam fraction
(Figure 9), however, there was found to be more uncertainty in the well from the low total pressure
and high velocity. It was found that the mole fraction of CH4 was a bit higher than CO.. This is
primarily because of the fact that gases like CO», HCI, and HF are scrubbed from the gas into the
condensate

Figure 9: CO2, CHy4, H2S, and NHs concentrations in the near wellbore region after a period of about 6 months
of continuous operation. The radial axis indicates the distance in meters from the wellbore. The axial
direction indicates the depth in km.

The mole fractions of HCI and HF were in the order of 10"*4 and 1072 respectively as shown in the
figure below (Figure 10). The compositions of NCG’s were simulated in the well at the base of the
DBHX after 6 months of continuous operation. The equilibrium gas composition in the well was
computed at about 170 °C.
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Figure 10: HCI and HF gas compositions in the near wellbore region are represented after a period of 6 months
of continuous operation at the preferred flow rate. The radial axis indicates the distance in meters from
the wellbore. The axial direction indicates the depth in km.

It was also found through simulation that boiling leads to higher volume fraction changes for albite,
microcline and dolomite in the reservoir at the base of the DBHX. Steam flow and condensate
formation also leads to quartz dissolution. However, the order of magnitude volume fraction
changes are very low over this time period, given our estimate of the initial water and rock
chemistry. This would imply that the expected change in fractures, matrices, and reservoir in
general are very low. The only silicate mineral species formed were quartz, albite and microcline
since boiling and condensation temperatures are higher than that required for amorphous silica to
occur. Therefore, it can be inferred that the risk of silica scaling is very low (it is important to note
that the operational saturation temperature required for the S2PGL to function is always higher
than the temperatures at which amorphous silica scaling occurs).

For the case of dolomite, the speciation volume fraction changes show a lower precipitation
because of inverse solubility as a function of temperature, or in other words, at higher temperatures
the concentration or probability of carbonate precipitation increases. The saturation temperature
in all the operational cases is lower than 180 °C (which is a very low temperature to have a
carbonate calcium scaling risk). It is also important to note that steam dominated reservoirs in
general show lower flow rates when compared to liquid dominated reservoirs and therefore all the
dilution, precipitation and formation volume fraction changes presented in the figures below
(Figure 11) are very low.
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Figure 11: Quartz, albite, microcline and dolomite volume fraction changes in the near wellbore region at the
base of the DBHX are represented after a period of 6 months of continuous operation at the preferred
flow rate. The radial axis indicates the distance in meters from the wellbore. The axial direction indicates
the depth in km.

At the base of the well the recharge of condensate back into the resource is expected leading to
higher liquid saturations as observed in the figure below (Figure 12). The condensate shows a
lower pH since HCI, HF and other species are scrubbed from the gas into the condensate. While
the condensate recharges back into the resource boiling occurs which leads to high concentrations
of solute in the reservoir (higher ionic strength).

Figure 12: Temperature, liquid saturation, ionic strength and pH in the near wellbore region at the bottom of
the well are represented after a period of 6 months of continuous operation at the preferred flow rate.
The radial axis indicates the distance in meters from the wellbore. The axial direction indicates the depth
in km.
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It is also to be noted that the condensate in the well is more dilute of chemical species and boiling
leads to higher concentrations in the reservoir. The order of magnitude of species concentration
follow the order: [CI]>[K]>[SiO2]>[H2S] as observed in the figure below (Figure 13). This is in
agreement with the geochemical data for the Clear Lake region (Moore et al., 2000; Donnelly-
Nolan et al., 1993).

Figure 13: Cl, SiO2, K, and H>S concentrations at the base of the well are represented after a period of 6 months
of continuous operation at the preferred flow rate. The radial axis indicates the distance in meters from
the wellbore. The axial direction indicates the depth in km.

Condensate drainage also causes quartz and calcite dissolution around the open well at the base of
the well. Albite and epidote precipitation also occur at the base of the well although at very low
volume fraction change as observed in the figure below (Figure 14). These minerals do not
represent any risk of scaling due to the equilibrium temperature and the low order of magnitude
condensate flow.
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Figure 14: Quartz, albite, epidote, and calcite concentrations at the base of the well are represented after a
period of 6 months of continuous operation at the preferred flow rate. The radial axis indicates the
distance in meters from the wellbore. The axial direction indicates the depth in km.

Plagioclase and wairakite dissolution is also caused due to condensate drainage/boiling.
Microcline dissolution and precipitation is also formed along with minor dolomite precipitation.
These minerals do not represent any risk of scaling due to equilibrium temperature, and order of
magnitude of condensate (Figure 15).

Figure 15: Microcline, plagioclase, wairakite, and dolomite concentrations at the base of the well are
represented after a period of 6 months of continuous operation at the preferred flow rate. The radial axis
indicates the distance in meters from the wellbore. The axial direction indicates the depth in km.
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3.3 Thermal-Hydraulic-Mechanical (THM) Modeling

The thermal hydraulic mechanical modeling approach used in this paper was developed and
extensively validated for The Geysers geothermal area (Garcia et al., 2016; Rutqvist et al., 2016).
The mechanical stress changes and the potential of well integrity along with the micro-seismic
effects were studied in detail. In general, geomechanical changes will be driven primarily by
pressure and temperature changes. Since no fluid is injected, pressure changes are not significant.
In other words, it was found that the geomechanical changes incurred due to the S2PGL system
were far less than the changes that would be expected from a typical injection well in The Geysers
area such that the resource risk of S2PGL systems will be far less than conventional geothermal
systems. Temperature changes were found to be relatively small overall, with the biggest changes
of about 30°C cooling at the bottom of the well as observed in the figure below (Figure 16) and an
8°C cooling in the casing. Temperature changes along the open borehole wall using the S2PGL
technology were found to be insignificant for borehole instability.

Figure 16: Temperature change at the bottom of the wellbore as a function of time (1 day, 1 week, and 6 weeks
respectively). Cooling in the liquid zone reached steady conditions at around 6 weeks of continuous
operation.

The microseismic potential of the S2PGL was estimated using TOUGH-FLAC based in the
approach developed and applied in previous studies of The Geysers (Rutqvist et al., 2016). The
stress changes induced by temperature and pressure changes are calculated and using a Coulomb
type of criterion, the potential for causing microseismic events are estimated. The criterion have
been validated against observed micro-seismicity around injection wells at The Geysers (Rutqvist
et al., 2015; 2016). The figure below (Figure 17) shows liquid saturation along with changes in
temperature and pressure, and calculated seismic potential after 6 weeks of operation. The seismic
potential correlates with the cooling zone below the well, while the pressure changes were found
to be low (less than 0.05 MPa) with no significant impact on stress. The micro-seismic volume
(dark blue area in the figure below) 150 m height and 100 m horizontal extent is small and would
not be expected to induce seismicity that could be felt on the ground. Because the micro-seismic
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volume is limited in extent, the likelihood of activating larger fractures or faults that could give
rise to felt events is small.

Figure 17: Liquid saturation, temperature and pressure changes, and seismic potential estimations respectively
are represented at the bottom of the wellbore after 6 weeks of operation. The seismic potential correlates
with zone of cooling while pressure changes are negligible and have no significant impact stress. The
micro-seismic volume is small and would not be expected to induce seismicity that could be felt on the
ground.

The seismic potential and temperature change was also compared with 4 months of continuous
S2PGL operation and was found to be very minimal although the zone of temperature and seismic
potential expanded from 6 weeks to 4 months as shown in the figure below (Figure 18).

Figure 18: Temperature change and seismic potential estimations in °C and MPa are represented at the bottom
of the wellbore after 6 weeks and 4 months of continuous operation at the preferred flow rate
respectively. The micro-seismic volumes in both the scenarios are found to be relatively small.
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The sensitivity of seismic potential to rock elastic modulus was also studied (Figure 19). Even
when the rock elastic modulus was increased to 34 GPa from 3.3 GPa, the micro-seismic volume
was found to be small. Therefore, the micro-seismic potential was found to be much smaller than
typical injection wells required in conventional geothermal technology (Rutqvist et al., 2015;
2016).

Figure 19: Sensitivity of seismic potential to rock elastic modulus. It can be observed that the area of micro-
seismic influence is very small even when the rock elastic modulus is increased to about 34 GPa from 3.3
GPa.

4. Conclusions

The THMC modeling of the S2PGL technology was developed and simulated for a well in the
Southeast Geysers area using TOUGH-REACT and TOUGH-FLAC. At first the native-state
conditions of The Geysers resource was developed to capture the observed depth of the liquid cap
and steam zone as well as the approximate reservoir pressures and temperatures. The DBHX model
in the simulation used was compared with GFE’s DBHX model and was found to be in good
agreement. Gravity drainage of condensate in the well fills the lower 60-80 meters of the wells and
flows by gravity and imbibition into the surrounding unsaturated reservoir rock. THC modeling
shows a higher CH4 mole fraction as compared to the CO2 mole fraction in the NCG stream
suggesting that CO., HCI, and HF are scrubbed from the steam into the condensate. Minor
dissolution of primary silicates below the wellbore and dissolution/precipitation in rock just below
and around the DBHX are also shown through the THC simulations. The net changes in porosity
were found to be minor over the 6 month period of simulation and are therefore not expected to
impact the S2PGL testing. The THM analysis indicates minor geomechanical impact of the S2PGL
operation because temperature and pressure changes are minor in the host rock. The most
substantial geomechanical changes are expected to occur at the bottom of the injection well as a
result of local cooling, but of smaller magnitude than typical conventional geothermal operations.
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ABSTRACT

Connecting the wellbore to the reservoir is critical for water injection and geothermal water
production doublet success. This connection enables fluid to flow efficiently through the rock for
heat capture and then upward into the closed-loop distribution network for heat generation into
facilities, greenhouses, and residences when applicable. The reservoir requires specific key
attributes (i.e., adequate temperature, porosity, permeability, structure, and others) to be a good
source rock; however, these factors are in situ and are not changeable. One item to manipulate for
optimum flow is the completion design (i.e., type/ size of casing, type/rate of injected/ produced
fluid, well spacing, and others). This study will focus on two key aspects, 1) the casing design and
bespoke tools for its protection during the running of completion equipment (i.e., perforating
equipment), and 2) the best perforating equipment to use to establish flow path connectivity from
the well to the reservoir for injection and vice versa for production. Note: These are sometimes
different.

The Greenport Westland-Oostkand area is a sizeable geothermal district heating project near
Maasdijk, Netherlands. Its master plan comprises 153 doublets spread over a 170 km2 area. Upon
completion, it has the potential to provide 25% of Greenport's greenhouses with heat for 30 years.

Within this area, there are two target sandstones within several wells drilled:

1. Delft- shallower, cleaner (~50m), with ~150m gap in between,
2. Alblasserdam- deeper, less clean, thicker (~150m)

Unfortunately, some of those experienced sand production and well integrity challenges. The
current design utilizes familiar oilfield well construction and cementing; however, it differentiates
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with Glass Reinforced Epoxy (GRE) lined casing to protect from highly corrosive salt water. The
current plan is to use an oilfield completion technique that consists of a Tubing Conveyed
Perforation (TCP) system conveyed on Coiled Tubing (CT) using a Dynamic Underbalance
technique (DUB) to provide uniform wellbore under balance at the time of firing for optimal
perforation tunnel cleaning.

This case study will discuss the innovative technologies used to ensure a 30-year life. It will also
explore the process and innovation behind the devices used to protect the GRE-lined casing, which,
if damaged, can cause leaks and failure leading to costly intervention, well abandonment, and
especially heat loss for surface facilities. It will also discuss advanced perforating design driven
by rock mechanics, based on pre-job modeling and core analysis when available, as well as post-
job well flow analysis, using Production Logging Tools (PLT), Injectivity tests, and production
flow tests.

The efficient collaboration between the Client, Expro, and third-party experts was essential for
effectively designing, delivering, and implementing these well-integrity concepts. So far, we have
completed two wells with two runs each. The Client now awaits connection to surface facilities to
begin geothermal heat production..

1. Introduction

Expro was awarded a ten-well TCP project for a geothermal district heating initiative. The project
consisted of five pairs of wells, known as doublets, each with specific target sandstones. The first
target zone, Delft, comprised shallower, cleaner, and thinner sandstones, with a gap of
approximately 150m/492 ft between them. The second zone, Alblasserdam, featured deeper, less
pure, and thicker sandstones. The project faced several challenges: The first involved protecting
the Glass Reinforced Epoxy (GRE)-lined casing during interventions.

Additionally, a uniform wellbore under balance had to be achieved during firing to ensure optimal
perforation tunnel cleaning across the entire perforating interval. Another challenge was ensuring
the successful and safe deployment, firing, and retrieval of the long bottom hole assembly (BHA)
on Coiled Tubing (CT). Furthermore, managing the risk associated with two independent rig set-
ups, each requiring different lifting, handling, risk assessment, and personnel competencies and
training, posed a significant challenge. Lastly, the project had to be executed efficiently within
tight timelines, considering an active drilling project and avoiding costly downtime and penalties.

This paper will discuss how we overcame the challenges and how post-job analysis (aka.
computerized modeling) allowed the understanding of the reservoir reaction to various perforating
systems to determine the best connection and flow regime. This analysis identified the best
perforating system for future wells for optimized injection and production flow.

2. Geothermal Project Parameters

The project is a geothermal district heating initiative near Maasdijk, NL [Fig 1, 2]. As part of the
master plan, 153 doublets cover a vast area of 170 km2. The project focuses on two sand targets,
namely Delft and Alblasserdam. Its objective is to provide heat to 25% of the greenhouses in
Greenport for 30 years.
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Fig. 1: Map View of Netherland’s Fig. 2: Schematic of Doublet Wells and
Greenport Westland-Oostkand area, Target Reservoirs
Van Leeuwen, W. et al (2019) https://allesoveraardwarmte.nl

Some previous wells drilled and completed by the Client in the area encountered sand production
and integrity challenges. As a result, the completion plan for the 10-well project involved
perforating the wells using a continuous string of Tubing Conveyed Perforating (TCP) guns with
the Static/Dynamic Underbalance (DUB) technique. However, Expro's analysis revealed potential
risks associated with gun misfires and weight/shock load concerns when running on CT. As such,
we agreed to break the long intervals into two runs to address these concerns. We selectively
perforate each zone using Deep Penetrating (DP) charges for the DUB run and "reactive” DP
charges on the subsequent run when the wellbore was no longer underbalanced. Reactive liners
produce heat and pressure as part of the perforating event, thus providing perforation tunnel
cleaning in the formation similar to DUB. This solution aimed to mitigate the identified risks and
ensure the safe and efficient execution of the project.

The Greenport Westland-Oostkand area has had a long history of geothermal production since
2007, as Van Leeuwen et al. documented in 2019 [Fig. 1]. The Client designed the configuration
to ensure that thermal breakthrough occurs only after a certain number of years, optimizing heat
extraction. The spacing between production and reinjection wells is also carefully planned,
considering variations in reservoir thickness and temperature. The formation depths in this area
offer adequate temperatures, with a geothermal gradient of T=0.028*d+11 [Table 1]. Among the
formations, Delft exhibits the highest potential for transmissivity, making it a promising
geothermal reservoir [Table 2].

A Kkey concept in this context is the thermal breakthrough, which marks the end of a geothermal
system's lifetime. The extracted water's minimum temperature from the production well
determines this point, typically after 30 years [Table 3].
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Starting Points KNNSB SLDND
Flow rate (m¥h) 150 150
Equivalent full load hours (h) 5,000 5,000
Initial temperature (° C) 45-70 70-75
Injection temperature (° C) 40 40
Porosity (-) 0.19 0.23
Thickness (m) 25-90 25-90
Volumertic heat capacity [MJ/(m**K)] 2.5 2.6
Desired lifetime of doublet 30 30
Thermal retardation factor [-] 33 2.8

Table 1: Delft Sandstone Properties (Van Leeuwen, 2019)

Member pl0 p50 p90
Berkel Sandstone 709 22 1
Delft Sandstone 211 37 6

Table 2: % Probabilities of transmissibility (Van Leeuwen, 2019)

Berkel Sandstone | Nieuwerkerk
Member Formation
HIP [TJ] 200,950 506,800
Heat extracted (masterplan) [TJ] 73,500 274,300
Percentage of HIP [%] 37 54
Doublets 39 114
Surface greenhouses [ha] 189 714

Table 3: Analytical results of Geothermal Project
Note: HIP= Total Amount of present heat (Van Leeuwen, 2019)

3. Challenges and Solutions
3.1 Protection of Glass Reinforced Epoxy (GRE)-lined casing during the intervention

A significant challenge in the project was the need to protect the Glass Reinforced Epoxy (GRE)
lined casing during intervention activities. The conditions posed additional difficulties due to using
highly corrosive 1.08 Specific Gravity Salt Water with a salinity of approximately 10.8% (9.01
Ib/gal). Furthermore, the production water rate was approximately 75,000 barrels per day, putting
strain on the casing. The casing was a large 9 5/8" size, designed for a completion life of 30 years.
The GRE lining was crucial for maintaining the wellbore's integrity over this extended period.

As such, we implemented a remedy using specially designed roller connectors to protect the GRE-
lined casing [Fig. 4,5]. The success of this solution relied on efficient collaboration between the
Client, the company, and external experts, ensuring the timely design, delivery, and
implementation of the protective measures, ultimately ensuring the longevity of the well.
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Fig. 4- Roller Sub Design Fig. 5- Drag Test Results

3.2 Providing uniform wellbore under balance at the time of firing for optimal perforation
tunnel cleaning across the entire perforating interval

Another challenge faced in the project was the need to provide a uniform wellbore under balance
at the time of firing to ensure optimal perforation tunnel cleaning throughout the entire perforating
interval. To address this challenge, Expro utilized our expertise in TCP (Through Tubing
Conveyed Perforating) operations due to its ability to simultaneously create and clean long sections
of the perforating interval. The process involved using explosive jet charges to create holes in the
gun body, wellbore casing, and formation, forming perforation tunnels.

Dynamic Underbalance (DUB) was employed to achieve uniform cleaning; DUB allowed higher
pressure formation fluid to surge-clean the perforations into lower pressure evacuated guns,
maintaining a pressure of 0 psi [Fig. 6]. By implementing these methods, the project aimed to
ensure effective and thorough cleaning of the perforation tunnels, enhancing overall operational
efficiency.

Note: DUB is a timed event:
o First, the perforating guns fire- Completed in psec
e Next, DUB occurs- Completed in msec through secs

To actuate the gun system through closed-system CT, Expro's proprietary Auto-Vent Firing
System, using absolute pressure, was selected as fit-for-purpose for this application.

Fig. 6- Dynamic Underbalance, Fadzil et al (2021) Fig. 7- Proprietary Auto-Vent Firing Assembly
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3.3 Successful deployment of long bottom hole assembly (BHA)

It was essential to ensure the successful and safe deployment, firing, and retrieval of an extended
bottom hole assembly (BHA) since the Client required we run long intervals of large OD
perforating guns with high-shot density on small-diameter Coiled Tubing. The perforating guns
had an outer diameter of 114 mm (4.5 in) and a high shot density of 39 shots per meter (12 shots
per foot). The Coiled Tubing had a small outer diameter of 50.8 mm (2.00 in), tiny AMT threads
with a diameter of 38.1 mm (1.50 in), and low tensile strength of 42,000 Ibs.

The Company's Reservoir Engineering team took remedial measures to address this challenge.
They performed shock modeling using PulseFrac to evaluate and ensure the successful
deployment, firing, and retrieval of the long BHA on Coiled Tubing [Fig. 7, Tables 4]. By
conducting this analysis, the team aimed to mitigate potential risks and uncertainties associated
with the Coiled Tubing operations, ensuring the project's overall operational success and safety.

Fig. 8- Modeling results showing no failure points Table 4- PulseFrac modeling results

Of special importance:

e Top Graph- Final Skin = -0.3, at/or below +1.0 indicates like-virgin formation with no
damage.

o Middle Graph- Max Tool Movement = -8.12 ft/ -2.47 meters, which indicates that the BHA on
Coiled Tubing moves up but does not fail

o Lower Graph- Static UB generated= 49 bar/ 714psi, with DUB generated= 406 psi. This
pressure directly affects the BHA movement due to shock as fluid enters empty gun carriers.

Additionally, we worked with the Client to split the perforation intervals into two separate runs.
However, this approach introduced a new challenge that must be addressed (#3a) [Fig. 8,9]. It is
essential to note the gun systems selected for the different wells.
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e For Injectors:

1. Lower Alblasserdam- 150m, 114mm/ 4.5in OD, 39spm/ 12 spf, Deep Penetrating (DP)
charge
2. Upper Delft- 50m, 114mm/ 4.5in OD, 39spm/ 12 spf, DP charge (reactive)

e For Producers:

3. Lower Alblasserdam- 150m, 114mm/ 4.5in OD, 39spm/ 12 spf, Good Hole (GH) charge
4. Upper Delft- 50m, 114mm/ 4.5in OD, 39spm/ 12 spf, DP charge (reactive)

By carefully selecting the appropriate gun systems and splitting the perforation intervals, the
project aimed to overcome the challenges associated with deploying and retrieving the BHA on
Coiled Tubing, ensuring successful operations and achieving project objectives.

e 1st Runs: Standard DP or GH charges used:

e Knowing that debris and perforation tunnel plugging would occur, we used DUB to surge
clean to remove debris and crushed zone.

Fig. 9- DP or GH system (Third party provider- Perforating gun system)
2nd Runs: Reactive liner DP charges used:

e Well has open perforations and is now at a balanced pressure condition, so DUB is no
longer possible.

e Instead, used Reactive Liner DP charges, which provide cleaning/ opening of the
perforation tunnel like DUB.

Fig. 10- Reactive liner system (Third party provider- Perforating gun system)
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3.4 Managing risk of two independent rig setups, which required different lifting, handling,
risk assessment, and personnel competencies and training.

One of the challenges faced in the project was effectively managing the risk associated with using
two independent rig setups, each requiring different lifting, handling, risk assessment, and
personnel competencies and training. The project involved the utilization of two setups. The first
setup involved a standard land drilling rig, which utilized rig equipment such as hoists and blocks
for lifting operations [Fig. 11]. The second setup was rig-less, utilizing a Coiled Tubing Tower
and Work Platform, which relied on a crane truck and Coiled Tubing (CT) unit for lifting [Fig.
12].

To address this challenge, the Company had trained and competent personnel skilled in performing
operations on both setups. Additionally, the Company possessed a full suite of equipment,
including proprietary and third-party equipment, specifically designed to ensure the safe pickup,
deployment, retrieval, and laydown of the required components [Fig. 13]. By having well-trained
personnel and a comprehensive set of equipment, the project aimed to effectively manage the risk
associated with the different rig setups, ensuring safe and efficient operations throughout the
project.

._=--85
1
Fig. 11- Land drilling rig Fig. 12- 3" party Coiled Tubing Fig. 13- 3™ party Coiled Tubing
BOP/ Lubricator/ Work Platform BHA- (same for both setups)

3.5 Executing efficiently to tight timelines around an active drilling project prevents costly
downtime and penalties.

One of the significant challenges in the project was executing efficiently within tight timelines
while working around an active drilling project, aiming to prevent costly downtime and penalties.
The Company had to navigate these time constraints to avoid delays carefully. To address this, we
collaborated with the Client and several separate companies responsible for different aspects of
the project. An integrated project management solution led by the Company was the key to success,
ensuring that information was effectively communicated and shared among all stakeholders. The
Company also relied on established relationships with key suppliers, who expedited deliveries and
adjusted schedules to meet the demanding delivery times required. We tapped into a deep
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personnel pool of employees and consultants to ensure comprehensive personnel coverage.
Subsequently, all potential personnel were trained using project-specific equipment and held in-
country, ready for deployment on Day 1 [Fig. 14, 15, 16].

By implementing these measures, the project aimed to overcome the challenge of tight timelines
and an active drilling project, ensuring efficient execution and avoiding costly downtime or
penalties.

Fig. 14- Company personnel Fig. 15-View of the Netherlands Fig. 16- Personnel
inspecting firing head assemblies  infrastructure visible from rig floor inspecting GRE casing
during in-country training during the Rig Visit

4. Reservoir Analysis

The perforation analysis model used Prosper PETEX™. The calculated gun penetration length
and entrance hole diameter came from the SPOT calculation tool. At the same time, the inflow
performance curve used the Darcy IPR model and System IPR/VVLP model. MacLeod was used
to calculate the mechanical/geometric skin, while Cinco /Martin-Bronz Skin model has been
used in this model to calculate the skin due to partial penetration.

4.1 Injection Well Flow Performance Results

Note: Estimated results based on reservoir parameter input and digital model analysis output, not
actual results.

Expro Subsurface Engineering analyzed the perforating guns for the Expro Netherlands
Geothermal Water Injector Project. As such, for an injector well, two cases have been investigated.

Case 1 examined the performance of the deep penetration gun configuration from DYNA (DYNA
4.5" DW 22.7g DP RDX/St) used at three upper perforation intervals in the Delft formation. The
best results were from Case 1c, yielding 258 m3/hour in Perforation Flow Performance [Table 5,
Fig. 17]
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Case 2 examined the performance of the deep penetration gun configuration from DYNA (DYNA,
45" 23g DPEX HMX St) used at the seven lower perforation intervals in the Alblasserdam
formation. The best results were from Case 2g, yielding 263 m3/hour in Perforation Flow
Performance [Table 6, Fig. 18]

This table on the next page represents the estimated injection perforation flow performance based
on the data provided by the Client. Below are the gun performance results tables generated based
on the modeling work undertaken and the data supplied by the Client. The table shows the gun's
total penetration depth and casing entrance hole diameter with the resultant perforation flow
performance. We calculated the IPR/VLP injection flow potential in m3/hr from the IPR of the
layers of interest.

4.1.1 Run1:

Upper Delft Formation - shot 50 psi static underbalanced, so automatic formation surge-cleaning
probable (Formation P > Wellbore P)

o The Client selected three small perforation intervals within the larger formation interval
based on the geologic interpretation of log data: these were the best stringers within the
Delft sand section.

e The gun system used DP charge (Before the small entry hole and narrow penetration to
begin with), which provided no formation cleaning as part of the perforation creation event;
however, static UB provided that (After the same entry hole but a large clean tunnel).

Table 5- Modeling Analysis for Injector Run 1
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Fig. 17- Case 1c- Perforation flow performance under downhole conditions

4.1.2 Run 2:

Lower Alblasserdam Formation- shot balanced conditions, so no automatic formation surge-
cleaning possible (Formation P= Wellbore P)

o The Client selected seven small perforation intervals within the larger formation interval
based on the geologic interpretation of log data: these were the best stringers within the
Alblasserdam silty sand section.

e The gun system used DP "Reactive" charge (Before the small entry hole and narrow
penetration to begin with) to provide formation cleaning as part of the perforation creation
event (After the same entry hole but a large clean tunnel).

Fluid DepthfLayer Permeability Injection Pressure

{m) MD [mD) BARa - {Inches] | |degrees) | Shots/ft | [inches) {inches) {m3/hour)

Table 6- Modeling Analysis for Injector Run 2
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Fig. 18- Case 2g- Perforation flow performance under downhole conditions

Note: This is a reversal in the Clients original plans, where he planned:

e Run 1 to perforate the lower Alblasserdam with DP charges using SUB (50 bar/ 725 psi)

e Then Run 2 perforate the upper Delft with Reactive DP charges with a balanced wellbore. In
actuality, the program changed:

e Run 1 to perforate the upper Delft with DP charges using DUB,

e Then, Run 2 perforate the lower Alblasserdam with Reactive DP charges with a balanced
wellbore.

The Client changed his decision due to losses during drilling. He switched the order to allow the
cleaner Delft to be underbalanced for optimum cleaning, leaving the more extensive and less clean
Alblasserdam for reactive liners.

4.1.3 Post-Job Analysis:

Compare modeling data to Client flow test results:

e Injector (related to models in 2.3.1 and 3.1)- ran PLT, but spinner stopped, so unfortunately,
no good data.
e However, promising results from injection test
0 Top perforations took 70% vs. 30% for the bottom

Compare that to the original model, which calculated Final Skin=-0.3, so close match.

Table 7- PulseFrac modeling results for Injector
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4.2 Producer Well Flow Performance Results

Note: Estimated results based on reservoir parameter input and digital model analysis output, not
actual results.

4.2.1 Run1:

Lower Alblasserdam Formation- shot 30 psi static underbalanced, so automatic formation surge-
cleaning probable (Formation P > Wellbore P)

e Twelve small perforation intervals were selected within the larger formation interval based
on geologic interpretation of log data identifying the best stringers within the Alblasserdam
silty sand section.

e The gun system used GH charge (Before moderate entry hole and shorter moderate
penetration to begin with), which provided no formation cleaning as part of the perforation
creation event; however, static UB provided that (After same entry hole but large clean
tunnel).

Table 8- Modeling Analysis for Producer Run 1
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Fig. 19- Case la- Perforation flow performance under downhole conditions

4.2.2 Run 2:

Upper Delft Formation- shot balanced conditions, so no automatic formation surge-cleaning
possible (Formation P= Wellbore P)

o Six small perforation intervals selected within the larger formation interval based on geologic
interpretation of log data identifying the best stringers within the Delft sand section.

e The gun system used GH charge (Before moderate entry hole and shorter moderate penetration
to begin with), which provided no formation cleaning as part of the perforation creation event.
With no under balance possible, no perforation tunnel was provided (After the same entry hole
and same perforation tunnel).

Table 9- Modeling Analysis for Producer Run 2
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Fig. 20- Case 2c- Perforation flow performance under downhole conditions

4.2.3 Post-Job Analysis:

Compare modeling data to Client flow test results:

e Producer using GH charges- ran PLT, but spinner stopped, so no data
e However, good results from injection test:

0 Top perforations took 70% vs. 30% for the bottom

o Final Skin=-0.75

Compare that to the original model, which calculated Final Skin=-0.3, so close match.

Alblasserdam Sand: Wellbore fluid level at 415m, Hydrostatic static
Pressure = 246.8 bar (3,579 psi), static underbalance (UB) =29.2 bar

(423 psi)
Blank Guns: =3m (MD)
Alblasserdam Sand Perforation Interval: =172m (MD)
Final Skin Max Tool
Static UB DUB Created Factor Movement Max. Pressure | Min. Press..
(ps1) (psi) () (pst) (pst)
423 421 -0.3 -2.54 4.872 3.579

Table 10- PulseFrac modeling results for Producer

5. Recommendation

Given the acceptable results in the Producer well when using Good Hole (GH) charges, the next
Injection well will be tested with GH charges to compare against the first well, which used the DP
and DP reactive charges.

This downhole result comparison will allow the optimization of further completion designs.
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6. Conclusion

The Greenport Westland-Oostkand area has a long history of geothermal production since 2007.
The project is a geothermal district heating initiative located near Maasdijk, NL. As part of the
master plan, 153 doublets will exist across a vast area of 170 km2. Its objective is to provide heat
to 25% of Greenport's greenhouses for 30 years.

Previous wells drilled and completed by the Client in the area encountered sand production and
integrity challenges. As a result, the completion plan involved perforating the wells using a
continuous string of Tubing Conveyed Perforating (TCP) guns with the Static/Dynamic
Underbalance (DUB) technique.

Expro was awarded a ten-well TCP project for a geothermal district heating initiative. The project
consisted of five pairs of wells, known as doublets, each with specific target sandstones. The first
target zone, Delft, comprised shallower, cleaner, and thinner sandstones, with a gap of
approximately 150m/492 ft between them. The second zone, Alblasserdam, featured deeper, less
clean, and thicker sandstones.

To date, two wells (4 runs total) have been completed, with several challenges addressed as part
of the successful completion. We discussed the specifics of the challenges within this paper.

The Client derived significant value from the project by efficiently applying proven completion
technology and expertise from the oil and gas industry. This approach aimed to enhance
productivity in the geothermal project, thereby bolstering energy security and supporting energy
transition initiatives.

To ensure the successful completion of the project, the Company provided an integrated project
management solution encompassing technical expertise, supply chain coordination, and
operational excellence.

The injection and production results are undergoing further analysis to evaluate the effectiveness
of the selected gun systems and optimize the bottom hole assembly (BHA) assemblies for future
use in these wells.

By leveraging these strategies and conducting thorough evaluations, the project aimed to deliver
tangible benefits to the Client, fostering increased productivity and success in this geothermal
venture.
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ABSTRACT

Over the last decade, geothermal operators increased their use of legacy electric submersible pump
(ESP) technology in lower- and medium-enthalpy wells because of the significant practical
benefits over conventional line shaft pumps, establishing a favorable performance record. At the
same time, a reliable and flexible lifting solution suitable for high-enthalpy wells did not exist in
the industry.

Extensive expertise derived from petroleum applications, combined with recent breakthroughs in
high-temperature materials and ESP technology, resulted in a purpose-built geothermal ESP
system capable of delivering over 1,000 HP with high reliability and efficiency in extreme well
temperatures of more than 200°C (392°F).

Pilot deployment at Kizildere geothermal field in Turkey helped to validate performance and
demonstrate longer-term reliability for the newly developed high-enthalpy geothermal ESP, while
boosting individual well revenue by over 50% for the operator.

1. Introduction

The world is now putting an increased focus on more-efficient utilization of geothermal resources
to meet global demand for power generation and district heating applications, in line with 2050

52



Fastovets, Radov et al.

net-zero emissions commitments. Geothermal assets offer an abundant, clean, sustainable,
dependable, and cost-competitive option compared to traditional hydrocarbon and alternative
renewable sources.

As a result, installed geothermal capacity for power generation alone (Fig. 1) is poised to at least
double by the end of the decade. This is enabled primarily by new well drilling, and, potentially,
repurposing of existing petroleum wells at a fraction of new project cost (Ashena, 2022). At the
same time, existing assets may experience further deterioration in reservoir pressure and hence
production deliverability, necessitating an efficient and reliable artificial lift mechanism.
Additionally, certain governmental incentives have been introduced by leading geothermal-
producing nations to boost sustainable power generation in the short to medium term, offering the
operators an attractive option to maximize recovery from their aging reservoirs with artificial lift
support.

Figure 1: Projected growth in geothermal power generation capacity (after Rystad).

For nearly 100 years, the petroleum industry has relied heavily on electric submersible pump (ESP)
technology for its lifting requirements. It is estimated that ESPs currently account for
approximately 80% of global oil production and are deployed in close to 200,000 production wells.
This has driven major developments in ESP technology to enable reliable operation in a variety of
well environments globally, from relatively benign (characterized by lower temperature, stable
inflow, and absence of abrasive and corrosive components in the produced fluid) to extremely
harsh conditions that include bottomhole temperatures of up to 250°C (482°F) at pump intake.
Most recently, dedicated geothermal ESPs have been engineered by leading ESP suppliers,
leveraging extensive expertise from high-temperature and high-reliability petroleum applications,
while addressing specific challenges of geothermal projects.
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It is projected that approximately 800 wells will be drilled yearly by 2030 to feed geothermal
power plants (Fig. 2). Nearly half of these wells will fall in the 250°C (482°F) and lower
temperature category, which now makes them potentially pumpable with the new geothermal ESP
designed for high-enthalpy wells.

Figure 2: New geothermal well drilling forecast (after Rystad).

Depending on the actual bottomhole temperature, suitable ESP technology can be configured that
meets the well conditions and project economics. This paper will highlight major design
improvements of ESP technology tailored for high-enthalpy geothermal wells, along with the key
advantages of ESP use over traditional line shaft pump (LSP) applications. These include higher
production capability in deep and deviated wellbores due to closer placement to the reservoir,
lower parasitic losses due to higher motor and pump efficiency, and maintenance-free operation.
The history of high-temperature, high-power, and high-reliability ESP development and
operational performance will be summarized. Finally, case studies and the record of ESP
performance in geothermal wells will be presented, ranging from lower-enthalpy wells in the US
to higher-enthalpy applications in Iceland and Turkey, including the pilot installations of the newly
developed high-temperature geothermal ESP.

2. Comparison of Electric Submersible and Line Shaft Pumps

Historically, line shaft pumps have been the dominant artificial lift method in geothermal wells
that fail to sustain economically sufficient rates with reservoir energy alone. The eventual need for
mechanical lifting may be precipitated by gradual reduction in reservoir pressure and/or loss of
noncondensable gases (NCG) content over time, resulting in reduction, or complete loss of artesian
flow against wellhead pressure requirement, dictated by surface power plant and piping network
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setup. In some cases, it may be beneficial to artificially lift the well from the onset of production
due to higher flow rate capability and better economics.

The fundamental advantage of LSP technology is that the most complex and vulnerable
component, the electrical motor, is placed on the surface rather than downhole. This protects the
motor from well fluid exposure and enables quick and relatively inexpensive repair if a motor fails.
However, this also places a significant limitation on LSP applications—since the motor is linked
with the pump by a long rotating shaft, an LSP can only be deployed in a relatively straight section
of the well and to a maximum depth of ~250 m (Aydin et al., 2021).

ESPs, on the contrary, have been successfully deployed in very deep wells and at very high
deviation, including horizontal bores. A 1936 Tulsa article in the newspaper Tulsa World aptly
described the ESP (a novel invention at the time) as “an electric motor with the proportions of a
slim fencepost which stands on its head at the bottom of a well and kicks oil to the surface with its
feet” (Aoghs.org Editors, 2023).

Placing the ESP motor and pump intake “at the bottom of the well”, or much closer to the reservoir,
unlocks additional drawdown capability that is simply not possible with LSP technology. ESPs
can also be designed to operate at much higher speed (with surface variable speed drives), helping
to increase production flexibility and/or further reduce the overall length of the system for even
better placement in deviated wellbores. Other researchers (Lovekin et al., 2020) mention the
following additional advantages of ESPs over LSPs:

. The ESP is compatible with scale inhibitor injection. Since the ESP is deployed on tubing
(or smaller casing) much closer to the producing interval, chemical can be delivered at a deeper
point with better efficacy.

. Installation time and cost are reduced due to factory-prepared, modular components.
Current ESP technology does not require oil servicing during installation or at any point during
the operation of the ESP. According to Aydin et al. (2021), an LSP workover requires 15 to 20
days in total, while ESP can be replaced much more quickly in only 2 to 5 days.

. There is no contamination by lube oil (required for LSP operation) of reservoir or process
fluid due to self-contained lubrication.

Additionally, in higher-enthalpy wells, it may become necessary to reduce the temperature by
introducing cooler water and/or further decrease LSP setting depth to minimize thermal expansion
effects and achieve better reliability. Even then, LSP longevity may not be satisfactory (Bilfinger
and Thorbergsson, 2021), leading to premature failures, process disruptions, and expensive and
time-consuming workovers.

Since all ESP components (Fig. 3) are deployed downhole and continuously exposed to high
bottomhole temperature (combined with additional heat rise generated by the ESP motor and pump
itself), it is obvious that they must be designed with suitable materials and superior reliability to
deliver commercially viable runtimes in such extreme conditions. While originally ESPs have not
been intended for high-temperature applications, major technology breakthroughs in the recent
decades enabled ESP use in very high temperature environments, albeit predominantly in the
petroleum sector to date.
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Figure 3: ESP system components.

Despite these benefits, so far ESP technology has found limited use in high-enthalpy geothermal
wells, largely due to significant limitations in motor horsepower and, hence, flow capacity. A
purpose-built geothermal ESP for high-enthalpy applications should uniquely combine the
following capabilities:

. High temperature resistance, enabling deployment in wells with >200°C (392°F)
bottomhole temperature

. High horsepower (>1,000 HP) and flow rate (>1,000 tons per hour) capacity

. High reliability and extended run life measured in years not days or months, eliminating
costly workovers and process disruptions

. High system efficiency, reducing the parasitic load

While there are existing ESP technologies capable of addressing these requirements individually,
they have not been available in a single ESP system until recently. We will now discuss in more
detail the foundations of these specific developments and how they all came together in the unique
geothermal ESP offering tailored specifically for high-enthalpy wells.

3. Development of High-Temperature ESP

The story of the original ESP starts well over a century ago and is tightly linked to the name of
Armais Arutunoff, a Russian engineer of Armenian origin (Aoghs.org Editors, 2023), who
eventually immigrated to the US in 1923. Arutunoff was able to accomplish a seemingly
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impossible task of designing a sealed, oil-filled electric motor capable of operating fully
submerged, in a relatively slim casing (Fig 4). Arutunoff engineered a seal, or “protector” unit,
placed on top of the motor to prevent motor oil contamination with well fluid, and used his
invention to drive a multistage centrifugal pump deep inside a wellbore to produce oil and water.

Figure 4: ESP inventor Armais Arutunoff pictured next to his submersible motor, circa 1936.

Arutunoff’s REDA (Russian Electro Dynamo of Arutunoff) pump is the very foundation of today’s
ESP technology, and many of the original concepts still hold true. For example, placing the motor
below the pump intake enables the heat generated by motor windings to be efficiently transferred
to the produced fluid flowing past the motor—a neat solution to facilitate superior motor cooling.

Over the following decades, ESP technology was gradually improved and developed to address
various challenges in petroleum wells, ultimately becoming the dominant artificial lift method and
producing approximately 80% of global oil, most commonly in moderate bottomhole temperatures
of 70 to 100°C (158 to 212°F). However, at the turn of the century, a new challenge emerged in
the form of heavy oil and bitumen applications. These operations required high-temperature steam
to be injected into the reservoir to reduce the oil/bitumen viscosity to the point that a centrifugal
pump can efficiently handle, but also resulting in bottomhole temperatures far beyond what a
conventional ESP could manage. This spurred the development of a high-temperature ESP (Fig.
5).
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Figure 5: High-temperature (HT) ESP development milestones.

For example, steam-assisted gravity drainage (SAGD) applications in Canada required an ESP
with up to ~300 HP at 250°C (482°F) ambient bottomhole temperature rating. Such temperatures
place extreme stress on multiple system components, primarily on nonmetallic materials,
especially after extended exposure resulting in thermal aging. Caridad and Shang (2019) describe
the following key ESP failure points and areas that needed substantial improvement to enable
reliable operation at high temperatures:

. The motor insulating system is impacted by both well ambient temperature and the
temperature rise caused by operation of the motor itself. This was addressed by development and
extensive qualification of new high-temperature materials used for winding wire insulation and
other insulating components.

. Axial and radial bearings operate with high friction due to high mechanical loads and
reduced oil viscosity at elevated temperatures. This required use of hard ceramic bearings with
improved wear resistance, specially formulated high-viscosity oil, and a new mechanism to fill the
motors and protectors with clean, purified, and degassed oil during the manufacturing process.

. Shaft seals, located in the protector unit, serve as a sacrificial barrier between the harsh
well environment and clean oil inside the motor. These seals are critical to reliability, as increasing
the number of seals and their individual robustness directly results in improved ESP longevity and
reduction of failures. Bespoke metal bellow shaft seal design with extended travel was necessary
to address these requirements. In addition, metal bellow oil compensation chambers are used
instead of elastomeric, to accommodate motor oil expansion and contraction during operational
cycles.

. Elastomers, primarily joint O-rings, are subject to hot water and (sometimes) steam
exposure. A new high-temperature fluoropolymer recipe was ultimately developed to withstand
higher temperature and provide increased tolerance to steam. In addition, a dual seal system was
introduced to ensure proper sealing at very low (such as ambient conditions during winter installs
in Canada) and very high (when operated downhole) temperatures.
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Significant improvements in reliability have been demonstrated with described technology
upgrades across three most-recent generations and several thousand installations of high-
temperature ESP systems (2003 to 2017). Specifically, the fourth-generation system delivered
~10% reliability improvement over previous generation, and over ~40% higher 1-year
survivability compared to the older second-generation high-temperature ESP (Fig. 6). A smaller
number of systems demonstrated extraordinary run times of ~10 years or more at extreme
bottomhole temperatures of over 200°C (482°F). As the well conditions continued to become even
hotter and harsher, ESP technology was able to successfully rise to the challenge and ultimately
became the backbone of SAGD heavy oil production.

Figure 6: Survivability improvement for different generations of high-temperature ESP (after Caridad and
Shang, 2019).

4. Bridging the Power and Reliability Gap

Despite excellent performance of the SAGD ESP in extreme temperature oil-well applications,
relatively low power availability (less than 300 HP at the rated bottomhole temperature of 250°C,
or 482°F, required in shallow heavy-oil wells) and reduced flow-rate capacity restricted its
practical use in most geothermal projects. To bridge this gap, it was necessary to tap into offshore
deepwater subsea ESP expertise.

By design, subsea ESPs must deliver higher power and flow rate (indicative of deep and prolific
offshore and subsea oil wells) and guaranteed reliability, considering the multimillion-dollar (and
up to tens of millions) workover cost of a subsea well. A commonly installed offshore/subsea ESP
today has 1,500-HP motor capacity and is expected to operate for at least 5 years with 95%
confidence before needing a workover (Vergara et al., 2019).

Meeting this steep reliability target required a radical overhaul of engineering, manufacturing, and
operational practices, compared to a conventional onshore ESP. Pastre and Fastovets (2017)
presented results of a methodical failure analysis and holistic ESP run life improvement for a major
offshore project in the North Sea, based on the data collected from over 200 ESP installations and
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162 failures between 2003 and 2017. Focusing specifically on the electrical subsystem reliability
(motor, protector, and motor lead extension or MLE), they demonstrated that 100% survivability
for 2 years (as of 2017) is achievable with latest component and material upgrades in a fourth-
generation system (Fig. 7). According to 2022 data available to the authors, all fourth-generation
units installed between 2015 and 2016 (with exception of one pulled for reservoir reasons)
referenced in the 2017 paper were still operational in 2022, demonstrating run life of 5 to 7 years
at that point.

Figure 7: Survivability comparison of different generations of electrical subsystem
for offshore ESP (after Pastre and Fastovets, 2017).

Similarly, Vergara et al. (2019) describe the deepwater subsea ESP reliability improvement for
Jubarte project offshore Brazil. The project uses 1,500-HP ESP boosters deployed on the seabed
at water depth of ~1,300 m (~4,260 ft), which makes intervention for ESP replacement very costly
and places a very high premium on reliability. At least 50% of recorded system failures in the
project are related to the motor (part of electrical subsystem). Therefore, major engineering efforts
went to improving motor and power delivery system robustness since the start of the project in
2009.

Among the vast number of motor design improvements, two stand out as perhaps most critical to
reliability:

. High power, split phase MLE (electrical power delivery system)

. Stator winding encapsulation
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The MLE runs alongside the ESP and connects the power cable (that runs all the way to the surface)
to the power terminals in the motor head. In a higher-power application, it is required to carry high
voltage (up to 5,000 volts) and high amperage (over 200 amps), also resulting in significant heating
both from the current load and the ESP temperature rise. Additionally, it must protect the copper
conductor from well fluid attack and provide reliable connector sealing into the motor head, over
the multiple deep temperature cycles encountered during installation, operation, and shutdowns.

Conventional MLE designs were not fit for subsea applications, which prompted development of
a completely new split-phase, high-power delivery system for the subsea ESP (Fig. 8). Split-phase
design enabled improved insulation, mechanical protection, and heat dissipation in a smaller and
more reliable package than legacy systems. Polyetheretherketone (PEEK) insulated conductor
provided high current capacity, excellent thermal stability, and dielectric strength. The new MLE
design demonstrated excellent performance in service and eliminated MLE-related failures in
high-horsepower applications.

Figure 8: High-amperage split-phase motor head and MLE for subsea and geothermal ESP.

Another challenge was to improve motor thermal performance. As explained previously, an ESP
motor is cooled by produced fluid flowing past the motor housing. As motor power increases, SO
does the heat generated by the motor windings due to inherent internal losses. Evacuating the heat
from the windings to the housing of the motor is a critical requirement to ensure the motor runs as
cool as possible with minimum heat rise over ambient, greatly contributing to longer run life.
Clearly, at the high ambient temperatures typical in geothermal wells, effective heat dissipation
becomes even more critical. There are three commonly used techniques to fill the voids between
the wires in the stator slots affecting the heat transfer performance:

. The slots can be filled with oil (no wire retention). Motor oil has good dielectric properties
and acceptable thermal conductivity. This was the design employed in the original SAGD system
fit for lower-horsepower, high-temperature applications.
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. Varnish, acommercially available resin, helps to mechanically secure and protect the wires
in the slot and provides improved dielectric strength, but it is also thermally insulative, resulting
in increased motor internal temperature. While originally used in high-horsepower subsea systems,
it was eventually phased out by far superior encapsulation technology.

. In encapsulation, stator wires and ends are sealed with specially designed compound. When
cured, this results in a complete and void-free stator fill with hard polymer that is highly electrically
insulative but very thermally conductive at the same time. Encapsulation provides the most
effective mechanism to evacuate the heat from the motor core to the housing, and then to the
produced fluid. In addition, encapsulation provides superior mechanical support for the wires, as
well as chemical protection from hydration (moisture ingress) process, in an unlikely event of well
fluid penetrating the motor.

Continuous failure-based design improvements helped to boost mean time to failure (MTTF) for
all high-horsepower deepwater subsea ESPs installed offshore Brazil between 2010 and 2023 to
over 4 years, with longest surviving system running for over 12 years at the time of writing. This
clearly demonstrates that ESPs are now capable of delivering dependable performance in power-
demanding and reliability-critical applications. Combined with high-temperature ESP technology,
this lays a solid foundation for the ultrareliable, high-enthalpy geothermal ESP system.

5. Solving the Efficiency Imperative

Total ESP system efficiency is mainly defined by the hydraulic efficiency of the centrifugal pump
(load) and the electrical efficiency of the motor (driver). Therefore, both need to be addressed to
deliver superior performance.

While universally important, in geothermal applications, ESP efficiency plays a far more critical
role than it does in petroleum wells, due to combination of two factors:

. Lower efficiency (more internal losses) results in drastically higher heat rise in the pump
and the motor. This adds up to already very high ambient wellbore temperatures, effectively
limiting the output from the system (especially the motor) in terms of useable power and flow rate.
This is exacerbated by the high-power requirement in most geothermal wells, which means much
more heat is generated that needs to be dissipated.

. Parasitic power consumed by ESPs directly detracts from commercial power output by the
plant, greatly impacting project economics.

In the last decade alone, rapid advancements in digital computational fluid dynamics (CFD) tools,
computing power, and additive manufacturing technologies unlocked incremental hydraulic and
electromagnetic performance that was previously unthinkable. As an example, running automated
CFD optimization on a high-performance computer (HPC) cluster (Fig. 9) allows rapid analysis of
tens of thousands of prospective flow geometries in a short span of few weeks, as opposed to only
few hundred iterations from the legacy manual process, which would still take many months to
complete. In this example, improvement of 4 points in hydraulic efficiency was achieved together
with 30% improvement in lift performance over the manual design baseline, resulting in a much
shorter and efficient pump that can be deployed deeper in deviated bores and operated with far less
power consumption. This engineering process now enables tailored high-flow geothermal pump
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designs geared for maximum efficiency, which translates to more production and lower parasitic
losses.

Figure 9: Evolution of hydraulic pump stage design.

No less impressive are possible efficiency gains on the motor side. As of today, the vast majority
of ESPs in oil wells are operated with legacy asynchronous induction motor (IM) technology.
Simple and reliable, IM motors are built with copper bars in the rotor that resemble a squirrel cage
(Fig. 10). In operation, a secondary magnetic field is “induced” in the rotor by the primary rotating
field in the stator, which results in internal losses (additional heating) and relatively lower motor
efficiency. While this may be perfectly acceptable for lower-temperature applications (and/or even
for lower horsepower at high temperature ones), it ultimately restricts motor output in extreme
temperatures, in addition to consuming more power to deliver the same production.

The permanent magnet motor, or PMM, is an alternative and emerging technology in the petroleum
space that is quickly gaining traction with operators, especially in places with higher energy cost
and as a proven solution for reducing the carbon footprint. The PMM rotor is built with strong,
rare-earth magnets that provide a constant magnetic flux. As a result, PMMs operate with
substantially higher efficiency (up to 95%), higher power factor, and lower heat rise compared to
IMs, enabling higher output from an identically sized unit, all while reducing surface power
consumption and footprint. To realize these benefits, a suitable variable speed drive (VSD) with
dedicated PMM control algorithm is required.

Figure 10: IM vs PMM rotor construction.
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In their work analyzing over 200 ESP installations with PMMs in Colombia, Villalobos et al.
(2021) concluded that savings of over 10% in active (kW) and 40% in reactive (KVA) power are
realized when converting from IM to PMM technology in oil wells. This results in a more attractive
total cost of ownership, and a favorable reduction in carbon emissions and physical footprint for
the PMM.

6. Bringing it all Together

We have so far witnessed impressive technological improvements and documented ESP reliability
gains in a variety of extreme and performance-critical environments. These include very high
temperature (SAGD), high-power (subsea), and high-efficiency (PMM) applications. Together,
they represent over 20 years and tens of millions of dollars prior investment in technology
development, qualification, and validation both at component and system level.

These technologies are ideal ingredients for a high-enthalpy geothermal ESP, if they were
available in a single, purpose-built system. Naturally, this became exactly the scope of the bespoke
geothermal ESP development that was initiated at the end of 2019. The new system had to deliver
up to 1,000 HP and reliably operate at up to 300°C (572°F) internal motor temperature, resulting
in guaranteed run time of at least 1 year in high-enthalpy wells.

Despite the very strong foundation, several technical challenges needed to be addressed
specifically for geothermal well applications. Radov et al. (2023) highlight the following areas that
required most engineering attention:

. The proprietary insulation and encapsulation materials and manufacturing process enable
operation at extreme motor temperatures of up to 300°C (572°F). While the encapsulation
technology used in the geothermal ESP is derived from the subsea system, the recipe and process
(filling and curing) were optimized to fit the new mission profile. Rigorous testing was performed
to ensure all components could sustain long-term exposure to high voltage and high temperatures
without degradation.

. Permanent magnets used in the PMM rotor had to maintain magnetization despite
prolonged exposure to high temperature and strong magnetic fields. Since the PMM technology
itself is relatively new, the performance data in extreme applications is limited. Bespoke high-
temperature magnet design, as well as extensive performance and aging testing, was necessary to
qualify this critical component.

. Thermal expansion and contraction effects were important considerations. The fully
assembled system, depending on the configuration and well conditions, can exceed 100 ft in length,
which requires careful selection of materials with matching coefficient of thermal expansion
(CTE) and design clearances to ensure no misalignment or excessive radial or axial loads are
introduced anywhere in the system during the operation at extremely high temperatures.

. Chemical compatibility is important because most geothermal wells are known to be far
more corrosive and prone to scaling than traditional petroleum wells. While an ESP completion
enables continuous chemical injection below the pump intake (via capillary tube that runs
alongside tubing and ESP), extra care was taken with elastomers selection based on the chemical
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composition of the geothermal fluid. In addition, a corrosion-resistant coating and sealant were
applied externally to ESP housings for added protection.

As the new geothermal ESP relies on PMM technology exclusively for superior efficiency and
maximum horsepower output, a comprehensive qualification schedule was developed for surface
VSDs to ensure compatible, efficient, and safe operation. As a result, several VSD designs with
proprietary PMM control algorithms and optimized settings (accounting for specific motor
parameters) were tested and accepted for service.

This newly developed geothermal offering represents the pinnacle of modern ESP technology in
terms of robustness and efficiency, leveraging decades of experience and incremental
improvement in petroleum applications, but tailored to the unique challenges of present and future
high-enthalpy geothermal wells. Depending on the specific wellbore conditions and desired
production, a suitable and cost-effective system configuration may be selected that employs all, or
only some, of the features discussed in above sections. In the following few sections, we will look
at the historical performance of legacy ESPs in geothermal applications, ranging from lower- and
medium-enthalpy wells in US to high-enthalpy wells in Turkey. Finally, we will take a closer look
at the pilot installation and performance of the new geothermal ESP.

7. Geothermal ESP Track Record in the US

Operators in Utah and Nevada were among the initial adopters of the ESP technology, with first
available records dating back to more than a decade ago. Lovekin et al. (2020) provide a
comprehensive overview of recent ESP performance in these wells that range from 128°C (262°F)
to 168°C (334°F) in bottomhole temperature, up to approximately 625 tons/hour in production,
with the maximum ESP setting depth of 1,740 ft (530 m).

Relatively lower production temperatures enabled a more conventional system (having 200°C, or
392°F, motor internal temperature rating) to be deployed initially with some success. Typical run
times observed in these operations as of 2020 were ranging from 2 years to 7 years, with no obvious
correlation to temperature within the specified range. A commonly installed configuration today
utilizes an improved 1,500-HP induction motor design with the encapsulated stator, and the split-
phase power delivery system (MLE, Fig. 8) identical to that used in the high-reliability subsea
ESP, with exception of elastomers upgraded for higher-temperature service. This has helped to
push the runtimes to 5 years as of time of this writing, with an expectation of further improvement
as older systems continue to be replaced with the superior motor design that enables far better
thermal performance from the encapsulation technology.

Despite lower temperatures and already very good reliability achieved with the latest
“conventional” ESP configuration to date, operators are planning to deploy the new high-enthalpy
ESP with boosted 300°C (572°F) motor temperature limit starting in 2023/2024, to benefit from
PMM efficiency and even better reliability expectation.

8. Geothermal ESP Performance in Iceland

The case study presented by Bilfinger and Thorbergsson (2021) describes the application of a
third-generation SAGD ESP system (Fig. 5) in a 180°C (356°F) geothermal well as part of a district
heating project in Iceland. As noted by the authors, previous multiple attempts to produce the well
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with LSP technology were not successful due to very short LSP life of only up to 7 months. Poor
LSP performance was mainly attributed to thermal expansion of the rotating downhole
components at this elevated bottomhole temperature, as well as lack of downhole monitoring to
establish proper operational control.

The relatively low application requirement of only 150 HP presented the opportunity to utilize an
available and field-proven SAGD system and benefit from its higher 250°C (482°F) ambient
temperature rating (and 300°C or 572°F internal motor temperature limit). The ESP was installed
in September 2020 and has been successfully operating since then, already exceeding the LSP run
life by ~5 times, while also delivering higher rates and better process efficiency. The ESP was
configured with a downhole pressure and temperature sensor, enabling the operator to accurately
monitor and control the pump and well performance.

The project in Iceland also serves as an excellent example of ESP operational flexibility. As the
district heating requirement changes dramatically between winter and summer, the pump is
expected to cover a very wide flow-rate envelope to cope with the seasonal variability. With the
combination of robust mechanical and electrical design and variable speed control, the ESP was
able to deliver more than 3,000 m®/day at the maximum duty point, as well as less than 100 m%/day
by continuously operating at reduced frequency of 45 Hz (Fig. 11). While the minimum required
duty point falls technically far below recommended pump operating range, and the flow past the
motor is extremely low for adequate cooling, the SAGD ESP was able to operate without failure
and establish a new reliability record for the project.

Figure 11: Pump curve at multiple frequencies
with minimum and maximum duty points (after Bilfinger and Thorbergsson, 2021).
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9. Legacy Geothermal ESP Performance in Turkey

Operators in Turkey are currently incentivized to maximize output from their geothermal plants
by a favorable tariff mechanism introduced by the government. This has resulted in a very
aggressive production strategy and a rapid decline in reservoir pressures, reducing or inhibiting
artesian flow from the wells (Aydin et al., 2021). To compensate for the drop in reservoir energy
and natural production, ESP deployment campaign was initiated.

Geothermal fields exhibit a significant variability in bottomhole conditions, with temperatures
ranging from 140°C (284°F) to 250°C (482°F). At the same time, increased depth and a higher
flow-rate/horsepower requirement rules out the use of a standard high-temperature SAGD system,
suitable to reliably cover the upper temperature range. As a result, prior efforts to produce these
wells with legacy ESP technology brought mixed success depending on the actual well
temperature.

In lower-enthalpy wells (up to 162°C/324°F), legacy ESPs demonstrated fair reliability as
documented by Lovekin et al. (2020). Within the timeframe covered by the paper (2016 to 2020),
run times of up to 2.6 years were observed, although most units installed in that period had not
actually failed within the observation window. This appears to be in line with ESP performance in
the US, even though pumps in Turkey are generally run deeper (up to 979 m or 3,212 ft) and face
a more challenging chemical environment from the scaling and corrosion perspective, requiring
effective continuous inhibition.

With increased temperature, however, the performance of legacy ESPs starts to degrade very
rapidly. In higher-enthalpy wells above 180°C (356°F) bottomhole temperature, 7 out of 10 units
installed in Kizildere and Alasehir fields failed in less than a year, with an average recorded run
time of only 144 days (Aydin et al., 2021). Finally, one unit installed at 230°C (446°F) failed in 26
days. It became obvious that legacy ESP technology may only be suitable for lower-temperature
producers, and a radically different approach is required for high-enthalpy wells. Since these wells
also represent the most value for the operator in terms of power generation capacity, the pressing
need for such reliable solution was clear.

10. Pilot Application of New High-Enthalpy Geothermal ESP in Turkey

Due to poor performance of legacy ESPs in high-enthalpy wells at Kizildere field, and lack of a
viable alternative, it became an obvious target for the first field deployment of the newly developed
high-temperature geothermal ESP system.

Kizildere well KD-9A with 213°C (415°F) temperature at planned pump setting depth was
identified for the pilot installation, which was completed on 2 July 2022 (Fig.12). The well was
successfully returned to operation on 3 July 2022 with 56% incremental production from the ESP,
resulting in net power generation increase of 1.7 MW (SLB, 2023).
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Figure 12: Installation of pilot high-enthalpy geothermal ESP at Kizildere field, Turkey
(black housing color depicts corrosion-resistant alloy coating and sealant applied).

At the time of writing, KD-9A has been in continuous operation for 390 days (having successfully
completed initial trial period of 1 year), a 15x fold improvement over 26 days previously achieved
by a legacy ESP in similar conditions and an impressive new milestone for the geothermal industry
at large.

Seven additional units have been installed at Kizildere to date, with current run times from 1 to 11
months. On average, this has brought in incremental 51% revenue per well for the operator,
resulting in a positive economic impact (Radov et al., 2023). On average, the parasitic power
consumed by ESPs accounted for only 21 to 35% of incremental power (generated from the
additional flow provided by the pump) because of the superior motor efficiency afforded by PMM
technology.

11. Conclusions

As the world continues to pivot towards renewable energy sources, ESP technology now offers a
unique opportunity for the geothermal operators to maximize energy production and profitability
in any scenario, including in high-enthalpy assets with up to 250°C (482°F) wellbore temperature.
While conventional ESP technology demonstrated good performance historically in lower-
enthalpy applications, the growing industry requirement for a reliable solution that combines high-
temperature and high-horsepower capability has not been met until recently.

Significant technological breakthroughs in materials and design, derived from extreme
environment ESP applications in petroleum fields, enabled creation of the purpose-built, high-
temperature ESP system capable of delivering over 1,000 HP in high-enthalpy wells with
temperatures more than 200°C (392°F), while operating with motor internal temperatures of up to
300°C (572°F). The combination of PMM technology and improved hydraulic pump design
resulted in favorable reductions in parasitic power consumption, maximizing the net output from
geothermal power plants.
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Longer-term (over 1 year at the time of writing) reliability of the newly developed high-enthalpy
geothermal ESP was demonstrated in a comprehensive multiwell field trial campaign at Kizildere
field in Turkey. This establishes an industry milestone and serves as an important case study to
encourage more geothermal operators consider an ESP application to improve their asset
utilization and process efficiency.
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ABSTRACT

The Ormat-operated Zunil geothermal power plant in Guatemala generates 20 MW of geothermal
energy, utilizing combined brine and steam for power generation, with full reinjection through the
use of binary technology. The field currently utilizes seven artesian production wells and up to
four injection wells for a total flow of over 530 tons/hour (T/h) at a resource temperature of up to
275°C. As of 2018, the historic ZCQ-R3 and ZCQ-R5 multi-leg injection wells were taking 275-
500 T/h brine each at average wellhead pressures (WHP) of 2-3 barg and injection temperatures
between 80-90°C. Since that time, injection has declined to 60-150 T/h at 4.2-6.4 barg for the two
wells and has been attributed to scaling within the wellbore and near wellbore formation. In an
attempt to remediate scaling within these wells, an online chemical cleanout of the two wells was
performed in June 2022 using the cycling of hot (80°C) injectate containing 2.5 wt.% sodium
hydroxide (NaOH) and 0.25 wt. % ethylenediaminetetraacetic acid (EDTA) with the goal of 1)
increasing silica solubility through increase of injectate above pH 12, and 2) mitigation of
secondary calcite and metal silicate precipitation. Total cost for the project was less than $70,000
USD and took place over a 48-hour period, and within 36 hours of treatment, the wells were
showing a 65-75% improvement on injection volumes. Performance continued to improve over
the next several months and had showed a 300-500% increase in injection capacity by the end of
2022. The program’s success was such that the two wells are now capable of handling full plant
capacity, allowing optimization of injection configuration strategies to other wells, reducing risks
of long-term enthalpy declines, and providing additional capacity for production. Such programs
highlight that simple, robust chemical cleanouts can remediate many injection-related scale issues
without the need for complex pumping or chemical programs and can be done as part of regular
reservoir maintenance.
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1. Introduction

Silica oversaturation and precipitation has been a well-documented phenomena in the geothermal
industry (Harvey, et al., 1976; Gunnarsson and Arnorsson, 2003; Brown, 2011; Brown, 2013) and,
as a result, significant research has gone into understanding the mechanisms for scale formation
(Marsh, et al., 1975; Weres, 1978; van den Heuvel, et al., 2018), its kinetics (Weres and Yee,
1978), and methods to reduce or mitigate those risks through operational design (Addison, et al.,
2015) or chemical treatment options (Gallup, 2005; Gallup, 2011). Despite these efforts, proper
silica management continues to be a challenge at a number of geothermal facilities, requiring
alternative methods to adequately remove scale from surface equipment and injection wells
through mechanical (McClatchie, Verity, 2000) or chemical methods (Lawson, et. al, 2018;
Richardson, et al., 2018; Goh, et al., 2020), which can result in increased downtime and operational
costs at those facilities. Chemical treatments have largely utilized a combination of hydrofluoric
and hydrochloric acid (“mud acid”) to dissolve silica deposits in heat exchangers and injection
wells, but the use of such acids is operationally challenging and poses risks to human health.
Recent publications (Rose, et al., 2007; Portier, et al., 2009; Muller and Wilson, 2019; McLean, et
al., 2021; Muller, et al., 2021) have highlighted alternative methods at laboratory and field levels,
where the use of caustic and chelants are used to remove calcite and/or silica scaling in the near
wellbore areas. Recent application at the field level has utilized the use of caustic and chelant at
high pump rates and have shown to regain injection well capacity by up to several hundred percent,
oftentimes exceeding the original injection capacity of the well for several months after treatment.
These studies have not shown longer-term benefits of such treatments and may be partially masked
by short-term thermal stimulation of the reservoirs but do suggest that alternative methods that
utilize the increased solubility of silica at elevated pH and temperatures may be a more effective
method for scale removal and recovering lost injectivity in wells affected by silica scale deposition.

The Zunil geothermal power plant is an Ormat-operated facility generating up to 20 MW of
geothermal power through a combined binary system design with full-reinjection of brine and
steam condensate into the reservoir. Recent loss of injectivity in two of the historic injection wells
R3 and R5 was attributed to silica scaling within the wellbore and near-wellbore reservoir,
resulting in a loss of generation of up to 4.5 MW due to lack of injection capacity for the excess
production brine. As such, in June 2022, Ormat utilized a novel chemical cleanout option for these
wells, applying a combination of caustic (NaOH) and chelant (ethylenediaminetetraacetic acid,
EDTA) in an attempt to stimulate these wells and provide the necessary injection capacity without
the need for additional drilling.

1.1 Resource Overview

The Zunil geothermal system (Figure 1) is situated within the Central American Volcanic Arc, a
chain of dominantly calc-alkaline volcanoes stretching from southeastern Mexico to Central
Panama that is a result of the subduction of the Cocos Plate. The oblique subduction of the Cocos
Plate results in right-lateral intra-arc strain orientated along the NW-SE trend of the volcanic arc.
Directly north of the volcanic arc in Guatemala, NW-SE to E-W extension dominates the
deformation as a result of sinistral motion along the Polochic-Motagua Fault Zone. The Zunil Fault
Zone is comprised of a series of NE-striking faults with perceived sinistral-normal kinematics, and
which creates the steep-sided valleys that channel the Rio Samala.
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As denoted by Foley et al. (1990), four key attributes may influence the location of geothermal
activity at Zunil: (1) Enhanced permeability from caldera-margin faults of the 20 km-diameter
Quetzaltenango Caldera; (2) enhanced permeability from the NE-striking Zunil Fault Zone; (3) a
proximal young magmatic heat source (4 km to northeast of the center of the Santa Maria
stratovolcano and 3 km from the Cerro Quernado domes/flows); and (4) the lower elevation of
Zunil (approx. 2020-2175 mrsl) relative to the surrounding topography (>2500 mrsl).

Upflow occurs in the western region of the system, overlapping the NE slope of the Las Majadas
Crater. The upflow reservoir fluid constitutes a 275-300°C, 0.2 wt.% TDS Na-Cl liquid reservoir
with 0.1-0.4 wt% dissolved non-condensable gases and reservoir silica concentrations of 322 to
675 mg/kg; a typical range of resource chemistries at the field are shown in Table 1.

The reservoir is dominantly hosted in andesitic lavas and ash flow tuffs, and basement fractured
granodiorite. Primary production for the field comes from this western part of the reservoir (e.g.,
ZD-1, ZD-2, ZD-3, ZD-4, ZD-6, ZCQ-3, and ZCQ-5RD2). A 15-25 bar pressure draw down has
occurred in this part of the field since the pre-development state, resulting in the formation of a
vapor-mobile two-phase zone in the upper ~600 m of the subsurface in the vicinity of well ZD-1;
this zone supplies excess enthalpy to some of the production wells.

Field and LiDAR lineament mapping, the orientation of surface manifestations, feed zone
alignment, and image log data from ZCQ-5RD2 support the notion that NE-striking faults, parallel
to the Zunil Fault System (e.g., the ZD-1 and ZD-3 Faults) play an important role in supplying
permeability to the system. A ~10,000 m? area of advanced argillic alteration, fumaroles, steaming
ground, and vigorously boiling mud pools occurs above the main upflow region, seemingly
controlled by the intersection of the NW-striking ZD-6 Fault with NE-striking fractures parallel to
the Zunil Fault Zone.

Outflow is primarily directed to the northeast (i.e., towards the wells ZCQ-2 and ZCQ-1R3/R5),
creating steam features proximal to the trace of the ZD-1 Fault and stretching east to the Las
Cumbres Eco Hotel. Outflow also flows to the southeast, discharging as thermal bicarbonate, acid-
sulfate, and Na-Cl springs and steam features along the banks of the Samala River (Adams et al.,
1990). Injection into Zunil occurs in this eastern outflow region.

Table 1: 2022 Liquid Reservoir Characteristics for the Zunil Geothermal Field

Analyte Range Units
Enthalpy 873 t0 1361 kJ/kg
Sodium 546.4 to 657.9 mg/kg
Potassium 63.210 145.7 mg/kg
Calcium 2.8t016.8 mg/kg
Magnesium 0.0 to 0.02 mg/kg
Lithium 3.7t06.2 mg/kg
Aluminum 0.13t00.45 mg/kg
Arsenic 4.7106.3 mg/kg
Boron 21.9t028.0 mg/kg
Silica 321.6 t0 674.6 mg/kg
Chloride 898 to 1023 mg/kg
Sulfate 21.0t0111.4 mg/kg
Fluoride 2.4104.8 mg/kg
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Total Alkalinity 53.11t0 108.0 mg/kg as HCO3
pH 6.2t08.3 S.U.
Total Gas 0.031t0 0.34 Weight % in Total Flow

Figure 1A: Field map of the Zunil geothermal system. Yellow line defines fence section shown in Figure 1B
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Figure 1B: Conceptual model fence section of the Zunil geothermal system shown by yellow line in Figure 1A

1.2 Plant and Injection Well Design and Operational History

Ormat operates the Zunil two-phase binary power plant with a design capacity of approximately
30 MW net (34 MW gross). The official start-up date for the plant was September 1999 when the
plant capacity was 24 MW net. Since 2019, Ormat has done several upgrades at the plant and
steam gathering system, and as of July 2023, the plant was generating at an average of about 17
MW net by using seven production wells, two active injection wells (R5 and R3) and one injection
well which is under testing. Ormat has been operating the plant since the beginning of the project,
but the well field was operated by the national electrical utility, Instituto Nacional de
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Electrificacion (INDE), until 2014 when Ormat started to operate the wellfield when geothermal
fluid provided to the plant was only enough to generate approximately 8 MW net. Significant
capital expenditures and time commitments have been made by Ormat in an attempt to reach
design setpoints for the facility, including optimization and management of injection strategies for
the field.

The historic ZCQ1-R3 and ZCQ1-R5 injection wells (R3 and R5; Figure 1) have been active since
the start-up of the plant. All produced fluid had been injected into both wells until 2017 when
ORMAT started to look into alternative injection strategies for the field. Well ZCQ1-R5 was
planned to deviate the original ZCQ-1R, which had been drilled in 1992. Well R5 was drilled
directionally from a kicking-off depth of 232 mTD, taking total losses at 274 mTD and completed
to a final depth of 758 mTD (Figure 2A). Well ZCQ1-R3 is the first sidetrack of well ZCQ-1R2
and was deviated at 281 mTD with a total depth of 964 m. Another leg was drilled in ZCQ-1R2
and called ZCQ-2R4; the well encountered partial losses and it’s considered that all injection into
the well is going out of the R3 and R4 legs (Figure 2B).
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Figure 2A: Wellbore diagrams for ZCQ1-R5 showing the multi-leg nature of these injection wells.
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Figure 2B: Wellbore diagram for ZCQ1-R3 showing the multi-leg nature of these injection wells.

1.3 Production Challenges and Injection Scaling

Production scaling at the Zunil geothermal field includes downhole calcite scaling in production
well ZCQ-3 (Rodriguez, 2021), as well as precipitation of aluminous and pure amorphous silica
phases downstream of the primary separation stations. Silica scale occurs as a result of the reduced
separator pressures that result in a silica saturation index (SSI) of 1.0-1.2 at the production well
pads and causing scale deposition in brine accumulators and production piping (Figure 3). This
resulted in significant loss of generation due to backpressure in production lines to the plant and
the loss of brine at temporary surface discharges and lack of injection capacity, reducing generation
by up to 4.5 MW. Silica scale had historically been treated using a chemical inhibitor with little to
no effect and has been discontinued since 2022 in favor of regular cleanouts of surface piping
using mechanical milling.
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Figure 3: Production and injection scale risk for the Zunil geothermal plant for Q1 2022. Silica is oversaturated
at Wellpad A and Wellpad B separation stations but undersaturated at the ZCQ-3 separator. Condensate
dilution and heat extraction through the binary plant yields a final SSI of 1.2-1.4 at injection with
antimony and arsenic sulfide deposition in the preheaters and injection lines. Historic injection (not
shown) has reached SSI’s as high as 1.8

Scaling within the heat exchangers and injection surface piping is limited to arsenic and antimony
sulfides based on scale coupons and samples collected during outages, with no visual evidence for
silica scaling during injection despite an SSI of > 1.3 (Figure 3). The lack of silica scale in the heat
exchangers and injection piping is inferred to be the result of increasing polymerization induction
times due to natural pH reduction of the injection fluids to pH ~5.6-6.0 with condensate reinjection.
However, decreases in injection capacity at wells R3 and R5 raised concerns as to the possibility
of silica scaling in the wellbore and near-wellbore region. Figure 4A and 4B shows wellhead
pressure (WHP) and injection rate history for wells R3 and R5 from 2015 to 2023. Data in Figure
4A shows how well R3 was able to accept between 300 and 450 t/h with WHP below 3 barg as far
back as 2016, but by 2020, injectivity had dropped to between 150 and 190 t/h at wellhead
pressures between 3 and 6 barg. Similar trends are seen for well R5, with major losses in injectivity
between 2018 and 2022 (Figure 4B). This coincides with reduction in injection temperatures from
near 100°C to 75°C in early 2018 and suggests scaling as a root cause for injection loss (Figure 5).
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Figure 4: Injectivity plots showing measured wellhead pressures (WHP) in barg and injection rates in tons/per
hour for injection wells A) R3 and B) R5 from 2015 through 2023. Initial high injection rates and low
wellhead pressures through 2016 and 2017 gave way to decreasing flow while maintaining or increasing
wellhead pressures in 2018, with the wells taking less than 100-190 t/h by 2020.

As part of the root cause analysis, surveys of nearby well ZD-7 (Figure 1) identified cooling of the
shallow feeds in that well to near 80°C, suggesting that R3 and R5 injection had generated a low-
temperature injection zone around the injection wells (Figure 6B). Historic reservoir tracer data
was used to calculate a residence times for injection fluids within that zone, and based on that data,
suggested that fluids may spend 10-44 hours migrating out of that region into higher temperature
portions of the field (Figure 6A). Published silica polymerization curves (Gunnarsson and
Arnorsson, 2005) suggest that, at the pH and temperature of the Zunil injectate, silica induction
times may be retarded by the reduced pH by up to 17 hours (Figure 6C), although this sensitive to
absolute silica concentrations and brine chemistries. However, this inhibition of silica
polymerization is consistent with the lack of visual silica scaling in near-surface equipment and
piping but may not be preventing scaling in the wellbore. To test this further, downhole cameras
were used to inspect for scale in these wells and was able to identify the presence of significant
amounts of amorphous silica scale on casing walls and downhole capillary tubing (Figure 7A) and
was inferred to be the cause of the observed injection declines in those wells.
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Figure 5: Reported plant outlet temperatures for the Zunil geothermal plant from January 2015 through
October 2019. Outlet temperatures underwent a sharp decline from 2015 to 2016 (-25°C) and again
between 2018 and 2019 (-25°C) to a final temperature of near 75°C as part of attempts to maximize
generation from the facility.

Figure 6: A) Inferred flow rates from injection wells R3 and R5 to nearby production wells based on several
years of reservoir tracer studies at the Zunil geothermal field; flow rates were calculated based on first
returns to a given production well and assumed a linear distance between the wells. Deviations of flow
within subsurface structures were not considered. B) Surveys of adjacent well ZD-7 showed shallow
cooling of this portion of the field and is inferred to be the result of long-term injection into R3 and R5.
C) Polymerization curves as a function of pH at 80°C as determined by Gunnarsson and Arnorsson
(2005) that suggest at the Zunil injection pH (5.6-6.0), induction times for silica polymerization may have
been less than 17 hours, while residence times in the cooled injection zone may have been up to 44 hours.
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Figure 7: Downhole imaging from injection well R3 A) June 6, 2022, approximately 3 weeks prior to chemical
cleanout, and B) August 3, 2022, approximately 5 weeks after chemical cleanout. Downhole capillary
tubing left in place by INDE showed complete removal of silica scale, and wellbore walls showed
significantly less to no silica buildup on those surfaces.

2. Methodology and Implementation
2.1 Proposed Treatment Program

In order to recover lost injectivity in injection wells R3 and R5, Ormat proposed the use of a
combined caustic and chelant chemical program that was based on previous work by (K. Brown,
pers. com). Caustic programs work to remove silica scale by increasing fluid pH to 10-12 and
forcing silicic acid (H4SiO4) to dissociate to the highly soluble H3SiO4 (Eikenberg, 1990; Brown,
2011; Lunevich, 2020 ). Scaling associated with the increased fluid pH is controlled through the
use of a chelating agent (EDTA), which is supplied in above-stoichiometric dose rates to bind
competing metals such as Ca, Mg, Fe, and Al that could lead to formation of carbonate or metal
silicate species. The program would use pre-mixed solutions of 50% sodium hydroxide (NaOH)
dosed at 2.5% by weight at injection temperatures (85°C) at an injection rate of 40 t/h (180 gpm).
A 40% solution of ethylenediaminetetraacetic acid would be added at 0.25% by weight as a scale
control additive and prevent secondary precipitation of calcite minerals or silicates. Chemical was
to be dosed for 1 hour (R3) and 1.5 hour (R5) based on calculated wellbore volumes to major feed
zones, then allowed to rest for 1 hour, then repeated for an additional two doses. After three total
doses, the wells were to be shut in overnight prior to being returned to injection. Flow rates would
be incrementally increased and WHP monitored for increases associated with blockages or
secondary scale formation. Chemicals were to be purchased from in-country vendors and onsite
mixing and pumping support was to be provided by a third-party contractor. Total estimated time
for treating two wells was two days and wells were to be immediately returned to service after the
program was complete.
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2.2 Chemical Program

Table 2: Chemical Program

Stage Gallons Total
Well Chemical FI(()W E? te D(zse nlj? te Time Chemical S-I';gtils Gallons
9p 9P (hr) per Stage g Chemical
50% NaOH 9.0 540 1620
R3 40% EDTA 180 0.9 1.0 54 3 162
50% NaOH 9.0 810 2430
RS 40% EDTA 180 0.9 15 81 3 243

2.3 Operation Details and Cost

Table 3: Chemical Pumping Program

Flow '\g(geH ESDO -IS-eA Dose Rest Stage Total
Stage Well Rate Time Time >tag Gallons
(gom) Rate Rate (hr) () Time (hr) oer Stage
(gpm) | (gpm)
1 R3 180 9 0.9 1 1 2 10,800
2 R3 180 9 0.9 1 1 2 10.800
3 R3 180 9 0.9 1 1 2 10,800
1 R5 180 9 0.9 15 1 2.5 16,200
2 R5 180 9 0.9 15 1 2.5 16,200
3 R5 180 9 0.9 1.5 1 2.5 16,200
Table 4: Total Expected Budget for Wells R3 and R5
Line . L .
ltem Line-ltem Description Estimated Costs (USD)
1 Onsite Support (Chemical Mixing, Pumping) 40,560
2 (16) x 275 gal IBC 50% NaOH 18,252
3 650 kg EDTA Powder 6,812
4 Total Estimate 65,624

3. Results and Discussion

3.1 Visual Observations from Downhole Surveys
Subsequent visual surveys of R3 several weeks post-treatment showed marked visual differences
as a result of the chemical cleanout. Previously scale-encapsulated capillary tubing (Figure 7A)

was completely scale-free (Figure 7B) and previously heavy scaling on wellbore casing showed
marked improvements in appearance.
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3.2 Injectivity Trends: July 2022 through January 2023

Chemical cleaning was organized in Q2 2022 and performed in late June of that year, with results
shown in Figures 8A and B. Wells showed improvement in injectivity near immediately and
continued to improve over the next several months. By the end of 2022, R3 was accepting nearly
250 t/h at WHP of less than 1 barg (Figure 8A, inset), while R5 was accepting up to 310 t/h at
similar wellhead pressures of less than 1 barg (Figure 8B, inset). Calculated injectivity indices,
defined as the flow rate per unit wellhead pressure, showed a 300-500% increase for R3 and R5,
respectively (Figure 8). This behavior of WHP and flow rate post-cleanout confirms that the wells
were most likely losing injection capacity between 2018 and mid-2022 as a result of downhole
silica scaling, and that injectivity improved as a result of the caustic chemical cleanout and removal
of silica scale from the wellbore and formation. Continued improvement with time suggests no
precipitation of secondary minerals or scale as a result of the cleanout and likely additional thermal
stimulation of fracture networks as a result of scale removal and increased fluid flow into the
formation.

Figure 8: Injection and wellhead pressure trends for 2022 for the A) R3 and B) R5 injection wells and calculated
injectivity indices based on multi-step injection tests. Injectivity for the two wells was near 3.5-4.0
gpm/psi for the first half of 2022 but increased by 300-500% after treatment in late June. Injection rates
increased steadily from July 2022 through January 2023, with continuing drops in wellhead pressures to
< 1 barg. Current injection rates for the wells are near 250 and 350 T/h for R3 and R5, respectively.

82



Johnson, et al.

4. Conclusions

Silica scale and its appropriate management will continue to be a challenge to the geothermal
industry, particularly as technology continues to improve our ability to develop resources of all
temperatures and as energy demands continue to push the business to operate fields at lower and
lower injection temperatures. While appropriate design and mitigation strategies are the best
approach for controlling scale risks during production, appropriate remediation programs must
also exist to recover critical assets such as injection wells.

The use of a simple, low-cost caustic treatment at the Zunil geothermal field was capable of
recovering 300-500% of injectivity over pretreatment values, providing suitable injection capacity
for the field and allowing flexibility in designing optimal injection strategies to reduce long-term
cooling effects as a result of injection returns. The treatment utilized a 2.5 wt. % solution of NaOH
and a 0.25 wt. % solution of EDTA and was capable of being done online, with less than 24 hours
total downtime during the pumping and well shut-in process. After shut-in, the wells were returned
to service immediately and there was a nearly immediate increase to injection capacity that
continued to improve over the next several months. Total costs were less than $70,000 USD for
both wells and did not require complex pumping equipment or design process and did not include
the use of hazardous or corrosive acids such as HF or HCI, reducing the need for specialized PPE
and/or corrosion inhibitor chemical systems. Care must be taken to ensure that the metallurgy of
the system is compatible with caustic treatments at injection temperatures, as elevated
temperatures may lead to embrittlement and increased corrosion of some duplex steels.

Application of such caustic cleanout programs on high-enthalpy fields where silica scaling in
injection wells is an issue can reduce the need for well-workover and new well drilling and could
potentially be applied to online systems where silica scale affects heat exchanger efficiency.
Additionally, the use of caustic also acts to remove antimony or arsenic sulfide species from
surface piping and wellbore, providing removal of multiple injection-scale related species with a
single, low-cost treatment (Brown, 2011). These sorts of programs can increase the lifetime of
projects and reduce overall long-term capital expenditures, and such programs are being
investigated at other Ormat fields and are likely to be included as part of the general reservoir
maintenance strategy.
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ABSTRACT

Norbeck et al (2023) published results associated with developing a commercial next-generation
geothermal project in northern Nevada, adopting many unconventional technologies, such as
horizontal drilling, plug-and-perf stimulation, and reservoir diagnostics with distributed fiber optic
sensing (DFOS). They evaluated the adaptability of DFOS to geothermal applications and showed
that DFOS is a beneficial tool for optimizing multi-stage completions, characterizing the
stimulated reservoir volume, and determining well placement in geothermal reservoirs.

After the results were published by Titov et al (2023), additional field tests have demonstrated that
DFOS strain change signals from hydraulically induced fractures can be detected over large
distances (400 ft). The DFOS based Distributed Strain Sensing (DSS) signals measured in an offset
producer well, measured during injector well pump tests confirmed the conductivity of hydraulic
fractures between injector and producer doublet before subsequent producer stimulation.

The design of experiment was a low-rate fluid pump schedule in the injector well, executed over
93 hours, followed by a step rate injection test that lasted for 4 hours. During the step rate injection
test (SRIT), injection rate was increased every hour until a designated injector wellhead pressure
was attained. Time continuous DFOS DSS (107 second sampling rate) and high spatial resolution
sampling (20-centimeter) were made in the producer well during the full injection period.
Simultaneous DTS measurements were also made in the producer well at 5-minute time sampling
and 1-meter spatial sampling intervals during same period. The producer well was sealed and
unstimulated (no completions had been performed) with offset distances of 400 ft horizontally and
100 ft vertically to injection well depth interval.

The goal of the test was to assess hydraulic conductivity between injector and producer well. The
measurement basis of the test was DFOS Rayleigh Frequency Shift — Distributed Strain Sensing
(RFS DSS) and Distributed Temperature Sensing (DTS) measurements. Pumping rates were low
during most of the test and incrementally increased at the tail end of the test period. Magnitude
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and spatial distribution of strain and temperature changes along the offset producer lateral were
obtained through the signal processing of the DFOS data.

Results show clear strain and temperature anomalies in the far field at the producer well.
Interpretation and analysis indicate the presence of highly conductive fractures between the
injector and producer well, which could significantly affect future geothermal production efficacy
and efficiency.

1. Introduction

Assessing far field hydraulic fracture conductivity of injected water between an injector and
producer well pair in Advanced Geothermal Systems (AGS) is an important diagnostic test for
assessing the efficacy and morphology of the stimulated hydraulic fracture system in geothermal
development. This is because effective and isolated permeability fairways generated in low
permeability rocks are critical technical subsurface success factors in AGS projects.

A method of acquiring useful diagnostic data is to instrument an offset producer well with a full
well length of fiber optic cable and use the fibers within the cable to transmit focused light from
surface lasers, interrogate along the full fiber and measure optical backscattered light on an optical
receiver at surface. Such methods are called Distributed Fiber Optic Sensing (DFOS). These
methods provide dense measurement data sets from the entire length of the fiber during fast
interrogation periods and repeatedly through clock time. In this way, many profiles along the entire
well length are collected over duration of “surveys”. Since the fiber optic cable is coupled to the
casing which is, in turn, cemented to the reservoir, it can detect and measure changes within the
near wellbore reservoir environment. In this test, we used specific interrogator unit types that take
measurements in the Rayleigh, Brillouin, and Raman spectral electromagnetic wavelength spectral
regions (“bands”). Each of these bands has been shown to be sensitive to specific physical changes
in the measured media, such as changes in temperature, strain, and pressure. These are the basic
methods by which fiber optics are used to measure changes in rock properties that a well intersects.

2. Design of Experiment

In this experiment, a fiber optic cable was clamped to and cemented in place to a casing string that
was installed into a deep borehole (Figure 1). The producer well with the fiber was not completed
(stimulated) yet and had no perforations in it (Figure 1).  The injector well had been drilled,
completed, and stimulated by a multi-stage, plug and perf hydraulic fracturing processes. The
injector did not contain a fiber optic cable. Surface based fiber optic interrogator units (IU) were
attached to the fibers that protruded from the wellhead of the producer well. Fluids were then
pumped down the injector well at controlled rates and pressures according to a pre-planned
schedule, while continuous DFOS sensing was performed on offset producer well fiber. The
instrument types utilized to interrogate the fibers included Neubrex Rayleigh, Brillouin, and
Raman wavelength IU’s. This equipment used was commercially available fiber optic interrogator
units and control software.
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2.1 Results
2.1.1 Results, assessments, and findings

Fluid pumping on injector well was initiated at a constant rate, within a specified injection pressure
limit for 93 continuous hours. Surface pumping equipment limitations produced some variations
in continuous rate pumping during this period. This was followed by a step rate injection test
(SRIT), where injection rate eventually reached three times the initial steady state rate. Each step-
up rate was held for approximately one-hour duration, before the next step up was initiated.

Raman based DTS measurement patterns in the cross well were subdued and smooth in
comparison to the RFS DSS results. This is assessed to be the result of RFS DSS having better
temperature sensitivity than Raman DTS changes. The RFS DSS also has a spatial resolution five
times better than the Raman spatial resolution (20 cm vs 1 meter resolution for RFS DSS vs
Raman). The RFS DSS temporal sampling rate was also much faster than the Raman DTS
sampling rate, which benefits the detection of relatively fast changes in strain and temperature
changes affecting the fiber optics.

We assess with confidence that the location, timing, and characteristics of the RFS DSS and DTS
signals are “thermally driven strain anomalies”. These dynamic features are different than the
baseline, pre-pumping, background conditions. We interpret the data to mean that the detected
signals are due to fluid moving from injector well clusters to producer well regions through a
system of “hydraulically induced” conductive fractures. These conductive pathways are most
likely to have been created by the hydraulic fracturing operations produced during previous
stimulation operations in the injector well. The interpreted fractures have remained open after the
stimulation period and act as conduits during low pressure pumping rates. We observe that certain
depth zones have interpreted conductive features that intersect the producer wells. The
quantitative detection and measurement of strain and temperature changes provides information
on anomaly location, widths, and magnitudes. These observations and interpretation have
significant importance in assessing and characterizing the production engineering parameters that
can be used to optimize production at this site and between these two wells.

3. Conclusions

Recent field studies at an injection — producer well pair in an Advanced Geothermal Systems
(AGS) setting utilized long period injection rate and Step Rate Injection Test methods, combined
with Distributed Fiber Optic Sensing equipment and methods to assess cross well hydraulic
fracture network conductivity. The assessment provides strong evidence for the presence and
sustainability of hydraulic fracture networks between the well pair, after stimulation work had
been completed, using low-rate injection and step rate injection pumping. Because fiber optic
methods provide distributed measurement capabilities at 20 centimeters to 1-meter spatial
resolution at appropriate temporal sampling rates for the experiment, very valuable information
was gained on the spatial distribution and temporal evolution of strain and temperature changes
that occurred at the offset producer well. These measurements and their interpretation provide
quantitative information that is valuable for future decision making on producer well completion
designs and provide new understanding about the far field hydraulic fracture efficacy, morphology,
and sustainability. The use of fiber optics and DFOS measurement techniques provides valuable
data and information in Advanced Geothermal Systems engineering design and development.
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Figure 1: Rendering of the two wellbore trajectories associated with the injector well (green) and producer well
(red). The Red well in the well that is instrumented with fiber optic cable.
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Figure 2: Distributed Temperature Sensing, Temperature Change data as a function of depth (y), time (x) and
temperature change in degrees Fahrenheit (color). DTS “waterfall” plot during injection as measured
in offset producer well.
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Figure 3: Rayleigh Frequency Shift Distributed Strain Sensing (RFS DSS) data as a function of depth (y), time
(x) and strain change in micro strain units. Strain changes “waterfall” plot during injection period at

producer well.
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Figure 4: Rayleigh Frequency Shift Distributed Strain Sensing (RFS DSS) strain rate data as a function of
depth (y), time (x) and strain change rate in micro strain units. Strain change rate “waterfall” plot
during injection period at producer well.
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ABSTRACT

Electricity generation from geothermal in hot dry rock requires innovations in both the well and
power plant to be cost effective. The current paper focuses on innovations for the power plant used
to convert heat to electricity, specifically the commissioning and testing of a full-size supercritical
carbon dioxide (sCOz2) prototype turbine.

The commissioning process starts with the installation of the oil system that feeds the oil bearings
and oil seals. After, a spin test was performed using low pressure air to measure vibrations. Upon
final commissioning, the turbine will get load-tested with sCO> to validate its aerodynamic
efficiency using the ASME Performance Test Code 10 (PTC-10) as a reference for testing
procedures. The paper discusses the testing procedures, critical design factors, flow loop setup,
and preliminary results.

The anticipated results will show that the sCO turbine meets the performance requirements and
has a high aerodynamic efficiency, or the efficiency in converting hot sCO to electricity, which
is critical for geothermal power generation. The paper concludes with a discussion of the
implications of the results and the potential for using sCOz turbines in geothermal power plants
and other applications.

92



Kerr, Klaerner, Nielson and Weiss

1. Introduction

For over 100 years, high enthalpy geothermal systems (resource temperatures greater than 250 °C)
have been utilized for generating renewable baseload power. The traditional approach to
generating power is through flashed steam (resource temperatures of 320 °C) or flashed steam
back pressure (double flash) (200-320 °C), (Eliasson, Thorhallsson, and Steingrimsson 2011). The
two flash steam types make up almost all the current geothermal power plants but are location
dependent due to the very specific types of geologic resources that are needed.

Alternatively, when there is middle to low enthalpy resources available a binary plant is utilized
to convert the heat into electricity. Here, a traditional cycle such as a Brayton or organic Rankine
cycle (ORC) is utilized. The plant economics become more subjective to the thermal efficiency of
the system, where electrical output becomes hindered by the amount of heat extracted from the
geothermal fluid (thermal efficiency of system). This in turn makes geothermal development
difficult to be cost competitive with other sources of power (traditional geothermal, fossil fuels,
wind and solar).

One aspect of Brayton or ORC binary cycle design that improves plant economics is the selection
of the working fluid. Refrigerants are widely utilized in geothermal binary plants due to their
industry availability and intrinsic thermodynamic properties. More specifically, their low boiling
point enables low grade heat transfer from the geothermal fluid into the refrigerant, causing it to
vaporize and generate power through a turbine. As companies seek to continuously improve cycle
design performance while reducing cost, supercritical carbon dioxide (sCO>) has been a focus area
of research within the geothermal and turbomachinery industries for the past decade.

sCO; provides various unigue advantages over water and other traditional refrigerants. Persichilli
et al. (Persichilli et al. 2012) explain the benefits of SCO2 when it comes to the hot heat exchanger
of a binary cycle. The heat transfer of CO> occurs in a single phase (supercritical) while ORC and
steam-based technologies occur at a phase change. During the phase change, the fluid remains at
a constant temperature while heat is transferred. This creates a “pinch” point problem and limits
the actual temperature of the boiling fluid. The single-phase heat exchange of the CO- allows for
the “pinch” point to occur on the hot side maximizing the temperature into the turbine inlet.

Another significant advantage of sCO: is its density. SCO; has a large density, even when hot and
expanded compared to other working fluids. The density allows the size of the turbomachinery
and heat exchangers to be reduced, therefore, reducing the overall footprint and cost of a power
plant (Persichilli et al. 2012; Sudhoff et al. 2019).

With respect to Sage Geosystems’ approach to harnessing mid-enthalpy resources in South Texas
(150-250 °C), the inherent benefits of sCO> created an opportunity to partner with Southwest
Research Institute (SwRI) to explore a novel, high-efficiency sCO: turbine.

This paper continues the research and development path of the sCO- turbine through its final
assembly, commissioning, and initial compressed air spin test. Primary discussion will be around
the methods and procedure to commission the system as well as critical insights learned throughout
that can be applied for future design consideration.
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2.sCO2 Turbine Parameters

The design for Sage’s sCO; turbine focuses on anticipated field conditions identified in South
Texas. Previous modeling of the geothermal resource presented the inlet conditions for the turbine
to range from 40-100 kg/s, 12-16 MPa, 150 °C, with an outlet pressure of 7.5 MPa. Table 1
summarizes the selected turbine operating parameters that SwRI accounted for in their detailed
design and test loop configuration.

Table 1. Turbine operating parameters

Condition Range
Power Output 0.5 to 3 MWe QOutput
Operating Speed 22,000 RPM
Inlet Pressure 22.5 MPa max
Outlet Pressure 10 MPa max
Inlet temperature 175 °C max

The maximum power output (3 MWe) was based on well operating conditions and the diminishing
returns of larger turbines. The inlet pressure (22.5 MPa) was based on the yearly operating
conditions and fluctuations examined. These are also based on optimal pressure inlet conditions
for a binary plant as well. The inlet pressure was determined by the year-round simulation based
on the ambient temperature fluctuations. The rotation speed was selected to cover a wide range of
operating power outputs. Additional details and graphical analysis regarding these parameters can
be referenced in (Neilson, Weiss, 2022).

3. Critical Turbine Design Factors
3.1 Overview

The sCO> power generation system, shown in Figure 1, has several unique design considerations
with specific applications for geothermal use. The frame assembly, which includes the generator,
gearbox, couplings, and skid, is rated for 3 MW. But the frame has a modular design which can
accommodate power generation at lower energy flows, while not sacrificing efficiency. The
generator, gearbox, and flow components in the turbine can all be easily changed in order to meet
the heat and flow generation of a specific well. The entire frame was designed in order to be
movable by trailer, so that the equipment has the possibility of outliving the life of a well. In
addition, several assemblies can be used on a single well and generate power in series if the well
can produce more than 3 MW. Proving this modular design is a critical step for using sCO- in
geothermal power generation.
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Figure 1: Major components and set-up of Sage Geosystems’ sCOz turbine

3.2 Turbine Description

Figure 2 shows a cross-section of the turbine, which uses an overhung radial turbine wheel. The
design allows for the flow components to be switched out easily in order to maximize power output
depending on different well conditions. The aerodynamic design is discussed in more detail in
(Neilson, Weiss, 2022). The turbine wheel is bolted onto the shaft using a tie-bolt and hirth
mounting feature. The shaft is supported by two tilting pad oil radial bearings and two similar
thrust bearings.

The overhung design and likely working conditions of the CO; at start-up create a large pressure
differential between the flow cavity and bearing cavity. This pressure differential needs to be
sealed, and using a state-of-the-art dry gas seal (DGS) would result in very high start-up thrust
loads. The predicted start-up thrust loads were higher than any oil thrust bearing (rated for 22,000
rpm) could react. For this reason, the design incorporates an oil seal. Because oil seals work along
the axial direction, they do not have as high start-up thrust loads as DGSs. Possible future designs
could incorporate an integrally geared solution, where a turbine on each end of the shaft would
balance thrust loads and double the possible torque.
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Figure 2: Cross section of the turbine highlighting key features of the turbine design

3.3 Rotordynamics

Several features of the turbine design cause potential rotordynamic problems. While using an
overhung turbine wheel allows for easily changing out the flow components, an overhung design
operating at high speeds also creates rotor bending mode concerns. Additionally, oil seals are
known to create stability issues due to high cross-coupled forces. Considerable design effort was
spent creating a mass-elastic rotordynamic model of the system. Figure 3 shows a graphical
representation of the model used to predict the vibration response of the turbine. Each spring
element represents a connection to ground which could be: a bearing, seal, or squeeze film damper
(SFD).
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Figure 3: Geometry plot of the mass-elastic turbine rotordynamic model

Special consideration was placed on minimizing both the overhung length and weight, in order to
keep the operation of the turbine in a sub-critical regime. In order to do that, the original turbine
wheel was manufactured using light-weight titanium. Additive manufacturing and machining
deficiencies, however, led to the use of an Inconel turbine wheel. This heavier wheel forced the
turbine to operate above its first natural frequency. The predicted vibration response of the turbine
is shown in Figure 4. The turbine was modeled and designed according to American Petroleum
Institute (API) 625. The predicted first vibration mode occurs below 10,000 rpm, and is well
damped.

Figure 4: Predicted vibration response of the shaft at the turbine location
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3.4 Oil seal description

The sealing method for the CO: is shown in Figure 5. Two separate floating high-pressure oil ring
seals shown in brown provide a flow restriction for the high-pressure oil. The oil enters along the
path [1]. The flow marked [2] is a high-pressure buffer cavity provided by flow upstream of the
turbine. Most of the supplied oil goes across the high differential seal and into the lubrication drain
cavity of the turbine. The remaining oil, which mixes in with the buffered CO. is known as sour
oil. Ports in the turbine seal housing allow for the sour leakage to exit the turbine and travel to a
separator tank [3]. The high-pressure oil [1] is always approximately 10 psi higher than the sour
oil drain [3]. Both the sour-oil drain and supply reference the buffer cavity.

Figure 5: Oil seal flow description
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4. Test Loop Machinery and DAQ

For a lab test of the designed turbine, there is are other resources needed other than just a turbine.
A two stage integrally geared machine that has been tested by SwRI (Allison et al., 2018) is used
to compress the CO- up to operating pressure, with the ability to run completely in recycle or send
partial flow to the turbine. Between the Turbine inlet point and compressor discharge connection
is an INCO 740H heat exchanger downstream of a direct fired natural gas burner (Moore et al.,
2018). At full operation this unit can well exceed the heat input needed for testing the geothermal
turbine but will be used at a reduced temperature. The layout of the system can be seen below in
Figure 6.

Figure 6. Schematic of the flow loop layout in turbine testing configuration

All pressure and temperatures measurements on the turbine have been calibrated and scaled with
the data acquisition system (DAQ). Calibration checks were also followed by end-to-end checks.
Each of the 125 sensors on the turbine train was hooked up and reading in the correct channels of
the data acquisition system. Where able, all performance measurement instruments are placed
according to PTC-10.

With the instrumentation in place, special attention was paid to ensure necessary data was
transferred accurately. This includes communication between the separate acquisition systems
used for the compressor and the turbine in the lab. Both systems are continuously relaying
information to the control room and crucial during alarm and trip scenarios of either machine.
Altogether, the system has over 400 instrumentation channels to monitor and gather data.
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Besides process condition instrumentation, there are also proximitor probes on both gearbox
pinions as well as the turbine rotor. These run to both a vibration monitoring system in the control
room during operation, and a Bently Nevada system which can provide automated warnings to the
operator and shutdown the machine with pre-programmed sequences. Remaining instrumentation
was further incorporated into the oil systems to monitor those pressures, temperatures, and flows.

5. Commissioning of the Lube Oil & Seal Oil System

Fed from the same oil supply tank, both a lower pressure bearing lubrication and a higher-pressure
supply for the oil seal is used. Based on the oil requirements for two radial bearings of 3.125”
diameter and two thrust bearings, approximately 85 GPM of bearing supply oil is needed to the
turbine. This same supply is also used to feed the gear box bearings, with an incorporated run-
down tank used in the event of oil pump failure. In the case of low pressure, the system was
designed to switch over to the elevated supply through a check-valve. The 330-gallon rundown
tank provides several minutes of lubrication to allow for the controlled shutdown of the turbine
followed by shutdown of the CO, compressor driving the process flow through the unit. A
lubrication system drain was designed referencing APl 614 and ensuring sufficient slope. An
immersion heater inside the oil tank is used to warm the oil prior to operation and a cooling water
heat exchanger and bypass valve are incorporated into the oil supply routing to maintain a
lubrication supply temperature of 48 -57 °C during testing.

Instrumentation on the lubrication oil system account for 15 measurements including pressures at
the pump, machinery, a differential pressure across the filter, and temperatures on the supply and
drains as well as reservoir temperature. A differential pressure measurement is also placed across
the filter to ensure proper filtration through the system.

The high-pressure pump is used to provide oil to the high-pressure seal tank. As mentioned
previously, a floating ring type oil seal is used in the turbine design in place of a modern dry gas
seal due to thrust loading at start-up. Providing the precise oil inlet pressure is an elevated tank,
using head pressure and a sensing line from the turbine CO; seal cavity. This setup is common
practice and has been used for decades on both compressor and other lower temperature equipment
(Wilcox 2000). A schematic of the oil seal system can be seen in Figure 7. The oil seal inlet
pressure is to remain ~5-10 psi above the turbine cavity and is monitored with a differential
pressure measurement at the turbine.
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Figure 7 A loop schematic of the low- and high-pressure oil systems supporting the turbine

The one unique part of the oil seal auxiliary system is a heated pressure sense line to the high-
pressure tank. Due to the rapid swings in CO density as it nears the critical temperature of 31 °C
(Neveu et.al., 2021), a heat trace line was used for the sensing line. This heat trace will keep the
CO. process flow supercritical throughout the line with results in a more stable density. The stable
density is required to match with the designed height of the elevated pressure tank to provide the
correct oil seal inlet pressure.

A level indicator is plumbed into the elevated pressure tank to monitor the oil height, which is a
direct input for a PLD controller used to run a control valve to maintain the oil level. The
mentioned control valve pulls from the 1800 psi oil pump which is running continuously in a
smaller recycle loop near the main oil skid. Figure 8 shows both units packaged together along
with associated piping and elevated tanks in the background.
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Figure 8. The oil supply pumps and routings to allow for precise operation of the turbine

Commissioning tests for this high-pressure system included 25 hours of circulation through all the
piping and tubing to ensure cleanliness followed by filling the high-pressure tank to calibrate the
level sensor. After calibration, the level sensor implementation into the PLD valve controller was
tested to ensure the valve could open and close as needed to maintain tank height. While not under
the pressure that the system will normally experience, the valve control logic was still tested out
to ensure proper setup and instrumentation.

A nearby separator tank is connected to the sour oil discharge of the turbine. The tank allows for
CO2 to vent off the top and oil to fill the bottom of the tank. A level switch opens a valve to allow
the sour oil after separation to drain back into the lube oil reservoir while the CO- exits the top of
the tank and enters the process loop downstream of the turbine exit.
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The float switch and other sour oil instrumentation have been tested at atmospheric pressure to
ensure proper operation. Remaining tests will occur at elevated pressures in the loop without the
driving compressor operating to confirm pressurized operation before startup.

6. Test Startup Sequence

While the testing and operation of MW-scale sCO2 equipment requires a high level of safety and
attention to detail, having one unit as the driver of another provides another set of challenges.
Checklists are created and reviewed for operating the compressor system by itself, but integrating
the operation of the externally fired heater and Geothermal turbine add to the complexity. Timing
of the auxiliary systems on the turbine are important so that they are ready for operation once the
compressor system is setup. While a timeline for startup is on the order of hours in the lab, it is
only after operating the machinery that a judgement can be made on gauge how fast of a startup
the system could handle. Many of the time limits are on machinery other than the turbine which
would only affect lab testing. With the low turbine inlet temperature compared to most other sSCO-
turbines, thermal stresses are much less and not a critical limit.

Before running any other system, the oil is preheated and all the air-buffer seals are pressurized.
This also includes the buffer air for the compressor dry gas seals and lubrication oil system of the
compressor system. Multiple loop purges will then be done up to 250 psi to clear the loop of air
before filling the test loop with pure CO>. Only after the purge and finishing the compressor startup
checkilist is the lubrication oil pump supplying the turbine to be activated and the rundown tank
filled. The high-pressure oil seal pump can then be turned on to fill the elevated seal tank and begin
filling of the loop and injection into the seal. Abiding by the compressor DGS limitations, the
compressor will be turned on with a flow loop pressure of 215 psi and then ramped to full speed
as compressor inlet pressure is increased up to 500 psi. During this time, the turbine stop valve is
closed and no flow is being sent through the turbine.

Upon reaching a compressor inlet pressure of ~500 psi, the turbine stop valve will then slowly be
opened to achieve spinning of the turbine. At this point in the startup, attention will shift to the
turbine to monitor vibrations and oil system conditions. The mass of CO; in the loop is then
steadily increased with the loop fill pump up to a compressor inlet condition of 1100 psi and 40
°C. Using this method, the CO; state remains to the left of the dome and out of the liquid region.
The compressor re-cycle valve and turbine stop valve will be modulated during the process to
bring the turbine inlet condition up to 2290 psi while keeping the turbine speed below 20,000
RPM.

After reaching the design inlet pressure to the turbine and ensuring that all auxiliary seal systems
are stable, the externally fired heater will be ignited. Both flame temperature and fan speed can be
adjusted to create the correct amount of heat addition to the process gas through the facility Inconel
740H heat exchanger. The heater and turbine stop valve will be adjusted simultaneously to reach
the desired 150 °C turbine inlet temperature. This will occur at a reduced flow rate from the design
point, as up until the point the turbine has remained unloaded (excluding windage losses and drag
from the turbine, gearbox, and generator).

After reaching a steady state operation in terms of turbine conditions and auxiliary systems, the
external load bank can then be activated. Load steps in 50 kW increments will be added to the
system followed by adjustment of the turbine stop valve and heater as the turbine slows down. The
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system will be brought back to full speed again at the operating pressure and temperature before
adding an additional 50 kW of load. The same iterative process will repeat until the turbine reaches
the design mass flow condition of 15 kg/s. It is predicted that after losses, ~450-500 kW of power
will be absorbed by the load bank.

7. Initial Spin Test with Air

In order to de-risk mechanical and rotordynamic turbine concerns, the team performed a
preliminary un-coupled test using air as the driving fluid. Figure 9 shows the vibration and speed
data in the form of a Bode plot for the spin test. The turbine was driven with from a 1,500-gallon
air tank at approximately 100 psi and 21 °C. The vibration response matches closely what was
predicted in Figure 4. The proximity sensors used for the vibration are located near the bearings,
and an optical tachometer measures the spin speed of the turbine.

Figure 9: Vibration and speed data of a spin-test using 100 psi air to drive the turbine

8. Full Flow CO2 Test

As previously described, the full CO: test of the turbine will occur at in inlet condition of 150 °C,
2290 psia, and 15 kg/s. While the turbine frame size is designed at a 3 MW level, the full pressure
test will occur at 750 kW. The reduced flow volute and impeller will ensure that the aerodynamic
predictions are accurate, and a full power run can be done in the field. The idea of testing turbines
with reduced flow paths has been done before at Southwest Research Institute (SwRI) (Moore et
al. 2020) and provides a great risk reduction step to the process. The impeller and flow path
machined into the larger pressure cap, shown in Figure 10, is sized for this reduced scale but can
be updated to fit an impeller wheel sized for the full 3 MW flow

104



Kerr, Klaerner, Nielson and Weiss

Figure 10. The lab tested impeller and flow path are reduced scale from that to be used in the field

The reduced flow impeller design under test is predicted to produce 750 kW or 325 N-m of torque
at full speed before losses. Proving out the designed turbine impeller for operation at lower
temperatures than most sCO; energy cycles will validate predictions and models for creating a full
3 MW impeller that can be used in the geothermal application next to a well. It will also prove
modeling ability for the fabrication of different turbine wheels depending on downhole conditions
for changing wells or surface conditions at various times in the year.

9. Conclusion & Next Steps

In conclusion, the reduced-flow spin test successfully validated the mechanical integrity of the
turbine system as well as the auxiliary support (lube-oil system). Performing this incremental test
greatly reduces the chance of trouble-shooting during full CO; flow tests.

The critical design factors outlined earlier set the precedent for future turbine design
considerations. Most notably, moving to an integrally-geared expander design will help balance
thrust loads that previously incurred cost and complexity of the bearing and lubrication system.

In addition, the modularity of Sage’s turbine design, with interchangeable aero components
(impeller), allow for geographic as well as seasonal adaption to dynamic field conditions (well and
ambient temperatures). Whereas current mid-enthalpy binary plants suffer with higher Levelized
Cost of Electricity (LCOE), the increased power generated from energy-dense CO. paired with
reduced CAPEX enable mid-enthalpy geothermal to be cost-competitive with wind, solar, and
natural gas.

Besides optimizing turbine design, other notable areas of future research fall within the carbon
sequestration (CCUS) and direct air capture (DAC) industries. Further exploration into the
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requirements of these two systems can be achieved with ongoing analysis utilizing SWRI with
Sage’s GeoTwin modeling and simulation capabilities.
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ABSTRACT

In this paper we simulate fluid flow and energy transport associated with injection and production
into a fractured rock mass resulting from for the 3-stage hydraulic stimulation of the injection Well
16A(78)-32 and fluid circulation with the recently completed Well16B(78)-32 in the Utah
FORGE. The main objective of this study is to estimate the circulation potential from the injector
to the production well within the fracture network developed upon stimulation of Well16(A)78-
32. For this purpose, we study injection into the rock considering the impact of pressure and
cooling-induced permeability increases and assess the pressure and temperature changes around
the stimulation zone. The study helps estimate the reservoir volume and its evolution of
permeability and flow capacity. The simulation results show that the cooling-induced permeability
increase helps reduce the pumping pressure increase for the injector.

1. Introduction

We previously demonstrated numerical modeling of reservoir stimulation in the Utah FORGE
injection well (Lee and Ghassemi, 2022, 2023). We considered a discrete fracture network around
the stimulation zone, and carried out the Gaussian smoothing process to improve the numerical
stability in the reservoir simulation. The model used a stress-dependent permeability model and is
currently extended to includes both injection and cooling-induced permeability change to study.
circulation between the Well16A(78)-32 and Well16B(78)-32.

2. Application of Stress-Dependent Permeability Model

The model describes the rock permeability decrease as the effective stress increases, permeability
increases as the pore pressure increases, and the permeability increases by cold water injection
caused by thermal stress changes.
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The change of initial rock matrix permeability with respect to the stress is calculated using the
equation (S. C. Jones, 1988):

k= ko{exp[—ak[exp(—ﬁ/ﬁ*) - 1]]}/(1 + C6) (1)

where ay, C are the coefficients for the stress versus permeability. 6*is the reference stress and 6
is the reservoir stress.

For the fluid injection-induced stress change and the thermal stress change by rock cooling are
computed using the following proposed equation:

k= {V12kq + 12kmax [exiJZ(anT'L)—exp(dxo,'li)]} + koexp (ﬁ . Z(i:iY) KQSAT) @)
where d is the empirical exponent for aperture versus normal stress, g, ;" is the effective normal
stress. B,Y, K, ag are the material parameter, Poisson’s ratio, bulk modulus, and volumetric
thermal expansion coefficient, respectively.

The first term in Equation (2) expresses the relationship in terms of an initial permeability and
change of permeability by injection-induced stress changes (J. Rutquist, 2002), and the second
term in Equation (2) describes the rock permeability change by temperature change in the rock.
By superposing the three expressions, we can calculate the permeability change by effective stress,
pore pressure change, and thermal stress:

k= ko{exp[—ak([:?;;a/a*)—ﬂ]} R EE n/%[exfz(mr’t)—exp(dxo;i)]} + kyexp (3.2(1:30 Ka, AT) 3)
The application of a stress-dependent permeability model for the FORGE simulation will be
discussed in the next chapter.

3. Numerical Modeling of Fluid Circulation between Well 16 A(78)-32 and Well16B(78)-32

In this section, we present fluid circulation modeling between Well 16(A)78-32 and Well 16(B)78-
32. The coordinate is (UTM (m) — xo (m), UTM - yo (m)) for x- and y- coordinates where Xo =
333,358 mand yo = 4,261,781 m, and the depth TVD (m) from the surface of the well. To facilitate
meshing and computation of equivalent permeability, the x- and y- coordinates are rotated 30° to
align with the maximum horizontal stress direction (the orientation of the maximum horizontal
stress is given as N30°E (Moore et al., 2019) i.e., the hydraulic fracture propagation direction.
Figure 1 illustrates reservoir simulation domain size, discrete fractures network and well locations
for Well16(A)78-32. The natural fracture geometry has been obtained from FORGE Geotherm
Data Repository. The model grid-block size for finite difference method simulation is 10 m, 10 m,
and 10 m for x-, y-, and z- direction, and the number of grid-blocks are 65, 60, and 60, respectively.
Initial pressure and temperature distributions are provided by Native State FALCON Model input
data from Idaho National Laboratory. Note that the production well is assumed to be 100 m above
the injection well. The input parameters used for simulations are listed in Table 1.

108



Lee and Ghassemi

Figure 1: Reservoir simulation domain size and grid-blocks for stimulation modeling. The blue line indicates
the trajectory of Well 16A(78)-32.

Table 2: Input parameters for Utah FORGE stimulation modeling

Parameter Value

Porosity, ¢ 1%

Thermal conductivity, K; 4.0 W/im-K

Heat Capacity, ¢, 1200 J/Kg-K
Density of rock, ps 2.7 glcm?®

Residual saturation of water, S,,,, 0.30

Residual saturation of steam, S, 0.05

Coefficient of stress vs. permeability, a; 0.1

Reference stress, 6 40 MPa

Coefficient of stress vs. permeability, C 0.001

Empirical exponent for aperture vs. normal stress, d | 0.005 MPa!
Material parameter, 1.0

Bulk modulus, K 50 GPa

VVolumetric thermal expansion coefficient, a, 8x10° m/m-C
Initial permeability, k, DFN + Stimulation data
Initial reservoir temperature, To FALCON input data
Injection water temperature, Tin; 60 °C

The initial permeability distribution is obtained from the DFN and the stimulated volume is
constrained based on the microseismicity data around Stage 1, 2, 3 stimulations as described in
Figure 2 - 4. For the estimation of initial permeability values, we used the calibrated permeability
estimation. As we discussed in previous work, we calibrated the permeability based on the 3-stages
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stimulation for Well16A(78)-32 and utilized the pressure versus injection volume to estimate the
permeability change. The calibrated permeability ranges are 3 — 10 md for Stage 1, 3 — 15 md for
Stage 2. Anisotropic permeability values for Stage 3 are expected to be in the range of 2 — 6 md
(kxx), 20 — 60 md (kyy), and 10 — 30 md (kzz). From this analysis, it is assumed that the initial
permeability for Stage 1 and 2 are 2 md, and for Stage 3 it is 10 md. Since the permeability model
increases exponentially from the initial permeability value, we limit the maximum increase of
permeability. In this numerical model, the maximum increase of permeability by fluid injection
and cooling are 20 md and 180 md, respectively.

Figure 2: Initial permeability is based on the microseismicity data from the stimulation of Well 16A(78)-32
(blue line) and Well16B(78)-32(white and red line).

Figure 3: (a) top view of microseismicity and applied high permeable zone around Stage 1, 2, 3 (b) side view of
microseismicity and applied high permeable zone around Well 16A(78)-32 and Well 16B(78)-32
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Figure 4: (a) z-directional permeability distribution around Well 16A(78)-32 and Well 16B(78)-32 (b) 3-
dimensional high permeable volume for the comparison.

The pumping schedule for the modeling is plotted in Figure 5. It is designed as a 3 step process in
the modeling — i) injection without production, ii) injection with partial production, and iii) full
circulation. Injection without production started for the stimulation by step-rate increase from 25
Kg/sec to 50 Kg/sec, then the production rate was gradually increased from -10 Kg/sec to -50
Kg/sec. The numerical model runs for full circulation from 2 days to 365 days to observe the
pressure change while circulation between the wells.

Figure 5: Injection schedule for the modeling. Inject 25 Kg/sec without production for 6 hours to stimulate the
reservoir around the Stage 1, and increase injection to Q=50 Kg/sec for another 6 hours, then gradually
increase the production rate up to Q=-50 Kg/sec until 365 days.

The results of pressure change at the injector and the producer are plotted in Figure 6. The blue
line is the pressure change for the injector with increasing time and the red line is the pressure
change at the producer. Note that the lowest pressure at the producer is at 49 days of fluid
circulation, then the pressure at the production well slowly increases because of a cooling-induced
permeability increase. The change of impedance between the wells is also plotted in Figure 6
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(green line, the secondary y-axis plot). It is observed that the highest impedance is at the early
stage. Then the flow impedance is reduced rapidly. The pressure and the temperature change from
the injector to the producer at the different time are plotted in Figure 7. There is no temperature
change in the production well while circulating for 49 days, then cooling front encroaches on the
production well as plotted in Figure 7(b). After this, the cooling-induced permeability is in effect
and the trend of pressure continues to drop as described in Figure 7(a).

Figure 6: Pressure at the injector and the producer (blue line — injector, red line — producer). The change of
impedance between the injector and the producer is plotted in green.

Figure 7: Pressure and temperature change from the injector to the producer at different times are plotted. (a)
the permeability at the production well increases after 37 days by cooling that leads the pressure support
at the production well to maintain the impedance below 0.1 MPa/(Kg/sec). (b) temperature changes by
cold-water injection from the injector to the producer at different times.
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3D plots at different time-steps are presented in Figure 8 - 10 for cooling-induced permeability
model assuming 20 md maximum permeability by injection and 180 md maximum permeability
by cooling. Permeability change at the early stage in Figure 7(a) shows the permeability
distribution after 12 hours of fluid injection for the stimulation before the production starts. It is
observed that the permeability around the production increases with time because of rock cooling
(Figure 8(c) and (d)). Pressure and temperature changes at different time-step are illustrated in
Figure 8 and 9. The maximum pressure is observed at 12 hours of fluid injection then the difference
of pressure is slowly decreased while fluid circulation for 365 days as shown in Figure 9(a) - (d).
It is observed that the cooling-front by cold water injection is close to the production well after 36
days of circulation, then slowly increases the cooling zone as shown in Figure 10.

Figure 8: 3D plot for permeability changes (a) t = 12 hrs, (b) t = 36 days, (c) t = 180 days, and (d) t = 365 days.
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Figure 9: 3D plot for pressure changes: (a) t =12 hrs, (b) t = 36 days, (c) t = 180 days, and (d) t = 365 days.
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Figure 10: 3D plot for temperature changes at different time-step. (a) t =12 hrs, (b) t = 36 days, (c) t = 180 days,
and (d) t = 365 days.

3. Conclusions

A coupled fracture/reservoir model for EGS has been used to simulate stimulation and fluid
circulation in the Utah FORGE doublet. The presence of a DFN and its stress/temperature
dependent permeability can be considered in the framework of two-phase flow. The model was
used to analyze the discrete fracture network and stress-dependent permeability model for fluid
circulation between Well16A(78)-32 and Well16(B)78-32 in the Utah FORGE. Results show that
simulations considering stress-dependent permeability improved fluid mass movements in the
discrete fracture network and significantly reduced previous impedance estimates. The impact of
estimated reservoir volume around the stimulation zone and permeability change with respect to
the injection pressure and the temperature was also studied to help optimize the production well
design in Utah FORGE reservoir. The circulation potential is highly impacted by the combined
effects of initial permeability, fluid-induced and cooling-induced permeability change, and the
natural fracture geometry.

Future work will consider optimization of numerical modeling parameters based on the seismicity
record and distributed acoustic sensing (DAS) field data, to demonstrate the characterization of
FORGE reservoir.

115



Lee and Ghassemi

Acknowledgement

This project was supported by the Utah FORGE project sponsored by the U.S. Department of
Energy, through the project “Fiber-Optic Geophysical Monitoring of Reservoir Evolution at the
FORGE Milford Site.” The authors would like to thank Dr. Robert K. Podgorney and Aleta Finnila
for their DFN and other reservoir data and valuable discussion.

REFERENCES

Jones, S. C., " Two-Point Determinations of Permeability and PV vs. Net Confining Stress” SPE
Formation and Evaluations (1988).

Lee, S. H., Ratnayake, R. Ghassemi, A., “Numerical Analysis of Flow in Stimulated Utah FORGE
Reservoir” GRC Transactions, 46 (2022).

Lee, S. H., Ghassemi, A., “Modeling and Analysis of Stimulation and Fluid Flow in the Utah
FORGE Reservoir” Proceedings: 48th Workshop on Geothermal Reservoir Engineering,
Stanford University, Stanford, CA (2023).

Moore, J., McLennan J., Allis R., Pankow K., Simmons S., Podgorney R., Wannamaker P., Bartley
J., Jones C., and Rickard W. “The Utah Frontier Observatory for Research in Geothermal
Energy (FORGE): An International Laboratory for Enhanced Geothermal System Technology
Development.” Proceedings: 44th Workshop on Geothermal Reservoir Engineering, Stanford
University, Stanford, CA (2019).

Rutquvist, Y.-S., Wu, C.-F, Tsang, G. Bodvarsson, "A modeling approach for analysis of coupled
multiphase fluid flow, heat transfer, and deformation in fractured porous rock” International
Journal of Rock Mechanics & Mining Sciences, 39, (2002), 429-442.

Wu X., Huang, H., Song, S., Zhang Z., Cheng, R., Li, H., Wen, P., Huang, X. D., "Variations of
Physical and Mechanical Properties of Heated Granite After Rapid Cooling with Liquid
Nitrogen” Rock Mechanics and Rock Engineering, 52, (2019), 2123-2139.

116



GRC Transactions, Vol. 47, 2023

Modeling Direct Lithium Extraction From Geothermal Brines
Using Rigorous Electrolyte Thermodynamics

Leslie D. Miller and Anthony J. Gerbino

OLI Systems, Inc. USA

Keywords:

Direct Lithium Extraction, lithium, process simulation, brine valorization, electrolyte
thermodynamics

ABSTRACT

We use rigorous electrolyte thermodynamics, direct lithium extraction (DLE) media database
with reaction kinetics, and a steady state process simulator to predict the mass, energy, and
chemistry balance in lithium extraction from geological fluids. The electrolyte thermodynamic
model is used to predict the brine properties at each step in the process. The DLE media
database and reaction kinetics are used to predict lithium uptake by the adsorbent materials. A
process simulator is used to predict the mass, energy, and chemistry balance in the overall
process.

The electrolyte model contains the thermochemical data of key elements like Li*, Na*, K*,
Ca*?, Sr*2, Fe*2, CI', CO3?, S0O42, H*, OH?, and B*® It is used to calculate pH, density, buffer
capacity, vapor pressure, activity coefficients, solids saturation, precipitation formation, and
chemical demand. The electrolyte model is needed to predict the equilibrium state of the brines
as it flows in and out of each process unit in the extraction and regeneration process. It is the
most critical of the three tools.

We created a DLE media database with two approaches, empirical and rigorous, using
experimental data from media providers to quantify lithium (and other ion) uptake as a function
of contact time, pH, temperature, and brine chemistry. We back-calculate the media’s chemical
formula using the moles of exchangeable sites available per gram of media. We also created a
rate expression and a set of rate coefficients to calculate ion uptake as a function of temperature,
pH and time. We have not developed media degradation parameters that could be used to
optimize plant costs.

We used a steady-state process simulator with the electrolyte model and DLE media database
to predict lithium extraction efficiency, contaminant ion uptake, solids deposition, chemical
requirements, and lithium chloride extractant composition. We developed a full-plant
simulation for several extraction plant designs, the essential parts of the plant are presented in
this paper. Although we cannot present actual plant information due to the proprietary nature
of the operations, we present a hypothetical plant design of a geological fluid and describe the
sections of the extraction plant that are and are not simulated accurately at this time. The
limitations we describe are mostly mass-transport-based, such as solids settling rates, media
fouling, incomplete mixing, and membrane and ion exchange performance.
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In summary, we have used the above capabilities to design, with relative accuracy, geological
fluid extraction processes. This includes simulating critical unit operations like ion extraction
and media regeneration, separation processes like ion exchange and membranes, predicting the
formation of unwanted solids, and predicting the chemical and water demand under varying
process conditions.

1. Introduction

Lithium is in high demand as the world shifts towards a cleaner and more sustainable future.
To meet this demand, industry is developing processes to extract lithium from geologic fluids,
like geothermal brines or produced brines from existing or abandoned oil and gas wells. Due
to recent technological developments in lithium sorbent materials, direct lithium extraction
from brines containing less than 50 ppm lithium, are approaching economic viability.'
Extracting lithium from complex brines comes with many chemistry challenges: the high salt
concentration, precipitating metals, brine corrosivity, brine temperature, a sensitive
environment, and limited availability of fresh water.

Geologic fluids produced in geothermal and oil/gas production contain lithium at low
concentrations compared to conventional sources of lithium like salars and ore. These low
concentrations make the use of conventional extraction techniques such as evaporation or
membrane technologies impractical. Many entrepreneurial startups and established mining
companies have developed materials that selectively extract lithium directly from the brine,
without taking up the other solutes (e.g., Na*, CI, Ca*, Mg*2. etc.). The material, generally
termed DLE media, is comprised of a porous magnesium oxide (MgOx) or titanium oxide
(TiOx) matrix containing positive-charge deficiencies. These materials are manufactured in
ways that allow Li* and H* to diffuse and attach to sites in the media, but larger ions like Na*,
K*, Ca*?, to largely remain in the bulk fluid. In DLE, lithium-containing brine contacts the
protonated form of the media, allowing the ion-exchange reaction between Li* and H* to occur,
the media is then separated from the brine and washed with acid to reverse the exchange,
extracting lithium from the media. The resulting solution is an acid-containing pregnant liquor
with lithium concentrations in the several thousands of mg/I

With these new DLE processes, there is a strong demand to develop mass, chemistry, and
energy balances around these techniques enabling designs of pilot and full-scale extraction
plants. The challenge is that no predictive software tool exists to simulate the extraction
process in any mechanistic way. This is in part because the extraction media vary by
manufacturer, and therefore uptake rates, adsorption capacity, ion selectivity, and degradation
rates vary.

OLI addresses these limitations by developing a semi-empirical thermodynamic and kinetic
database that simulates direct lithium extraction and the larger process design. We use one of
two approaches to simulate ion uptake, a kinetic-based uptake reaction (empirical) and an ion-
exchange reaction with fixed selectivity coefficients (rigorous). We present our development
of the Kkinetic database, and test it using the electrolyte model coupled with a process simulator
to analyze a complete DLE plant.

2. Approach to modelling cation adsorption in DLE media

We developed a private database containing two types of extraction mechanisms. The first
uses a rate-based expression where adsorption is defined using a set of kinetic reactions
(empirical). The equation below is the expression for Lithium uptake and release. Similar rate
expressions are used for Na*, K*, Ca*2, and Mg*. This approach does not use an equilibrium
constant, although one can be back-calculated. We fixed the enthalpy of formation for each
adsorption species so that there is negligible temperature change when the reaction proceeds.
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HMedia + LiCl & LiMedia + HCI

dLi* Bf/ Br/
Rate )= Apxe /T « (HIX® * Li® x H20°) | — [Ar xe 'TE) x (H304 * LiIXe)] *Viig

The strength of the empirical approach is that adsorption and desorption extent is fit to
measured data. The rate expression can be expressed to include the temperature, pH, and
composition effects.

The second approach uses an equilibrium ion exchange reaction (rigorous). The papers we
reviewed define the media as having two exchange sites per mole of central metal, e.g., H.TiO..
We evaluated four possible exchange reactions, an exchange of one mole M+1 per mole of
media or an exchange of 0.5 mole M+2 per mole of media.

HMedia(1) + Litt <Q—5>LiMedia(1) + H*
HMedia(2) + Litt <Q—5>LiMedia(2) + H*
HMedia(2) + Na*? <Q—S>NaMedia(2) +H*
HMedia(2) + K*1 & KMedia(2) + H*
HMedia(2) + 0.5Mg*? & Mgy sMedia(2) + H*

Qs
HMedia(2) + 0.5Ca™? & CagsMedia(2) + H*

The strength of the rigorous approach is that it uses standard equilibrium reactions, a selectivity
coefficient, and non-ideal interactions for each adsorbing ion. Thus, it incorporates
temperature, concentration, and pH effects automatically.

Both approaches include adsorption with all ions if they are developed: H*, Li*, Na*, K*, Mg,
Ca*?, Sr?2, Ba*?, Fe*?, and Al*2. The media molecular weight is defined by its molar exchange
capacity (grams of media per mole of Li* adsorbed). The media enthalpy (for heats of reaction)
is referenced to Na;TiOs. These values are not precise but are satisfactory for first-pass
development. The enthalpy of reactions for H,TiOs and Li,TiOs species was adjusted to match
adsorption vs. temperature data.

3. Results: Fitting adsorption and desorption data using empirical approach

We used adsorption vs. time data from a private communication to define the reaction rate
expression. We set the media's formula weight to a value that would produce a lithium
exchange capacity of 5 meq Li/g media (35 mg/g) and used the measured data to parameterize
the Kkinetic coefficients. This data included concentration vs. time as temperature and pH
varied. Then, using the brine composition, the experimental pH (5 and 8), temperature (20, 40,
and 60C), and the concentration vs time plots to define the kinetic coefficients. Figure 1 is a
curve fitting plot of adsorption rates on a proprietary DLE media.
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Figure 1: Curve fitting of adsorption data vs time and temperature

We obtained good agreement with the measurements at pH 8, and limited alignment with data
at pH 5. The best fit plots produced the following values. The reactants and products are
measured in activities and the volume is in m3.

2112 -97
Rate = ([3.4x1013 se T « (HIX' + Li% * HZOO)] - [2.8x1013 xe ITUO « (H30"1° « LiIX1'17)]) *Viig

There were no uptake rates for Na*, K*, Mg*?, and Ca*?, so we used the lithium uptake rates for
the other cations, and limited the extent to which these other ions adsorb to 1.5 mg/g (for Na
and K) and 3 mg/g (for Mg and Ca).

4. Results: Fitting measured adsorption and desorption data using rigorous approach

Wang et ali studied adsorption of metals from a heavy brine on their H,TiOz media. lon
concentration for Ca*2, Mg*?, Na*, K*, and Li* in the brine, was reported as 55, 58, 1.6, 0.5,
and 1.56 g/l, respectively. They reported maximum adsorption capacities for these metals on
their material at pH 8.8 and 25 C, this data is presented in Table 1.

Table 1 - Estimation of the equivalent weight of the media based on the different cation adsorption capacity.

Cation adsorption Media mass
capacity (meq/g)  (g/eq)

Media(1) 5.14 194.6
Li+ 5.14

Media(2) 0.62 1604
Li+ 0.10
Na+ 0.08
K+ 0.05
Mg+2 0.21
Cat+2 0.18

We created two sets of adsorption reactions to accommodate the two reported adsorption sites
(site 1 and site 2) for Li*, H*, Na*, K*, Mg*?, and Ca*?. The first reaction (site 1) adsorbs Li*
and H*. It has a capacity of 5.14 meg/g and a formula weight of 194.6 g/mol. The second
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reaction (site 2) adsorbs all cations and has a capacity of 0.62 meq/g and formula weight of
1604 g/mol. The chemical reactions created were:

HMedia(1) + Li*' S LiMedia(1) + H*
HMedia(2) + (Lit1, K*1,Nat?) & (Li,K,Na)Media(2) + H*
HMedia(2) + 0.5(Ca*?,Mg*?) & (Ca,Mg)ysMedia(2) + H*
We then fit the experimental data (symbols) using selectivity coefficients. The results are
shown in Figure 2. There is good fit for lithium (left plot) and reasonable fit above pH 7 for

the other metals (right plot). The right plot fits can be improved by modifying the surface
interaction parameters.

35.0

4.0
e K
® Na
® Ca
0.0 3.0 ® Mg °
> ° i) —Li
£ £
c
i 2
H o
é %10
0.0 ©
0.0
15.0 45 6.5 8.5
5 7 9 pH

pH

Figure 2: Curve fitting Li, K, Na, Mg, and Ca adsorption on an HTiO3 media from a high concentration
chloride brine

The computed selectivity coefficients (Qs) for each metal were (log scale) -6.6, -4.4, -5.2, -6.8,
and -6.8 for Li*, Na', K*, Mg, and Ca'?, respectively (before adjustment by activity
coefficients). These values are based on the adsorption maximum values and the brine
compositions reported by the authors. These selectivity coefficients are specific to the brine
and the media. More intrinsic selectivity coefficients can be produced if the media is tested in
simpler salt-water solutions like, NaCl-H20, KCI-H20, MgClz-H:0, and CaCl.-Hz0.

We used the same parameters to simulate the adsorption data from Zhang et alii. They produced
a pure H2TiOs and polyvinyl benzene treated H2TiOs, and studied lithium adsorption on that
media. Figure 3 is a plot of the adsorption isotherm for the two materials. There is good
agreement between the measurements and predictions for the pure H>TiOs material but
initially, poor agreement for the PVB-treated media. To compensate for this, we created a
separate media, PVB-TiO3. We calculated an equivalent weight for pure H2TiOs media at 208
g/eq and for the PVB-TiO3 media at 230 g/eq. The computed selectivity coefficients for the
PVB-TiO3 were (log scale) -6.8, -7.7, -6.9, -9.3, and -9.3 for Li*, Na*, K*, Mg*?, and Ca*?,
respectively (before adjustment by activity coefficients). Each of the metals are 1.1 log-unit
lower than values shown above.
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Figure 3: Matching equilibrium sorption curve and capacity for a H2TiOsz and PVB-H:TiOs

Figure 4 is a plot of the calculated and measured adsorption vs. pH for the same materials. The
model predicts lithium uptake quite well for the H>TiO3 media but not for the PVB-HTiOs
media. It will be necessary to use different selectivity coefficients and equivalent weights for
the commercial material as compared to the pure material.

Figure 4: Comparing simulated and reported uptake vs pH curves using parameters regressed for the
equilibrium sorption curve

5. Approach to simulating the Direct Lithium Extraction process

Figure 5 is an image of the flow diagram used to simulate direct lithium extraction process with
DLE media. The units represent a single contactor vessel undergoing four extraction process
steps: lithium adsorption, brine rinsing, media regeneration with HCI, and a final rinse.
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Figure 5: Simulation flow diagram for testing the two DLE reaction approaches.

We simulated the lithium extraction process at 25 C and 1 atm using the above flow diagram
with both the empirical and rigorous reaction methods. The following parameters were used
for the modelling:

= Media mass / capacity reported in Table 1
= A generic Salton Sea brine composition (see below)
= Brine feed rate of 10 kg/min
= Lithium adsorption at pH 8 and controlled using 20% NaOH
= Lithium removal at pH 0.5 or 1 and controlled using 8% HCI
= Pure water at 5.5 g water/g media was used for rinsing brine off media
= Pure water at 2.5 g water/g media was used for rinsing acid off media to recover Li+
= 10 wt% entrained liquid on the media at the start of each process step
= Filtered inorganic solids from the brine upstream of the extraction process
We then varied the following parameters:

Brine to media mass ratio between 6 mg Li/g media (excess media) and 40 mg Li/g media
(insufficient media). We expected to see a higher concentration of unwanted salts, Na, K, Mg,
and Ca in the final extractant when using media in excess of lithium.

Contact time for the adsorption and regeneration between 15 and 60 minutes (same value for
each step). This is done for the empirical (kinetic) reactions only to study the impact on lithium
uptake and on the final composition of the Li in the purification stream.

For the lithium-containing brine feed, we used a generic Salton Sea brine in our simulation
work. This brine has roughly half the ionic strength of the Wang et al brine, Table 2. The far-
right column is the activity coefficient ratio between the generic Salton Sea water and the Wang
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et al brine. It is based on the following equation, where Q’ is the activity coefficient ratio. The
equation is written reactants over products and the media phase is assumed to have unit activity:

1/z % ’
Yu+z * YH,y0 , Qsaiton sea
=2 ratio=—F—-—""2—

¢ YH,0+ Wang et al brine

A ratio >1 indicates that metal adsorption from generic Salton Sea water is enhanced relative
to the Wang et al brine. Lithium adsorption affinity is computed to be suppressed by 12%
while Na*, K*, Mg*2, and Ca*? adsorption is computed to be enhanced, with K* adsorption
enhanced by 7.2x. Uptake differences are further affected by the absolute metal concentrations
in solution. Potassium concentrations for example are 17.6x greater in the generic Salton Sea
brine. The effect of these differences is that the metal adsorption efficiency between the two
brines will differ.
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Table 2 - Comparison of the brines used to create the selectivity coefficients and to simulate lithium

extraction.
Brine composition (ppm) | Equivalent conc (eq/kg Activity coefficients Activity
H,0) (kg/mol) coefficient
lon Wang etal | Generic Wang et al | Generic Wang et al | Generic ratio
Salton Sea Salton Sea Salton Sea
H20 1000000 | 1000000 55.5 55.5 0.52 0.76
HsO0* 3.0e-8 1.9e-7 1.6e-9 le-8 13.7 4.2
Li*! 1769 200 0.25 0.039 124 2.3 0.88
Na*! 1814 70000 0.08 4.1 3 1.1 1.8
K* 567 10000 0.014 0.35 0.4 0.6 7.2
Mg*? 67641 2000 5.6 0.22 28.6 1.5 1.3
Ca*? 62583 20000 3.1 1.34 12 0.9 1.2
Sr+? 650
Ba*? 100
Fe*? 20
ClI? 319720 160000
HCO3! 15
5042 50
BOH;s 1500
SiO; 10
CO2 50
IS (m) 13.6 6.9

6. Results — Simulating Extraction Process Using Empirical Reactions

Table 3 contains the results for the empirical exchange simulation. The contact time is set to
30 minutes, the lithium to media mass ratio in the contactor is set to 20 mg/g. The adsorption
step is set to pH 8, and the regeneration step is set to pH 0.5. The spent brine column contains
the calculated lithium concentration of 71 mg/l. This represents 65% lithium capture. The
simulated lithium concentration exiting to the purification process is 4872 mg/l and pH 1.9.
Both values are after mixing the HCI extraction step with the pure water media washing step.
The regenerated media is calculated to still contain lithium after the acid extraction. The final
column shows that the regenerated media still contains 18.5 mg/g of lithium (50% of the
available sites). This indicates that the HCI did not extract all the lithium. We suspect our
kinetics may not be valid at very low pH’s because there was no data to regress in this region.

Table 3 - Base case simulation using pH 8 in spent brine and pH 0.5 in LiCl to purification.

Species conc. (mg/l) |Feed Brine Spent Brine LiCl to purification (Rgg/e;)erated Media
Li+1 200 73 4872 18.5

Na+1 70000 70545 1250 <0.01

K+1 10000 9943 230 <0.01

Mg+2 2000 1981 124 <0.01

Ca+2 20000 19836 484 <0.01

Ba+2 100 35.5 <0.1

Cl-1 159240 158971 26704

pH 5.1 8.0 2.0 (after rinsing)

Figure 7 is a plot of the lithium extraction efficiency as contact time and Li:Media loading
vary. A minimum of 20 mg/g loading is required to achieve 75% removal efficiency. At this
loading ratio, the contact time would be greater than 30 minutes. At 10 mg Li/g media loading,
nearly 100% of the lithium is removed from the brine. This is not surprising, since at this
loading only one in three of the available adsorption sites can be filled. This creates problems
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because the other ions are in excess and continue to adsorb on the sites that are available to
them. The net effect is an enrichment of the impurities adsorbed relative to the lithium.
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Figure 6 - Lithium extraction efficiency as a function of contact time and Li:Mg loading.

Figure 8 is a plot of the Li+ concentration in the purification stream vs. contact time and
Li:Media loading ratios. The lithium concentration increases with contact time for each of the
Li:Media loading ratios except one. At the lowest ratio (10 mg Li/g Media), there is insufficient
lithium remaining in the brine to occupy the available sites (above discussion). This has two
effects, the first is that more HCI is needed to achieve the 0.5 pH, diluting the metals
concentration in the purification stream. The second is that the impurities concentration in the
purification stream increases relative to lithium. This is shown in Figure 9 where at low
Li:Media loading ratio, there is a higher impurity:Li equivalent ratio in the purification stream.
The increase is significant below the 20 mg Li+/g media loading.
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Figure 7 - Lithium concentration in the purification stream as a function of contact time in the extraction
step and the Li:Media loading ratio.
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Figure 8 — The Impurity:Li ratio in the Purification stream as a function of contact time and Li:Media
loading ratio

7. Results — Simulating Extraction-process using rigorous ion exchange

Table 4 contains the simulation results using the rigorous adsorption approach. The lithium
loading is set to 20 mg Li/g media, the contactor pH for lithium extraction is set to pH 8, and
the HCI recovery step set to pH 0.5. The software computes 15 ppm Li* remaining in the spent
brine, which is approximately 93% recovery. The slightly higher Na* in the spent brine is from
NaOH addition, and the lower cation concentration is from adsorption onto 10% of sites
available to these ions. This simulation approach differs from the empirical approach in that
reactions come to equilibrium.

Table 4 — Base case simulation using a Li/media load of 20 mg/g, a pH 8 for extracting lithium, and a pH
0.5 for removing the lithium.

Species conc. (mg/l) |Feed Brine Spent Brine LiCl to purification (Rnig/eg)erated media
Li+1 200 15 5094 1.3

Na+1 70000 70270 2640

K+1 10000 9914 274

Mg+2 2000 19001 2409

Ca+2 20000 19790 13

Ba+2 100 0 0

Cl-1 159240 154977 38772

pH 5.1 7.9 1.4 (after rinsing)

Figure 10 is a plot of lithium concentration in the extracted purification and spent brine streams
as a function of pH when the Li:Media loading is 20 mg/g. The pH where lithium is computed
to be at its maximum concentration is 7.5. Above this pH, lithium concentration in the
purification stream decreases. This is for three reasons; 1) the lower lithium concentration
reduces the extent of the adsorption reaction; 2) the impurities continue to adsorb because they
are not in limited concentrations; and 3) more HCI is used to bring the pH to 0.5, which dilutes
the lithium in the purification stream.
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Figure 9 - Lithium concentration in LiCl to purification stream and spent brine as a function of target pH
in the spent brine when the Li:Media loading is set to 20 mg/g.

Figure 11 is the computed lithium concentration in the LiCl to purification stream as the pH of
the extraction step varies and as the Li:Media loading varies from 10 mg/g (excess media) to
40 mg/g (insufficient media). The highest Li+ concentrations are computed to be at high
Li:Media loadings and between pH 6.5 and 7. There is a marked decrease between the 27 and
20 mg/g loading at lower pH. At extraction above pH 7.5, there is no difference in loading
effects above 20 mg/g.
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Figure 10 - Lithium concentration in purification stream as a function of spent brine pH and Li:Media
loading

Figure 12 is a plot of the percentage of the feed brine Li* that is extracted. The 40 mg/g and
33 mg/g Li* loadings plateau above 6.7 pH, because the salinity effects on the Li* activity
coefficient impacts overall adsorption. We will investigate this in future studies to determine
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the significance of ionic strength on lithium extraction. At loadings of 20 mg/g and lower,
more than 90% of the Li* is computed to be extracted at pH 7.5 and higher.
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Figure 11 - Percent of lithium recovered from brine vs spent brine pH and Li:Media loading.

Figure 13 is the calculated impurity:Li ratio as a function of pH and Li:Media loading ratio.
At low contactor pH, the impurity/Li ratio in the purification stream is low. The optimum ratio
is calculated to be approximately 20 mg Li/g media loading. Below this ratio, there is
insufficient lithium to extract to all available sites, but there are also additional sites for the
impurities to adsorb. The worst-case scenario is the 10 mg/g loading. Compared to the 20
mg/g loading, there are twice as many sites for Na*, K*, Mg*?, and Ca*? to adsorb, and so their
extraction is doubled. However, if we consider pH 7, there is only 15% additional lithium
adsorbed when the loading is 10 mg/g vs 20 mg/g (Figure 12). Consequently, the impurity:Li
ratio increases in the extraction.
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Figure 12 - Impurity:Li ratio in purification stream vs pH of spent brine and Li:Media loading
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Thus, the design engineers are challenged by competing properties, feed brine temperature
and the extent to which they cool it, the limit to which they can raise the brine pH, and the
need for a higher pH to optimize lithium extraction by the media. The pH effect on media
performance is shown in Figure 14. The x-axis is the volume of pH-controlled, Salton Sea
brine flowing across the media in a ten-separation stage column. At 5 pH, lithium
breakthrough occurs after only a small volume of brine reacts with the media. By 7 pH, Li
breakthrough occurs after 11x the brine passes across the media.
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Figure 14 — Brine volume flowing across the media vs. concentration of lithium breakthrough.

8. Summary

We incorporated direct lithium extraction into a thermodynamic model to test whether it is
feasible to simulate with precision the lithium extraction process. We used two modelling
methods: empirical uptake and release calculations using proprietary media and Kinetic
reactions, and rigorous uptake and release using surface ion exchange reactions.

We can achieve reasonable curve fitting of laboratory uptake data using both approaches. We
identified non-ideal adsorption vs. pH effects. This appeared in the Kinetic and rigorous
approach. These non-ideal adsorption behaviors should be resolved by using a more complex
kinetic equation for the empirical approach and surface activity parameters for the rigorous
approach. Both will be part of future work.

Finally, we used a process simulator to model the mass balance using the two uptake models
(empirical and rigorous). We were able to predict in a semiquantitative way the impact of
contact time, pH, and media reuse (recycle) on overall process performance. Future work will
focus on using more complex kinetic equations in the process simulation.
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ABSTRACT

Solenis was approached by a geothermal power company in Central America with a challenging
issue of severe sulfur deposits inside the condenser, leading to plant shutdowns every 6-8 months
for manual cleaning. An extensive review of the cooling tower chemical program was conducted,
including analyses of recirculating water, deposits recovered from inside the condenser and mud
from the cooling tower basin and fill. The proposed solution involved the use of new biocides,
online peroxide cleaning to remove unreachable deposits, and a specially selected sulfur
dispersant. The success of the program was measured using average condenser vacuum in
operation and total sodium hydroxide consumption, which varied because of pH excursions caused
by poor control of the sulfur-reducing bacteria. The results indicate improved operating conditions
in the intercondenser vacuum and reduced sodium hydroxide consumption compared to the
previous chemical programs.

1. Introduction

The condenser is a vital component in a steam power plant cycle, playing a crucial role in
improving the overall efficiency and performance of the plant. A well-maintained condenser could
easily double the efficiency of steam use in a geothermal power plant, compared with a back
pressure unit.

In a direct contact condenser, such as the one discussed here, the turbine exhaust steam is cooled
with water from the cooling tower. The condensation produced by this mixing helps extract
additional energy from the steam by virtue of the vacuum produced in the process, hence the
greater efficiency of steam use. The high capacity of the water to absorb heat means that the
condensation process is much more efficient than air-cooled condensers. However, the main
disadvantage is the mixing of cooling tower water with the pure steam. A system with good cooling
water quality does not experience this issue because not many solids that could cause problems in
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the intricately designed condenser are dissolved in the water. Nonetheless, a system with sub-
optimal water quality runs the risk of the dissolved solids depositing inside the condenser.

In general, lower turbine exhaust pressure leads to more efficient conversion of steam into
electricity. In other words, optimal operation of the condenser is critical to the economical
production of energy from the available steam.

In the cooling tower described here, for various related reasons, the water quality allowed sulfur
to be deposited in the condenser. This reduced the heat exchange capacity of the condenser, which
affected the plant’s profitability in two ways. First, the sub-optimal operation of the condenser in
the form of vacuum loss over time caused the plant to produce less electricity using the same
amount of steam. Second, the forced plant shutdown for 1-3 days every 6—8 months to manually
clean the condenser of the sulfur deposits negatively affected production.

2. Diagnosis

The initial diagnosis of the problem began with a lengthy review of the conditions and current
standard operating procedures of the cooling tower. Water, deposit and mud samples were
collected from the cooling water, the deposition found inside the condenser and the cooling tower
and then analyzed.

The initial suspicion, later confirmed by the data collected from different samples as shown in
Table 1, was that the root cause of the problem was an inadequate control of the bacteria
population. This lack of control caused an overgrowth of different species of bacteria, namely
sulfur oxidizing bacteria (SOB) and sulfur reducing bacteria (SRB), which caused two self-feeding
cycles. The SOB oxidized the hydrogen sulfide that was dissolved in the cooling water and drove
reactions that produced sulfuric acid and elemental sulfur. Sulfate derived from sulfuric acid acted
as a substrate for the SRB to produce more hydrogen sulfide through biochemical processes, which
in turn fed the SOB. With the excessive production of elemental sulfur came the inevitable
deposition—everywhere that it could deposit, in the condenser, cooling tower fill, cooling tower
basin, cooling water circuits, and so forth.

Table 1: Initial data from water, deposits and mud collected from different locations.

Cooling Cooling Cooling Cooling Cooling Cooling Cooling
Tower A | Tower B Tower B Tower B Tower B Tower B Tower B
oil-cooling fill sprayer 1 sprayer 2 mud
circuit
Conductivity 600 1235 N/A N/A N/A N/A N/A
pH 4.6 3.9 N/A N/A N/A N/A N/A
Sodium 94 214 N/A N/A N/A N/A N/A
Sulfate 216 464 N/A N/A N/A N/A N/A
Bacteria count N/A N/A 2.17 x 108 <10 <10 2.72x10% | 8.90x 108
Fungi N/A N/A 8.00x 10 | 3.3x10? 2.8x 108 2.26 x 10* | 2.00x 10°
SRB N/A N/A >1 x 106 1x103 1 x102 >1 x 10° >1 x 106

The excessive growth of the bacteria population was compounded by the fact that one of the
biocides in use at that time was known to be ineffective in the presence of hydrogen sulfide, which
had both exogenic and endogenic sources. Additionally, when a hydrogen sulfide-tolerant biocide
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was used, the concentrations achieved in the water were able to neutralize only a certain, more
exposed part of the population. However, because a hidden sulfur substrate existed in many places
inside the system, populations of bacteria were not being reached by the biocide, thereby
heightening the biofouling problem.

All these conditions exacerbated the problem, forcing plant personnel to allocate a greater portion
of their cooling tower chemical budget to purchasing sodium hydroxide to neutralize the excessive
production of sulfuric acid and to shut down the plant for a period of 1-3 days every 6-8 months
to manually clean the condenser. The purchases and manual cleanings hurt the power plant’s
profitability in several ways: the cost of the excessive purchases of sodium hydroxide, the
ineffective use of the previous biocides, the inefficient conversion of steam converted into
electricity, and the cost of the unnecessary shutdowns and resulting loss of production.

3. Approach

A three-pronged approach was undertaken to bring the deposition in the cooling tower back under
control.

e Selecting better biocides to drastically reduce the bacteria population.

e Adding a novel sulfur dispersant to minimize deposition on surfaces and facilitate elimination
of substrate via blowdown.

e Including with online cleanings hydrogen peroxide at a high pH level to remove biofilm and
sulfur deposited in less visible areas of the system.

3.1 Biocide recommendations

Initially, Solenis proposed three different biocides to control the size of the bacteria population.
Ultimately, it was reduced to two: Bi