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Public Executive Summary

Geothermal drilling in the United States is drastically slower and more costly than Qil and Gas
(O&@) drilling, primarily due to the additional challenges in geothermal wells: hard rock types
and high temperatures. The Repetitive Pulsed Electric Drill (250°C) (RePED-250), developed by
Tetra Corporation has the potential to change this with a novel electro-crushing technology.
RePED-250 releases pulses of electricity through the rock, which causes it to break in tension,
instead of compression like conventional rotary drilling. The tensile strength of hard rocks like
granite is only ~5% of their compressive strength, requiring less energy, time, and wear on the
bit compared to conventional drilling. The RePED drill bit has no moving parts, uses drilling
mud to remove rock fragments, and uses standard drill pipe, enabling a direct transition from
conventional drilling systems.

The objective of this project is to move RePED technology towards commercial readiness for
high-temperature geothermal applications. This involves:
1) Creating high-temperature, high power electronic components for the RePED drill
capable of operating at the high temperatures of a geothermal well. The target is a
250°C ambient environment. Specifically, capacitors, high voltage switches, and a
downhole generator capable of generating the necessary power.
2) Demonstrating RePED’s effectiveness drilling through hard rock (granite) and examining
its pathway to commercialization and effect on the US geothermal market.
Work on this project has led to significant improvement over the state-of-the-art for all the
examined electronics, through design, modeling, and testing of these novel components,
though some additional development is still needed to deploy these high-temperature parts in
a geothermal well. Besides their use in RePED-250, each component has applications in other
industries where the stability of electronics at high-temperature is needed. To address the
second barrier to commercialization, a 9” hole was drilled through a sample block of granite,
demonstrating the tool’s effectiveness in hard rock. The team investigated RePED-250’s effect
on well cost and the geothermal industry, through various techno-economic models described
in the report.

Acknowledgements

This project received financial support from ARPA-E under work proposal number 1858-2992
and work authorization 18/CJ000/07/09. The project team would like to thank the members of
the advisory board for their invaluable advice and guidance throughout the project.

The technical work on this project was completed in partnership with Tetra Corporation and
TPL Inc. Tetra Corporation is the original developers of the RePED pulsed electric drilling
technology. They led the development of the high temperature switch and super cascode, the
hard rock bit design, the drilling demonstrations, and the integration of high-T electronic
subcomponents into the RePED drilling system. They also provided cost share to the project.
TPL Incis an industry leader in dielectric materials and led the development and testing of the
high-temperature capacitors.

2

This report is available at no cost from the National Laboratory of the Rockies (NLR) at www.nlr.gov/publications.



Table of Contents

0] o) [ ol o =Tl VI U o1 o V- SRS URPRRS 2
Vol g o1V 1=To F=d<T o Y=Y o PRSP 2
TabIE Of FIGUIES/TADIES ..ottt ettt ettt ettt e et eebeebe e beesteestaesabeeabeeabeebeenteesteesanesareenreenns 3
Accomplishments aNd OBJECHIVES .....cuiii i e e e e e e e ree e e e e e e e e abraaeeeeeeeeennes 4
Lo o 1= A 2ot o A7 =SS 16
Lo o 1=t A U T 1 £ 16
o | Lo VYAt @ o T ST oo |12 V- S 19
REFEIEINCES ...ttt ettt st st e b e bt e b e e s bt e s st e e ae e e bt e bt e nbeesheesan e s bt e b e e beenneeenees 20

Table of Figures/Tables

Table 1. Key Milestones and DeliVErables. ........c.ueei it et ste e e e seraee e 5
Table 2. FOllow-0On FUNAING RECEIVEM. ...ttt ettt e e et re e e e e e e e e nrrr e e e e e e e s eennnraeeeaaeeas 20

3

This report is available at no cost from the National Laboratory of the Rockies (NLR) at www.nlr.gov/publications.



Accomplishments and Objectives

This award allowed National Renewable Energy Laboratory and partners at Tetra Corporation
and TPL Inc to demonstrate several key objectives. The focus of this project was to advance a
transformative high speed pulsed electric drilling technology developed by Tetra and adapt this
technology for advanced geothermal drilling systems.

State of the art geothermal drilling is still far slower than oil and gas drilling, primarily due to
the high temperatures, hard rock types found at geothermal sites, and larger boreholes [1].
Tetra’s Repetitive Pulsed Electric Drill (RePED) is well suited to drastically increase drilling
speeds in geothermal, because:

1. RePED is well suited for drilling in hard rock. The novel electro-crushing technique
breaks rock in tension, unlike traditional rotary drilling, which breaks rock in
compression. Granite’s tensile strength is only approximately 5% of its compressive
strength, allowing RePED to drill through these hard rock types much more quickly and
easily.

2. With no moving parts, RePED-250 does not undergo the bit wear that traditional rotary
systems experience when drilling in hard rock, reducing the costly tripping time needed
to change bits when drilling in hard rock by traditional methods.

There were still some significant barriers to RePED deployment in geothermal wells. These
barriers were primarily: developing the necessary electronics for a high temperature RePED
drilling system, demonstrating RePED’s performance in hard rock types, and techno-economic
and supply chain analysis or RePED and RePED subcomponents for the geothermal market. The
target temperature for all system components was set at 250°C. Demonstrating component
lifetime in a 250°C drilling environment would allow the system to drill wells with a significantly
higher bottom-hole temperature while drilling mud is being circulated through the well.

Several tasks and milestones were laid out in Attachment 3, the Technical Milestones and
Deliverables document, at the beginning of the project. These objectives were focused on
addressing the highest risk barriers to fast, high-temperature geothermal drilling with the
RePED system described in the previous paragraph. These were separated into discreet Tasks:

e Task 1: Development of high-power, high-temperature capacitors capable of storing
the necessary charge necessary for RePED drilling, and able to operate in the harsh
downhole conditions of a geothermal well (temperature, size, etc.) [TPL lead].

e Task 2: Development of a high-temperature alternator/generator, which can generate
the power needed for RePED downhole, being turned by a standard mud turbine.
Envelope size, lifetime and efficiency at temperature, and survivability in downhole
conditions were key [NREL lead].

e Task 3 and 5: Development of the high-power, high-temperature switches needed for
RePED power conditioning, including the development of a single encapsulated switch,
and cascaded switch “super cascode” circuits needed for the full RePED system [Tetra
lead].
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e Task 4: Tech to Market studies, including supply chain and market analysis for new and
critical components, investigation of competitive technologies, and modeling RePED
250’s effect on single well cost and US Geothermal deployment [NREL lead].

e Task 6: Optimization and demonstration of RePED 250’s effectiveness in hard rock
types, completed by drilling through a granite sample block [Tetra lead].

Detailed subtasks and the status of each task Milestone are described in Table 1 below. Overall,
each technology exceeded the state-of-the art, bringing RePED 250 closer to commercialization.
Additional work is required in several tasks to make these components downhole-ready. The
team also worked on some additional efforts towards the end of the project, to coordinate the
integration of each subcomponent into the full RePED 250 system and identify remaining
technical barriers and a path forward to address these. This work was led by Tetra and is
captured in the System Integration Report.

While not every milestone was completed as written, these were intentionally set to be very
aggressive, to push these technologies beyond what is possible today. As each task progressed,
new challenges were uncovered, and the task scopes were adjusted and often broadened.
Decisions regarding milestones, and path forward were made after detailed discussion and
input from program management. In cases where Milestones were not completed as written, a
clear path forward has been identified.

Table 1. Key Milestones and Deliverables.

Tasks

Milestones and Deliverables

Task 1: High Temperature
Capacitor Development

1.1 Material property
assessment for high-T
operation

1.2 Subscale capacitor
demonstration

1.3 Preliminary performance
assessment of full-scale
capacitor

1.4 Performance
assessment of full-scale
capacitor

1.5 Preliminary performance
assessment of capacitor
bank

1.1: Summary of performance results and suitability of TPL HT Polymer
for high-T pulse-power capacitor application. Establish high-T stability
of TPL HT Polymer under short-term testing by fabricating and testing
dielectric films (= 25 samples), i.e., define change in dielectric
constant, dielectric loss, insulation resistance and voltage strength
between 200°C and 275°C for 100 hours.

Actual Performance: (Complete 3/30/2020) TPL HT Polymer
demonstrated acceptable dielectric constant, dissipation factor,
insulation resistance and voltage hold-off values up to 275°C with no
signs of degradation. Material properties support capacitor design
criteria for 250°C and operating voltage stress.

1.2: Go/No-Go Milestone: Summary of subscale capacitor
performance and suitability of TPL HT Polymer for High-T pulse power
application. Demonstrate high-T stability under short-term testing of
subscale capacitors (= 20 samples), i.e., define change in capacitance,
dielectric loss, insulation resistance and voltage strength between
200°C and 275°C for 100 hours. ldentify strategies to address issues
identified. Final testing and data reporting on a minimum of five
capacitors. Present results to ARPA-E program director for review
and approval.
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Tasks

Milestones and Deliverables

1.6 Capacitor bank design
review

1.7 Final report
documentation

Actual Performance: (Complete 9/30/2020) TPL HT Polymer film was
successfully processed into capacitor windings at General Atomics
(GA). The sub-scale capacitor design included multiple layers of
dielectric film and foil. Conditioning, end connection and packaging
was performed at TPL. Measured properties of these capacitors over
temperature and time support target performance characteristic. The
capacitors demonstrated stable capacitance, dissipation factor,
insulation resistance and voltage hold-off values up to 260°C with no
signs of degradation. Detailed results were presented in the FY20 Q4
report.

1.3: Review of full-scale capacitor design and fabrication process, Lot
#1. Preliminary determination of full-scale capacitor (0.9 uF at 5.0 kV)
for pulse life versus operating voltage stress, discharge current, and
temperature. Fabricate, test and report results on at least 20
capacitors. ldentify strategies to address issues identified and design
refinements.

Actual Performance: (Complete 6/30/2021) Temperature dependent
characteristics of the full-scale capacitors were found to be consistent
with the sub-scale capacitors. No capacitor performance degradation
was observed as a function of time at temperature. Measured
capacitance, dissipation factor and insulation resistance showed
negligible change over the 168 hours hold time at 260°C. Fewer than
20 full scale capacitors were tested, due to more complex design.

1.4: Go/No-Go Milestone: Review of full-scale capacitor design and
fabrication process, Lot #2. Define capability for full-scale capacitor
(0.9 WF at 5.0 kV) for pulse life of 108 cycles at 250°C at full voltage and
current. Fabricate, test and report results on at least 20 capacitors.
Identify strategies to address design or performance limitations
identified. Present results to ARPA-E program director for review and
approval.

Actual Performance: (Mostly complete 6/30/23) Full-scale capacitors
demonstrated consistent cycle life at 250°C at an operating voltage
stress consistent with design expectations. No failures were observed
for >107 cycles when testing at 3.0 kV while pulse life appears to be
approximately 106 to 107 cycles at 3.5 kV. This was determined to
meet Tetra’s requirements for downhole RePED operation. Fewer than
20 capacitors were tested, due to complexity of final design.

1.5: Review of capacitor bank design and fabrication process, Lot #1.
Determination of full-scale capacitor bank (0.9 uF at 15 kV) pulse life
versus operating voltage stress, discharge current and temperature.
(Capacitor bank = 9 capacitors, 3 sets of 3 capacitors in series.)
Fabricate, test and report results on at least 3 capacitor banks.
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Tasks

Milestones and Deliverables

Identify strategies to address issues identified and design refinements.
Deliverable: preliminary results presented to ARPA-E program director
for review and approval.

Actual Performance: (Partially complete, 6/30/23) Design and
assembly processes for the series capacitor bank has been established.
The bank design includes four full-scale capacitor windings, two in
series of two in parallel. The same ConFlat enclosures used for the
full-scale capacitors were used for the bank assemblies and included
the silicone fluid encapsulant.

1.6: Review of final capacitor bank design, fabrication process and
performance, Lot #2. Determination of full-scale capacitor bank (0.9
UF at 15 kV) pulse life versus voltage stress, discharge current and
temperature. Fabricate, test and report results on at least 3 capacitor
banks. Deliverable: final results presented to ARPA-E program
director for review and approval.

Actual Performance: (Partially complete) A smaller capacitor bank was
constructed and tested (2 capacitors in parallel, 2 in series).

1.7: Document the results in a chapter for the final technical report.
Actual Performance: (Complete 12/31/23) Final technical report on
capacitor performance delivered to ARPA-E.

Task 2: High Temperature
Alternator Development

2.1 Obtain commercial
alternator design for
modification to high-T
operation

2.2 Complete alternator
design, including high-T
components

2.3 Manufacture high-T
alternator design prototype

2.4 Complete test plan

2.5 High-T alternator
components ready for
testing at 250°C

2.6 Alternator component
testing and evaluation

2.1: Following an evaluation of state-of-the-art designs, identify and
obtain detailed design drawings of an existing suitable commercial
alternator design that will be modified for high-T operation at 250°C.
Design must meet form factor requirements of a 2:1 ratio, a power
rating of 35 kW at design operating temperature, operating speed of
1,000 RPM, 600 V, with a minimum 60% efficiency and must fall within
project budget. Design presented to ARPA-E program director for
approval.

Actual Performance: (Complete 9/19/2020) After discussions with
both ARPA-e and the other participants were held, the strategy for
completing this milestone was changed. The essence of this change
was to broaden the topic from modifying a permanent-magnet (PM)
machine with higher temperature materials to investigating the
performance of various machine types at elevated temperatures to
see if the assumption of PM machines being the best option was
correct. After a thorough investigation (12/19/2021), the team
determined that a permanent magnet machine was the best option,
but a custom, optimized machine was needed to meet the RePED
targets — not an existing design with higher-temperature components.

2.2: Finish alternator design focused on new subsystems and
components, primarily magnets, seals, winding insulation and core,
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Tasks

Milestones and Deliverables

that do not presently have the capability of operating at 250°C or
higher. Identify strategies for each of the issues identified and select
replacement high-T components for testing at 250°C. Design delivered
to ARPA-E program director for approval.

Actual Performance: (Complete 3/19/2021) The alternator was
designed in the electromagnetics software ANSYS Maxwell and
achieves the target performance objectives of delivering 35kW at 1000
rpm rated speed with over 60% efficiency, in 250°C ambient
temperature.

2.3: Manufacture high-T alternator to be tested in high-T environment.
Actual Performance: (Complete 3/15/2023) For reasons unrelated to
the project, the original alternator prototype manufacturer decided
not to pursue the manufacturing contract. This milestone was
significantly delayed while a new manufacturer was found and a
contract set up, but a prototype was delivered to NREL for testing on
3/15/2023.

2.4: Testing plan for high-T test of modified alternator and
accompanying safety review are complete.

Actual Performance: (Complete 5/23/2023) A plan was completed to
test the alternator at ambient temperatures up to 250°C, to
demonstrate performance under a variety of temperatures, and other
conditions. The test plan was reviewed by the NREL Electrical Safety
Office. The ten tasks in the test plan are detailed in the FY23 Q3
report.

2.5: Prepare alternator and components (e.g., permanent magnets)
and instrumentation for performance testing in the lab at 250°C.
Actual Performance: (Complete 8/11/2023) The alternator was
mounted on NREL's dynamometer test bench, the necessary electrical
monitoring equipment and temperature heating and insulation was
set up. The system was connected to the AC Regatron and 225-kW
dyno drive. The test setup was approved by the NREL Electrical Safety
Officer.

2.6: Develop and demonstrate in the lab the modified alternator
design performance at 250°C. Result is to have a conceptual design of
the alternator, with a minimum 60% efficiency, utilizing the measured
high-T flux density and the measured seal integrity. Deliverable:
Document the results in a chapter for the final technical report.
Actual Performance: (Mostly Complete 11/30/2023) The alternator
testing was completed, and the device successfully met all project
targets. Most notable, the custom alternator design achieved 84.5%
efficiency at 1000rpm, in a 250°C ambient environment, and 94.5%
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Tasks

Milestones and Deliverables

efficiency when operating at room temperature, greatly exceeding the
60% target. The only portion of this milestone that could not be met
was the measured seal integrity — the prototype could not be flooded
as intended in the design, due to manufacturing limitations, but the
team has a clear path forward towards a downhole device. The full
test results were presented in the FY24 Q1 Technical Report.

Task 3: High Temperature
Switch Development

3.1 Identification of suitable
devices meeting base RePED
specifications

3.2 Demonstrate switch
technologies to down select
to one to move forward

3.3 Demonstration of initial
packaging for the device for
high temperature operation

3.4 Development of second-
generation packaging to
provide a switch capable of
250°C operation

3.5 Initial Cascode switch
module tested for full
pulsed power performance

3.1: Down select from commercial and near-commercial
semiconductor switch technologies including JFETs and thyristors that
have the potential to meet the 10-kV voltage requirement, 3 KA peak
current and 130-amp RMS current requirements in an array.
Deliverable: Acquire samples of at least 1 potential switch technology
for initial characterization and document reasoning behind switch
selection.

Actual Performance: (Complete 9/30/2020) Tetra Innovation Institute
(TN) has consulted with vendors of pulsed-power switches (JFETS and
thyristors) to identify and procure candidates that have the potential
to meet the requirements delineated below. This report describes
relevant switch technologies and the strategy planned to develop
switch technology for the RePED 250 drill. TIl has decided to focus on
the UnitedSiC JFETs, with continued assessment of potential future
silicon carbide (SiC) thyristor development. Four UnitedSiC
UF3N1700006X3 1700V-5.7mW SiC Normally-on JFET switches have
been received and are in-house at Tll for use in this task.

3.2: Go/No-Go Milestone: Determine pulsed current performance
below 150°C, with at least 1000 A peak current demonstrated. Results
will be based on the average across 5 devices and performance will be
suitable for an array of switches to provide 10 kV and 100 amps RMS.
At least 200 shots will be demonstrated. Backup technology will be
identified if one exists with suitable characteristics. Initial excursion to
200°C will investigate device stability.

Actual Performance: (Complete 12/31/2020) High current and high
temperature tests were performed with the UF3N170006X3S JFETs
from United SiC. A custom test fixture which replicates the current,
voltage, and temperature of the RePED drilling system was used to
conduct these tests. The objective is to characterize the limits and the
lifetime of the JFETs under high temperature and operating with large
currents. The maximum current limits for single pulse operation at
room temperature and at 150°C, were identified by applying
successive single pulses in 200A increments until failure. The
maximum current limit at room temperature is around 2.7kA,
corresponding to 415% of the rated current. At 150°C, the same limit
was found at around 2kA. According to milestone 3.2, the JFETs
needed to withstand 200 pulses of 1kA at 150°C to be considered a
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Tasks

Milestones and Deliverables

viable option. The collected data is presented and verifies that
milestone 3.2 can be considered a go.

3.3: Demonstration of initial packaging of the switch in a robust high
temperature package. This will include initial testing to confirm the
stability and extendibility of the packaging concepts. This will entail a
minimum of 100 shots at pulse width of about 10 ps at rated
specifications for at least 3 devices at temperatures of 200° - 250°C.
Actual Performance: (Partially complete 10/31/2022) After issues
sourcing devices from United SiC, a custom switch and encapsulant
was developed. Simulated results and thermal models were developed
for the planned switch packaging, and the device was manufactured
from commercial die at Tetra and NREL. 10 JFETs were encapsulated
and tested over several design iterations. Continued failures were
observed during 175C high potential tests, around 1500V. This does
not agree with the team’s electrostatic simulations. The Switch task
closeout report describes the material selection process, encapsulated
switch simulation, manufacturing, and testing process. It was delivered
to ARPA-E and included in the FY23 Q1 technical update.

3.4: This task will take the cycle data from the first packaging test to
improve the overall packaging stability and to ensure that packaged
switches will perform well at 250°C. Tests will be performed at spec at
temperatures from 100-250°C on at least 3 devices with at least 500
shots at pulse width of about 10 ps.

Actual Performance: (Partially complete) The initial design packaging
went through several iterations to improve performance and stability.
Still, failures were observed on the 175C high potential tests, around
1500V. The Switch task closeout report describes the material
selection process, encapsulated switch simulation, manufacturing, and
testing process. It was delivered to ARPA-E and included in the FY23
Q1 technical update.

3.5: The packaged high temperature switches will be assembled into a
Cascode switch array for testing at 10 kV and 100 A RMS. The Cascode
will do 500 shots at 125 - 150°C. (The Cascode will not operate at
250°C, because the MOSFET trigger will not have been packaged for
250°C.) Deliverable: Document the results in a chapter for the final
technical report.

Actual Performance: (Mostly complete 10/18/2023) This milestone
was completed under the super cascode plus-up work, Task 5. Five
prototypes were built and tested, iterating on the design. Prototype #4
completed 2006 shots at 10kV/60Apk. It completed 500 pulses at 125C
but failed after 388 pulses at 150C. A detailed failure analysis was
presented. Failure was shown to be due to high gate currents, and the
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Tasks

Milestones and Deliverables

use of gate resistances to address this. A new improved circuit design
was developed and modeled successfully. This prototype was built,
but testing of the improved circuit was not completed due to an issue
with the remaining JFETs, and issues sourcing these devices. Full
results can be seen in super cascode Milestone 5.1 report, Appendix C
of the FY24 Q1 report.

Task 4: Tech to Market
4.1 Initial T2M Plan

4.2 Alternator market
research, scalability, and
supply chain analysis

4.3 Updated T2M plan

4.4 RePED system cost and
sensitivity analysis

4.5 Techno-economic and
sensitivity analysis of well
costs using the RePED
system relative to baseline

4.6 Competitive drilling
system analysis

4.7 T2M closeout report

4.1: Develop and demonstrate an understanding of the various key
considerations for attempting to commercialize a new technology,
including an IP strategy. Patent applications including inventions
reduced to practice stemming from work performed in this project will
be entered into the Federal iEdison system. Complete initial T2M plan
as per template and instructions provided by ARPA-E and
commensurate with the technical goals of the project. Submission of
draft Impact Sheet that describes the desired impact the project team
would like to have by the end of the project. Deliverable: Submit initial
T2M plan and Impact Sheet to ARPA-E and present it to T2M Advisor
and Program Director for approval.

Actual Performance: (Complete 12/31/2019) Initial Tech to Market
plan presented to ARPA-E and included in the FY20 Q1 Technical
Report.

4.2: Identify potential markets for high-temperature alternators and
compile market knowledge in addition to geothermal drilling
applications. Identify and engage suppliers for materials and
production equipment. Identify risks in processes or supplies as
manufacturing is scaled to meet projected market. Deliverable:
Present analysis to ARPA-E T2M advisor and program director for
approval.

Actual Performance: (Complete 6/30/2020) High Temperature
Alternator Tech to Market report presented to ARPA-E T2M advisor.

4.3: Final T2M plan based on M4.1 draft with updated conclusions and
findings from the first-year activity. Include new learnings, market
applications, and preliminary competitive technology assessments.
Revise T2M plan with a focus on areas where prior assumptions/
conditions have changed. Deliverable: Submit revised T2M plan to
ARPA-E and present it to T2M advisor and program director for
approval.

Actual Performance: (Complete 9/30/2020) Revised T2M plan
presented to ARPA-E T2M advisor and included in FY20 Q4 technical
update.

4.4: Estimate and analyze the deployed RePED system costs, including
cost sensitivities of components and any recommendations for cost
improvements (if needed). Compare with traditional downhole
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Tasks

Milestones and Deliverables

assemblies. Describe the relevance of the data to the future M4.5 TEA
and how it will be used. Deliverable: Present system cost analysis to
ARPA-E T2M advisor and program director for approval.

Actual Performance: (Complete 12/22/2020) NREL completed analysis
of cost sensitivities based on a 12 % inches borehole diameter system
assuming drilling rate of at least 60 ft/hr and 480 kW and high
temperature (250C) operation. The cost of components and the total
RePED250 drilling system cost is compared to the drilling systems with
turbine and diamond impreg bit, and the motor and rock bit drilling
systems at hard and ultra-hard rock formations. The results are
included in FY21 Q1 technical update.

4.5: Develop well drilling cost curves vs. depth for the RePED drilling
system (using Well Cost Lite or similar tool) and compare to baseline
cost curves that exist for traditional geothermal drilling. Model runs
will provide insight into the trade-offs and interactions between
product design, cost (including any required drill rig modifications),
and performance. Stretch: impact of RePED system on geothermal
project development time and cost (using GETEM or similar tool) and
potential for impact on U.S. deployment of geothermal. Include
projections for fully built-up LCOE for an operating geothermal system
completed using a RePED system vs. a traditional drilling system.
Deliverable: Present TEA model to ARPA-E T2M advisor and program
director for approval.

Actual Performance: (Complete 6/30/2021) NREL completed analysis
of RePED comparison to baseline drilling systems with Sandia’s Well
Cost Simplified (WCS) model. This included anticipated costs
associated with RePED, and increased ROP and bit life. The stretch
goal: projections for US geothermal deployment using GETEM, were
completed as well. Overall, RePED decreased drilling time and cost as
expected. Results showed bit life increase to be as significant a factor
as ROP increase, cutting down time associated with tripping in and out
of the wells. RePED decreased drilling time by ~50% over baseline, and
total well cost by ~10%. Full cost curves and deployment figures were
presented in a report to the ARPA-E T2M advisor and were included in
the FY21 Q3 technical update.

4.6: Identify and compare competitive drilling technologies in
development (e.g., laser, spallation, hammer drilling, projectile drilling)
and compile their attributes (e.g., cost, performance, pros/cons) to
validate the value proposition of the RePED System. Determine their
state of development and the competitive risk they pose to a RePED
system entering the market. Include assessment of adoption barriers
to entry by drilling operators. Deliverable: Present competitive
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Tasks

Milestones and Deliverables

landscape analysis presented to ARPA-E T2M advisor and program
director for approval.

Actual Performance: (Complete 9/30/2021) Competitive landscape
analysis report presented to ARPA-E and included in the FY21 Q4
technical update. Overall, recent improvement with PDC bits is the
most competitive technology with RePED, though a commercialized
RePED has several important advantages.

4.7: Develop T2M closeout report, e.g., overview of patents and other
IP, closeout of commercialization activities, description of received and
planned additional funding for the remaining commercialization
activities, describe generic stakeholder engagement. Include a post
project plan for technology adoption. Deliverable: Present closeout
report to ARPA-E T2M advisor and program director for approval.
Actual Performance: (Complete 6/30/2023) Closeout report delayed
to capture additional T2M work during the RePED 250 project’s NCE.
Report presented to program management.

Task 5: Hard-rock bit and
super cascode modeling

5.0 Modeling and testing at

high-T

5.1 Hard-rock bit technical
risks and electrical modeling

5.0: Develop Model of SuperCascode JFET. Select high-T MOSFET
(w/Wolfspeed or equivalent). Develop SuperCascode Module Design.
Target Performance for Module: 20kV (15kV op), 4kA peak. Integrate
SiC MOSFET & JFET into SuperCascode Module Test SuperCascode
Module to 150°C & Validate Model.

Actual Performance: (Mostly Complete 10/18/2023) This milestone is
related to Milestone 3.5, extending the original work and providing a
pathway to drill system integration. The model of the super cascode
JFET was completed, and the high-T MOSFET was selected. The 20kV
(15kV op), 4kA peak module was designed, but due to the scarcity of
1700V JFETs, a high-current model could not be completed. The high
voltage performance was demonstrated at 15kV. Testing the super
cascode at 150C was completed with the 8-stage prototype.
Comparing the model to the tested switch, it is observed that the
model captures the more important dynamics of the switch. Some
improvements can be made to the model to match experimental data
after the turn on event.

5.1: Develop Pulsed Power SuperCascode Switch Model & Design.
Incorporate Model into Pulsed Power Drill System Model. Fabricate
Pulsed Power SuperCascode Switch Assembly. Conduct Initial Tests of
Switch (Bench level). Deliverable: Design/Model & Test Report.

Actual Performance: (Complete 10/18/2023) This milestone is related
to Milestone 3.5, extending the original work and providing a pathway
to drill system integration. The Pulsed Power SuperCascode Switch
Model & Design were developed successfully, and the model was
incorporated into the pulsed power system model. The switch
assembly fabrication was completed in FY23. Initial bench level tests of
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Tasks

Milestones and Deliverables

the cascaded switch were partially complete. The team worked
through several design iterations, but ultimately ran out of the 1700V
devices needed to continue testing. Sourcing these devices after
United Sc halted production has been a major project challenge, Tetra
continues to investigate alternative sources for these high voltage
switches. Full results and the Design/Model & Test Report can be seen
in Appendix C of the FY24 Q1 report.

Task 6: Hard-rock bit and
super cascode
demonstration

6.0 Prepare hard-rock
samples

6.1 Set up Marx bank

6.2 Prove Electrocrushing of
Basement Rock

6.3 Determine single-side
electrode shape

6.4 Design and fabricate full-
size Drill Bit

6.0: Procure granite and andesite rocks. Cut and condition the rocks to
simulate downhole conditions. Conduct Hard Rock Fracture Testing.
Report on conditioning process to Program Director.

Actual Performance: (Complete 9/19/2021) Elberton Granite and
Canadian Andesite sample were purchased and received by Tetra and
prepared for testing. Physical characteristics of the rock samples were
tested and recorded, including tensile strength, Young’s modulus,
surface energy, using a novel surface tester technique, as well as
porosity, and permeability. A report on rock sample procurement,
conditioning, and fracture testing was provided in Appendix A of the
FY21 Q4 Technical Update. Experimental and theoretical results of
these rock measurements were provided in Appendix B of the FY21 Q4
Technical Update.

6.1: Test Fixture & Marx Pulse Generator. Provide waveforms of
output pulses including verification that the generator achieves an
output of (-)180-200 kV peak voltage and 2-8 kA peak current. Provide
peak waveform measurements to Program Director.

Actual Performance: (Complete 9/19/2021) Tetra completed
refurbishment of the Marx Pulse Generator and prepared the test
fixture to begin testing samples. More detailed waveforms and testing
parameters are provided in the Milestone 6.2 Report, attached as
Appendix A in the FY22 Q3 Technical Update.

6.2: Go/No-Go Milestone: Conduct series of tests (100—200 tests for
each rock type, including granite and andesite) on 2- to 4-inch-thick
slabs with electrodes on both sides to determine required drilling
parameters for effective excavation including pulse parameters and
modifications to the drilling fluid such as the dielectric constant. Vary
voltage risetime over at least five values and the peak current at least
three values up to 8 kA for each rock type and condition. Present
which combinations worked and did not work to the Program Director.
Once the best parameters are confirmed, test on 4- to 8-inch-thick
slab(s).

Actual Performance: (Complete 3/31/2022) After discussion with
ARPA-E program management, the Milestone activities were slightly
adjusted to meet the goals of the Milestone in a way more directly
applicable to RePED drilling. Electrodes on both sides of the sample is
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Tasks Milestones and Deliverables

less representative or RePED drilling than having electrodes on the
same side, and peak current cannot be varied, as this is a product of
input voltage and inherent rock properties. Nevertheless, double and
single sided electrode tests were performed. In the single-sided
testing, excavation rates were recorded for different peak voltages
and numbers of shots. The Milestone 6.2 report and full results are
attached in Appendix A of the FY22 Q2 Technical Update.

6.3: Determine electrode shape requirements at electrode-rock
interface for single-side Electrocrushing with a long arc of at least 4
inches between electrodes. Demonstrate Electrocrushing of rock with
single-side electrode and report on drill-bit electrode design to
Program Director. Confirm that the single-sided electrode has
achieved the desired performance that will enable the drilling of full-
size holes at a specific drilling rate that scales to 1200 ft/day.

Actual Performance: (Complete 6/30/2022) Single-sided electrode
tests were conducted at Tetra as specified by the Milestone. Test
results showed a working set of parameters while utilizing relatively
low amounts of energy and lower peak voltage than expected, that
supported excavation rates consistent with 1200 ft/day in an 8.5”
borehole in granite. A full report was provided in Appendix A of the
FY22 Q3 technical update and updated in subsequent quarterly
updates.

6.4: Design and fabricate a Drill Bit of 8.5-inch and adapters to modify
the Tetra Little Foot drill system to enable installation of an 8.5-inch
bit. Provide description and pictures of final system test-set up to
Program Director.

Demonstrate drilling of hard rock (9” depth limit).

Actual Performance: (Complete 1/25/2023) Tetra successfully
fabricated the 8.5” drill bit and drilled to a depth of 9” in the hard rock
Elberton granite sample. Excavation rate met expectations. Full results
were provided to program management in the FY23 Q1 technical
update, and several subsequent technical updates (Appendix B).

Several tasks involved computer modeling. In the Alternator task, the alternator was modeled
in SolidWorks and simulated with Ansys Maxwell and Ansys Motor-CAD. Results of these
simulations are included in the (submitted) journal paper listed below. For the switch and
super cascode work, the thermal and electrical properties of the switch were modeled using
FEA with Field Precision. Some of these results are also presented in the publication listed
below. The super cascode circuit was modeled using Microcap 12. Finally, the tech to market
work used several drilling cost modeling tools to examine RePED 250’s effect on the cost of
single geothermal wells of various depths and predicted geothermal deployment in the US. This
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was completed using the Well Cost Simplified model, developed by Sandia National Lab, and
the GETEM geothermal cost and deployment model.

Project Activities

The RePED 250 project’s aim has been to drastically increase the rate of geothermal drilling in
hard rock through the development of a novel electro-crushing drilling technology. This work
targets several technical barriers to the widespread commercialization of this technology: the
high temperature electronic components necessary for deployment in geothermal wells.
Specifically:

1. The high-temperature capacitors, needed to store the charge for each RePED pulse.

2. The high-temperature alternator needed to generate the necessary power downhole.

3. The high-temperature switches and super cascode, necessary for power conditioning.
The requirements for each of these components to survive in downhole drilling environment
are beyond what is available on the market today, and at the cutting edge of research. Overall,
this project achieved incremental but essential advancements in each of these spaces. The
capacitor demonstrated performance that met project goals, however experienced some issues
with reliability in the enclosure seals. A custom alternator was optimized, built and tested,
greatly exceeding efficiency targets at 250C. The high-T switch experienced issues operating at
high voltages and temperatures. For this task in particular, the scope expanded into custom
device manufacture as the team encountered extremely limited commercially available options.
The team continues to investigate alternatives and has a path forward for future development.
Significant progress was made in all areas, pushing the state-of-the-art forward, but
demonstration of each component downhole is still needed to validate a full RePED system.
The team also demonstrated RePED’s effectiveness at drilling through hard rock types, like
granite, which had never been done before, investigated the economics of deploying RePED in
the geothermal industry, and added some additional activities focused around integrating
subsystems into the full RePED drilling system. Tetra continues to pursue the lower
temperature RePED system in parallel, with partners in the O&G industry. NREL, TPL, and Tetra
are each continuing to advance their high-temperature electronics programs, for applications in
RePED and in other industries requiring electronics with reliability at high temperatures, such as
aerospace, defense, and the electrical grid.

Project Outputs

A. Journal Articles

e A conference paper on the switch development:

D. E. Sanabria et al., “Development of a 250°C 15kV Supercascode switch using SiC JFET
technology,” in 2022 IEEE 9th Workshop on Wide Bandgap Power Devices &
Applications (WiPDA), Nov. 2022, pp. 227-232. doi:
10.1109/WiPDA56483.2022.9955247.
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e [pending publication] A journal article on the alternator work at NREL:

C. Labuschagne, B. McGilton, L. J. Fingersh, D. Kesseli, M. Skinner, S. Lambert, P. Sindler,
“Design and Performance Validation of a High-Temperature Downhole Permanent
Magnet Generator Used for an Electro-Pulse Boring System in Geothermal Energy
Applications,” submitted to Applied Energy.

B. Technical Reports

¢ [pending release] A technical report, detailing development of testing setup for the high
temperature alternator:

M. Skinner, D. Kesseli, S. Lambert, B. McGilton, C. Labuschagne, P. Sindler, L. J. Fingersh,
“On High-Temperature Dynamometer Test Stand Development,” National Renewable
Energy Laboratory, Golden, CO, NREL/TP-5000-89804, 2024.

e [pending release] A technical report focusing on manufacturing and market analysis of
high-temperature alternators is under review and will be published by NREL (NREL/TP-
7A40-90531) in July 2024.

D. Kesseli, S. Akar, and J. Robins, “RePED 250: Manufacturing and Market Analysis of
High-Temperature Alternators,” National Renewable Energy Laboratory, Golden, CO,
NREL/TP-7A40-90531, 2024, https://www.nrel.gov/docs/fy240sti/90531.pdf

C. Fact Sheets

e A Fact Sheet about the RePED system, published by NREL (ID NREL/FS-5700-85687) as
an outreach material about the RePED system.
https://www.nrel.gov/docs/fy230sti/85687.pdf

e [pending release] A Fact Sheet about the alternator technology, published by NREL
(NREL/FS-5700-89915) as an outreach material to share information about the
alternator invention. https://www.nrel.gov/docs/fy240sti/89915.pdf

D. Conference Presentations

e K. Slenes, (2023, April 18-20) High Temperature Film for Pulse Power and Power
Conversion Capacitors, International Conference and Exhibition on High Temperature
Electronics (HITEC 2023), Albuquerque, NM, United States.

E. Book Chapters

e [pending publication] Pronko, S. G. E, Sanabria Diaz, D. E, Moeny, W. Pulsed Power
Techniques Enabled by SiC Devices for Subsurface Applications. In I.C. Kizilyalli, Z. J.
Shen, T. M. Jahns, and D. W. Cunningham, Wide Bandgap Power Electronics: Emerging
Converter Technologies and Applications. Springer.

17

This report is available at no cost from the National Laboratory of the Rockies (NLR) at www.nlr.gov/publications.


https://www.nrel.gov/docs/fy23osti/85687.pdf
https://www.nrel.gov/docs/fy24osti/89915.pdf

F.

Status Reports

A series of status reports were provided to ARPA-E over the course of the project. Each quarter,
a detailed Technical Update was provided, the following final task reports were provided
separately or included as appendices in quarterly reports:
Final Tech-to-Market Report
Super Cascode Milestone and Closeout Report

Drilling Parameter Efficacy Report (FY22 Q2 Appendix A)
Design and Fabrication of Full-Sized Drill Bit Report (including drilling performance on

G.

H.

granite test sample)

Switch Task Closeout Report
Capacitor Task Final Report

Alternator Test Plan
Alternator Final Report

Media Reports

Invention Disclosures

Subject inventions:

DOE S-Number | iEdison Invention | Patent/Application | Inventor(s) Title
Report Number Number(s)
S-174,626 10011192-21- 18/320,375 | Ben McGilton, Lee (21-135) HIGH TEMPERATURE
GEOTHERMAL APPLICATIONS
S-164,636 10011192-20- 17/206,104 | David Ginley, Dan (20-57) COMPOSITE
ENVIRONMENTS
S-166,159 10011192-20- 63/267,261 | Dan Plattenberger, | (20-135) HYBRID DOWNHOLE
0112 Jody Robins, David | CASING
Ginley
- 2457301-23-001 - Kirk Slenes High Temperature Pulse
Power Capacitor
I. Patent Applications
DOE S-Number | iEdison Invention | Patent/Application | Inventor(s) Title
Report Number Number(s)
S-174,626 10011192-21- 18/320,375 | Ben McGilton, Lee (21-135) HIGH TEMPERATURE
GEOTHERMAL APPLICATIONS
J. Licensed Technologies

K. Networks/Collaborations Fostered

Besides collaboration among the three project partners, work with ARPA-E forged essential
connections for NREL, Tetra, and TPL. NREL now has a broader network of potential geothermal
partners and players in the advanced drilling space. This ARPA-E work has fostered a connection
with GA Drilling, who also have a need for the high-T downhole generation technology
developed under this project. It also has allowed us to connect with other next generation
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geothermal companies, (Eden, Eavor, Quaise, and others) at the ARPA-E Summit and Sub-
Surface Review meetings and showcase laboratory capabilities for other ARPA-E programs. For
example, the high-temperature generator testing demonstrated at NREL for this project could
also be valuable for motor testing for ARPA-E’s ASCEND program. NREL’s Flatirons Campus
regularly tests wind turbine drivetrains from 1 kW to 5 MW for the U.S. Department of Energy
and industry partners, and a high-temperture electronics group at the forefront of this research
area.

Tetra’s work in parallel to push the lower temperature O&G RePED tool to commercialization
will push the development of the geothermal tool developed under this project forward.
Connections with other geothermal developers through ARPA-E and the subsurface review
meetings have also been essential for this progress, leading to several potential partnerships.
Work with ARPA-E has also opened new doors for RePED. Over the course of the project, Tetra
connected with an undergrounding company to explore RePED’s application for utility cable
tunneling under the ARPA-E GOPHURRS Program and attended a workshop in 2022, but
ultimately decided not to pursue that application. NREL and Tetra also had discussions with
Deep Isolation, another ARPA-E awardee focused on drilling boreholes for nuclear waste
disposal. This continues to be a promising application for RePED since drilling larger boreholes
through hard rock, RePED’s strong suit, is ideal for waste disposal holes.

L. Websites Featuring Project Work Results

M. Other Products (e.g. Databases, Physical Collections, Audio/Video, Software, Models,
Educational Aids or Curricula, Equipment or Instruments)

Equipment or instruments: A new instrument invented by Tetra, a surface energy tester to
measure specific properties of rock relevant to pulsed power drilling. They are considering

N. Awards, Prizes, and Recognition

Follow-On Funding

Tetra continues to move towards commercialization of the RePED system in the O&G industry
in parallel to the RePED 250 project and is in the process of entering into a plan with O&G
industry partners to bring the lower temperature RePED tool into commercial production. They
are in the process of finalizing agreements in this area. Low temperature RePED
commercialization is an important step towards applying this tool in the Geothermal industry.
NREL has been awarded a Technology Commercialization Fund (TCF) project from the DOE
Office of Technology Transitions (OTT), to bring the lab-developed alternator technology to
market.
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Table 2. Follow-On Funding Received.

Source Funds Committed or Received
DOE OTT CLIMR Award $1,100,0001

References

[1] T.S. Lowry et al., “GeoVision Analysis: Reservoir Maintenance and Development Task Force
Report (GeoVision Analysis Supporting Task Force Report: Reservoir Maintenance and
Development),” Sandia National Lab. (SNL-NM), Albuquerque, NM (United States), 2017.
[Online]. Available: https://doi.org/10.2172/1394062

[2] D. E. Sanabria et al., “Development of a 250°C 15kV Supercascode switch using SiC JFET
technology,” in 2022 IEEE 9th Workshop on Wide Bandgap Power Devices & Applications
(WiPDA), Nov. 2022, pp. 227-232. doi: 10.1109/WiPDA56483.2022.9955247.

1'50% federal funds, 50% cost share. Funds still under negotiation.
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