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AGENDA

SACRAMENTO MUNICIPAL UTILITY DISTRICT
BOARD OF DIRECTORS MEETING
SMUD HEADQUARTERS BUILDING

AUDITORIUM - 6201 S STREET
SACRAMENTO, CALIFORNIA

November 20, 2025 — 6:00 p.m.

Virtual Viewing or Attendance:

Live video streams (view-only) and indexed archives of meetings are available at:
https://www.smud.org/Corporate/About-us/Company-Information/Board-Meetings/\Watch-or-
Listen-online

Zoom Webinar Link: Join SMUD Board of Directors Meeting Here
Webinar/Meeting ID: 160 265 6572

Passcode: 020343

Phone Dial-in Number: 1-669-254-5252 or 1-833-568-8864 (Toll Free)

Verbal Public Comment:
Members of the public may provide verbal public comment by:
= Completing a sign-up form at the table outside of the meeting room and giving it to
SMUD Security.

= Using the “Raise Hand” feature in Zoom (or pressing *9 while dialed into the
telephone/toll-free number) during the meeting at the time public comment is called.
Microphones will be enabled for virtual or telephonic attendees when the commenter’s
name is announced.

Written Public Comment:

Members of the public may provide written public comment on a specific agenda item or on
items not on the agenda (general public comment) by submitting comments via email to
PublicComment@smud.org or by mailing or bringing physical copies to the meeting. Email is
not monitored during the meeting. Comments will not be read into the record but will be
provided to the Board and placed into the record of the meeting if received within two hours after
the meeting ends.

Call to Order.
a. Roll Call.

1. Approval of the Agenda.


https://www.smud.org/Corporate/About-us/Company-Information/Board-Meetings/Watch-or-Listen-online
https://www.smud.org/Corporate/About-us/Company-Information/Board-Meetings/Watch-or-Listen-online
https://smud.zoomgov.com/j/1602656572?pwd=KzRXIJgsdKTmSajaCbtaczDF8zFuoR.1
mailto:PublicComment@smud.org

2. Committee Chair Reports.

Committee Chair report of November 11, 2025, Strategic Development Committee
Committee Chair report of November 12, 2025, Policy Committee

Committee Chair report of November 18, 2025, Finance & Audit Committee
Committee Chair report of November 19, 2025, Energy Resources & Customer
Services Committee

Qe oo

Item 6 was reviewed by the November 11, 2025, Strategic Development Committee. Items

7, 8 and 10 were reviewed by the November 12, 2025, Policy Committee. Item 9 was

reviewed by the November 19, 2025, Energy Resources & Customer Services Committee.
Comments from the public are welcome when these agenda items are called.

Consent Calendar:

3. Approve revised Board member compensation for service rendered at the request of the
Board (pursuant to Resolution No. 25-04-02) for the period of September 16, 2025,
through October 15, 2025.

4. Approve Board member compensation for service rendered at the request of the Board
(pursuant to Resolution No. 25-04-02) for the period of October 16, 2025, through
November 15, 2025.

5. Approval of the minutes of the meeting of October 16, 2025.

6. Authorize the Chief Executive Officer and General Manager to negotiate and award a
contract to KloudGin, Inc., for Field Service Management Software and associated
implementation services, during the period from November 21, 2025, through November

20, 2030, for a not-to-exceed amount of $5,699,739. Strategic Development Committee
11/11. (Suresh Kotha)

7. Accept the monitoring report for Strategic Direction SD-16, Information Management
and Security. Policy Committee 11/12. (Suresh Kotha)

8. Accept the monitoring report for Strategic Direction SD-17, Enterprise Risk
Management. Policy Committee 11/12. (Scott Martin)

9. a. Authorize the Chief Executive Officer and General Manager (CEO/GM) to execute an
Amended and Restated Power Purchase Agreement (PPA) consisting of two
confirmations with Geysers Power Company, LLC, for up to 150 MW of geothermal
energy, substantially in the form attached.

b. Approve the California Energy Commission (CEC) Emission Performance
Standard (EPS) compliance filing and authorize the CEO/GM to sign the compliance
filing attestation.

Energy Resources & Customer Services Committee 11/19. (Laura Lewis)

* * % * % *



Discussion Calendar:

10.  Discuss, with possible action, Election of Officers for 2026 (President and Vice
President) for the SMUD Board of Directors. Policy Committee 11/12. (President Fishman)

Presenter: President Fishman

* * % * % *

Public Comment:

11.  Items not on the agenda.

Board and CEO Reports:

12.  Directors' Reports.
13.  President's Report.

14. CEOQO's Report.
a. Board Video

Summary of Board Direction

* * % * % *

Board Committee Meetings and Special Meetings of the Board of Directors are held at the
SMUD Headquarters Building, 6201 S Street, Sacramento

November 18, 2025  Finance and Audit Committee and Auditorium* 6:00 p.m.
Special SMUD Board of Directors
Meeting [Budget Meeting]

November 19, 2025  Energy Resources & Customer Auditorium 6:00 p.m.
Services Committee and Special
SMUD Board of Directors Meeting

December 9, 2025 Finance and Audit Committee and Auditorium 6:00 p.m.
Special SMUD Board of Directors
Meeting

December 10, 2025  Policy Committee and Special SMUD  Auditorium 6:00 p.m.
Board of Directors Meeting

* * % * % * *

*The Auditorium is located in the lobby of the SMUD Headquarters Building, 6201 S Street, Sacramento, California.



Reqular Meetings of the Board of Directors are held at the SMUD Headquarters Building,
6201 S Street, Sacramento

December 11, 2025 Auditorium* 6:00 p.m.

*The Auditorium is located in the lobby of the SMUD Headquarters Building, 6201 S Street, Sacramento, California.

Members of the public shall have up to three (3) minutes to provide public comment on items on the agenda or items
not on the agenda, but within the jurisdiction of SMUD. The total time allotted to any individual speaker shall not
exceed nine (9) minutes.

Members of the public wishing to inspect public documents related to agenda items may click on the Information
Packet link for this meeting on the smud.org website or may call 1-916-732-7143 to arrange for inspection of the
documents at the SMUD Headquarters Building, 6201 S Street, Sacramento, California.

ADA Accessibility Procedures: Upon request, SMUD will generally provide appropriate aids and services leading
to effective communication for qualified persons with disabilities so that they can participate equally in this
meeting. If you need a reasonable auxiliary aid or service for effective communication to participate, please email
Toni.Stelling@smud.org, or contact by phone at 1-916-732-7143, no later than 48 hours before this meeting.



https://www.smud.org/en/Corporate/About-us/Company-Information/Board-Meetings
mailto:Toni.Stelling@smud.org







DRAFT

RESOLUTION NO.

BE IT RESOLVED BY THE BOARD OF DIRECTORS
OF THE SACRAMENTO MUNICIPAL UTILITY DISTRICT:

That this Board hereby approves revised Board member compensation for
service rendered at the request of the Board (pursuant to Resolution No. 25-04-02) for

the period of September 16, 2025, through October 15, 2025.






DRAFT

RESOLUTION NO.

BE IT RESOLVED BY THE BOARD OF DIRECTORS
OF THE SACRAMENTO MUNICIPAL UTILITY DISTRICT:

That this Board hereby approves Board member compensation for service
rendered at the request of the Board (pursuant to Resolution No. 25-04-02) for the

period of October 16, 2025, through November 15, 2025.






DRAFT

Sacramento, California

October 16, 2025

The Board of Directors of the Sacramento Municipal Utility District
met in regular session simultaneously in the Auditorium of the SMUD
Headquarters Building at 6201 S Street, Sacramento, and via virtual meeting
(online) at 6:00 p.m.

Roll Call:

Presiding:  President Fishman

Present: Directors Rose, Bui-Thompson (6:03 p.m.),
Herber, Kerth, Tamayo, and Sanborn

Present also were Paul Lau, Chief Executive Officer and General
Manager; Laura Lewis, Chief Legal & Government Affairs Officer and General
Counsel and Secretary, other members of SMUD’s executive management; and
SMUD employees and visitors.

Director Rose shared the 2030 Climate Action Tip.

President Fishman called for approval of the agenda. Director
Sanborn moved for approval of the agenda, Director Herber seconded, and the
agenda was unanimously approved.

Director Bui-Thompson, Chair, presented the report for the
Strategic Development Committee meeting held on October 7, 2025.

Director Sanborn, Chair, presented the report for the Policy
Committee meeting held on October 8, 2025.

Director Kerth, Chair, presented the report for the Finance & Audit
Committee meeting held on October 14, 2025.

Director Rose, Chair, presented the report for the Energy
Resources & Customer Services Committee meeting held on October 15, 2025.

President Fishman then called for public comment for items on the
agenda, but none was forthcoming.

President Fishman then addressed the Consent Calendar

consisting of ltems 3 through 9 and 11. Director Kerth moved for approval of the



Consent Calendar, Vice President Tamayo seconded, and Resolution Nos.

25-10-01 through 25-10-07 were unanimously approved.



RESOLUTION NO. 25-10-01

BE IT RESOLVED BY THE BOARD OF DIRECTORS
OF THE SACRAMENTO MUNICIPAL UTILITY DISTRICT:

That this Board hereby approves Board member compensation for
service rendered at the request of the Board (pursuant to Resolution No.
25-04-02) for the period of September 16, 2025, through October 15, 2025.

Approved: October 16, 2025

INTRODUCED: DIRECTOR KERTH
SECONDED: DIRECTOR TAMAYO
DIRECTOR AYE NO ABSTAIN ABSENT
FISHMAN X
ROSE X
BUI-THOMPSON X
HERBER X
KERTH X
TAMAYO X
SANBORN X




RESOLUTION NO. 25-10-02

BE IT RESOLVED BY THE BOARD OF DIRECTORS
OF THE SACRAMENTO MUNICIPAL UTILITY DISTRICT:

This Board accepts the monitoring report for Strategic Direction
SD-6, Safety Leadership, substantially in the form set forth in Attachment A
hereto and made a part hereof.

Approved: October 16, 2025

INTRODUCED: DIRECTOR KERTH
SECONDED: DIRECTOR TAMAYO
DIRECTOR AYE NO ABSTAIN ABSENT
FISHMAN X
ROSE X
BUI-THOMPSON X
HERBER X
KERTH X
TAMAYO X
SANBORN X




Attachment A
to Resolution No. 25-10-02

SACRAMENTO MUNICIPAL UTILITY DISTRICT

OFFICE MEMORANDUM

TO: Board of Directors DATE: September 24, 2025

FROM: Claire Rogers 9/z#/25
SUBJECT: Audit Report No. 28007872
Board Monitoring Report; SD-6: Safety Leadership

Internal Audit Services (IAS) received the SD-6 Safety Leadership first-half 2025
Biannual Board Monitoring Report and performed the following:

e Selected a sample of statements and assertions in the report for review.
e Compared sample to the corresponding supporting documentation to
identify potential discrepancies.

All items sampled within the SD Report aligns with the supporting documentation
provided at the time of review.

CC:

Paul Lau



Board Monitoring Report 15tand 2" Quarters, -
2025 Strategic Direction SD-6, Safety @ S M U D
Leadership

1. Background

Strategic Direction (SD) 6, Safety Leadership states that:

Creating a safe environment for employees and the public is a core value of SMUD.

Through best practice methods and continuous improvement, SMUD will be

recognized as a leader in employee safety while also assuring the safety of the public

related to SMUD operations and facilities. SMUD commits to a proactive approach,
including the active involvement of SMUD leadership, employees, contractors, and the
community, as well as comprehensive monitoring of organizational and public safety
performance.

Therefore, SMUD will continue to improve safety results to:

a) Workplace Safety

i.  Reduce SMUD'’s injury severity incidents to 13 or less than by 2025, as measured
by OSHA’s Days Away Restricted Time (DART), a rate that demonstrates top
quartile safety performance for similar size utilities using the Bureau of Labor
Statistics (BLS) work-related safety data.

ii.  Provide timely, quality health care for injured employees that aids their recovery
while maintaining positive financial performance of the workers’ compensation
program.

b) Contractor Safety

i.  Support contractors to reduce and eliminate potential hazards for Serious Injuries
and/or Fatality (SIF) when conducting high risk work.

c) Public Safety
i.  Track and report injuries to the public related to SMUD operations or facilities.
ii. Implement measures to protect the public from injuries related to SMUD

operations or facilities.

2. Executive Summary

SMUD is in compliance with SD-6 and is in alignment with SMUD’s 5-year strategy of working
toward a zero-incident culture.
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Workplace Safety

SMUD has recorded 16 OSHA Recordable cases through the first half of 2025, including 7
DART cases and 9 Other Recordables. This marks a 45% increase from the cases in the first
half of last year (5 DART and 6 Other Recordables). Among the 7 DART cases, one was a non-
preventable vehicle accident that resulted in restricted work duties. Additionally, four of the
DART cases were related to slips, trips, and falls. The utility industry average for DART rate is
1.0, SMUD was at a .62 DART rate at the end of Q2.

Staff reviewed DART data for the last 10 years to look for patterns. We could easily see that
almost twice as many DART incidents occur in Q3 than in other quarters. In an effort to prevent
a doubling of accidents in Q3, we proactively reached out to our Field Forces, increasing
awareness of this trend and reminding staff to take care of each other, not get complacent, be
mindful of external distractions, ensure you’re fit for duty when arriving to work, and employee’s
right and obligation to Stop Work when conditions change or a hazard presents itself.
Additionally, Safety highlighted the variety of incidents that occurred, the fact that many of the
injuries are occurring in employees at SMUD five years or less and led discussions during
Business Unit Safety meetings to brainstorm possible causes and preventions for each work
group. Messaging continued into Q3, also highlighting the prevention of slips, trips, and falls

Quality care of injured employees is measured through the Workers’ Compensation program’s
performance, which is assessed annually by an independent actuary. SMUD continues to have
a reduction in indemnity benefits over the past five years as presented below. However, the
number of claims and injury frequency rates have increased.

Fiscal Year 2020 2021 2022 2023 2024
No. of Claims
(Medical & Indemnity) 89 59 54 46 63
Incident rate per 100 23 24 29 18 2
employees
Rates per $100 payroll .94 .85 67 .58 .50

Contractor Safety

SMUD continues to use ISN to evaluate safety records and performance for high-risk
contractors. This evaluation focuses on Contractor Fatality History, OSHA Citation History,
DART and Total Recordable Incident Rates (TRIR), Insurance Experience Ratio, Safety Culture
Questions, and Safety Program Review. Currently SMUD has 160 contractors in the ISN
system.

This year we have increased the number of site safety evaluations for high-risk contractors to
validate safety performance on the jobsites. Safety completed 231 site safety visits in Q1 & Q2
2025 which is on target to exceed our 2025 goal of 250 safety visits. These visits focus on
SMUD contractors who work with Power Generation, Line, Substation, Facilities, Vegetation
Management and Environmental Services on projects where high-risk work is performed. This
work includes high voltage work, working at heights, vegetation management, confined spaces,
excavations, etc. SMUD has onboarded two new Vegetation Line Clearance Contractors and
focused audits have been completed by SMUD’s Contractor safety Team and Vegetation
Management Team. The Safety Management System (SMS) system is utilized for inspections,
incident tracking, reporting and investigations of SMUD contractors. This allows SMUD to verify
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safe working practices by our contractors to reduce the potential for serious injuries or property
damage. Contractor reported incidents require an investigation to be completed and typically will
warrant additional site safety visits to verify corrective measures have been put into place to
reduce further occurrences.

The Contractor Safety Team is expanding the use of the ISN safety training qualifications tool.
This tool will allow a more efficient method of verifying Contractor Employee qualifications. This
tool allows SMUD to verify individual Contractor Employee qualifications and assures
appropriate competence for the high hazard work. An additional example of this is the SMUD
Substation Entry Training that will allow SMUD to communicate safe work practice expectations
to our contractors through the ISN platform. The Contractor Safety Team continued its
partnership with the Vegetation Management Team for the 2025 Contractor Safety Day and the
New Contractor Onboarding event. This event is an effective way to reach and set expectations
for our Vegetation Contractor employees doing high risk work.

Public and Community Safety

Public Safety Statistics
SMUD tracks public and community incidents in the Safety Incident Tracking System (SITS)
involving car-pole, electrical contacts, dig-in incidents, and injuries to the public that are related
to SMUD’s operations or facilities. The following statistics are reported for the 1%t half of 2025:
e There were 125 incidents where the public struck a SMUD asset with a vehicle, with one
fatality from such events.
o There were three electrical contacts reported with no report of injuries from these events.
o There were 40 dig-in incidents reported with no injuries. In response to these dig-ins,
SMUD'’s public safety team has sent out nine notification letters to contractors and
customers responsible for the dig-in occurrence as a proactive effort to provide further
awareness and education on best practices to avoid future occurrences. No responses
or escalations have been provided.

Public Safety Events
SMUD’s Safety team has attended several local events within the SMUD territory in support of
delivering public safety messages with a variety of partnerships. The Safety team has
coordinated and participated in the following events for 2025:

e Deterding Elementary School “Public Safety Day”

¢ Elk Grove “Regional Public Safety Day”

e Sacramento Metro “Kid’s FIRE CAMP”

e Jackson Laboratory “Employee Safety Day”

e Safetyville “Public Safety Day”

New Public Safety Initiatives

The Public Safety team is partnering with other SMUD business units to develop a “Dig Safe”
committee in support of preventing underground line strikes and near misses to SMUD
infrastructure. Additionally, the public safety team has begun using public safety data to support
the decision-making processes of “Vehicle vs. Assets” committee.
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3. Additional Supporting Information

The current SD-6 Safety Direction became effective September 2023. Our goal is to achieve the
desired performance obijectives by year-end 2025. This report summarizes safety performance
in the first half of 2025.

Safety Leadership

The Safety Team continues with its integration efforts to support Executive Leadership’s 5-year
plan that emphasizes zero incidents and injuries and a focus on a zero-accident safety culture.
SMUD’s Executive Leadership team continue to emphasize our Safety priority with all
personnel, contractors and in the public. We continue to grow our Safety for Life culture by
reducing the risk of serious injuries and fatalities, targeting messages to staff on topics beyond
work-related risks, and looking for new ways to maintain engagement. These goals are outlined
in SMUD’s Safety Road Map.

Safety Management System (SMS)

During the first half of 2025, SMUD has made significant strides in optimizing Benchmark
Gensuite, our safety management system (SMS). As we move forward, new projects and
process improvements are continually evolving, leading to increased utilization and greater
visibility among our workforce. These initiatives demonstrate our dedication to creating a safer,
more efficient workplace for all employees, enhancing both operational performance and
employee well-being.

Safety Standards Development

The Safety Team is continuously reviewing and updating SMUD’s Health & Safety Standards to
support the organization's World Class Safety initiatives. The Core Standards Team has
adopted a streamlined review routing process utilizing SharePoint. This approach has reduced
the amount of time required from review to final signature. Additionally, the Standards Team is
piloting using Al for standards reference, regulatory updates, and procedural alignment.

The Core Standards team continue to meet monthly to ensure progress is made and tracked. A
total of seven (7) standards have been reviewed, signed off, and published to the Health and
Safety Standard SharePoint site for all personnel to access. These standards include Silica:
Exposure Control Standard; Incident Reporting & Investigation Standard; Training Required
Equipment Standard; Electro Magnetic Field (EMF) Standard; Public Safety Standard; Injury
and lliness Prevention Program (IIPP) Appendix B — Workplace Violence Prevention Plan; and
Heat lliness Prevention Standard.

Supervisor-Employee Interactions

The Safety Team has made impressive strides in enhancing the Supervisor-Employee
Interaction process. With an ambitious Enterprise Performance Goal of 8,440 interactions for
2025, the organization completed 4,534 interactions in the first half of the year, putting us on
track to meet this important goal. Driven by a commitment to support leaders, we have created
and developed user-friendly PowerPoint materials outlining supervisor-employee interaction
goals and targets. Our team has effectively presented this information during director leadership
meetings, staff meetings, and through one-on-one training sessions, ensuring clarity and
understanding from all involved. Additionally, we created a PowerBI table that shows the
number of interactions occurring by work groups.
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Our focus for in office personnel was targeting ergonomic risks and slip, trip, and fall hazards.
Hybrid and remote employees also received tailored support to improve workstation setups and
minimize hazards at home. The proactive measures and informative sessions led to significant
interactions, underscoring our dedication to fostering a strong safety culture and enhancing
communication across all levels. This year, through our concerted efforts, we are not only
achieving goals but shaping a sustainable safety environment for every employee at SMUD,
regardless of their work location.

Near Miss and Positive Observation/Good Catch Reporting

Leadership remains committed to fostering a culture that values and promotes the reporting of
near misses and positive observations, often referred to as "good catches." This initiative aims
to identify learning opportunities before incidents take place, enhancing our overall safety and
operational effectiveness. Throughout the first half of the year, we have successfully recorded
28 near miss and positive observation reports in the Safety Management System.

4. Challenges

At the end of Q2, SMUD had 7 DARTSs, which put us generally on track to meet our SD-6 goal of
13 DARTSs or less by 2025. However, thus far in Q3, we have had 4 DARTSs, which means that if
we continue at the same rate, we will exceed the goal of 13 DARTSs for the year.

Over the last 4 years, we have averaged about 15 DARTSs per year. This is a marked decrease
from where we were in 2003 when we had 177 DARTs. However, similar to the Zero Carbon
Plan, getting SMUD to zero DARTSs is going to be a challenge. Thankfully, high-risk DART
cases remain very low and the amount of time employees are away from their regular work as a
result of their incident remains low. The Safety department will continue to identify trends,
collaborate with leadership, proactively address hazards, and promote safe work practices.
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5. Recommendation
SMUD is committed to becoming a recognized leader in safety. Both SMUD’s leadership team
and employees recognize that to achieve success we must integrate safety into all that we do. It
is recommended that the Board accept the Monitoring Report for SD-6.
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6. Appendices - World Class Safety Program Improvements & Supporting Information

Safety for Life

Safety and Environmental Day planning has begun. The event will take place at Safety Center’'s
Safetyville in October 2025. All SMUD employees and their families are welcome to attend.
There will be plenty of vendors, SMUD Trades groups sharing their crafts, as well as food,
games, and prizes.

Sparky’s Crew continues to get families involved in safety by sending 194 safety postcards and
quarterly newsletters to SMUD children enrolled.

Our Safety for Life communications continue. This year we have placed emphasis on doing
“About Me’s” for the SMUD Safety team so employees can get to know all of the Safety Team
members. Safety for Life experiences from employees are being shared in our bi-weekly
newsletter and resonate the most with employees resulting in the most readership.

Driver Safety

So far in 2025, Safety hosted a driving rodeo for the Line Design team and their leadership. The
preventable vehicle accident (PVA) review team continues to review SMUD’s PVAs regularly,
looking for trending data, which is used during the rodeos, to have discussions with employees,
and during safety meetings, to prevent further PVAs. Safe driving behaviors are being
emphasized in vehicle reports that are provided to directors, managers, and key contacts for
participating in business units. The reports capture speeding data as well as seat belt use.
Leaders can use this information in their interactions to reinforce safe driving behaviors and help
mitigate unsafe driving behaviors. Modifications to the report continue to be made based on
feedback from leaders and their business unit.

SMITH training continues to be provided to new hires, as well as existing employees due for a
refresher, continuing to elevate their driving performance. This is performed by both internal
trainers and SMITH corporate instructors. In response to current PVA trends, the Safety team is
working to enhance training for backing maneuvers, with the goal of increasing success when
backing is unavoidable. The Safety team also trained additional leadership under ED&O to
perform driving-based SCORCH observations with their staff, adding value and focus to their
observations.

Last year’s highly visible banners with safe driving messages are being re-deployed in the
ECOC Yard. Digital messaging with the same content continues to be shown on the monitors in
the ECOC buildings. With this messaging, staff are given meaningful safe driving reminders
before even getting in their work vehicle for the day. To increase awareness, messaging in Q3
safety meetings is being geared towards specific trends in preventable vehicle accidents.
Meanwhile, certain groups are evaluating approaches to reduce our potential to be involved in
3rd party fault accidents.

Wildfire Smoke

Annual training was delivered to all field crew personnel in June/July 2025. Examples of
resources available to SMUD employees are the Purple Air monitoring system, in-cab vehicle
HEPA air filters, PPE, and scheduling. Staff also offered new wildfire smoke applications such
as Watch Duty, which can help track the fires that impact our infrastructure and field personnel.
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Fire Retardant Clothing

All employees who work on or around energized equipment are allotted a yearly flame resistant
(FR) clothing allowance to ensure they are adequately protected. SMUD works with an FR
vendor to ensure employees have access to clothing, which meets the Arc Flash requirements
of SMUD equipment and the latest FR material technologies to improve their level of comfort in
various types of weather conditions (i.e., storms, cold, rain, or heat). New electrical trades
employees will receive FR Clothing training by a Safety Representative and ensure they are
added to the FR Clothing portal and are apprised of the proper care and maintenance of their
clothing.

Field Ergonomics

The Field Ergonomics Committee continues to drive significant improvements by collaborating
with leadership and crews to implement ergonomic solutions in the field. Recent field ergo visits
have allowed for meaningful enhancements to workstations in various locations, including the
Station G, Elverta substation, and for the Folsom Administrative Office Building (FAOB) project
team, ensuring that employees have access to appropriate ergonomic equipment. Furthermore,
the completion of two separate, 8-week strength and conditioning program, demonstrated
positive outcomes for thirteen participants, all reporting some level of improvements across
strength, mobility, and flexibility. This success reflects SMUD’s commitment to advancing
employee well-being through robust field practices and ongoing ergonomic assessments.
Collectively, these efforts signify a strong commitment to a proactive safety culture,
underscoring the organization's dedication to reducing injuries and fostering a sustainable work
environment.

Joint Labor Management Safety Committees

Hydro JLMSC - As a VPP audit finding, this committee was tasked with assuring quality of
leading indicators. Continued support for VPP follow-up audit is scheduled for July. New Labor
Chairs nomination openings for JLMSC and Emergency Drills subcommittee and will be
confirmed Q3. Fall Protection inspections completed through the inventory merging process
with the ECOC Tool Room. Many committee members volunteered for the Fresh Pond Safety
Fair in June. The Safety Fair was an event for SMUD families to engage in hands-on activities,
with a focus on industrial safety and our Upper American River Project’'s (UARP)
partnerships with the local community. Attendees tested their climbing skills on a rock-
climbing wall, met some feathered friends, explored the inside of a helicopter and even
met Smokey Bear.

Line Assets JLMSC — A variety of safety improvements are in progress or already completed
through the Line Assets JLMSC. Key improvements to highlight are: 1) Distribution of
communication plans to customers regarding the importance of maintaining clear access to
SMUD equipment on customer properties for both customer reliability and safety of our
employees. 2) Helicopter Communication device is currently being built to assist employees
performing work in remote locations. 3) Non-FR Raingear was updated to provide additional
sizes as well as SMUD branding to accommodate employees of different sizes and increase
employee safety by making it clear they are SMUD employees. 4) A new model of hydro-vac
trailer was tested and selected for use which is quieter and much better ergonomically
compared to other models. 5) Electronic device policy updated to allow for the use of iPads as
navigational tools. SMS and calling features are disabled by IT.
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Substation, Telecom, & Metering (STM) JLMSC -
Current Near misses and Safety Alerts are shared at the beginning of the Quarterly JLMSC
meetings to remain current on conditions, incidents, or accidents and possibly discuss solutions.

STM JLMSC has re-established a new JLMSC Charter which includes new member
representatives. The following initiatives have been established as key actions items by all the
department member representatives:

SMUD-wide Arc Flash Study

Ergonomic Tool Improvements in the Field (Mobile Workstations)
Vehicle Yard Safety, Housekeeping & Maintenance

Insulated Tools for Battery Installation

Trauma Training (Emergency and First Aid Support)

Continuing Education Program for Journeyman & Foreman
Indoor Heat lliness Prevention (Battery Powered Units)
Emergency Procedure Training

Safely Conducted Observations Reduce Common Hazards (SCORCH)

Observation Engagement & Behavior Trends

A total of 1,386 field employees under the CFAS-Field (Customer, Finance. Administrative
Services) and Electrical Trades process, were observed over the first half of 2025. Observation
feedback speaks to the continued consistency in which Hand Protection is worn, making it the
top observed safe behavior for CFAS-field. Observation feedback reinforces the value
employees see in wearing the appropriate hand protection as a proactive step for minimizing
exposure. The awareness for minimizing exposures to hazardous situations was displayed by
employees when it came to vehicle Parking, making it the top observed safe behavior for the
Electrical Trades. Comments highlighted the effectiveness of using pull-through parking (when
applicable) to avoid the need for backing and how worksite locations nearest to entry point
parking spots may not be the safest parking spots. Great awareness for avoiding highly
congested areas.

The opportunity for improvement was related to the top at-risk behaviors of Tailboard and Eyes,
Face, Skin protection. Employees displayed a low perception of risk for ensuring all employees
are “cut in” on the scope of work/task prior to start of task or when work conditions changed.
SCORCH Risk Reduction Reminders highlighted the value of performing a thorough and
documented Tailboard. To positively reinforce a commitment to change a “post lunch tailboard”
was recommended based on time-of-day data displaying a spike in behaviors marked at-risk
following the lunch break. To elevate awareness for protecting Eyes, Face & Skin, Risk
Reduction Reminders focused employees not allowing a low perception of risk make them
vulnerable no matter their duration have task employees should always wear the appropriate
eye protection and a commitment to having a backup pair available what is a value add element
to avoid not having safety glasses/PPE on hand at all.

Throughout the first half of 2025, a total of 2,690 employees were observed under the Office &
Professional process. Employee awareness and ownership for maintain good Back Posture
made it the top observed safe behavior. Employees see the value in keeping the back in a
neutral posture with head shoulders and hips in alignment when seated. This is combined with a
mindfulness to avoid sustained awkward posture positions for periods of time. The increased
comments related to taking more frequent “micro stretch breaks” also show a growing desire by
employees to log out with less aches and pains at the end of the day, as the norm.
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The behavior of Hips/Legs/Feet Posture was logged as the top at-risk behavior. Based on
feedback comments, exposure was tied to incorrect seat pan depth, prolonged awkward
postures and low perception of risk. Risk Reduction Reminders for maintaining a 2-finger width
gap of space from the back of the knees and the front edge of the chair to reduce pressure and
maintain good blood flow circulation throughout the legs were shared. Encourage the use of
setting personal posture reminders to aid in recognizing when sitting with legs crossed at the
ankles or with a single leg tucked under the body. Raised awareness for the cumulative trauma
and the stress placed on the tendons and joints that have quality of life impacting potential.

SCORCH Behavior Influencing Highlights:

Internal/Safety for Life Engagement — SCORCH launched its first at-home “Spring Cleaning”
observation event. The event and home observation card were used to display SMUD’s cultural
commitment to Safety for Life and tie behavior awareness to seasonal norm employees were
most likely going to be performing. Positive feedback and comments were received,
highlighting employee thankfulness, behavior awareness elevation, pro-active planning,
ergonomic smart setup and fatigue monitoring brought to light. SCORCH continues to create
new formats for engaging in conversations about safety at home and at-play. Activity trends,
observed/marked behaviors and comment feedback will be used to create additional seasonal
opportunities of engagement and “Best Practice” shares to further expand its influencing reach.
SCORCH successfully held its first ever SCORCH Appreciation Day. This was a one-day event
that was held at both campuses to say Thank you to everyone who has contributed to the
historical success of SCORCH. Process trivia, Management Sponsor Q&A panel session and
safety shares. This was an effective way to showcase the wide range of employees who have
and continue to contribute to SCORCH from frontline employees to elevated levels of
leadership. This was considered a major process win, that was highly attended by employees at
all levels and across SMUD.

After attending DEKRA’s 2025 National Safety in Action Conference. Committee members held
a two-day (In-person/virtual) SCORCH Mini Conference to share lessons learned and industry
best practices. The new addition of the Management Sponsor Q&A panel discussion was used
to kick off the event. This was well received by the attendees and provided them with the
opportunity to hear how engaged leaders are in support of SCORCH. A total of 12 presentations
were provided to all employees highlighting personal ownership and awareness for working
safely. Topic shares ranged from Leading Without Authority, Back Injury Prevention, Fostering a
Speak-Up Culture and Capacity to Prevent Soft-tissue Injuries. Positive feedback related to the
relevance and thought-provoking topics was received from attendees with high audience
numbers for both the in-person and virtual formats.

Heat lliness

SMUD continues to identify heat as one of the main hazards our employees face during the hot
summer months. SMUD continues to train field-based employees each year on the
signs/symptoms of heat iliness, appropriate measures to reduce the potential for heat illness, as
well as how to respond appropriately in the event of a heat-related emergency. SMUD’s Tool
Room continues to offer a variety of solutions to combat working in the heat, including water,
ice, coolers, electrolyte supplements for water, portable shade structures, and shade visors for
hard hats.

Medical Monitoring

The Safety team worked with Procurement to extend the contracts for our audiogram vendors.
There were 3 onsite hearing events, 2 at ECOC and 1 at Fresh Pond. Approximately 175
employees completed their annual hearing exams during the three onsite events. The Safety
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team worked with foreman, supervisors, and managers to ensure that all required employees
were in the appropriate Medical Monitoring Program(s). The Safety team continues to organize,
coordinate and schedule employees for their medical exams. There were 2 onsite “pop-up
clinics” for our medical surveillance vendor at the ECOC. Approximately 30 employees had
their annual medical exams completed during those two events. Safety will continue to ensure
all employees are current on their medical monitoring.

Awards

The American Public Power Association (APPA) recognized the top utilities from across the
country for their safe operating practices in 2024. We're excited to announce that SMUD earned
the APPA’s 2024 Safety Award of Excellence, achieving Diamond Status. The Diamond
designation is the highest status awarded by APPA to utilities who demonstrate a strong
commitment to its employees, customers and the community. The Diamond Status was
awarded to SMUD during Q1 of 2025.

The National Safety Council (NSC) recognized SMUD in Q1 of 2025 for the 2024 Occupational

Excellence Achievement Award. This award recognizes organizations with injury and illness
records better than or equal to 50% of the Bureau of Labor Statistics for their NAICS code.
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RESOLUTION NO. 25-10-03

BE IT RESOLVED BY THE BOARD OF DIRECTORS
OF THE SACRAMENTO MUNICIPAL UTILITY DISTRICT:

This Board accepts the monitoring report for Strategic Direction
SD-10, Innovation, substantially in the form set forth in Attachment B hereto
and made a part hereof.

Approved: October 16, 2025

INTRODUCED: DIRECTOR KERTH
SECONDED: DIRECTOR TAMAYO
DIRECTOR AYE NO ABSTAIN ABSENT
FISHMAN X
ROSE X
BUI-THOMPSON X
HERBER X
KERTH X
TAMAYO X
SANBORN X




Attachment B
to Resolution No. 25-10-03

SACRAMENTO MUNICIPAL UTILITY DISTRICT

OFFICE MEMORANDUM

TO: Board of Directors DATE: September 24, 2025

FROM: Claire Rogers ¢z 9/z4/25
SUBJECT: Audit Report No. 28007873
Board Monitoring Report; SD-10: Innovation

Internal Audit Services (IAS) received the SD-10 Innovation 2025 Annual Board
Monitoring Report and performed the following:

e Selected a sample of statements and assertions in the report for review.
e Compared sample to the corresponding supporting documentation to
identify potential discrepancies.

All items sampled within the SD Report aligns with the supporting documentation
provided at the time of review.

CC:

Paul Lau



Board Monitoring Report 2025 @ SMUD

Strategic Direction, SD-10 Innovation

1) Background

SD-10 States: Delivering innovative solutions, products and services to our customers is
a core value. To assure our long-term competitiveness, SMUD shall invest in research
and development projects that support its core and key values, and integrate emerging
technologies and new business models into SMUD’s customer offerings in a way that
balances risk and opportunity and benefit our customers and community.

2) Executive Summary

To assure SMUD’s long term competitiveness and delivery of the Clean Energy Vision,
the Research & Development (R&D) team provides subject matter expertise, project
planning and execution in support of SMUD’s core and key values. R&D evaluates
emerging technologies, and business models and accelerates integration into SMUD’s
operations in a way that balances risk and opportunity. The R&D portfolio contains both
short term and multi-year projects focused on enabling thermal transition, scaling load
flexibility, and facilitating electrification of buildings and transportation. We support
SMUD through research, analysis, development and demonstration of emerging
technologies that benefit our customers and community. Including the transition of
vetted technologies into operations, and analysis of energy and climate change policies.

Our conclusion is that SMUD is in compliance with SD-10 Innovation.

SD Requirement Purpose Outcome Notes
Project distribution indicates breadth of = 25 active projects in 2025. 4 This reflects a 14% increase in active projects
portfolio diversity and prioritization of projects are completed as of July and a 20% reduction in completions compared
program areas. 1, 2025". to the previous reporting period.

Risk Technology risk assesses ability to 76% of projects are deemed low to  The risk portfolio is consistent with the previous
meet expected performance goals. medium-low technology risk. 72% reporting period. Potential risks are managed
Implementation risk assesses the are deemed low to medium-low by creating a diversified portfolio and partnering
probability of deployment. implementation risk. with other entities to distribute risk and

mitigation.

Benefits Research stage and benefits 68% of projects are in stages 4-52.  The percentage of stages 4-5 is consistent with
timeframe indicate the relevance of 96% are expected to provide 64% in 2024, reflecting the focus on near-term
portfolio to address customer needs benefits to SMUD or customers applications. The benefits time frame is
and strategic planning. within 5 years. consistent with the 2024 portfolio.

Table 1: SD Requirements Compliance

1 Reporting metrics and achievements reflect the reporting period of July 1, 2024 — June 30, 2025.
2 Stage 1 - Preliminary Investigation, Stage 2 - Concept Definition/Lab scale, Stage 3 - Concept Development (Prototype/bench
scale), Stage 4 - Technology Development and Verification (pilot scale; field testing), Stage 5 - Commercialization
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3) Additional Supporting Information Project Implementation: SMUD’s Research
and Development team has the primary responsibility of meeting SD-10; however,
notable innovation occurs throughout SMUD.

Electric Transportation (ET)

Transportation electrification advances SMUD'’s sustainability goals by improving air
quality, reducing local emissions and petroleum use, and generating new revenue.
SMUD is committed to increasing EV adoption and expanding charging access to serve
a wider range of customers and use cases. At the same time, we are addressing grid
impacts from EV charging through pricing incentives and remote charging management,
investigating managed charging (V1G) and Vehicle-to-Grid (V2G) technologies to better
understand their potential benefits and challenges.

Key Achievements:

¢ SMUD has agreements pending signature for the eFuel program to begin deploying EV
chargers to underserved multi-family homes in Q4 2025 as part of the ChargeReady
Community project, a $2M CEC REACH grant awarded to SMUD in 2022.

¢ Installation of 3 smart outlet products to test the installation, setup process and user
experience, to enable greater deployment of EV charging at multifamily properties.

e The Residential Managed EV Charging pilot enrolled over 1,000 vehicles from Tesla,
Ford and BMW (GM left the Chargescape collaborative and therefore is no longer
included in this pilot). Final M&V report is planned for Q3 2025 release. Pilot is extended
through end of 2025 to bridge the gap between pilot end and program launch.

e SMUD was awarded $2.9 million by the California Energy Commission to deliver the
FAST grant, that would deploy 150KW+ fast chargers at the Sacramento International
Airport, Sacramento Valley Amtrak Station and Sacramento State University. As part of
the grant SMUD scoped out requirements for the development of a SMUD-branded EV
Charging App. Offering a convenient single account access to multiple third-party
charging networks through an integration with an e-Roaming platform. The app will
provide varied rate structures for specific customer groups, such as on-demand
transportation drivers, multifamily residents, and income qualified residents. These
varied rates are intended to provide affordable charging options for those without access
to home based charging and to reduce the opportunity cost associated with charging as
an on-demand transportation driver.

o EPRI EVs2Scale project developed the GridFast portal, enabling EV fleet operators to
exchange information with utilities before applying for service. SMUD provided data to
the EPRI eRoadMap (https://eroadmap.epri.com/), and is using data exported from the
EPRI eRoadMap to develop SMUD’s internal analytics and planning tool (EVmap).

e The V2G Commercial Expansion project is recruiting the first commercial customer and
detailing the test plan for the initial technical demonstration with electric school buses.

Enerqy Efficiency (EE) & Electric Buildings (EB)
This portfolio optimizes energy delivery costs and balances infrastructure investments
with demand growth via targeted, time-specific energy efficiency and building
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electrification. R&D explores emerging and underutilized technologies, working to lower
barriers to technology adoption.

Key Achievements:

The Home Infrastructure Planning project is complete. The vendor delivered a
Residential End State model to estimate load profiles for single family residential
customers after full electrification. Work is underway to deploy this model in the SMUD
environment and scale up analysis to represent SMUD’s full single family residential
population, to help distribution planners and customers make optimal decisions
regarding utility service upgrades and supporting residential electrification.

The panel upgrade mitigation demo has completed vetting in-house OEM testing for
SPAN and is undergoing the same process for Schneider Electric and Lumin/ABB
products. The project team is recruiting customers that require panel upgrades due to
electrification upgrades funded by the Community Impact Plan.

DER Integration and Load Flexibility

This program portfolio supports cost-effective, reliable, and scalable flexible resource
growth to serve future grid needs. R&D determines functional, operational and market
viability of flexible loads to align supply and demand, give customers bill management
options, improve air quality, improve grid asset utilization and reduce carbon emissions.

Key Achievements:

DER Interconnection Tool Enhancement - NREL has been active in multiple projects
involving the PRECISE tool. They’'ve partnered with Consolidated Edison to show the
tool’s capability in network secondary systems and are deploying it with the US Virgin
Islands Water and Power Authority. Additionally, they are enhancing the PRECISE tool
through advanced research using neural networks and large language models through
laboratory directed research and development funding.

R&D staff collaborated with the strategy, interconnection, field metering and distribution
operations teams to establish a process for vetting new technologies submitted for
interconnection, starting with meter socket adapters.

Smart inverters allow utilities to monitor residential PV and storage (potentially as an
alternative to submeters) and provide control functionality to assist in grid support. This
project tested smart inverter communication via two pathways: direct connection and
aggregators. Data analysis via Direct Connection showed monitoring accuracy within 1%
for voltage and power and 4% for current, as compared to a revenue grade meter. The
existing interoperability issues should largely be fixed in the next CSIP revision, CSIP
3.0 (based on IEEE 2030.5-2023). The Aggregator pathway finished lab and customer
testing using an IEEE 2030.5-CSIP server. This test was successful, with minor issues
relating to interoperability, configuration and setup. Direct connection was demonstrated
as a feasible option for standards-based access to specific inverters, while the
aggregator pathway leveraged OEM and aggregator relationships to establish pilot
access agreements, making them applicable to a broader range of smart inverters.

GM 25-134 Monitoring Report: SD-10, Innovation Page 3 of 15



Thermal Transition

R&D pursues innovative grid, storage and generation solutions to facilitate SMUD’s goal
of zero carbon and accelerate interconnection of grid-connected systems and devices
for safe and efficient operation. This portfolio supports system reliability and emission
reduction by aligning DERs and zero-carbon generation with grid needs. Improving grid
reliability through reduced outage frequency and duration, control of the distribution
system, voltage and frequency variations, including overload conditions; and optimizing
grid benefits of DERs through advanced integration standards and coordinated
automation.

Key Achievements:

¢ Pilot of the ANYbotics Robot Inspection Dog has commenced. This tool is paired with
substation inspection workers to perform daily tasks like SF6 gas monitoring and
infrared, and partial discharge testing to look for early signs of trouble. The Substation,
Metering and Telecommunications team work closely with IT to streamline data access.
Once programmed and adapted to substation work, potential use cases with other
workgroups within SMUD will be explored.

o MEPPI Lithium-ion battery testing began at Hedge (Sacramento Power Academy) to
transition from scheduled operation to DSO dispatch.

e Conclusion to ESS pilot and coming removal of ESS Energy Warehouse batteries from
Hedge (Sacramento Power Academy).

¢ Demonstration of the OnSight Owl Computer Vision Al System to provide pre-emptive
thermal runaway detection for utility scale lithium-ion batteries. A proactive supplement
to traditional fire alarm systems, which also enables real-time monitoring.

e Phase 3 of the Fire Protection & Mitigation project with EPRI began, to revise the
emergency response plan and develop a plume modeling report, along with conducting
tabletop drills to increase the emergency readiness of SMUD staff and first responders.

Climate Change

This program provides technical, economic, and policy expertise on climate change and
impacts to SMUD territory. It compliments SMUD’s Zero Carbon Plan and aligns with
board direction to address climate vulnerabilities, along with partnering with our
customers and community on mitigation opportunities and regenerative net positive
projects.

Key Achievements:

e Carbon Farming and Ecosystem Service Research is a four-year study aimed to restore
California prairies and native pollinator habitat under PV panels in surrounding perimeter
areas at Rancho Seco Il. In its final year, the project’s focus shifted to emphasizing low-
maintenance methods on an expanded footprint and an effort to achieve Bee-Better
Electric certification. This project will help identify and demonstrate strategies to
integrate ecosystem services and agricultural value into large scale solar projects,
helping to mitigate their environmental impact and build public support for their continued
construction, assisting SMUD in achieving the 2030 ZCP.
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Enterprise-Wide Innovations
While SD-10 innovation goals are met within the R&D research portfolio, additional
notable achievements occurred across SMUD.

e DERMS phases 2 and 3 went live in Q4 2024, providing distribution operators with tools
to manage localized grid support from large-scale DER and dynamically coordinated grid
support from groups of small DER.

o Staff kicked off the planning stages of two microgrid-powered resiliency centers at high
schools in Sac City Unified and Twin Rivers School Districts.

o Deployed SMUD GPT, an alternative to ChatGPT, so staff can research topics,
summarize documents, and generate content while keeping data local to SMUD.

e |n addition to SMUD GPT, staff have developed Al solutions trained on SMUD-specific
data. These Retrieval Augmented Generation (RAG) solutions have been implemented
for multiple topics, including: Critical Energy Infrastructure Information Summaries;
Wildfire Mitigation; Credit Knowledge Base; Billing Knowledge Base; Subscription-Based
Information Technology Arrangements (e.g. software-as-a-service); North American
Electric Reliability Corporation (NERC); Corporate Communications; Distributions Team;
Design & Construction Services; CPUC G.0.95 Safety Guidelines; Board Materials; and
Safety team.

o Staff developed a machine learning model to estimate potential outages of a storm,
based on the weather forecast. Wind gust has been identified as a key indicator in the
forecasting algorithm.

o EVmap; an analytics and planning tool developed by SMUD staff to visualize available
capacity on SMUD’s distribution grid, layered with data points identifying EV charger
locations, multifamily housing developments, DAC zones, and other information to
support strategic identification of sites for charger deployment and customer recruitment.

Summary: As SMUD advances toward implementation of the 2030 Zero Carbon Plan,
R&D has ramped up support for thermal transition and load flexibility technologies and
business models, focused on energy storage and electric transportation, while
continuing to advance research in climate change and technologies that enable building
electrification. These innovations mitigate grid infrastructure impacts, maintain customer
choice and offer new solutions toward a low carbon future. Our diverse portfolio
maintains long-term competitiveness and balances risk with potential environmental and
economic benefits, ensuring community benefits.

4) Challenges: Uncertainty of federal incentives, tariffs, supply chain lead times,
inflationary impacts all require careful navigation. Staff resources remain focused on
providing subject matter expertise for efforts supporting zero carbon by 2030, balanced
between grant planning, acquisition and delivery to reduce SMUD’s costs for R&D and
project planning and implementation.

5) Recommendation: Recommend the Board accept the SD-10 Monitoring Report.

GM 25-134 Monitoring Report: SD-10, Innovation Page 5 of 15



SD-10 Innovation 2025 Board Monitoring Report

Appendix
Table 2: R&D Projects
iﬁi;?;:: ID | Project Name Project Description SD-10 Benefits Start Date | End Date |Ward
Single-family households face barriers to electrification due
to the limitations of existing electrical systems, which often
necessitate costly panel and service upgrades. This project
aims to assess various smart panel/breaker solutions
through field research in homes in the Sacramento area to
better understand the true costs, performance, and customer
Currently project team is working with external partners to setup | impacts.
- operational validation testing at their labs or in the SMUD HAN
Building Panel Upgrade ) . . .
L 1310 .. . lab. In parallel project team is finalizing the customer consent The expected outcomes of this project are a better 11/19/2024 | 9/30/2026  |All
Electrification Mitigation Demo

agreement documents with SMUD's internal legal department and | understanding of:

the Measurement and Validation plan with our external partners. | Best practices for deciding when and where to deploy each
panel mitigation strategy.

Identification of unforeseen barriers to smart panel/breaker
technology.

Frequency of load nearing or reaching the service limit.

The technology readiness level of various manufacturers for
mitigating service upgrades.

This project developed a Residential End State model to forecast Better understanding of the infrastructure needs for fuly

Home - . . electrified residences should help reduce the costs incurred
Buildin Infrastructure the load shapes of residential homes following full electriication. by SMUD and our residential customers as they electrify their
920 : This data improves SMUD's ability to estimate the likely y . N y 512023 | 1213012025 Al
Electrification Planning Phase homes and vehicles. This will help to reduce future rate

magnitude of impacts from residential electrification due to panel

I (HIP 1) upgrades and distribution grid upgrades.

increases expected from the 2030 Zero Carbon Plan and
accelerate the decarbonization of residential homes.
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Appendix
The tool will provide estimated bill impacts, including demand
charges, for retrofitting roof top HVAC units at small and
medium businesses to electric heat, information to assist in
the decision to electrify equipment in commercial facilities.
RTU The customer engagement tool will enhance SMUD strategic
The tool is exiting its initial development phase. The project will be | account advisors’ (SAAs’) ability to target and encourage
o Engagement L. . . . L T . .
Building moving into field testing by the SAA's. This testing will go on for | customer electrification by providing precise, customer-
. 127 | Tool - Small, . , o . e .| 8/30/2024 | 9/15/2025 |All
Electrification Medium two weeks and feedback from the SAA team will shape the final | specific analysis of the realistic impacts on each customer’s
Business (SMB) product. bill. This will allow customers to make informed decisions
about electrification, which will lead to accelerated
decarbonization, with associated energy savings, and overall
emission reductions. It will also allow facility staff to enter
equipment and other information to refine and improve cost
estimates if they so choose.
Carbon Farming Conduct field experiments at Rancho Sgco to re‘search. The project will help identify and demonstrate strategies to
ecosystems and evaluate the use of native species/pollinatorsto | . . )
. and Ecosystem . . i i integrate ecosystem services and agricultural value into large
Climate . reduce the operational costs associated with vegetation : : . . .
64 | Service . . ) . .. | scale solar projects, helping to mitigate their environmental | 1/30/2021 | 1/30/2026 |2
Change management, erosion control, and fire protection. The project will | . . ) . .
Research at exolore the effects of veaetation and panel lavout on PV impact and build public support for their continued
RSSII plore 01 Ve panetiay construction, assisting SMUD in achieving the 2030 ZCP.
generation and soil carbon.
This project will build off the electric school bus project with Twin
Electric V2G Commercial Rivers Unified School District. The project will demonstrate and | Reduce grid impacts, reduced customer infrastructure build-
Transportation 107 Expansion test Automated Load Management, Managed Charging, and out cost, wholesale energy or capacity cost avoidance, and | 1/1/2022 12/31/2027 |All
P P Vehicle to Grid functionality with electric school buses and other | mirror characteristics of stationary storage using V2G.
capable EVs.
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Electric
Transportation

97

ChargeReady
Community

In early 2022, SMUD was awarded the CEC’s Reliable, Equitable,
and Accessible Charging for multi-family Housing (REACH) grant
(GFO-21-603) to deploy charging infrastructure to multi-family
housing units (MFHs) in underserved communities. The main
goal of the project is to develop a technical and business model to
inform future deployments and disseminate knowledge in the
industry. Project partners include Mutual Housing and the
SMAQMD. The project team will install at least 108 Level I
handles at up to 11 locations in Sacramento, utilizing SMUD’s
eFuel program for design and construction.

OLD description: ChargeReady Community is the Sacramento
region's replicable, equity-first EV charging solution for multi-
family housing (MFH). Powered by Sacramento Municipal Utilities
District (SMUD) and in partnership with community-based
organization (CBO) and site host Mutual Housing California
(Mutual Housing) and Sacramento Metropolitan Air Quality
Management District (SMAQMD), ChargeReady Community will
deploy a pilot model that transitions EV charging in under-
resourced communities from inaccessible amenity to expected,
critical infrastructure.

Help SMUD better understand the challenges and
opportunities of deploying EVSEs in multi-unit dwelling in
underserved communities, helping SMUD advance the
adoption of electric transportation, which contributes to GHG
emissions reductions, and promoting equity in transportation.

5/11/2022

6/30/2025  |All
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Appendix
Deliverables include best practice templates and guidelines
for various areas in transportation electrification, the nation's
most comprehensive and consolidated resource for industry
The “EVs2Scale2030” initiative is a three-year project focused on | stakeholders, including utilities and state agencies, to vet
leveraging the scale of the utility industry to help galvanize and products and equipment for the deployment of electric
align all market stakeholders as electric vehicles are deployed at | vehicle charging and hardware systems, two new software
scale and as EV goals increasingly target 50% EV market share | tools:
Electric EPRI by 2030. The initiative will focus on what needs to get done over
Transportation 125 EVs2Scale2030 | the next 7 years to reach the 2030 goals. EPRI plans to broadly | eRoadMap2030 - an industry-first fleet data collection and 71412022 | 121312026 Al
collaborate with utilities, vehicle manufacturers, charging analysis that provides the necessary data-backed level of
providers, industry experts, trade associations, consumer groups, | detail to provide utility leaders and regulators data-supported
civil society, federal agencies and labs to support the rapid confidence for proactive, focused grid investment needed to
deployment and charging of millions of electric vehicles — while meet 2030 electrification goals. GridFAST - A platform-based
minimizing grid impacts and enabling critical grid benefits. grid interconnection online data exchange to expedite the
sharing of fleet electrification plans and grid capacity
between fleet customers and distribution planners.
Sacramento Municipal Utility District (SMUD), in partnership with
Sacramento International Airport (SMF), Sacramento Valley
Station (SVS), California State University, Sacramento (CSUS),
and ChargerHelp! (CH!), are deploying Direct Current Fast
Charging stations (DCFCs) at three locations in Sacramento. With | Increase EV adoption by delivering electric mobility solutions
CEC match funding, this project will support the deployment of throughout transportation corridors, promoting electric
Electric FAST Grant three fast charging hubs, with a total of 15 stations and 30 ports, | transportation as a benefit for drivers while lowering charging
. 133 . . . . . L . : . . 4/23/2024 | 3/30/2026  |All
Transportation Implementation | strategically located in optimum locations with high on-demand costs to increase access to electric vehicle (EV) charging for
transportation volume, near multi-family housing properties, and | ride-share drivers, food delivery drivers, rental car fleets,
with quick and easy access to main transportation corridors. shared mobility services, and residents
SMUD iis currently developing a mobile app, integrated with an e-
Roaming platform, to enable convenient access to locate
chargers, activate sessions, and pay for charging across multiple
charging networks through a single account.
Actively manage residential EV charging times and peak power Benefits include reduction of the financial risks associated
Electric Residential consumption. Managed EV charging can enable deferment of with transportation electrification, specifically by mitigating
Transportation 22 | Managed EV distribution system upgrades, smooth the duck curve, reduce the risk of overloading electrical distribution 10/1/2021 | 12/31/2025 |All
Charging (V1G) | renewable generation curtailment, and provide import and export | infrastructure. Another secondary benefit is to better align
arbitrage opportunities. energy delivery for charging with low-cost energy supply.
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SMUD staff are evaluating three smart outlet products to gain
first-hand knowledge and experience with their performance. This | Smart outlets promise advantages over traditional corded
, will influence programmatic policies and direction, and allows Electric Vehicle Charging Station (EVCS), including lower
Electric Smart Outlet . . . o e . . . . .
. 130 i program managers directly involved in consulting with customers | initial cost, simpler installation, lower physical profile, lower | 11/1/2024 | 9/30/2025 |All
Transportation Evaluation L . , . .
or performing direct installations of chargers to evaluate these maintenance costs, and reduced maintenance burden for site
products and influence the market toward adoption of suitable hosts.
technology.
Electric SMUD-Owned | Operation and maintenance of SMUD's public level 2 and DCFC | Increase EV adoption by having publicly available working
. |24 . . . C , 111/2014 12/31/2027 |All
Transportation EVSE charging stations. charging stations in high trafficked areas.
Help create an e-Mobility hub for different modes of This is a novel project and transportation facility concept. It
Electric 17 Del Paso transportation, such as taxis, Uber, Jump, buses, etc. It will also | includes electric and fuel cell vehicles, including an electric 9/1/2022 212812025 |5
Transportation Mobility Hub include EV charging capability as well as gig cars. The first project | shuttle, EV charging, shared vehicles, electric micro-mobility
in execution is the Del Paso Mobility Hub. (ebikes and electric scooters) and transportation services.
This project will test and demonstrate V2X functionality on
campus with a Nissan Leaf and Fermata chargers. In partnership
with TEPCO (Tokyo Electric Power Company) we will evaluate Informed deployment of light-duty V2X will reduce grid
Electric Liaht Dutv Fleet the interconnection process, installation requirements, and V2X | impacts and customer infrastructure build-out costs. LDV
. |104 g y functionality. Furthermore, we will explore the V2X optimization fleet management can also offer wholesale energy or 1/1/2022 7/31/2025 (Al
Transportation V2G : . . ) . . . .
systems using the simple price API from both Virtual Peaker and | capacity cost avoidance, and mirror characteristics of
Fermata. This demonstration and evaluation will help us discover | stationary storage.
issues and gain insights into V2X in a very low risk environment.
This research will help inform a potential V2X pilot in the future.
— V1G findings will support smart charging applications which
Twin Rivers . . . ” . .
Commercial Incorporate electric school buses and light duty vehicles to can mitigate customer charging costs and support grid
Electric evaluate the effectiveness of managed charging and vehicle-to- | management and deferred infrastructure upgrades. Reduce
. |20 | Managed . . . " . . . 1/30/2021 | 3/31/2025 5
Transportation X grid capabilities to balance impacts on customer and utility grid impacts, reduced customer infrastructure build-out cost,
Charging (V1G, o . . . . .
V20) electrical distribution and create value through grid services. wholesale energy or capacity cost avoidance, and mirror
characteristics of stationary storage using V2G.
Better understand the requirements for safety and reliability
Ener EPRI Phase 3 Develop an Emergency Response Plan for the Hedge Lithium-lon | for utility scale batteries. Develop resources to train SMUD
Storagye 138 | Fire Protection & | battery and perform tabletop drills for SMUD personnel and first | stakeholders and first responders to understand lithium-ion | 3/3/2025 12/31/2026 |3
g Mitigation responders. battery storage fire hazards and response for existing and
future battery systems.
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Appendix
Hedge 4 Operation of a 4 MW / 8 MWh utility-scale storage battery to test The. operation .a nd tesFmg of the. Hque L|th|um-|lon battery
Energy MW/8MWh . . . . will inform the installation and direction of SMUD's future
122 Y different operational modes and grid interactions. . 1/20/2024 | 1/19/2029 |3
Storage Monitoring and battery projects as they ramp up to meet the 2030 plan of
Maintenance ~3000MW of renewables and storage.
This technology serves as a pre-emptive thermal runaway
detection for utility-scale lithium-ion batteries, that supplements
traditional fire detection and alarming. As soon as something
Ener OnSight Owl abnormal is spotted or sensed by Al analysis of the camera feed, Benefits of this technoloav include avoiding thermal runawa
Storagye 132 | Computer Vision | such as smoke or a rapid/significant increase in temperature and preventing batte sgitems from | nitir? on fire y 11/1/2024 | 10/31/2025 |3
g Al System above our threshold, the Owl sends out text message and email P g y sy gniing '
alerts within seconds. Additionally, there is a real-time monitoring
dashboard which allows us to view the lithium-ion batteries at
Hedge.
Improve isse |dent|f|(?at|on for preve.ntatwe m‘aln.t gnance to This technology will supplement the substation walkdowns
reduce unexpected failures in operation and significant cost to , . .
. . . done by substation operators. As the substation operator is
ANYbotics Robot failure of preventative maintenance. There are 4 employees conducting their inspection routine, the robot will aid in
Grid Evolution {136 . dedicated to monitoring 264 substations every month, this s g p. ' . 5/28/2025 | 5/27/2028 |All
Inspection o : C identifying smaller failures that are not noticeable by the
technology will aid existing inspection staff. This will increase data 4 . ) .
. . . human eye until it becomes a bigger failure. Being able to
collection and accuracy through robot assistance with manual and . , o .
. catch failures earlier can help minimize cost and risk.
autonomous missions.
This project explored the implications of transmission
Imolications of modernization in the context of FERC 1920, using the Reduced Congestion Costs
P o Sacramento Municipal Utility District (SMUD) as a case study. It | Lower Generation Costs
Transmission . . . o
Modernization examined how regulatory changes influence investment Reduced Transmission Losses
Grid Evolution {137 and Investments decisions, regional coordination, and system-wide cost efficiency. | Capacity Cost Savings 3/3/2025 6/9/2025  |All
0 Aid This project analyzed how modernizing transmission Improved resource adequacy
o infrastructure can enable the integration of renewable energy, Reduced Transmission Costs
Decarbonization . . "
reduce congestion, and support the path toward zero-carbon Enhanced climate resilience
electricity systems.
Load Grant Union Develop a microgrid-powered Community Resiliency Center Sw?gfyr; f:}r;;—of;:;—(jk;n: d?ilﬁgzgjlg;?]:fi?sgSgr?ctjerszi\ll;/eic
. 139 | Resiliency (CRC) at Grant Union High School in the Twin Rivers Unified g .p , y . y 6/2/2025 9/30/2026 |5
Flexibility L centers by using SMUD’s SolarShares and Commercial VPP
Center School District (TRUSD). . .
programs. Serve as a template for future school installations.
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Appendix

Evaluate DER interconnection applications and identify the

Increased safety and avoiding reprogramming of advanced
inverters post-install, and minimizing curtailment. Deploying
the tool in a real utility environment would advance chances
of commercialization of PRECISE and revenues to

SMUD. Save an estimated 45 minutes per interconnection

PRECISE DER | advanced inverter settings that each DER (Batteries, application, approximately 600 engineering hours
Load 134 Interconnection | Solar+Battery, Large-Scale DER, Flexible and Limited Generation | annually. Reduce labor demands, enabling engineers to 11112025 121312026 Al
Flexibility Tool Profiles LGP, EV Charging Stations, and V2H/V2G) system to be | focus on more complex tasks without adding staff. Expedite
Enhancements | set to. This process will significantly save SMUD engineer’s time | turn-around on customer interconnection
and yet maximize the benefit of each asset. applications Increase DER Hosting Capacity on SMUD’s
grid. Interconnection process handles additional DER types
(Batteries, Solar+Battery, Large-Scale DER, Flexible and
Limited Generation Profiles LGP, EV Charging Stations, and
V2HN2G).
New Customer | Provide technical review of Meter Socket Adapters which allow . .
Load Technolo the customer the ability to potentially avoid panel upgrades from Potentially allows customer to avoid panel upgrades from
- 135 09 or ‘e 8vITly [0 polentialy avoid pane’ tps installation of PV/EV. Could lead to increased adoption and | 6/26/2025 | 8/31/2025  |Al
Flexibility Evaluation PV/Battery installation via an adapter that interconnects between .
iy . penetration of DER
Process the utility meter and the customer main panel.
Thls project WI'|| test smart inverter connection via two pathways: Smart inverters are new technology that allows SMUD to
direct connection and through vendors/aggregators. Direct \ - .
Load connection will assist in development of the DERMS, while the monitor residential PV'and storage and provides conirol
4 89 | Smart Inverters P ’ functionality to assist in grid support. Ensuring that IEEE 71112021 713172025  |All
Flexibility vendor/aggregator pathway leverage OEM and aggregator

relationships to establish pilot access agreements to a broader
range of smart inverters.

2030.5-CSIP is a reliable communication protocol will help
open up this communications pathway for many devices.

GM 25-134
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Appendix
Ynventive, CLTC, Panasonic and SMUD have partnered to install
the EnergyKit home energy management system into eight
residential homes and evaluate it's performance managing
::f;iﬁg::sl loads in response to price signals and demand Assuming the EnergyKit EMS performs as expected, it could
. . o . . enable customers to reliably shift their loads due to price
Loaq " 69 EnergyKlt HEMS | Final upda.t e: AC usage is almost equwalentlto the rest c?f the signals and providean alternative to panel upgrades for 4/30/2021 | 12/31/2024 |All
Flexibility field demo loads coming from a home (dryer, washer, dishwasher, lights, capacity constrained customers interested in electrification
etc.). TOU cost nudges or delay sliders nudges on these none-AC pacty '
loads were not enough to persuade customers to load shift with
any significance. As possible next steps, CLTC would like to test
CPP rate and nudges with existing customers. Adding customer
to CPP rate may yield better load shift results.
Planned a deployment of up to 100 behind the meter batteries
paired with rooftop solar at a multifamily complex in Rancho
Cordgva. SMUD wil have.z complete.d|spatch COl:ltr0| of t‘he SMUD specified a battery operation schedule to mitigate
batteries. Developed business requirements for integration o . .
I . , ) . distribution infrastructure constraints. Identified the need to
Load Multi-family VPP | between Sonnen batteries and Itron's Intellisource platform using o . . .
. 141 . . . . update and clarify interconnection guidelines, requirements | 10/2/2023 | 6/1/2025 |2
Flexibility Planning IEEE 2030.5. Detailed business requirements and process for L "
o - and fees for multifamily customers, and to account for utility
coordination between Distribution System visibility and control of distributed generation assets
Operators, Interconnection, Distribution Planning, Energy Trading, y g '
Distribution Operations Engineering, IT's Customer and Grid
Operations, and Distributed Energy Solutions teams.
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Appendix
Single-family households face barriers to electrification due
to the limitations of existing electrical systems, which often
necessitate costly panel and service upgrades. This project
aims to assess various smart panel/breaker solutions
through field research in homes in the Sacramento area to
better understand the true costs, performance, and customer
. . . . i ts.
Currently project team is working with external partners to setup mpacts
Bulding 145 | Panel Upgrade - operational validation testing at their labs or in the SMUD HAN | o ooy o tcomes of this project are a better 111192024 | 9/30/2026  |All
Electrification Mitigation Demo | lab. In parallel project team is finalizing the customer consent )
. " understanding of:
agreement documents with SMUD's internal legal department and . .
. . Best practices for deciding when and where to deploy each
the Measurement and Validation plan with our external partners. e
panel mitigation strategy.
Identification of unforeseen barriers to smart panel/breaker
technology.
Frequency of load nearing or reaching the service limit.
The technology readiness level of various manufacturers for
mitigating service upgrades.
This project developed a Residential End State model to forecast Bettef .unders.tandmg of the infrastructure needs for.fuIIy
Home N ) i electrified residences should help reduce the costs incurred
Buildin Infrastructure the load shapes of residential homes following full electrification. by SMUD and our residential customers as they electrify their
g , 120 . This data improves SMUD's ability to estimate the likely y . o y 5/1/2023 12/30/2025 |All
Electrification Planning Phase ) . o . homes and vehicles. This will help to reduce future rate
magnitude of impacts from residential electrification due to panel | .
I (HIP 1) uparades and distribution arid ubarades increases expected from the 2030 Zero Carbon Plan and
P9 griaupg ' accelerate the decarbonization of residential homes.
Table 3: Enterprise-Wide Initiatives
Initiative Name Initiative Description Initiative Benefits Start Date End Date |Ward
DERMS Strategic business partnership with OSI to develop a Distributed Energy Leverage DER capabilities to meet economic objectives, peak load 2018 2028 All
Resource Management System whereas SCADA and behind the meter reduction, local constraint issues, deferred infrastructure investment,
resources can be used to solve distribution constraints, participate in the and grid optimization. As OSI’s partner, SMUD shares revenue from
market, and manage flexible loads. future sales.
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Appendix
SMUD GPT SMUD GPT is a locally hosted alternative to ChatGPT. It allows staff to As of June 30, SMUD GPT had 365 active weekly users, creating 2025 N/A Al
summarize documents, research topics, and generate new content while 1,190 conversations per week. Use cases are varied, including code
keeping all data local to SMUD. generation, technical troubleshooting, research, training content
development
SMUD GPT RAG These are Al solutions that have been trained on SMUD-specific data. Implemented custom Retrieval-Augmented Generation solutions for: | 2025 2025 All
Solutions They allow staff to quickly research technical topics with answers that are
grounded in curated information repositories. e  Critical Energy Infrastructure Information Summaries
o  Wildfire Mitigation
e  Credit Knowledge Base
o Biling Knowledge Base
e  Subscription-Based Information Technology Arrangements
(e.g. software-as-a-service)
e NERC
e  Corporate Communications
e Distributions Team
e  Design & Construction Services
e CPUC G.0. 95 safety guidelines
e  Board Materials
e  Safety Team
Storm Forecasting Model | Staff created a model to estimate the number of outages a storm will Initial Machine Learning model developed based on historical 2025 2025 All
cause, based on the weather forecast. The model considers wind speeds, | weather. Accuracy is strongly influenced by the accuracy of the
temperatures, recent precipitation, and other factors. This data can be weather forecast. Also explored variation using historical forecast
considered when developing staffing plans for storms. rather than actuals for comparison. Wind gust identified is a key
indicator in forecasting algorithm.
Gridscope SMUD initiated a 3-year pilot project with Gridware, to install about 500 The purpose of these solar-powered monitoring devices is to detect | 2025 2027 2,3
“Gridscope” devices on our transmission and distribution poles in the early signs of potential hazards like vibrations from car-pole 4,
Upper American River Project (UARP) and in our service area, targeting incidents, bird strikes, fallen tree limbs, wind damage and downed 57
distribution circuits with high fire risk, high number of outages, and a high wires. This allows for more rapid identification of outage cause and
percentage of outages with unknown cause. damage location, speeding restoration and allowing more targeted
preventive measures.
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RESOLUTION NO. 25-10-04

BE IT RESOLVED BY THE BOARD OF DIRECTORS
OF THE SACRAMENTO MUNICIPAL UTILITY DISTRICT:

This Board accepts the monitoring report for Strategic Direction
SD-19, Diversified Business, substantially in the form set forth in
Attachment C hereto and made a part hereof.

Approved: October 16, 2025

INTRODUCED: DIRECTOR KERTH
SECONDED: DIRECTOR TAMAYO
DIRECTOR AYE NO ABSTAIN ABSENT
FISHMAN X
ROSE X
BUI-THOMPSON X
HERBER X
KERTH X
TAMAYO X
SANBORN X




Attachment C
to Resolution No. 25-10-04

SACRAMENTO MUNICIPAL UTILITY DISTRICT

OFFICE MEMORANDUM

TO: Board of Directors DATE: September 24, 2025

FROM: Claire Rogers ¢z 9/z4/25

SUBJECT: Audit Report No. 28007874
Board Monitoring Report; SD-19: Diversified Business

Internal Audit Services (IAS) received the SD-19 Diversified Business 2024
Annual Board Monitoring Report and performed the following:

e Selected a sample of statements and assertions in the report for review.
e Compared sample to the corresponding supporting documentation to
identify potential discrepancies.

All items sampled within the SD Report aligns with the supporting documentation
provided at the time of review.

CC:

Paul Lau



Board Monitoring Report 2024 @ S M U D

SD-19, Diversified Business
1) Background

Strategic Direction SD-19 states that:
Broadening and diversifying the products and services that SMUD offers is a key value.

The desired results are to: a) generate new revenues that contribute to SMUD’s long-
term financial health; b) spur the creation of innovative products and services; c)
capture the value of SMUD’s brand and intellectual property; d) better leverage and
optimize SMUD’s assets; and e) enable SMUD to continue to attract and retain a
talented workforce.

Therefore:

a) SMUD shall broaden and diversify its lines of business, which may include:
i. Being an external service provider;
i. Expanding wholesale energy market opportunities;
ii. Capitalizing on intellectual property and assets to develop products and
services either solely or through strategic partnerships;
iv. Selling products and services aligned with SMUD’s purpose and Strategic
Directions.

b) SMUD shall ensure any new lines of business:
i. Benefit SMUD’s customers and our community;
i. Achieve a balanced, diversified portfolio of rewards and risks;
ii. Create economic value without compromising SMUD’s financial health;
iv. Do not pose unreasonable risk to SMUD’s reputation;
v. Align with, leverage, and optimize SMUD’s strengths, assets and expertise;
vi. Position SMUD for the future.

2) Executive Summary

a) The 2030 Zero Carbon Plan has positioned SMUD as a leader in the utility
industry. The Diversified Business portfolio utilizes that leadership position to
build revenue generating partnerships with technology developers, pursue
external funding (grants) to support innovation and partnership, enable
technology solutions to become fully commercialized through real world pilots
and demonstrations, and expand regional access to green careers.

b) SMUD is in compliance with SD-19, Diversified Business.

c) Eliminating the final 10% of emissions from SMUDs energy supply requires the
development of new technology and business models.
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d) The Grants Program manages or monitors 11 active competitively won grants at
both the State and Federal level for a total of $239M in total project costs and
$93M in award. The Grants Team supports SD-19 with grants that offset planned
work or strategically introduce new work. In all cases, the pursuit and
management of grants is a net financial positive to SMUD and represents a
renewable and diverse funding stream.

External funding (2024)

Total Project Award Amount SMUD Cost Share

Costs
$239,149,326 $93,463,703 $145,685,622

Looking more closely at the Grants currently being implemented at SMUD, there
are four projects that most closely align with SD-19 efforts. Three are related to
electric vehicle charging and the fourth is focused on workforce development
efforts. Each of the electric vehicle projects deploys a different model with
nuances on how they might best align with SD-19. Additional details are found in
Appendix A.

e) New Business Development logged over 20 strategic opportunities in its database
in 2024; after an initial review, a handful of these went on to the next evaluation
stage. Although no new partnerships were entered into in 2024, considerable
work was done to improve internal processes, strategic direction and thresholds to
better focus resources on the most valuable opportunities for SMUD.

Partnership benefits to SMUD may include revenue sharing agreements,
intellectual property development, future pricing commitments, service-based
payments and/or partner commitments to regional investment. Partners
benefit from SMUDs zero carbon leadership, subject matter expertise and
collaboration on real world pilots and full-scale demonstrations.
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Strategic Partners and Revenue Generating Relationships

Partner Area of Focus

AspenTech (Formerly ADMS / DERMS
Open Systems
International, Inc.)

ESS Inc. Long Duration Energy Storage
Cal EPIC (Formerly Mobility Innovation and Workforce Development
California Mobility
Center)
Itron Smart meter and customer data platform
Simple Energy (Uplight) Customer engagement and load flexibility
Smart Energy Water Customer Experience Platform Development
(SEW)
Community Choice Operational support and consulting services
Aggregators
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Portfolio Revenue

2024 Gross Revenue* 2024 Costs 2024 Net Revenue
$16,637,807 $13,915,625 $2,722,182

*Partnership revenue may include revenue sharing agreements, intellectual property
royalties, and/or service-based payments. Future product discounts, stock warrant value,
and other unrealized benefits are not accounted for as revenue.

3) Additional Supporting Information

a) Additional funding
Funding is most often pursued through grants; however, this category is
not limited to grants. SMUD considers foundation funding, disaster
recovery funds, state and federal funding allocations and other sources of
funding in this category. Descriptions of 2024 funding are listed in
Appendix A.

b) Community Choice Aggregator Services
SMUD currently provides 11 specific services to seven (7) community choice
aggregators representing 2.6M meters. SMUD has, on average, added
approximately one new CCA client and one new service launch per year.
Specific details on these CCA’s are listed in Appendix B.

c) Technology and Industry Partners
Diversified business is often an outcome of technology and industry
partnerships. These relationships often build on the successes of individual
pilots, projects, or other innovation initiatives. Specific details of projects and
innovation are outlined in the SD-10, Innovation monitoring report. Additional
strategic partnership details are included in Appendix C of this report.

4) Challenges
a) With a new President elected in 2024, changes to the acquisition and
implementation of Federal funding are imminent. It appears that grant

funding will likely be at the mercy of shifting presidential priorities and that
California in general could be a target for cancellation of awards.
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b) SMUD'’s leadership position in pushing towards zero carbon has created a
significant number of potential opportunities and partnerships to consider. The
prevalence of funding opportunities and the volume of companies with a
desire to work with SMUD create challenges in filtering through the volume of
opportunities in pursuit of the best opportunities. Strategic partnerships are
often made more complex because they often involve technologies that are
not fully commercialized or market ready. This combination of technology
maturity and the broad scope of funding opportunities means that SMUD
must be highly selective in choosing who to partner with and which funding
opportunities to pursue. Developing the correct portfolio of grants and
partnerships is critical to meeting the goal and intent of SD-19. Pursuing too
many initiatives in parallel can result in a lack of support on the most
important areas of focus. Additionally, it is critical that the efforts pursued
have strong alignment with each other and the overall zero carbon plan.

c) Zero Carbon by 2030 is a critical and aggressive timeline. As SMUD
evaluates grants, partnerships and new business opportunities, it must be
done in the context of achieving zero carbon by 2030. This timeline constraint
must be considered when looking at the technology and commercial
readiness levels of companies SMUD is considering partnering with. Similarly,
grants and other external funds that have timelines that extend beyond 2030
may lack alignment with the 2030 Zero Carbon Plan. Pursuit of diversified
business to help achieve zero carbon is a priority, but this pursuit will extend
beyond 2030.

5) Recommendation

It is recommended that the Board accept the Fiscal Year 2024 Monitoring Report for
SD-19, Diversified Business.
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APPENDIX A
External Funding Descriptions

1. Catalyst Fund- Workforce Development Grant
Project Name: Catalyst Fund Workforce Development Grant
Funding Awarded: $508,000

The ‘Capitol Region Skilled Trades Workforce Pipeline Program’ (Project) leverages
regional experts in the Utilities, Transportation Infrastructure, and Commercial Construction
Opportunity Industry Sectors to formally analyze the region’s pipeline of skilled trades
workforce with particular attention to identifying barriers to entry for disinvested community
members. Utilizing detail from the initial analysis, this same cohort will co-create a robust
curriculum that focuses on ‘Common Skills’ shared amongst the employer pool. The
expectation for this Exploratory project is for members to consider and commit to pursuing
shared training opportunities with potential to operationalize strategies that foster inclusion
and ensure equitable outcomes. The concept for this Exploratory project originated from
available regional data paired with repeated anecdotal evidence shared amongst
employers within the project’s targeted opportunity sectors. The throughline of the data and
evidence was repeated emphasis on applicants having ‘missing skills’ due to lack of
appropriate training.

2. EAST Grant
Project name: SACommunity EV Hubs
Funding Awarded: $2,812,421

Sacramento Municipal Utility District (SMUD), in partnership with Sacramento
International Airport (SMF), Sacramento Valley Station (SVS), California State
University, Sacramento (CSUS), ChargerHelp! (CH!), and AECOM, proposed the
deployment of Direct Current Fast Charging stations (DCFCs) at three locations in
Sacramento, enabling increased access to electric vehicle (EV) charging for ride-share
drivers, food delivery drivers, rental car fleets, shared mobility services, and residents.
The project will support the deployment of three fast charging hubs, with a total of 15
stations and 30 ports, strategically located in optimum locations with high on-demand
transportation volume, near multi-family housing properties, and with quick and easy
access to main transportation corridors. SMUD will develop a mobile app, integrated
with an e-Roaming platform, to enable convenient access to locate chargers, activate
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sessions, and pay for charging across multiple charging networks through a single
account. Development of this single public charging interface will allow users to find,
compare, and use multiple public charging options, without having to create and
manage multiple proprietary apps. Development of this app and use of the e-Roaming
platform will also allow SMUD to offer discounts and special rates to on-demand drivers
and other target customer groups. SMUD’s SACommunity EV Hubs project will support
the Sacramento region’s access to charging infrastructure for high mileage on-demand
transportation services and the public. SACommunity EV Hubs will deploy a model that
transitions charging in high-traffic communities from a constrained amenity to accessible
infrastructure. These plazas will enhance access to public charging while attracting
service drivers with affordable rates and shared infrastructure to ease their financial
burden.

3. REACH 2.0 Grant
Project Name: SMUD Multifamily EV Charging Community
Funding Awarded: $5,000,000

Sacramento Municipal Utility District (SMUD), in partnership with the Sacramento
Metropolitan Air Quality Management District (SMAQMD), Uber, and dozens of
Sacramento area property owners, managers, and developers, has been awarded
funding to deploy and demonstrate a replicable and scalable approach to delivering
affordable electric vehicle (EV) charging for multifamily homes (MFH). SMUD
Multifamily EV Charging Community proposes to deploy over 400 AC chargers at 26
multifamily (MF) residential and MF-adjacent locations across Sacramento, with 92% of
sites located within disadvantaged, low-income, or affordable housing communities.

The SMUD Multifamily EV Charging Community project increases regional at-home EV
charging access while testing and validating a scalable, replicable business case and
promising technology solutions to catalyze the deployment of level 1 and 2 electric
vehicle service equipment (EVSE) at and near MFH. The project proposes to deploy
best-fit design and engineering solutions at each site, combined with a newly developed
SMUD EV app featuring an integrated e-Roaming platform to offer novel rate designs
through member charging networks. The project will also leverage existing programs
and organizational resources to prepare for scale. The combination will deliver an
equitable, streamlined, high-quality, and cost-effective charging experience.

4. REACH 1.0 Grant

Funding Awarded: $2,290,000

Funded by the California Energy Commission, the goals of the REACH grant
program are to 1) Demonstrate replicable and scalable business and technology
models for large-scale deployment of electric vehicle (EV) charging infrastructure to
benefit and be used by multi-family housing (MFH) residents, 2) Improve education
and awareness regarding EVs to increase EV travel by MFH residents, including
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MFH residents in disadvantaged communities, low-income communities, and/or
residents of affordable housing, and 3) Provide affordable, reliable, and conveniently
accessible charging infrastructure for MFH residents.

To achieve these goals, the focus of these efforts’ centers around infrastructure,
education, affordability, reliability and accessibility. This includes installation of 108
Level 2 EV charging stations across 6 MFH sites, increasing resident understanding
of EV and EVSE technology, establishing a car sharing program provided by
SMAQMD, developing no- or low-cost EV charging for MFH residents with high
reliability.
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APPENDIX B
Community Choice Aggregator Detail

SMUD Community Energy Services currently provides 11 services to seven (7)
community choice aggregators representing 2.7M meters. CES has averaged
approximately one new CCA client and one new service launch per year. There are 25
operational CCAs in California representing 14M customers or about 36% of California.
SMUD continues to invest in new CCA, utility, jurisdiction and energy company
business activities.

Customer Care and Data and Engagement and
Operations e Branding

e Contact Center e Data Management e Customer Programs
e Billing e Market Research e Electrification

e Debt Collections e Data Analytics Concierge

e CRM Systems e Custom Reporting o Marketing

Community Choice Aggregator Clients

In 2002, Assembly Bill 117 was passed to establish Community Choice Aggregation in
the State by authorizing Community Choice Aggregators (“CCAs”) to aggregate
customer electric load and purchase electricity for customers. SMUD sees the growth
of CCAs as an opportunity to support organizations with values closely aligned with
SMUD'’s values, while also generating additional revenue for SMUD. CCA programs
are proliferating in the State thanks to support for expanding renewable energy use and
desire for local control, particularly for electricity procurement. There are numerous
CCAs operating in the State, and more are anticipated to launch in the future. CCAs
are responsible for procuring wholesale power, setting the generation rate, providing
customer care, understanding customer needs, and engaging customers through
programs and other services. The local investor-owned utility (“lOU”) continues to
deliver electricity from the electric grid, maintain its electric infrastructure, bill customers
and collect payments.

In October 2017, SMUD contracted with Valley Clean Energy (“VCE”). VCE is a joint
powers agency formed in 2016 by the City of Woodland, the City of Davis and Yolo
County to implement a local CCA program. The service territory expanded to include
the City of Winters in 2021.

In February 2018, SMUD contracted with Ava Community Energy (“Ava” formerly East
Bay Community Energy). Ava is a joint powers agency formed in 2016 by the cities of
Albany, Berkeley, Dublin, Emeryville, Fremont, Hayward, Livermore, Oakland,
Piedmont, San Leandro and Union City in Alameda County to implement a local CCA
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program. Ava expanded its territory to the cities of Pleasanton, Newark, and Tracy in
April 2021. An expansion of Stockton is planned for 2025.

In June 2019, SMUD contracted with Silicon Valley Clean Energy (“SVCE”). SVCE is a
joint powers agency formed in 2016 by the cities of Campbell, Cupertino, Gilroy, Lost
Altos, Los Altos Hills, Los Gatos, Milpitas, Monte Sereno, Morgan Hill, Mountain View,
Saratoga, Sunnyvale and Unincorporated Santa Clara County to implement a local
CCA program.

In October 2022, SMUD contracted with Marin Clean Energy (“MCE”). MCE is a joint
powers agency formed in 2010 and represents 37 member communities across four
Bay Area counties: Contra Costa, Marin, Napa and Solano.

In December 2022, SMUD contracted with Sonoma Clean Power (“SCP”). SCP is a
joint powers agency that serves Sonoma and Mendocino counties.

In May 2024, SMUD contracted with Central Coast Community Energy (“3CE”). 3CE is
a joint powers agency representing County of Monterey, County of San Benito, County
of Santa Cruz, County of Santa Barbara, Arroyo Grande, Buellton, Capitola, Carmel,
Carpinteria, Del Rey Oaks, Goleta, Gonzales, Greenfield, Grover Beach, Guadalupe,
Hollister, Marina, Monterey, Morro Bay, Pacific Grove, Paso Robles, Pismo Beach,
Salinas, Sand City, San Juan Bautista, San Luis Obispo, Santa Cruz, Santa Maria,
Scotts Valley, Seaside, Soledad, Solvang, and Watsonville. Atascadero and
unincorporated San Luis Obispo County are anticipated to begin service in January
2025.

In August 2024, SMUD contracted with San Jose Clean Energy (“SJCE”). SICE is a
joint powers agency that serves San Jose.
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1)

2)

Appendix C

Partner List and Description

AspenTech (AZPN) (Formerly: Open System International, Inc.): Strategic
technology partnership to implement and deploy an industry-leading Distributed Energy
Resource Management System (DERMS). SMUD will receive royalties from future
sales of the enhanced product suite for DERMs. DERMs Phase 1 and ADMS
development is complete, implemented Q3 2022. DERMS Phase 2 and Phase 3 design
and development completed and implemented in Q3 2024. Phase 4 design has begun
continuing development of the core DERMS system functionality. DERMS Phase 4
functionality is planned to go-live in mid-2026.

OSI Inc. was bought by Emerson for $1.6 billion in an all-cash transaction on October 1,
2020. The acquisition added to Emerson’s existing $1 billion standalone software and
associated engineering implementation services portfolio. Then in May 2022, Emerson
combined its industrial software businesses — OSlI Inc. and its Geological Simulation
Software business — with AspenTech to create a global industrial software leader.
Shares of new AspenTech began trading on NASDAQ under the ticker symbol “AZPN”
in May 2022. The AspenTech partnership continues to contribute revenue to the
portfolio.

ESS Inc.: ESS is a long duration energy storage system developer whose technology is
based on earth-abundant iron, salt and water to deliver environmentally safer solutions
capable of providing up to 8 hours of flexible energy capacity for commercial and
utility-scale energy storage applications, with a long-term design target of 12-17 hours
duration. Established in 2011, ESS Inc. aspires to deploy reliable, sustainable long-
duration energy storage solutions for independent power producers, utilities and other
large energy users.

SMUD and ESS established a joint collaboration agreement in 2022 to provide up to
200 megawatts (MW) / 2 gigawatt-hours (GWh) of ESS’ environmentally safe and
sustainable long duration energy storage solutions. The agreement called for ESS
to deliver a mix of its Energy Warehouse™ and Energy Center™ long-duration
energy storage (LDES) solutions for integration with the SMUD electric grid
beginning in 2023.

In 2023, SMUD installed and commissioned 6 Energy Warehouse ™ products as part of
its partnership with ESS, with a combined energy storage capacity of 3 MWh. Each
Energy Warehouse iron-flow battery is packaged in a standard 40’ shipping cargo
container modified to house the electrolyte tanks, cell stack, and ancillary equipment
such as pumps and electronics.

In 2025, before proceeding with the Energy Center™ phase of the partnership, ESS
began a transition process involving corporate restructuring, furlough of employees, and
a strategic shift to their next generation product the Energy Base which is a larger
format package and focuses on a longer duration design target of 12-17 hours duration.
As a result, SMUD had decided to conclude the pilot with ESS’s older products and shift
to an approach of monitoring progression of ESS’s next generation products.
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4)

5)

California’s fast-growing long-duration energy storage resources.

3) Cal EPIC (formerly the California Mobility Center) developed new organizational
policies and procedures required under the grant agreements, while it continued to
refine its workforce development and training delivery models. They successfully met all
grant reporting deadlines in 2024 with emphasis to optimize the recruiting and training
strategies under the Federal and City grants. Strong partnerships were continued with
community-based organizations serving underrepresented communities through the
External Affairs Coordinator. This role has a direct line of communication with these
organizations and regularly attends career fairs, communicates with partner orgs, and
helps schedule and organize workforce development programming. These partners
include but are not limited to Women's Empowerment, Saint John’s, Greater
Sacramento Urban League, Asian Resources Incorporated, CA Asian Chamber of
Commerce, La Familia, and Community Resource Project. Partnership with other
leading organizations for trainings were also strengthened by including ChargerHelp!,
Rivian, Center for Manufacturing a Green Economy (nonprofit arm of the United Auto
Workers), and a partnership with the California Masonic Foundation and the
Sacramento City Unified School District in workforce development programs. For the
2024 calendar year, the CMC trained approximately 355 people.

Itron: Itron Networked Solutions, Inc. has been a SMUD strategic partner for over 25
years, and in September 2024 SMUD entered into a Joint Sales Agreement (JSA) as
part of a Strategic Value Partnership with ITRON. The JSA has the potential to
generate revenue to off-set software fees, as SMUD co-market products with ITRON to
support and develop functionalities that enable Grid Edge intelligence to increase grid
stability, resiliency, and reliability through visibility, management, and control of devices
on the grid. In addition, SMUD also have a Joint Collaboration Agreement (JCA), if an
opportunity presents itself in the future for co-development.

Simple Energy (Uplight): Since 2017, SMUD has partnered with Simple Energy to
operate the SMUD Energy Store (smudenergystore.com) through a collaborative
revenue-sharing agreement that generates approximately 4% of gross merchandise
value in revenue. The online store offers a wide range of smart thermostats, connected
home products, EV chargers, lighting, and water-saving products, many with instant
rebates that significantly reduce costs on popular items like Nest thermostats and
Phillips LED bulbs. This partnership has fostered a strong, productive relationship that
supports SMUD'’s energy efficiency goals, promotes customer programs, results in high
levels of customer satisfaction, enhanced customer engagement, and correlates to
higher Value for Pay scores.

Several new product additions were added in 2023, including an expanded EV charger,
smart thermostat, smart home, lighting and water savings product offerings. Over 4,500
thermostats were pre-enrolled in My Energy Optimizer, added Wi-Fi window ACs and
the Google Nest 4th Gen thermostat. Efforts this year include a pilot Offer Center
providing free thermostats to low/moderate-income customers, new renter
weatherization products, a Meadowview LED giveaway, and a Holiday District
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6)

Campaign promoted thermostats and My Energy Optimizer incentives.

Smart Energy Systems, Inc. dba Smart Energy Water (SEW): SEW is a digital
platform developer dedicated to solving global energy and water crises. SMUD and
SEW are Co-developing innovative utility centric communication tools such as,
customer facing self-service modules, payment processing (through SEW subsidiary |
Pay Smart), prepay, eMobility, and advanced analytics for grid resilience. These tools
support SMUD in our zero-carbon journey and may generate future shared revenue if
the tools are adopted by other utilities. Both the SEW and | Pay Smart Joint
Collaboration Agreements (JCAs) were extended through 12/31/2036.

As SMUD continues to build its eco-system with SEW, we anticipate the platform will be
one of their most robust examples in North America by the end of 2027. As we are
standing up the SEW platform, revenue or licensing offsets have not yet materialized. In
2024, efforts are underway for a more solidified revenue share addendum to the SMUD
and SEW Joint Collaboration Agreement (JCA). In 2026, we anticipate co-developing
new features with SEW as part of the EV App Phase 2 project. Co-development of net-
new products with SEW will likely be de-emphasized until 2028.
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RESOLUTION NO. 25-10-05
WHEREAS, in May 2025, SMUD issued Request for Proposal No.
Doc5195526389 (RFP) to solicit proposals from qualified firms to provide
hydroelectric design and engineering services for a five-year period; and
WHEREAS, nine proposals submitted in response to the RFP were
evaluated; NOW, THEREFORE,

BE IT RESOLVED BY THE BOARD OF DIRECTORS
OF THE SACRAMENTO MUNICIPAL UTILITY DISTRICT:

Section 1. As a result of such examination, GFT Infrastructure,
Inc., Mesa Associates, Inc., HDR Engineering, Inc., and Stantec Consulting
Services, Inc. are hereby determined and declared to be the four highest
evaluated responsive proposers to provide hydroelectric design and engineering
services.

Section 2. The Chief Executive Officer and General Manager, or
his designee, is authorized, on behalf of SMUD, to negotiate and award contracts
to GFT Infrastucture, Inc., Mesa Associates, Inc., HDR Engineering, Inc., and
Stantec Consulting Services, Inc. (collectively, the Contracts) for hydroelectric
design and engineering services for an approximate five-year period from
October 20, 2025, to October 31, 2030, for an aggregate not-to-exceed amount
of $15,000,000 for the Contracts.

Section 3. The Chief Executive Officer and General Manager, or
his designee, is authorized to make future changes to the terms and conditions of
the Contracts that, in his prudent judgment: (a) further the primary purpose of
the Contracts; (b) are intended to provide a net benefit to SMUD; and (c) does
not exceed the authorized contract amounts and applicable contingencies.

Approved: October 16, 2025

INTRODUCED: DIRECTOR KERTH
SECONDED: DIRECTOR TAMAYO
DIRECTOR AYE NO ABSTAIN ABSENT
FISHMAN X
ROSE X
BUI-THOMPSON X
HERBER X
KERTH X
TAMAYO X
SANBORN X




RESOLUTION NO. 25-10-06
WHEREAS, in June 2025, SMUD issued Request for Proposal No.
Doc5223839238 (RFP) to solicit proposals from qualified firms for geotechnical
engineering services for a five-year period; and
WHEREAS, nine proposals submitted in response to the RFP were
evaluated; NOW, THEREFORE,

BE IT RESOLVED BY THE BOARD OF DIRECTORS
OF THE SACRAMENTO MUNICIPAL UTILITY DISTRICT:

Section 1. As a result of such examination, Kleinfelder, Inc.,
GFT Infrastructure, Inc., GEl Consultants, Inc., Terracon Consultants, Inc.,
HDR Engineering, Inc., and KGS International, Inc. are hereby determined
and declared to be the six highest evaluated responsive proposers to provide
geotechnical engineering services.

Section 2. The Chief Executive Officer and General Manager, or
his designee, is authorized, on behalf of SMUD, to negotiate and award contracts
to Kleinfelder, Inc., GFT Infrastructure, Inc., GEl Consultants, Inc., Terracon
Consultants, Inc., HDR Engineering, Inc., and KGS International, Inc.
(collectively, the Contracts) for geotechnical engineering services for an
approximate five-year period from October 20, 2025, to October 31, 2030, for an
aggregate not-to-exceed amount of $10,000,000 for the Contracts.

Section 3. The Chief Executive Officer and General Manager, or
his designee, is authorized to make future changes to the terms and conditions of
the Contracts that, in his prudent judgment: (a) further the primary purpose of
the Contracts; (b) are intended to provide a net benefit to SMUD; and (c) does
not exceed the authorized contract amounts and applicable contingencies.

Approved: October 16, 2025

INTRODUCED: DIRECTOR KERTH
SECONDED: DIRECTOR TAMAYO
DIRECTOR AYE NO ABSTAIN ABSENT
FISHMAN X
ROSE X
BUI-THOMPSON X
HERBER X
KERTH X
TAMAYO X
SANBORN X




RESOLUTION NO. 25-10-07

WHEREAS, since 1990, in collaboration with Sacramento Tree
Foundation (STF), SMUD has provided free shade trees to customers to,
among other things, reduce their summer cooling costs and help reduce summer
peak demand for electricity; and

WHEREAS, over the years, additional benefits realized have
included community plantings, mitigation of urban heat island effects, air quality
improvements, and carbon sequestration; and

WHEREAS, STF is a local, non-profit, community-based
organization with a mission to grow healthy, livable communities in the
Sacramento region by building the best regional urban forest in the nation; and

WHEREAS, STF has over 40 years of experience in urban forestry
management practices and over 30 years of experience in delivering the Shade
Tree program for SMUD in the greater Sacramento area; and

WHEREAS, SMUD desires to include a greater emphasis on
community plantings, including shrubs and fruit trees, and focus on increasing
the tree canopy in under-canopied neighborhoods; and

WHEREAS, STF is the only provider in the Sacramento region with
extensive long-term relationships with local and regional tree growers and retail
nurseries and urban community foresters; and

WHEREAS, there are no other urban forestry organizations in the
region who could deliver this type of urban tree planting program for energy
efficiency benefits; and

WHEREAS, given STF’s history of success in delivering SMUD'’s
urban tree planting program, expertise and the benefit STF provides, the contact
pricing is deemed fair and reasonable; and

WHEREAS, it would not be productive or in the best interest of
SMUD to advertise for competitive bids for the services referred to above
because STF is the only urban forestry organization of its type in the region;

NOW, THEREFORE,



BE IT RESOLVED BY THE BOARD OF DIRECTORS
OF THE SACRAMENTO MUNICIPAL UTILITY DISTRICT:

Section 1. The Chief Executive Officer and General Manager, or
his designee, is authorized, on behalf of SMUD, to negotiate and execute a sole
source contract with the Sacramento Tree Foundation to provide shade trees to
SMUD customers during the period January 1, 2026, to December 31, 2028, for
a not-to-exceed amount of $6,034,461.

Section 2. The Chief Executive Officer and General Manager, or
his designee, is authorized to make future changes to the terms and conditions of
the contract that, in his prudent judgment: (a) further the primary purpose of the
contract; (b) are intended to provide a net benefit to SMUD; and (c) do not
exceed the authorized contract amount and applicable contingencies.

Approved: October 16, 2025

INTRODUCED: DIRECTOR KERTH
SECONDED: DIRECTOR TAMAYO
DIRECTOR AYE NO ABSTAIN ABSENT

FISHMAN X
ROSE X
BUI-THOMPSON X
HERBER X
KERTH X
TAMAYO X
SANBORN X




President Fishman turned to Discussion Calendar Item 12, to cast a
vote on Sacramento Local Agency Formation Commission (LAFCo) ballot
regarding the election of a Special District Representative (two seats) and
Alternate Special District Representative (one seat).

Laura Lewis, Chief Legal & Government Affairs Officer, gave a
presentation regarding Discussion Calendar ltem 12. A copy of the slides used
in her presentation is attached to these minutes.

Written public comment, a copy of which is attached to these
minutes, was received from the following member of the public:

o Gay Jones

After some discussion, President Fishman stated he would
entertain a motion to cast SMUD’s vote on the LAFCo ballot for Gay Jones for
the four-year regular term, for Brandon Rose for the two-year regular term, and
for Charlea Moore for the four-year alternate term. Director Herber moved for
approval, Director Rose seconded, and Resolution No. 25-10-08 was

unanimously approved.



RESOLUTION NO. 25-10-08

BE IT RESOLVED BY THE BOARD OF DIRECTORS
OF THE SACRAMENTO MUNICIPAL UTILITY DISTRICT:

Section 1. This Board casts its vote for Gay Jones as Special
District Commissioner (four-year regular term) to the Sacramento Local Agency
Formation Commission (LAFCo).

Section 2. This Board casts its vote for Brandon D. Rose as
Special District Commissioner (two-year regular term) to the Sacramento Local
Agency Formation Commission (LAFCo).

Section 3. This Board casts its vote for Charlea Moore as
Alternate Special District Commissioner (four-year term) to the Sacramento
Local Agency Formation Commission (LAFCo).

Approved: October 16, 2025

INTRODUCED: DIRECTOR HERBER
SECONDED: DIRECTOR KERTH
DIRECTOR AYE NO ABSTAIN ABSENT
FISHMAN X
ROSE X
BUI-THOMPSON X
HERBER X
KERTH X
TAMAYO X
SANBORN X
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Attachment D

to Resolution No. 25-10-08

SACRAMENTO LOCAL AGENCY FORMATION COMMISSION
1112 I Street, Suite 100 ® Sacramento, CA 95814 ¢ (916) 874-6458

ELECTION BALLOT

Mail to: LAFCO
1112 | Street, Suite 100
Sacramento, CA 95814
Or email:
commissionclerk@saclafco.org

Special District Representative to LAFCo

Regular Seat #7

The election ends on November 21,2025 at 5:00 p.m. or until a quorum of
Special District ballots is received, whichever occurs later.

Four-Year Regular Term Candidate & District

Select one (1)

Gay Jones*, Sacramento Metropolitan Fire District

v

Jim Frazier, Hearld Fire Protection

Robert “Bob” Wichert, Sacramento Suburban Water District

Two-Year Regular Term Candidate & District

Select one (1)

Beau Reynolds, North Highlands Recreation and Park District

Brandon D. Rose, Sacramento Municipal Utility District

> ol

Jim Frazier, Hearld Fire Protection

Robert “Bob” Wichert, Sacramento Suburban Water District

Four-Year Alternate Term Candidate & District

Select one (1)

Charlea Moore*, Rio Linda Elverta Recreation and Park District

v

Jim Frazier, Hearld Fire Protection

*Incumbent

BALLOT CONTINUES ON THE NEXT PAGE

Commissioners

Rich Desmond, Patrick Hume County Members ®® Rosario Rodriguez, Alternate
Lisa Kaplan, Mat Pratton City Members ®® Dr. Jayna Karpinski-Costa, Alternate

Chris Little, Public Member ™™ Timothy Murphy, Alternate

Vacant, Gay Jones, Special District Members ®® Charlea Moore, Alternate

Staff

José C. Henriquez, Executive Officer ®™ Desirae Fox, Policy Analyst

Nancy Miller, DeeAnne Gillick, Commission Counsel




2025 Special District Election Ballot
September 22, 2025
Page 2 of 2

SIG TUIZ 9VZ ’ESIDING OFFICER (Original Signature Required):
N

#

Note: Presiding Officer is the Chair/President. Any other signature invalidates
this ballot, unless accompanied by Meeting Minutes designating an
alternate.

PRINTED NAME OF PRESIDING OFFICER (Required):

Gregg Fishman
AGENDA ATTACHED (optional):  Yes No _X

Attest:

Q-2

District Secretary, Clerk or General Manager

Sacramento Local Agency Formation Commission



President Fishman clarified no verbal public comment was
forthcoming for Discussion Calendar ltem 12.

President Fishman then called for public comment for items not on
the agenda.

Written public comment, copies of which are attached, was
received from the following member of the public:

e John Weber

President Fishman then turned to Directors’ Reports.

Director Rose reported on his attendance at the Sun Day and
Climate Justice Festival, the Folsom Chamber of Commerce’s Future of Folsom
event, and the Sacramento Metropolitan Chamber of Commerce’s Study Mission
to Boston.

Director Bui-Thompson reported on her attendance at the
Summerfest Wine & Food Gala in Rancho Murieta, the Hope Cooperative’s
Stand Up Sacramento event, the Sacramento Zoo Twilight Safari event, and the
international convening of the German Marshall Fund and Marshall Memorial
Fellowship.

Director Herber reported on her speaking engagement with the Elk
Grove Chamber of Commerce business mixer, her attendance at the
Sacramento Hispanic Chamber of Commerce’s 2025 State of Hispanics event,
the Sacramento Cultural Hub’s Exceptional Women of Color Expo and Awards,
the Mirasol Village Early Learning Center Construction Completion Celebration
where Congresswoman Matsui was in attendance, the Sacramento Zoo Twilight
Safari event, and the Sacramento Annual Literacy Festival. She then reported
on her attendance at SMUD’s Connecting our Communities Resource Expo,
InnoGrove’s 10-year anniversary open house event, and her building tour of the
American River College (ARC) Center for Technical Education.

Director Kerth reported on his attendance at the Twin Rivers School
District Citizen’s Bond Oversight Committee meeting, his participation in the
business walk for the R Street Sacramento Partnership, as well as the Metro

Chamber’s Study Mission to Boston.



Vice President Tamayo reported on his Ward 6 Listening Session
with Community Leaders and thanked Rhonda Staley-Brooks, Director of
Community Relations Outreach & Support, for facilitating it, his attendance at the
InnoGrove event, and the Magkaisa event at Laguna Town Center for Filipino
American History Month. He announced that he would also be attending two
more upcoming events hosted by the Filipino American National Historical
Society (Sacramento Chapter) and the Filipino Community of Sacramento and
Vicinity. He then reported on his attendance at the Sustainable Communities
Partnership Summit and commended DEIB & Sustainable Communities Manager
Shiloh Costello on her work for the event. He reported on his speaking
engagement for SMUD’s Emerging Leaders Energy Summit, his attendance at
the Sacramento Hispanic Chamber of Commerce’s 2025 State of Hispanics, the
Community Resource Project Literacy event at Rainbow Park, and the Terra
Madre Americans Grant Tasting event. He concluded by reporting on his
attendance at the Food Literacy Center’s Veggie of the Year event.

Director Sanborn reported on her attendance at the Women’s
Empowerment Gala and the Habitat for Humanity Hard Hats and High Heels
event and commended Habitat Board President Shiloh Costello for her
leadership in raising over $500,000. She then reported on her participation in a
tree planting with the Kiwanis Club of Carmichael, her attendance at the
Sacramento Native American Health Center’s First Foods Dinner, the
Sacramento Valley Conservancy’s Treasures of the Valley event, and the
Carmichael Chamber of Commerce’s elected officials mixer along with Senator
Niello, Assemblymember Hoover, Supervisor Desmond and Congressman Bera.
She concluded by reporting on her building tour of the American River College
(ARC) Center for Technical Education.

President Fishman reported on his attendance at the Sacramento
Republic FC Hispanic Heritage Night Noche Latina, the Asian Resources, Inc.’s
Autumn Moon Dinner, the Sacramento Native American Health Center First
Foods Dinner, and the lu Mien Community Services Annual Honoring our

Journey Banquet. He then reported on his speaking engagements at the Habitat



for Humanity Hard Hats and High Heels event and the American River College

(ARC) Center for Technical Education building tour. He reported on his

participation in the Great American River Cleanup and noted he is on the Board

of the American River Parkway Foundation. He concluded by reporting on this

attendance at the Northern California Power Agency conference.

Paul Lau, Chief Executive Officer and General Manager, thanked

Vice President Tamayo for creating the venue for the Ward 6 listening session

and inviting the Neighborhood Associations and nonprofits serving that area. He

then reported on the following items:

1)

2)

SMUD Cares Employee Giving Campaign. | would like to

start by sharing some good news! The SMUD Cares Employee
Giving Campaign exceeded its goal of $440,000, raising over
$500,000! Twenty-eight percent of our employees participated
by donating to causes and local nonprofits they are passionate
about. Every dollar makes a difference, and | want to thank our
employees for their deep generosity and commitment to our
community! And a huge special thanks to Lora Anguay, Chief
Zero Carbon Officer, who was our executive leading the charge,
creating fun events like golfing, bowling, and doing all things for
our community.

Milestones. And now for an exciting milestone: We surpassed
20,000 heat pump installations in the Sacramento market, using
rebates, customer education and the SMUD Contractor Network
to achieve this clean energy milestone. Together with more
than 390 approved multilingual contractors and electricians, we
helped Sacramento families replace gas heating systems with
efficient electric heat pumps. These installations will eliminate
20,000 tons of carbon emissions each year — the equivalent to
removing 8,000 gas-powered cars from local roads. And, each
of these customers will save about $500 per year on their utility

bills by going electric.



3)

4)

5)

Connecting Our Communities Resource Expo. This past

month, we were proud to host our third Connecting our
Communities Resource Expo. We know bringing SMUD
resources to our customers is important — and so is making it
easier for them to access wrap-around services from our
community partners. Customers and community members
engaged with our SMUD teams and resources, connecting with
more than 35 organizations and signed up for vital programs
and services. The event had over 500 attendees - even in the
rain! Thank you to the teams who work hard each day to make
it possible for our community to get the support they need.
Awards. Team SMUD was recognized with several well-
deserved awards this month. First, PR Daily awarded us with
two honors. First was in the media category for our 2024 press
event with Congresswoman Doris Matsui for our Meadowview
work, and in the social media category for our People Behind
the Promise campaign. The Public Relations Society of
America California Capitol Chapter honored SMUD with a PRSA
Influence Award for our Clean Power Promise Campaign. |
know Farres and members of the team are at the ceremony
receiving the award tonight. The U.S. Department of Labor’s
Veterans’ Employment and Training Service (VETS) recognized
SMUD with a Hire Vets Medallion Award for our veteran hiring
and recruiting. Finally, | was deeply honored to receive the
George Westinghouse Top Innovator in Leadership in
Innovation award at the Smart Electric Power Alliance - Public
Utilities Fortnightly Top Innovators Conference in Washington,
D.C. earlier this week.

Board Video. For tonight’'s video, we are going on the clock
with the Power System Operations (PSO) team. The Power

System Operation Team manages our transmission from both



an engineering and operations perspective 24/7, 365 days a
year. Our transmissions planning team is always monitoring our
current set up with the grid, the resources for transmission, as
well as calculating for needs over the next 5-10 years. The
PSO is essential in the orchestration of serving electricity to the
distribution service operators to then serve customers all over
our region.
President Fishman requested the Summary of Board Direction, but
there were no items.
President Fishman called for public comment on the closed session
agenda, but none was forthcoming.
President Fishman then announced the Board would enter into
closed session to discuss the following item:

1. Public Employment.

Pursuant to section 54957 of the Government Code:

CEO and General Manager.

No further business appearing, President Fishman stated the Board
would not be taking action on the closed session item and adjourned the meeting
into closed session at 6:55 p.m.

President Fishman re-opened the meeting and adjourned the
meeting at 7:10 p.m.

Approved:

President Secretary



Exhibit to Agenda Item #12

Cast vote on Sacramento Local Agency Formation Commission (LAFCo)
ballot regarding the election of a Special District Representative (two seats) and
Alternate Special District Representative (one seat).

Board of Directors Meeting
Thursday, October 16, 2025, scheduled to begin at 6:00 p.m.
SMUD Headquarters Building, Auditorium



= Due to the size of the Special District Selection Committee, LAFCo has
determined to conduct the Committee’s business in writing pursuant to
Gov. Code § 56332(f).

= All votes are due in writing on or before 5:00 p.m. on November 21, 2025.

= Election Ballot:
1) Special District Representative (two regular, voting seats).

2) Alternate Special District Representative (one seat).

®
October 16, 2025 2 Board of Directors Meeting S M U D



Nominees (in alphabetical order) — Select One:

1) Gay Jones, Sacramento Metropolitan Fire District
2) Jim Frazier, Herald Fire Protection District

3) Robert “Bob” Wichert, Sacramento Suburban Water District

®
October 16, 2025 ) Board of Directors Meeting S M U D



Nominees (in alphabetical order) — Select One:

1) Beau Reynolds, North Highlands Recreation and Park District

2) Brandon D. Rose, Sacramento Municipal Utility District

3) Jim Frazier, Herald Fire Protection
)

4) Robert “Bob” Wichert, Sacramento Suburban Water District

®
October 16, 2025 4 Board of Directors Meeting S M U D



Nominees (in alphabetical order) — Select One:

1) Charlea Moore, Rio Linda Elverta Recreation
and Park District

2) Jim Frazier, Herald Fire Protection

®
October 16, 2025 5 Board of Directors Meeting S M U D



1) Select a candidate for SMUD's vote to serve as Special District
Representative:

= One four-year regular seat
= One two-year regular seat

2) Select a candidate for SMUD'’s vote to serve as Alternate Special
District Representative:

= One four-year alternate seat

®
October 16, 2025 6 Board of Directors Meeting S M U D



From: h2oga acbell.net

To: Public Comment; Board Office

Subject: [EXTERNAL] FW: LAFCO Commissioner Election
Date: Thursday, October 16, 2025 5:31:45 PM
Attachments: 2025 S.D. Commissioner Stmt.docx

CAUTION: This email originated from outside of SMUD. Do not click links or open attachments unless

you recognize the sender and know the content is safe.

Good Evening,

Please forward attached to Board Members.
Thank you, Chrystal, for your help.

Gay Jones

From: h2ogay@pacbell.net <h2ogay@pacbell.net>
Sent: Thursday, October 16, 2025 10:39 AM

To: 'board_office@smud.org' <board_office@smud.org>
Subject: LAFCO Commissioner Election

Good Morning,

Would you please forward my letter to the SMUD Board for tonight’s
meeting. It is regarding consideration in the balloting for Special District
Commissioner, 4 year term.

Thank you in advance for your assistance. Please feel free to call me
with any questions or comments.

Sincerely,
Gay Jones
Commissioner, Sacramento LAFCO

Director, Sacramento Metropolitan Fire District
916-208-0736



mailto:h2ogay@pacbell.net
mailto:PublicComment@smud.org
mailto:Board-Office@smud.org

Board of Directors,



I am requesting your vote and continued support as your special District Commissioner to Sacramento Local Agency Formation Commission (LAFCO).

As challenges to Special Districts continue, I am committed to ensuring that all District voices are heard.  Everyone needs to be included in conversations regarding efficient delivery of municipal services and boundary changes, whether they be annexations, detachments, consolidations, spheres of influence or incorporations.

Current activities include the following items: Municipal Service Reviews (MSRs) for Southgate Parks and Rec, Orangevale Parks and Rec, Florin County Water District and Metro Fire are underway, as well as various annexations to SacSewer.  Additional MSRs for applications from Omochumne Hartnell Water District and Florin Resource Conservation District are ongoing.

Future discussions need to happen regarding the future of Cemetery Districts as well as policy decisions for potential growth throughout our Sacramento County.   

I look forward to having all these conversations with our Special District Advisory Committee to Sacramento LAFCO (SDAC).  This group provides a great resource for us Commissioners and staff.   

Another resource I bring to our Commission is my long-term participation as a Director for the California Association of LAFCOs (CALAFCO). This state association of LAFCOs offers me an amplified view on the many legislative activities that have potential to affect all of us.  Working with Special Districts across the state, as well as with the California Special Districts Association, is very important to me as your commissioner.    

I ask for your continued support and vote to represent you as your Special District Commissioner to Sacramento County LAFCO. 

  



Sincerely,

Gay Jones

  Commissioner, Sacramento LAFCO

Director, Sacramento Metropolitan Fire District

916-208-0736 
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Board of Directors,

| am requesting your vote and continued support as your special District Commissioner to Sacramento
Local Agency Formation Commission (LAFCO).

As challenges to Special Districts continue, | am committed to ensuring that all District voices are heard.
Everyone needs to be included in conversations regarding efficient delivery of municipal services and
boundary changes, whether they be annexations, detachments, consolidations, spheres of influence or
incorporations.

Current activities include the following items: Municipal Service Reviews (MSRs) for Southgate Parks and
Rec, Orangevale Parks and Rec, Florin County Water District and Metro Fire are underway, as well as
various annexations to SacSewer. Additional MSRs for applications from Omochumne Hartnell Water
District and Florin Resource Conservation District are ongoing.

Future discussions need to happen regarding the future of Cemetery Districts as well as policy decisions
for potential growth throughout our Sacramento County.

| look forward to having all these conversations with our Special District Advisory Committee to
Sacramento LAFCO (SDAC). This group provides a great resource for us Commissioners and staff.

Another resource | bring to our Commission is my long-term participation as a Director for the California
Association of LAFCOs (CALAFCO). This state association of LAFCOs offers me an amplified view on the
many legislative activities that have potential to affect all of us. Working with Special Districts across the
state, as well as with the California Special Districts Association, is very important to me as your
commissioner.

| ask for your continued support and vote to represent you as your Special District Commissioner to
Sacramento County LAFCO.

Sincerely,
Gay Jones
Commissioner, Sacramento LAFCO
Director, Sacramento Metropolitan Fire District

916-208-0736



From: John W

To: Public Comment

Subject: [EXTERNAL] Additional written comments for the Oct 15th meeting and please post them for the Oct 16th board
meeting as well.

Date: Wednesday, October 15, 2025 9:38:11 PM

Attachments: m20reprocessing20190914F.pdf

CAUTION: This email originated from outside of SMUD. Do not click links or open attachments unless

you recognize the sender and know the content is safe.

Chair, Board, and Committee,

| wish to answer some of the questions board members brought up that weren't answered by
the presenters.

Regarding the current status of temporary waste disposal. In Texas, the oil companies and
environmentalists teamed up and got the Governor's support to block temporary waste
disposal in Texas. It went all the way to the Supreme Court earlier this year. The Supreme
Court ruled against Texas but it isn't over yet.
https://www.texastribune.org/2025/06/19/texas-nuclear-waste/ Even though Texas is
promoting nuclear, they don't want the waste in their state.

The other site was in New Mexico. This story just came out within the last week.

mexico/

So, even temporary nuclear waste storage hasn't been decided. Keep in mind this stuff is
radioactive for thousands of years. PU-239 has a half-life of 24,000 years. The radioactive life
is about 10 times the half-life. How many generations will have to care for the waste and at
what expense?

Both of these stories have been closely followed by everyone on the nuclear sphere. The
presenters must have known about them. Now you know.

A full-length documentary for date night- https://www.youtube.com/watch?v=iXZXqLliP3E

The attached document should answer the questions regarding recycling (reprocessing). As
the presenters stated. It isn't done here because is in not economical to do. It is also very
polluting.

"Reprocessing of spent fuel is an extremely costly and polluting process. Reprocessing greatly
enhances the
health hazards posed by nuclear power, because many pathways are created along which the
radionuclides
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mailto:PublicComment@smud.org
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Reprocessing of spent nuclear fuel

Jan Willem Storm van Leeuwen
independent consultant

member of the Nuclear Consulting Group

November 2019
storm@ceedata.nl

Note
In this document the references are coded by Q-numbers (e.g. Q6). Each reference has a unique number in this coding

system, which is consistently used throughout all publications by the author. In the list at the back of the document the
references are sorted by Q-number. The resulting sequence is not necessarily the same order in which the references

appear in the text.
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Roots of reprocessing

Reprocessing technology has been developed during the late 1940s and during the Cold War to recover
plutonium from spent fuel from special military reactors for the production of nuclear weapons. In the 1960s
and 1970s civil applications of the military reprocessing technology were developed, when de breeder
concept came into the picture.

Main purpose of the civil reprocessing plants at La Hague in France and Sellafield in Great Brittain was to
recover the plutonium and unused uranium from spent fuel from conventional nuclear power plants with
light-water reactors (LWRs), in the belief that uranium and plutonium recycling in the breeder cycle (LMFBR:
Liquid-Metal-cooled Fast Breeder Reactor) would soon become the base of civil nuclear power.

The currently most advanced power reactors cannot fission more than 0.5% of the nuclei in natural uranium.
The nuclear industry promised (and is still promising) that a closed-cycle reactor system (breeder) could
fission 50-100 times more nuclei present in natural uranium, and consequently generate 50-100 times more
energy from 1 kg uranium, than the conventional once-through system based on light-water reactors (LWRs).
France (‘tout électrique, tout nucléaire’) and the UK (‘too cheap to meter’) embarked at the time (early 1970s)
on the materialization of the breeder concept, expecting that this could make their energy supply largely
independent of fossil fuels within a few decades.

The world has nearly 30 plants for spent fuel reprocessing, according to [ENS 2016] Q667 and [nucl-reproc-
wiki 2016] Q668, with nominal processing capacities vaying from 1 Mg used uranium per year to about
3000 Mg U/a. Many of these plants, military installations from the Cold War or experimental plants from
the 1960s, are shut down, but none is decommissioned yet. Some 12 reprocessing plants are still operating.

Country = Location Capacity = Commissioning or
tuja operating period
B Mal &0 1966-1974
D Karisruhe 35 1971-1990
F Marcoule, P 1 500 1958-1997
F La Hague, UP 2 800 196E-1974
F La Hague, UP 2-400 400 1976-2003
F La Hague, UP 2-800 1,000 1996
F La Hague, UP 3 1,000 1940
GB Windscale 300,750 1951-1964
GB Sellafield, Magnox 1,500 1964
GB Dounreay B 1980-1998
GB Sellafield, THORP 900 1994
IND Trombay 60 1965
IND Tarapur 100 1982
IND Kalpakkam 100 1558
] Tokai Mura S0 197 7-2006
1 Rokkashomura B00 2006/2007
RUS Mayak B* 400 1948-1967
RUS Tachedjabinsk 400 1971
RUS Krasnojark 800
LIsa Hanlard, T-Plant * 1045-1056
LISA Hanford, B-Plant ™ 1 t/d 1945-1957
54 Hanford, REDOX = 15 td 1952-1967
LiSa Hanford, PUREX * 2,400 | 1956-1972/1983-
19RH
LISA Savannah, River Site ™ == 3.000 1952-2002
US54 ‘West Valloy 300 1966-1972

Table 1
Reprocessing plants, world-wide, * only military use. Source: [ENS 2016] Q667. Not listed here are reprocessing plants in
China and Pakistan, see [nucl-reproc-wiki 2016] Q668.

In 1977 President Jimmy Carter banned the reprocessing of commercial reactor spent nuclear fuel in the
USA. The key issue driving this policy was the serious threat of nuclear weapons proliferation by diversion
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of plutonium from the civilian fuel cycle, and to encourage other nations to follow the USA lead. President
Reagan lifted the ban in 1981, but did not provide the substantial subsidy that would have been necessary
to start up commercial reprocessing. Up until this moment no civil reprocessing occurs in the USA. Military
reprocessing plants are still operating in the USA.

Several countries operating nuclear power plants have chosen for the reprocessing option, but is unclear to
which extent civil spent fuel is actually reprocessed. In Europe two large reprocessing plants are operating:
Sellafield in the United Kingdom and La Hague in France. China, India, Japan, Pakistan and Russia have their
own reprocessing plants.

A number of countries has chosen for direct disposal of spent fuel: Canada, Finland, Germany, Spain and
Sweden.

When it became evident — though not admitted by the nuclear industry — that the breeder cycle would be

technically infeasible, reprocessing became essentially superfluous. The nuclear industry quietly switched

to other arguments to justify the exceedingly high investments of a reprocessing plant (counted in tens of

billions of euros). Now the raison d’étre of reprocessing is said to be:

e recovery of the unused uranium from spent fuel for recycling in new nuclear fuel,

e recovery of the plutonium from spent fuel for use in LWR’s in MOX fuel and so increasing the retrievable
energy content a given mass of uranium,

e volume reduction of the high-level nuclear waste by vitrification,

e closed-cycle reactors, said to be able to generate about 50 times more energy from a given amount of
uranium

e transmutation of long-lived hazardous radionuclides into radionuclides with short radioactive half-lifes
by partitioning and transmutation (P&T), especially the minor actinides (MAs)

e use of thorium as fertile material in the thorium232/uranium-233 cycle.

These envisioned applications will be briefly discussed in this chapter. However, reprocessing raises also

issues concerning nuclear security, health hazards and safety.

Once-through and closed-cycle systems

The present nuclear power plants operate in the once-through mode, using enriched uranium as nuclear
fuel. During the fission process in the reactor the content of fission products increases and the content of
fissile nuclei in the fuel decreases. After a certain amount of fissions the fission process cannot be sustained
anymore, then the spent nuclear fuel is discharged from the reactor and replaced by fresh enriched uranium
fuel. Spent nuclear fuel is not suitable for reuse and is stored in cooling pools to let decay the high level of
radioactivity and the coupled residual heat generation. In the once-through mode not more than 0.5% can
be fissioned of the nuclei in the natural uranium the enriched uranium (nuclear fuel) is made from.

In order to utilise a higher fraction of the uranium nuclei for energy generation, the spent fuel has to be
recycled. Recycling of uranium and other fissile nuclei is only possible after removing the fission products
and other nuclei that impede the fission process; this separation process is called reprocessing of spent
fuel. Closed-cycle nuclear power systems are are addressed in the following sections, along with some other
issues inevitably arising from reprocessing.
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Reprocessing of spent nuclear fuel

Reprocessing is a complex sequence of chemical and physical separation processes, aimed at separation of

spent nuclear fuel into several fractions:

e unused uranium, only a few percent of the uranium nuclei are fissioned in the reactor

¢ plutonium, generated in the reactor from uranium by neutron absorption,

e fission products,

e minor actinides, mainly neptunium, americium and curium, also formed from uranium by neutron
capture,

e zircalloy cladding hulls of the nuclear fuel elements. highly radioactive by neutron capture.

8 g uranium-235
4.6 g uranium-236

> > 204 g fission products
967 g U-238
14.6 9 fission products
8.9 9 plutonium
0.5 9 neptunium-237
© storm 0.15g minor actinides
1 kg fresh fuel reactor 1 kg spent fuel

Figure 1

Mass composition of fresh and spent nuclear fuel after three years in a thermal neutron reactor, corresponding with
burnup of about 33 GWday/Mg. Source: [Cohen 1977] Q214, [CNRS/EDP 2017] Q744 cites almost the same figures. The
amounts of the components other than U-238 in fresh and spent fuel of the newest types of LWRs may be larger, due to
a higher burnup of the fuel.

In this diagram the various components of fresh and spent fuel are shown separately. but actually the atoms of the
isotopes and elements are dispersed on molecular level. Complete separation is not possible. All new components,
represented by the small cubes, are strongly radioactive. The total mass remains nearly constant, a minute fraction is
converted into energy during fission. The small cubes at top right represent the mass of the nuclides originating from
U-235, the cubes on the lower right corner are formed from U-238.

In addition to the fuel, about 0.6-2 kg zircalloy cladding + spacers and about 25 g silver-indium-cadmium alloy control
rods are loaded and discharged with each kilogram of fuel.

In the reprocessing plant the spent fuel elements are chopped into pieces and the contents are dissolved in
boiling nitric acid. The resulting solution contains dozens of different elements: fission products, uranium,
plutonium and higher actinides. The empty cladding hulls of the chopped and leached fuel pins hardly
dissolve and are separated from the solution. Not all fuel dissolves either.

A part of the fission products is gaseous (e.g. noble gases) or easily form gaseous compounds and escape
from the liquid. Most of those nuclides are difficult to fix, chemically or physically, into solid materials or
containers, notably tritium, carbon-14, iodine-129 and the noble gases such as krypton-8s. These nuclides are
discharged into the air or sea. In addition a significant fracion of the water-soluble nuclides are discharged
with the liquid effluents, notably strontium-90, technetium-99, ruthenium-106 and cesium-137.

Because of the massive releases of radioactive substances into the environment, reprocessing is an
exceedingly polluting process. Europe’s two operating reprocessing plants, at Sellafield and at La Hague,
are situated at the sea coast, for obvious reasons.

Spent fuel is highly radioactive and complicated mixture of many dozens of chemical species: nearly
the whole Periodic System of the elements is represented in spent fuel. This results in the occurrence of
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substantial losses in the separation processes to obtain pure uranium and plutonium and the fact that the
recovered metals are unavoidably contaminated with other elements. Process losses and impurities in the
products increase with increasing radioactivity of the mixtures.

gaseous effluents
AL
a volatile nuclides
actinides (aerosol)

[
energy !
":\>
O
£

m C reprocessing
plant
chemicals
materials © stomm B C D E F
liquid effluents 4 =

actinides vis a% A%

actinides z 3 [ o

activation products & { \

cion products gl
fission products ‘ solids liquids vitrified dismantling

NS waste wastes
NS
=

Figure 2

Reprocessing of spent fuel. The input of a reprocessing plant consists of spent fuel, chemicals and energy (electricity

and fossil fuels). Spent fuel is separated into seven fractions: unfissioned uranium, newly formed plutonium and five

waste fractions A-E:

A

E
F

gaseous effluents, discharged into the atmosphere, containing gaseous and volatile fission products, activation
products, noble gases and some aerosols of other fission products and actinides,

liquid efflents, discharged into the sea, containing some U and Pu and other actinides, in addition to a substantial
part of the highly soluble fission products; this fraction cannot be vitrified,

insoluble solid waste consisting of spent fuel cladding hulls, undissolved fuel and and other solids, containing U,
Pu, fission products, activation products and actinides, this fraction cannot be vitrified,

liquid wastes containing fission products, activation products, uranium, plutonium and other actinides, resulting
from imperfect separation and purification processes, this fraction cannot be vitrified

the fraction of fission products, activation products and actinides that can be vitrified.

An eighth radioactive waste stream, fraction F, consisting of decommissioning and dismantling wastes, will be

released after final shutdown of the reprocessing plant, when the plant will be decommissioned and dismantled. This

waste consists of decontamination wastes, and radioactive rubble en scrap.
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Reprocessing and the Second Law

Separation

Separation processes play a vital role in the process industry, especially in the nuclear process chain. The
nuclear process chain starts with the extraction of uranium from its ore, a sequence of physical and chemical
separation processes, but also in other processes of the nuclear chain separation processes are important.
Separation processes are based on chemical and physical distribution equilibria. These dynamic equilibria
are governed by the laws of thermodynamics and never go to completion, as a consequence of the Second
Law. For that reason it is impossible to separate a mixture of n different chemical species into n separate
fractions that are 100% pure. There always will be losses and contaminations.

Separation of atomes and molecules implies lowering the entropy of the system: the mixture to be
fractionated, and becomes more demanding and goes less completely as:

. more different kinds of species are present in the mixture,

o the concentration of the desirable species in the mixture is/are lower,

. the constituents of the mixture are chemically and/or physically more alike,

e the purity specifications of one or more of the fractions are more stringent,

e the mixture is more radioactive.

Complete separation is a fiction. As a consequence of the above mentioned factors a part of each desired
fraction will be lost in the waste streams and each fraction will be contaminated with species from other
fractions. The selectivity of separating a certain fraction from a mixture can be enhanced, at the expense
of more specialistic chemicals and equipment and consequently more energy, and more losses of other
fractions.

Radioactive and non-radioactive isotopes of the same element cannot be separated.

The amount of radioactivity in spent fuel does not change by the mechanical and chemical treatments in
the reprocessing plant, it simply means a reshuffling of the radionuclides from one material flow to several
other. Inevitably, mixing an amount of radionuclides, compacted in a solid (spent fuel), with nonradioactive
fluids or other substances increases the volume of the radioactive waste, complicating the waste disposal
problems.

As pointed out above separation of the elements in a solid or solution never can be complete, partly due
to the chemical properties of the components of a mixture, partly due to inherent chemical and physical
limitations of extraction equilibria, partly due to technical imperfections. Economic considerations and the
human factor are left aside here. The difficulties increase with the number of compounds or elements in the
mixture which are to be separated.

Purification

Purification of a substance is based on separation processes, aimed at removal of contaminants from the
substance. A higher purity means a lower concentration of contaminants. Extracting a species at a lower
concentration requires more useful energy and is coupled to greater material losses. Higher purity means
better predictable properties of a material. As pointed out above 100% pure materials are impossible.
Purity specifications depend on the application of a material. Actually the purity of a material in the process
industry is an economic notion.

A single substance can be made more pure at the expense of

¢ more loss of that substance into the waste streams,

¢ consumption of more chemicals,

¢ consumption of larger amounts of energy,

« the need for more complex equipment.
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Reprocessed uranium

Recycled uranium, from reprocessed spent fuel, also called reprocessed uranium U(rep), has a different

composition than natural uranium and contains a number of nuclides which degrade its properties as

nuclear fuel [Forsey & Dickson 1987] Q239 such as:

e uranium-232,decaying to thallium-208 with high alpha and gamma activity

e Uranium-234, a strong alpha emitter

e uranium-236, a strong neutron absorber; fuel with this isotope needs a higher enrichment assay or
more fissionable plutonium to compensate for it,

e traces of fission products, like ruthenium-106 and technetium-99, which increase the gamma activity of
the uranium

e traces of trans-uranium elements, e.g. neptunium and plutonium.

Above problems worsen each time the fuel passes the fuel cycle. The gamma activity of recycled uranium

increases with the number of cycles, because of a growing content of gamma-emitting decay products.

Recycled uranium needs addition of more fissile plutonium than depleted or natural uranium, because of
the neutron absorbing properties of U-232, U-234 and U-236. These even-numbered isotopes of uranium
are not fissile.

Enrichment of recycled uranium by gasdiffusion or ultracentrifuge is questionable, because the uranium is
enriched more effectively in the two lightest isotopes U-232 and U-234 than in U-235 and is enriched also
in U-236, to lesser extent, making the enriched product strongly radioactive. The reenriched uranium would
contain the largest part of the unwanted uranium isotopes and some other unwanted nuclides mentioned
above as well. Besides, the enrichment plant would be contaminated with highly radioactive compounds,
hampering its operation.

For above reasons reprocessed uranium has not been used in power reactors. In addition the fabrication
of fuel elements containing reprocessed uranium is difficult and has to be done by remotely controlled
equipment due to its high radioactivity. Utilisation of reprocessed uranium has a negative energy balance,
due to high energy consumption of fuel fabrication and the high energy investments of reprocessing of
spent fuel including dismantling of the reprocessing plant at the end of its operational lifetime.

The World Nuclear Association [WNA-mox 2016] Q246 cites a figure of 45 Gg reprocessed uranium being
available forreuse, which would be equivalent to 50 Gg (1 Gg =1000 Mg) of natural uranium. The displacement
figure of 5o Gg is inconsistent with the publication [Foresey & Dickson 1987] Q239. Reprocessed uranium
contains slightly more U-235 than natural uranium (around 0.8% vs 0.7%) indeed, but it needs a higher
fissile content than equivalent conventional nuclear fuel, as pointed out above.

Evidently this highly radioactive material poses health risks when released into the public domain, by
accidents, terroristic actions or otherwise.
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Plutonium

Plutonium is generated from uranium-238 (non-fissile) by neutron irradiation in nuclear reactors. The isotopic
composition of the plutonium varies with the irradiation time in the reactor. At first the fissile plutonium-239
is formed and from this isotope heavier isotopes are formed by subsequent neutron captures: Pu-240 (non-
fissile), Pu-241 (fissile) and Pu-242 (non-fissile). In nuclear fuel at low burnup little Pu-239 is transformed
into heavier isotopes. The higher burnup of the fuel, the longer the stay time in de reactor and the more
non-fissile heavy plutonium isotopes are generated.

Weapons-grade plutonium contains typically 93.6% Pu-239 [O’Connor 2003] Q599 is produced by neutron
irradiation of uranium in special military reactors. The nuclear fuel from these reactors has a very low
burnup (about 100 MW(th).days/Mg) before reprocessing, so only small amounts of the higher isotopes
of plutonium (e.g. the non-fissile isotope Pu-240) are formed. Higher isotopes of plutonium and trans-
plutonium elements make plutonium more radioactive and less suitable for production of nuclear weapons.

Reactor-grade plutonium originates from spent fuel from civil power reactors and contains typically less than
65% fissile plutonium isotopes (Pu-239 + Pu-241). In commercial reactors the fuel elements stay far longer
and get a higher burnup (33000-46000 MW (th).days/Mg) than in military reactors. Due to longer stay times
in the reactor, more of the heavier plutonium isotopes are formed: Pu-240, Pu-241 and Pu-242, but also
Pu-238. The even isotopes are not fissile in LWR’s and in bombs. Moreover, trans-plutonium elements, e.g.
Am-241, Am-243, Cm-244, are formed from plutonium isotopes by neutron capture. According to [WNA-pu
2016] Q247:

The term ‘fissionable’ applies to isotopes that can be made to undergo fission. If a fissionable isotope only requires

neutrons with low kinetic energy to undergo fission, then it is said to ‘fissile’. Thus, all fissile isotopes are fissionable.

Pu-240 is fissionable, as it undergoes fission in a fast neutron reactor - but it is not a fissile isotope.

Contrary to statements of the nuclear industry [WNA 2012b] Q541 reactor-grade plutonium is suitable for
nuclear explosives, according to [Barnaby 2005a] Q339 and [Barnaby 2005b] Q240, [Glaser 2005] Q593,
[Schneider 2007] Q590.

Plutonium has a much lower critical mass than uranium. The bare-sphere critical mass of weapons-grade
plutonium is 11.5 kg (diameter 10.5 cm) and of reactor-grade plutonium 14.6 kg (diameter 11.5 cm). With
a neutron reflector of 15 cm the figures are: 3.71 kg (7.20 cm), respectively 4.58 kg (7.72 cm), according to
[Glaser 2005] Q593.

Pu-238 is a strong alpha emitter. By beta decay, plutonium-241 is transformed into americium-241; Am-
241 is a strong gamma emitter, greatly increasing the gamma activity of the plutonium. Within a few years
storage time, the concentration of Am-241 builds up to a level the plutonium cannot be handled safely
anymore. With a content of Am-241 higher than 1% it has to be purified again [Hulst & Mostert 1979] Q242,
a costly process. For recycled plutonium from LWR with MOX fuel, the repurifying limit due to Am-241 may
be reached about one year after reprocessing. Americium-241 decays to neptunium-237, a fissile nuclide.
Most plutonium and trans-plutonium isotopes emit neutrons, as some of their nuclei spontaneously fission
(the other nuclei decay by alpha or beta emission). The presence of all these nuclides makes reactor-
grade plutonium a hazardous substance, with troublesome properties as reactor fuel. The problems with
increasing gamma, alpha and neutron radiation aggravate with each recycling of the plutonium. The same
holds true for the burnup of the fuel from which the plutonium is extracted: the higher the burnup, the
longer its stay in the reactor and consequently the less the isotopic quality of the plutonium.
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Neptunium-23/

During the fission process in the reactor the short-lived neptunium-239 isotope is formed from uranium-238
by neutron capture. Neptunium-239 decays with a half-life of 2.35 days to plutonium-239, a first-rate bomb
material. In addition sizeable quantities of the long-lived isotope neptunium-237 (half-life 2.14 million years)
are formed, mainly by neutron capture of uranium-235 and decay of americium-241. According to [KfK 1983]
Q587 roughly 400-700 g Np-237 per metric ton spent fuel are formed, depending on the burnup of the
nuclear fuel. Np-237 can be separated by chemically means from the other elements in spent fuel, due to
its specific chemical properties: it is a separate chemical element. After a cooling period of less than a year
Np-237 is the only neptunium isotope remaining in spent fuel. Consequently it is possible to obtain a pure
fissile material from spent fuel just by chemical means, without enrichment.

Neptunium-237 is fissile and can be used to produce a nuclear explosive device. Its critical mass is
comparable to that of uranium-235. One or more nuclear weapon states may have tested a nuclear explosive
using Np-237. Historically, neptunium 237 has been separated by the nuclear weapon states in only small
quantities, principally for non-explosive uses, as target material for plutonium-238 production. Pu-238 can
be used as neutron initiator of nuclear weapons.

By the end of 1997, the world inventory of neptunium and americium was estimated to exceed 8o metric
tonnes, or enough for more than 2,000 nuclear weapons, and the amount is growing at a rate of as many
as 10 tonnes per year. If actinide separation becomes routine, inventories of separated neptunium-237 and
americium will escalate, according to [ISIS 1999] Q552.
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Americium

According to [KfK 1983] Q587 about 120 g americium isotopes per metric ton spent fuel are formed at a
burnup 33 GWe.day/Mg; at higher burnups the yield is proportionally larger. Americium has to be separated
from plutonium and uranium after reprocessing, for reason of the high radioactivity of the americium
isotopes and their unfavorable nuclear properties as reactor fuel. Assuming the isotope Am-242 (half-life 16
hours) has already decayed to Cm-242, the main isotopes of americium in spent fuel are Am-241, Am-242m
and Am-243. Just like neptunium, americium can be separated by chemically means from the other elements
in spent fuel, due to its specific chemical properties.

All americium isotopes are fissile and can be used to produce a nuclear explosive device, so it is possible
to obtain undiluted bomb material from spent fuel just by chemical means. Estimates of the bare-sphere
critical mass of the americium isotopes vary from g9-150 kg. However, under special conditions the critical
mass of Am-242m may be as low as 7 grams, according to [Ronen et al. 2000] Q243.

Historically, americium has been separated by the nuclear weapon states in only small quantities, principally
fornon-explosive uses: for smoke detectors, neutron generators, and research activities. During reprocessing
of spent fuel americium is usually discarded in the high-level waste streams.

The world inventory of Am-241 at the end of 1997 is estimated at some 45 tonnes and is growing by about 4
tonnes/year. This amount of Am-241 is the result of the decay of plutonium-241. In nuclear weapon programs
and civil plutonium recycle programs, americium-241 is separated from aging plutonium to purify it and
reduce the material handling problems caused by americium’s radioactive emissions [ISIS 1999] Q552. ISIS
estimates the worldwide separation of americium at some 100 kg/yr.
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MOX fuel in LWRs

The plutonium recovered from spent fuel, usually labeled reactor-grade plutonium Pu, could be used to
fabricate MOX (Mixed OXide) fuel elements consisting of natural or depleted uranium oxide and plutonium
oxide instead of a higher content of uranium-23s5, to be used in light-water reactors (LWRs). At present about
30 nuclear power plants, mostly in Europe, are using MOX fuel elements, not more than about 30% of the
core. Special reactor designs are required to replace all enriched uranium fuel in the core fully by MOX fuel.
Reprocessing of commercial nuclear fuel to make MOX is done in the United Kingdom and France, and to a
lesser extent in Russia, India and Japan [wiki-mox 2017] Q741.

Plutonium from reprocessed fuel is usually fabricated into MOX as soon as possible to avoid problems with
the decay of short-lived isotopes, in particular Pu-241 that decays (half-life 14.1 years) to americium-241, a
strong gamma emitter. Within 5 years typical reactor-grade plutonium would contain too much Am-241 to
safely handle [WNA-mox 2016] Q246.

How much natural uranium could be displaced by using MOX fuel instead of enriched uranium in nuclear
power stations?

According to [WNA-mox 2016] the current commercial MOX fuel, equivalent with enriched uranium at 4.2%
U-235, has an average plutonium content of 9.5%, containing 65% fissile plutonium (Pu-239 + Pu-241). This
study assumes that depleted uranium is used for the MOX fuel. The fissile content of U-235 (about 0.3%) of
the depleted uranium is ignored for convenience.

Based on these figures 1 Mg reactor-grade plutonium would correspond with 10.5 Mg MOX, of which 9.5
Mg depleted uranium. To produce an equivalent amount of enriched uranium (4.2% U-235) about 100 Mg
natural uranium would be needed, assumed a feed/product ratio of 9.5 and 0.3% U-235 tails assay of the
enrichment. So 1 Mg Pu, could save 100 Mg U ;.

[WNA-mox2016] states thatthe present global inventory of reactor-grade plutonium available for commercial
reactors is 320 Mg and that this amount could save 60000 Mg natural uranium. According to the estimate of
this study 320 Mg Pu,, would be equivalent to 32000 U, This is about one half of the current world annual
consumption of U, It is unclear how the World Nuclear Asdsociation derived its estimate.

If all spent fuel of the global nuclear fleet would be reprocessed some 60 Mg/year of Pu, would become
available for MOX fabrication. This could save about 6000 Mg/ year of U, less than 10% of the current
annual consumption.

During burning of MOX the ratio of fissile (odd numbered) isotopes to non-fissile (even) drops from around
65% to 20% depending on burnup [wiki-mox 2017] Q741. For that reason used MOX fuel is not reprocessed.
By recycling, the composition of plutonium shifts like that of uranium. The amounts of trans-plutonium
elements increase with each reprocessing cycle. Due to this, the alpha-, gamma- and neutron radiation rise
(with a factor 3), as well as the specific heat generation of the plutonium by radioactive decay with a factor
7 [ORNL-TM-2879 1970] Q254, [Fischer 1986] Q240 and [Roepenack et al. 1987] Q241.

Some isotopes have a very low critical mass for a fission chain reaction. Serious criticallity problems highly
complicate the reprocessing of fuel with high trans-plutonium content. For example, the critical mass of Am-
242m may be as low as 7 grams, according to [Ronen et al. 2000] Q243.

Besides the rising radioactivity, the proportion of fissile isotopes declines each time the plutonium is
recycled. Both effects cause a rapid deterioration of the practical use of recycled plutonium. MOX fuel
cannot be reprocessed [WNA inf13 2003] Q245, or only once or twice [WNA infi5 2002] Q247, because of
deteriorating isotopic quality of the plutonium (see above).

Nonetheless, recycling of LWR MOX fuel is considered as means of destruction of plutonium and as energy
source . A MOX cycle lasts at least 11 years, which may be a problem in itself [NEA ppr 2003] Q249.

The production MOX fuel is costly, because of the high radioactivity of de components. MOX fuel complicates
power plant operation for utilities, introducing more risks and higher costs.
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Figure 3

Outline of plutonium recycling in LWRs. The reactor starts up loaded with conventional enriched uranium fuel. The spent
fuel is reprocessed, after a cooling period. The recovered plutonium is used to enrich depleted uranium. The resulting
MOX fuel is placed into the reactor. Spent MOX fuel is not reprocessed. The reprocessed uranium is seldom reused,
because it has a troublesome isotopic composition and is contaminated by fission products.

The MOX option has a negative energy balance, as other nuclear concepts that depend on reprocessing
of spent fuel. It takes more energy to reprocess spent fuel, including a proportional part of the energy
requirements of the dismantling of the reprocessing plant, and to fabricate MOX fuel than can be generated
from that fuel. Moreover, the use of MOX fuel poses serious proliferation and terroristic hazards, as will be
discussed in one of the following sections.
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Destruction of HEU and Pu: burning the Cold War legacy

Reactor-grade fuel can be made by blending weapons-grade Pu and Highly Enriched Uranium (HEU) from

nuclear weapons, with depleted or natural uranium.

A rough estimate of the contribution to the world energy supply by ‘burning’ these materials can be made,

starting with the following figures:

¢ depleted uranium: about 1.2 million Mg world wide [WNA inf14 2002] Q244

e weapons-grade plutonium (90% Pu-239), about 260 Mg [WNA inf13 2003] Q245

e Highly Enriched Uranium (HEU), weapons-grade 93% U-235 ‘diluted’ to about 2000 Mg 20% U-23s5, still
called HEU ([WNA inf13 2003] Q245.

For a reference reactor of 1 GW(e) which uses a reload of 20.30 Mg fuel for each 0.82 full-power year, the
weapons-grade materials would be sufficient to produce about 725 reloads, assuming the use of depleted
uranium, enriched to 5% Pu or 4.2% U-235. This amount of reloads corresponds with about 600 full-power
years and would meet the world demand (360 GW(e) in 2002) for about 1.7 years. To produce this fuel, about
14000 Mg depleted uranium would be needed.

In addition to the military plutonium, reactor-grade plutonium (typically less than 70% fissile) from the civil
reprocessing plants is available. An amount of 400 Mg would be sufficient for about 280 MOX reloads with
an enrichment of 7% Pu [WNA inf2g 2003] Q246 and [WNA infi5 2002] Q247. This would meet the world
demand for about 0.6 years. A mass of about 5300 Mg depleted uranium would be used in this MOX fuel.
Together, the military materials and the civil plutonium would be sufficient to meet the present needs of the
world nuclear fuel consumption for about 2.3 years, using nearly 20000 Mg depleted uranium.

Figuring the energy consumption and production of the processes involved, fuelling reactors with Pu and
HEU would not add energy resources in the simply way as it may look, because the energy consumption in
obtaining the Pu and HEU has to be taken into account.

Use of depleted uranium would add some energy resources because the energy consumption of its produc-
tion is taken into account in the HEU and Pu production. The net energy result of the use of Pu, HEU and
depleted uranium probably is not significant, or may be even negative. Moreover, on global scale the contri-
bution would be marginal, even when the energy consumption of the Pu and HEU production is neglected.
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Uranium-plutonium breeder systems

In its publication Radioactive Wastes — Myths and Realities [WNA 2016¢] Q542 the World Nuclear Association
states:
The fuel for nuclear power is virtually unlimited, considering both geological and technological aspects. There is
plenty of uranium in the Earth’s crust and furthermore, well-proven (but not yet fully economic) technology means
that we can extract about 60 times as much energy from it as we do today.
Obviously this statement refers to the closed-cycle technology, the breeder system, that would generate
more fissile nuclides from fertile nuclides than it consumes.

What is called a ‘fast reactor’ or breeder is not just a reactor but a cyclic system consisting of a fast-neutron
nuclear reactor plus reprocessing plant plus fuel fabrication plant. Each of the three components of the
breeding cycle would have to operate flawlessly and finely tuned to each other for decades without
interruption. If one component fails in any respect, the whole system fails and breeding is out of question.
Operation of the cyclic system is further complicated by the high radioactivity of the materials to be
processed, increasing with each following cycle.

Decades of intensive research in several countries (e.g. USA, UK, France, Germany, the former Soviet Union)
and investments of some $100bn, have proved that the breeding cycle is technically infeasible.

The causes of this failure have nothing to do with arguments like: ‘not economically attractive” (obviously
a technically unfeasible system is not economically attractive) nor with protests of environmental activists.
The failure of materialization of the breeder concept can be traced back to fundamental laws of nature,
particularly the Second Law of thermodynamics. From this law it follows, among other consequences, that
separation processes of mixtures of different substances never go to completion and consequently perfect
materials are not possible. From the Second Law it also follows that the deterioration of materials by ageing
processes are inevitable.

Pivotal in the breeder cycle is the reprocessing of the spent fuel as soon as possible after unloading from
the reactor, to avoid the decay of some isotopes, for example plutonium-241 into americium-241. Due to the
rapidly increasing radioactivity of the spent fuel with each cycle, reprocessing and fuel fabrication become
increasingly difficult. The isotopic compositions of the recovered uranium and plutonium become less
favourable each cycle. Due to the unavoidable and increasing separation losses, the cycle produces less
fissile nuclides than it consumes. For these reasons, among other, the breeder cycle is technically infeasible.

Summarised, the breeder concept is inherently unfeasible, because is implicitely based on infeasible

assumptions:

» availability of perfect materials, not subject to spontaneous degrading processes (ageing)

e technical systems with 100% predictable properties and behavior across decades

* 100% perfect separation of a mixture of a large number of different chemical species into pure fractions,
regardless of the radioactivity of the mixture.

All three conditions are inconflict with the Second Law of thermodynamics.

This conclusion is also valid for the proposed thorium breeder cycle and the partitioning & transmutation
(P&T) system, both to be discussed in the following sections.

reprocessing20191107 15





electricity

breeder
reactor

fresh fuel

U+ Pu

discharges

( vraniom J—1 " fuel
fabrication

initial charge

reprocessing surplus plutonium

fission products +
activation products

- actinides

discharges discharges

U+ Pu loss U+ Pu loss

Figure 4

Outline of the concept of the breeder system in steady state. By repeatedly recycling spent fuel, it would be theoreti-
cally possible to fission the main part of natural uranium. If all goes well, the cycle produces during its operational life
a plutonium gain, large enough to start up two or more new breeders: one to replace the closed down unit, and one or
more additional breeders. The cycle represents the mass flows of uranium and the nuclides originating from the nuclear
processes in the reactor (fission, activation and decay). The initial plutonium charge to start up the breeder reactor is
about 3 Mg Pu for a 1 GW(e) FBR.

Reprocessing of FBR fuel

Reprocessing of Fast Breeder Reactor (FBR) fuel, which would have a high burnup (typically 70-100 GW(th).
day/Mg) is more troublesome than of LWR fuel, with a burnup of 30-50 GW(th).day/Mg. Burnup is a measure
of the stay time in the reactor and of the neutron flux the fuel gets in the reactor. The higher the burnup, the
more atoms per Mg fuel are fissioned and the higheris the neutron flux. This results in higher concentrations
of plutonium, in more trans-plutonium actinides and in larger specific amounts of fission products than in
LWR fuel. Spent FBR fuel is much stronger radioactive than spent LWR fuel.

High burnup and the high Pu content (15-20 times greater than that of irradiated LWR fuel) have some dif-
ficult consequences for the dissolving and separation processes in the reprocessing plant [UNIPEDE/CEC
1981] Q58:

e (Certainreactions are no longer of a secondary significance, as in LWR fuels, e.g. radiolysis, precipitation,
insolubility and corrosion. A high metallic fission product concentration increases the proportion of
insoluble material, which may trap plutonium and has a high heat and radiation output.

e Higher plutonium concentration entails a lower dissolution rate and the formation of insoluble com-
pounds in significant quantities.

» Higher specific radioactivity causes more radiolyse of the extraction liquid, an organic solvent (tribu-
tylposphate TBP). Solvent degradation products may clog pipelines and extractors, thus blocking the
entire process.

e Plutonium may accumulate by formation of complex compounds with solvent degradation products,
enhancing the risk of criticality accidents.

*  More unsoluble compounds and noble metal alloys (Ru, Rh, Tc, Mo, Pd), possibly containing plutonium,
and undissolved MOX particles remain in the dissolver. The undissovedparticles cause high plutonium
losses, solvent degradation by high heat and radiation emission and plugging of lines and equipment.

e Higher specific heat generation demands more elaborate temperature control.

¢ The high plutonium-uranium ratio and the presence of large specific amounts of fission products make
the extraction process more complex and less efficient. Short contact times between the organic and
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aqueous phase might be required, even if this feature reduces the effectiviness of plutonium separati-
on. More U and Pu is lost in the waste streams and the U and Pu product stream is more contaminated
with actindes and fission products.

e Higher concentrations of plutonium and other actinides enhance criticality problems in the separation
system.This necessesitates a design combining safe geometry and proper monitoring. To overcome ge-
ometry constraints a modular design may be needed. In that case the FBR fuel reprocessing plant would
benefit less from advantage of scale than a LWR fuel reprocessing plant.

Some other difficulties, specific for spent FBR fuel are:

The fuel assemblies of a FBR, made of stainless steel, have to be disassembled before the fuel pins can be
chopped into smalle pieces. Because of the high radioactivity and heat output of the irradiated fuel and
dimensional changes as result of the fast neutron irradiation, this part of the process will be difficult.
Keeping out-of-pile time as short as possible, needed for a high plutonium gain in the cycle, enhances pro-
blems with transport and handling of the irradiated fuel elements.

As result of the short cooling time after removing from the reactor core — preferable less than 1year versus
LWR fuel cooling times of 3 years or more — the shearing of the fuel elements releases gaseous highly active
short living fission products, such as I-131. The effluent release after short cooling times causes two main
problems. First, the higher decontamination factors required on gaseous effluent for reduction to accepta-
ble operational release levels. Second, the higher potential risk of accidental release and the necessity of
increased engineered safety measures, to reduce the overall risk to acceptable levels.

Discharges to the environment (water and air) of actinides may be higher than in a LWR cycle, because of

the higher actinide content in FBR fuel.
Costs of FBR fuel reprocessing could be at least twice as much as that of LWR fuel [UNIPEDE/CEC 1981] Q58 .
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Thorium for fission power

Thorium is a radioactive metal, more abundant in the Earth’s crust than uranium. The concept of the thorium
reactor is based on the conversion by neutron capture of non-fissile thorium-232 into uranium-233, which is
as fissile as plutonium-239. In common with the uranium-plutonium breeder the thorium-uranium breeder
is not just an advanced reactor, it is an intricate cyclic system of reactor, reprocessing plant and fuel element
fabrication plant. Each of the three components of the cycle has to operate flawlessly for decades, finely
tuned to the two other components.

The feasibility of the thorium breeder system is even more remote than that of the U-Pu breeder. After four
decades of research there are still no solutions for the basic problems mentioned by [ORNL-5388 1978] Q376.
The fundamental obstacles that render the U-Pu breeder technically unfeasible apply also to the thorium
breeder. A major drawback of the thorium cycle is that a thorium reactor cannot sustain a fission process
in combination with breeding uranium-233 from thorium-232, but will always need an external accelerator-
driven neutron source, or the addition of extra fissile material, such as plutonium or uranium-235 from
conventional reactors.

Building up a Th-U-233 breeder system would pose a severe logistic problem, even if the system would work
as advertised. Only small quantities of U-233 exist in the world at this moment, the USA has 1710 kg of it in
storage, 905 kg of which still contained in spent fuel. The U-233 stocks in other countries are unknown. The
largest DOE reactor currently operating could produce only about 0.3 kg/year.

It would take decades to obtain sufficient U-233 from special reactors to start up the first operating Th-
232-U-233 breeder system. After that it would take more than 8 doubling times to attain a thorium breeder
capacity equalling the current nuclear capacity (about 370 GW). Even with an assumed unrealistically short
doubling time of 20 years more than 8 doubling times would mean nearly two centuries.

Among a number of other countries, the USA conducted Th-232/U-233 research in the 1960s and 1970s (e.g.
in the Shippingport reactor), the research has not been continued. U-233 has been envisioned as fuel in
very compact military reactors for special applications, and in spacecraft. Although U-233 reportedly would
have about the same properties as plutonium for use in nuclear weapons, no such weapons seem to have
been developed. Apparently there exist good reasons not to use U-233 in military reactors and weapons and
not to continue the research towards the thorium power reactor. India seems to be the only country at this
moment still conducting some research on Th-232/U-233 fuel cycle. An overview of research projects in the
past and of advanced thorium reactor concepts is given in [WNA-Th 2015] Q302.

The realisation of the thorium-U-233 breeder cycle has a number of hurdles to overcome according to [ORNL-

5388 1978] Q376, [ORNL-6952 1999] Q377 and [PSR-IEER 2009] Q617 such as:

e theseparation processes needed to recycle fissionable material are inherently incomplete, so significant
losses are unavoidable

» therecycling of Th-232/U-233 fuel has yet to be demonstrated

e assumed the recycling would be technically feasible, it is still unknown if the cycle would produce
sufficient U-233 to expand the Th-232/U-233 capacity, or even to maintain itself

e theradioactivity of the spent fuel and recycled U-233 increases with every cycle, while its isotopic quality
decreases, consequently its usefulness as fissile material decreases

* duetotheincreasing radioactivity the separation processes deteriorate and the separation will get even
more incomplete

e due to the increasing radioactivity the fuel handling and fresh fuel fabrication becomes increasingly
difficult.

Since the publication of the above mentioned ORNL reports no publications are found reporting a solution

to each of these challenges, a conditio sine qua non for materialisation of the thorium-U-233 breeder cycle.
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Uranium-233

Uranium-233 is a fissile nuclide that is prepared from non-fissile thorium -232 by neutron irradiation in
a nuclear reactor. After irradiation the thorium target elements are to be reprocessed to separate the
U-233 from the remaining Th-232. U-233 has been used during the 19505 and 1960s in the development
of nuclear rockets, nuclear ramjets for an atomic bomber, but also for civil power reactors. These technical
developments were halted in the 1970s, apparently due to various problems. One of these problems is the
presence of uranium-232, a strong gamma-emitter, which makes U-233 difficult to handle. Methods to limit
the content of U-232 are expensive.

Uranium-233 has a critical mass much less than U-235 and is comparable to plutonium in terms of weapons-
usability. Between 1955 and 1968 several nuclear weapons test were conducted using uranium-233 [Alvarez
2012] Q594.

In the United States about 1550 kg of U-233 was separated. Of this amount about 123 kg may be unaccounted
for, enough for some 13 nuclear explosive devices. The radiation level from contaminants is not considered
to be an adequate barrier to prevent a terrorist from making an improvised nuclear device. Storage of the
US stockpile of U-233 is a safeguard, security and safety risk. The production of the stockpile also has left a
disposal burden [Alvarez 2012] Q594.

How is the situation concerning U-233 in elsewhere in the world? Some countries may be still involved in the
development of a thorium-232/uranium-233 nuclear breeder system.
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Molten salt reactor

In many publications on thorium-fuelled reactors and on partioning & transmutation systems the concept
of the Molten Salt Reactor (MSR) comes up. In this type reactor the nuclear fuel is dissolved in a mixture
of molten fluoride salts at high temperatures. Advocated advantages of the MSR would be: compactness,
inherent safety, operation at atmospheric pressure and high operating temperatures in the range of 600-
900 °C. Fast neutron and thermal neutron designs are proposed, in once-through as well in breeder modes.

The concept of the MSR was established in the 1950s. As far as known only three MSRs are ever built, and

that went critical, according to [wiki-msr 2017] Q693, all three in the USA:

e Aircraft Reactor Experiment (ARE), designed for use as an engine in a nuclear-powered bomber. Power
2.5 MWth, peak temperature 860 °C, produced 100 MWh in nine days in 1954.

e Pratt & Whitney Aircraft Reactor-1 (PWAR-1); the experiment run for a few weeks in 1957, the reactor was
critical at zero nuclear power, temperature 675 °C.

*  Molten-Salt Reactor Experiment (MSRE), operated at a power of 7.4 MWth and temperature of 650 °C,
during the period 1965-1969.

As of 2011 the ARE and MSRE remained the only MSRs ever operated. After these experiments a number of
research projects in various countries were set up, among other thorium breeder designs, see the overviews
in [wiki-msr 2017] Q693 and [WNA-msr 2016] Q739. As far as known none of those designs after 1969 ever
were built and operated.

From the above observations may be concluded that the promising MSR concept is not viable. Doubtless
Second Law phenomena are playing an important part in the MSR demise.
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Partitioning & transmutation

Partitioning & transmutation (P&T) is a technologic concept proposed by the nuclear industry as a means of
‘destroying’ long-lived radionuclides. If the concentrations of the long-lived dangerous radionuclides in the
nuclear wastes could be reduced to below an official standard (which standard is not indicated), the waste
would be safe for release into the public domain after a storage time of ‘only a few’ centuries to a thousand
years, instead of 1000005 of years.

In such way the amount of high level waste to be stored permanently in a geologic repository could be
reduced to a small fraction of the spent fuel. See also for example [CEA 2002] Q448, [DOE-NE 2009] Q450,
[NWMO 2008] Q446, [ORNL 2011] Q449, [NRC 1996] Q16 and [SKB 2010] Q447.

Some publicaties suggest even the possibility of nuclear energy with (almost) no radioactive waste for
example [LPSC 2001] Q451 and [ORNL 2013] Q539.
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A partitioning & transmutation system is a cyclic system consisting of three components: a transmuter
reactor, a partioning plant and fuel fabrication plant. Each of the three components of the cycle would have
to operate flawlessly and finely tuned to each other for decades without interruption, if one component fails
in any respect, the whole system fails.

In the partitioning plant, a more advanced reprocessing plant, spent fuel would be separated into more
partitions than in a conventional reprocessing plant. For this reason partioning is more demanding and
more energy-intensive than conventional reprocessing.

Some partitions, especially the minor actinides (MAs), would be incorporated in special fuel and target
elements. Due to the high level of radioactivity fuel and target fabrication is a demanding process, to be
done by robotic equipment.

In the transmuter reactor the long-lived adionuclides would be transmuted into shorter-lived radionuclides
by neutron capture. The neutrons are to be produced by fission of fissile nuclei in the mixture, and/or by an
external source.

Three principal transmuter reactor concepts are based on respectively a thermal-neutron reactor, a fast-
neutron reactor and an accelerator-driven subcritical nuclear reactor. As thermal reactor the light water

reacor (LWR), PWR or its Russian counterpart, is proposed. The fast reactor should be the advanced liquid
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metal reactor (ALMR), sodium- or lead-cooled. Several variants of the accelerator-driven transmuter are
proposed, e.g. ATW (Accelerator Transmutation of Waste) and Phoenix in the USA and the ADS-800 in Russia
[NRC1996] Q16, [Bergelson et al. 2002] Qs0. Other transmuter concepts are the PBR (particle bed reactor or
pebble bed reactor), a helium-cooled fast reactor, and molten salt reactors (MSRs), see for example [WNA-
reproc 2016] Q738 and [WNA-ane 2016] Q740.

An inherent limitation of the P&T concept is that not all long-lived radionuclides can be transmuted into
short-lived or stable nuclides for physical reasons.

Even with a perfectly operating P&T system it would take centuries of continuous and flawless operation to
reduce a given quantity of certain long-lived fission products and actinides to 1% of the original quantity.
In the most optimistic scenario it would take many decades to a century of continuous and flawless operation
to reduce a given quantity of actinides to 1% of the original quantity. This would require a unproved type
reactor as transmuter (Accelerator-Driven System), which is not suitable for transmutation of fission products.

By recycling, the composition of plutonium shifts like that of uranium. The amounts of trans-plutonium
elements increase with each reprocessing cycle. Due to this, the alpha-, gamma- and neutron radiation rise
(with a factor 3), as well as the specific heat generation of the plutonium by radioactive decay with a factor
7 [ORNL-TM-2897 1970] Q254, [Fischer 1986] Q240 and [Roepenack et al. 1987] Q241. Evidently these long-
known facts cause mounting difficulties in the handling of the recycled uranium and plutonium. High burnup
and the high Pu content have some difficult consequences for the dissolving and separation processes in
the reprocessing plant [UNIPEDE/CEC 1981] Qs8.

Some isotopes have a very low critical mass for a fission chain reaction. Serious criticality problems
complicate the reprocessing of fuel with high trans-plutonium content. For example, the critical mass of Am-
242m may be as low as 7 grams, according to [Ronen et al. 2000] Q243.

According to the Swedish study [SKB 2010] Q447 the development of a functioning P&T system would take
several decades. In view of the experiences in the past with the development of the U-Pu breeder cycle and
the fact that a P&T cycle is more demanding than the U-Pu breeder cycle, this estimate might be optimistic,
assumed these systems woulld be feasible. To fission the existing amounts of actinides would require the
perfect functioning of a number of P&T systems during at least one century and probably longer [SKB 2010].

Even in case of a flawlessly operating system according to the design specifications, extremely long
transmutation operating times for TRUs are needed. Assuming a constant level of nuclear power in the
future, a transmutation time of a thousand years would be required to reach a hundredfold reduction in
TRUs inventory using the accelerator-driven transmuter and many thousands of years using an LWR or ALMR
transmuter. This time could be reduced to a few centuries if nuclear power were to be terminated as rapidly
as possible [NRC 1996] Q16.

Other conclusions are formulated by [Pistner et al. 2015] Q734, such as:

e Partitioning and transmutation of actinides does not result in a relevant reduction of dose rates from
final repositories, despite the huge efforts and costs involved, as the dose rates are dominated by
nuclides such as I-129, Se-79, Cl-36, C-14 that will not be separated according to current P&T concepts.

e P&T does not reduce timelines for safe isolation of the waste, as dose rates are dominated with long-
lived mobile fission and activation products, that are not influence by a P&T treatment.

¢ Recycling is not possible with some exceptions.

¢ Interim storage is not sustainable in the long term.

¢ Transmute would have high costs and sophistication, long duration, low benefit with respect to final
disposal of high level wastes.

¢ Deep geologic repository is the best currently available option.
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Apart from the demanding properties of the transmuter reactor, partitioning and fuel/target fabrication are
two very energy-intensive processes. In addition all facilities are to be dismantled after their operational
lifetime. This may be needed several times during one sequence of cycles (one or more centuries) of one
P&T system. Decommissioning and dismantling likely would require very high energy investments, due to
the highly radioactive construction materials. The P&T system would be an energy sink to such extent that a
nuclear energy system consisting of a number of nuclear power plants coupled to associated P&T systems
might be an energy sink instead of a net energy source.

The P&T cycle (Figure 5) would be an exceedingly polluting system. The material flows in the cycle are
strongly radioactive, even more than in the breeder cycle, and discharges into the human environment by
each component of the cycle would be unavoidable, caused by Second law phenomena. Due to the fact
that relatively large amounts of minor actinides, that are highly radiotoxic, would circulate in the system,
discharges and leaks would pose serious health hazards. Even without accidents the pollution by long-lived
radioactive materials would become considerable.

Accidents could have very serious consequences and the chance of severe accidents might be more serious
than in the conventional nuclear power plants due to the presence of large amounts of strongly radioactive
materials in mobile form at different locations during decades or even centuries.

Another point of concern would be increased risks of nuclear terrorism for the same reasons. Substantial
amounts of fissile materials would be circulating in the P&T cycle. The risks of dirty bombs could also increase
with time as a consequence of the increasing amounts of radioactive materials in mobile form with time.
Partitioning of spent fuel, separation into a number of fractions , is prerequisite for a P&T system would be
even more demanding than reprocessing in the breeder cycle. Materialisation of a P&T system is infeasible
foritis based on assumptions that are in conflict with the Second Law, the same as discussed in the sections
on the breeder cycle and thorium reactor.
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Nuclear terrorism

MOX is the acronym of Mixed OXide fuel, nuclear fuel with plutonium instead of U-235. MOX fuel is relatively
little radioactive and can be handled without specialized equipment. A terrorist group would have little
difficulty in making a crude atomic bomb from MOX fuel. Separating uranium dioxide and plutonium dioxide
from MOX fuel can be done using straightforward chemistry. Converting the plutonium dioxide into plutonium
metal, and assembling the metal together with conventional explosives to produce a crude nuclear explosive
does not require materials from special suppliers. The information required to carry out these operations is
available in the open literature [Barnaby 2005a] Q339, [Barnaby 2005b] Q340. Technology needed to make
nuclear bombs from fissile material is available outside of the established nuclear-armed countries and in
the open literature, as proven in ‘Nth Country Experiment’ [Frank 1967] Q591, [Schneider 2007] Q590.

The authors of [MIT 2003-2009] Q280 considered the proliferation and safety risks of reprocessing and the
use of mixed-oxide (MOX) fuel unjustified. But there are also economic reasons not to recycle in their view.
Studies by the Oxford Research Group show that MOX fuel poses a large and underrated terrorist risk
[Barnaby & Kemp 2007] Q360. The 6 kg of plutonium contained in the Nagasaki bomb would fit in a soft
drink can.

Nuclear weapons can be made from reactor-grade plutonium, as pointed out above, although those made
using weapons-grade plutonium are more effective. The USA and UK exploded devices based on reactor-
grade plutonium in 1956 and in the 1960s. A good nuclear weapons designer could construct a nuclear
weapon from 4-5 kg of reactor-grade plutonium. Less reliability or a less predictable explosive yield than a
military weapon would not be a problem for a terrorist group planning an attack in the center of a large town.
This is the reason why so many scientists all over the world are strongly opposing the reprocessing of spent
fuel and the use of MOX fuel in civilian reactors.

A considerable part of nuclear security problems concerning fissile materials suitable to make crude nuclear
explosives, plutonium, neptunium and americium, originate from one source: reprocessing of civil spent
fuel. In addition uranium-233 is recovered by reprocessing spent fuel from special thorium-uranium reactors.
Do the benefits of reprocessing outweigh the security and health risks it generates plus the costs of
safeguarding the separated dangerous materials?

Without reprocessing the only way to acquire fissile bomb material would be enrichment of uranium.
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Vitrification

According to [WNA 2012b] Q541 a typical 1 GWe reactor produces each year about 700 kg high-level wastes,
contained in about 23 Mg (metric tons) of spent fuel. With ‘high-level wastes’ WNA likely refers to the fission
products plus actinides in spent fuel, but does not mention them explicitely. After separation from spent
fuelin a reprocessing plant the liquid high-level wastes are evaporated to solids, mixed with glass-forming
materials, melted and poured into stainless steel canisters which are then sealed by welding. The vitrified
waste from the operation of a 1 GWe reactor for one year would fill about twelve canisters, each 1.3 m high
and 0.4 m diameter and holding 400 kg of glass, according to WNA.

The canisters are to be placed in a geological repository for permanent disposal. In another process, called
Synroc, the wastes are calcined and mixed wich several metaloxides for conversion at high temperatures
into a crystalline ceramic material (synthetic rock).

Applying the vitrification concept the mass holding the highly radioactive materials would be reduced from
23 Mg spent fuel to 4.8 Mg borosilicate glass, a reduction of a factor of less than five.

According to a popular view within the nuclear industry the option of vitrification could reduce the high-level
waste problem to a routine job, nothing to worry about, see for example [MacKay 2009] Q399.

This concept sounds simple and may seem plausible at a first glance. However, on closer examination the
feasibility as radioactive waste reduction strategy proves to be based on fallacies and ignorance of the
Second Law of thermodynamics.

Long-lived fission products and the minor actinides are considered to be the most dangerous radionuclides
in spent fuel. The idea behind the vitrification concept is to separate these dangerous radionuclides from
spent fuel and to chemically immobilise them in a matrix of borosilicate glass. The fission products and
actinides (other than U and Pu) then are converted into oxides, which are mixed with a glassmaking frit and
melted to form a borosiicate glass. The molten glass is poured into appropiate stainless steel containers,
which are to be placed in a geological repository for permanent disposal. The remaining radioactive wastes
are considered to be not dangerous, because of a lower specific activity, and could be disposed of in a less
expensive way, a routine job according to MacKay.

As a means of volume reduction of high-level waste the vitrification concept turns out to be a fallacy: the
radioactive waste volumes increase enormously by reprocessing, as will explained below.

By reprocessing the radioactive contents of the spent fuel are distributed among large volumes of different
materials, and only a part of it ends up in the vitrified waste, see Figure 6. This greatly enhances the chances
of dispersal and of severe accidents involving massive amounts of radioactivity. A significant part of the
radioactive contents is released into the environment.

In its communication to the public on the waste vitrification concept the nuclear industry does not pay

attention to some practical aspects of the proposed technique, such as:

e Allgaseous fission products and a substantial fraction of other fission products and of the actinides are
inevitably discharged into the environment by the reprocessing plant.

e Generation of large volumes of other radioactive wastes during reprocessing because substantial
fractions of the radionuclides from spent fuel are spread among non-radioactive solids and liquids and
do not end up in the glass. Actually the radioactive waste volume increases to a great multiple of the
volume of spent fuel.

* Immense amounts of radioactive waste, contaminated by fission products and actinides, will result from
decommissioning and dismantling of nuclear power plants and reprocessing plants.

*  Some nuclides are discharged during solidifying the liquid waste stream (calcination) and subsequent
vitrification of the solid residu. Not all nuclides can be effectively fixed into a glass, such as: Se-79, Ru-
106, 1-129, since they hardly form stable compounds with the borosilicate matrix, or become volatile
during the calcination process.
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Figure 6

Redistribution of the radioactive contents of spent fuel in the waste streams from reprocessing. In order to recover
uranium and plutonium from spent fuel, the radioactivity from the spent fuel is partitioned into a number waste streams.
Significant amounts of radionuclides are discharged into the environment. Only a part of the radionuclides from the
spent fuel can be vitrified.

One radioactive waste stream, consisting of dismantling wastes, will be released after final shutdown of the reprocessing
plant, when the plant is decommissioned, cleaned up and dismantled.

How to safely isolate the radioactive waste streams from the biosphere is still an open question.

The assumption that 100% complete separation of all chemical elements constituting spent fuel is feasible
is in conflict with the Second Law of thermodynamics. Consequently significant parts of the fission products
and actinides remain inevitably in the waste streams of the reprocessing plant.

Furthermore the vitrification concept is (implicitely) based on the questionable assumption that the
borosilicate glass will remain stable for hundreds or even thousands of years and that no severe problems
will arise with the borosilicate glass, caused by radiolytic reactions, heat generation, (re)crystallization and
segregation of elements. How long will the stainless steel containers last in contact with water at elevated
temperatures and in the presence of nuclear radiation?

Deep geological repositories are still needed in this waste management option, even more than in case of
direct disposal of spent nuclear fuel, because the volumes of highly radioactive waste other than the vitrified
fraction are larger. Still no safe final disposal facility for the highly radioactive glass is operational, only paper
concepts and experiments exist.

The energy consumption of spent fuel reprocessing is exceedingly high, particularly if the energy investments
of the construction and of the cleanup + dismantling of the reprocessing plant would be included. For that
reason the energy balance of an LWR system operating in the once-though mode with vitrification might
be negative, even including the recycling plutonium and uranium as MOX fuel: the energy requirements to
operate such a system from cradle to grave would surpass its useful energy production.
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Discharges

Reprocessing is an extremely intricate complex of chemical processes. Each separation step produces ine-
vitably waste streams, containing unwanted nuclides. Even very low concentrations of long-living radionuc-
lides, e.g. I-129, Tc-99 and actinides in ground water or surface water, may be hazardous.

In the reprocessing plant the spent fuel elements are chopped into pieces and the contents are dissolved in
boiling nitric acid. The resulting solution contains a host of elements: fission products, uranium, plutonium
and higher actinides. The empty cladding hulls of the chopped and leached fuel pins hardly dissolve and are
separated from the solution. Not all fuel dissolves either.

A part of the fission products is gaseous (e.g. noble gases) or easily form gaseous compounds and escape
from the liquid. Most of that nuclides are difficult to fix, chemically or physically, into solid materials or con-
tainers, notably tritium (mainly as HTO), carbon-14 (mainly as 14C02), iodine-129 (various compounds, e.g.
as H129| or 12912) and the noble gases such as krypton-8s. The nuclides are discharged into the air or sea. In
addition a significant fracion of the soluble nuclides are discharged with the liquid effluents, notably Sr-go,
Tc-99, Ru-106 and Cs-137.

Table 2
Discharges of radionuclides in the liquid and gaseous effluents of a reprocessing plant. Sources: [NEA 1980]
Qys, [Pigford et al. 1973] Q112 and various NCRP reports.

NEA 1980 Pigford 1973 NCRP
TBg/GW(e).a TBg/GW(e).a TBg/GW(e).a

H-3 630 885 555-925 NCRP-62 1995
C14 0.4-0.6 - 0.74 NCRP-811993
Kr-85 14000 13800 11000 NCRP-44 1975
Ru-106 - 0.136 -

[-129 0.05 0.022 0.042 NCRP-75 1983
other fission products - 0.340 -

transuranics - 0.00014 -

Table 3

Discharge limits of reprocessing plants to the sea in 2000.
n.a. = not available. Source: [OSPAR 2002] Q236

radionuclide discharge limits La Hague discharge limits Sellafield
TBa/yr TBq/yr

tritium 37000 25000

total alpha 17 1

total beta 1700 400

plutonium n.a. 0.70

uranium n.a. 2000 kg/yr
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Table 4
Discharge limits of reprocessing plants at La Hague.
n.a. = not available. Source: [Malherbe 1991] Q17

radionuclide gaseous effluent liquid effluent
TBq/yr TBq/yr
tritium 2200 37000
Kr 480000 -
halogens 0.11 n.a.
aerosols 0.074 -
total alpha n.a 17
total beta n.a 1700
of which Cs-137 + Sr-90 220

Data on radioactive discharges by reprocessing plants, and by nuclear power stations as well, are scarce in

the open literature.

Lower discharges than the permitted limits do not necessarily mean a better retainment of the radionuclides,
but might be caused by a lower throughput of the plant, or by reprocessing spent fuel of lower burnup.
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Entropy generation by reprocessing

Reprocessing of spent fuel is an extremely costly and polluting process. Reprocessing greatly enhances the
health hazards posed by nuclear power, because many pathways are created along which the radionuclides
from the spent fuel can enter the human environment. Reprocessing also raises severe security problems.
because fissile materials are separated from the fission products and become accessible.

biosphere

useful energy
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Figure 7

Symbolic representation of the entropy production by reprocessing of spent fuel. In spent fuel is a large amount of
latent and delayed entropy confined to the volume of the spent fuel elements. In the reprocessing plant a substantial
part of the content of the spent fuel is released into the environment and its latent entropy becomes an acute entropy
increase of the biosphere. The other part is distributed over large volumes of originally non-radioactive materials, greatly
increasing the entropy of that systems.

In the reprocessing sequence the contents of the spent fuel are distributed over large volumes of non-
radioactive materials (see figure 6), greatly increasing the entropy of the spent fuel contents. A signicant part
of the radionuclides are discharged into the biosphere via aerosols, gaseous effluents and liquid effluents,
causing the conversion of latent entropy into entropy of the biosphere.

New entropy is generated, according to the Second Law, by the consumption of energy and ordered materials
in the separation processes. Entropy is also generated by the construction of the reprocessing plant.

In addition to the above mentioned entropy increases, reprocessing generates another form of latent
entropy present in the construction materials that became contaminated during the operation of the plant
by all kinds of radionuclides from the spent fuel. At issue is to prevent this latent entropy becoming entropy
of the biosphere as a result of decommissioning & dismantling of the reprocessing plant itself.

The total quantity of radioactivity does not change by processes in the reprocessing plant, only the extent
of dispersion changes.

Reprocessing offers no solution of radioactive waste problems, on the contrary, as is explained in the
previous sections on P&T and vitrification. The amount of radioactivity in the nuclear waste streams is not
influenced by the mechanical and chemical operations in a reprocessing plant. Discharging a significant
part of the radioactive substances into the environment cannot be conceived as a ‘solution’ to the nuclear
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waste problem. Actually the radioactivity from the spent fuel is dispersed over large volumes and masses of
non-radioactive substances. Instead of volume reduction, the vitrification option results in a huge volume
increase, worsening the waste problems beyond control.

The best way to handle spent fuel might be keeping the spent fuel elements intact, - in the fuel elements
fissile and other radionuclides are compacted in the smallest possible volume -, to pack them in very durable
containers and to dispose of in a safe geological repository (see report m32 Geologic repositories). Direct
disposal poses the least risks and consumes the least materials and energy, prevents latent entropy in the
spent fuel becoming entropy of the biosphere and prevents entropy generation by construction, operation
and dismantling.

A number of countries, among other USA, Sweden, Finland and Canada, has chosen for this option.

It is a fallacy to believe in ‘retrievable’ storage of spent fuel. In no way it is possible to extract net usable
energy from it, when all industrial processes needed to achieve reuse of spent fuel are accounted for. The
Second Law is relentless.
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Concluding notes

Reprocessing of spent fuel is a polluting process, discharging large amounts of radioactive materials into
the environment.

Reprocessing increases the risks of severe nuclear accidents, causing dispersion of very large amounts of
radioactive materials, possibly more than Chernobyl and Fukushima. Massive amounts of spent fuel are
present in reprocessing plants, to be counted in thousands of nuclear bomb equivalents.

Reprocessing increases also the risk of nuclear terrorism.

Reprocessing of spent fuel is an energy-intensive process in itself. Decommissioning and dismantling of a
reprocessing plant will require massive investments of energy, materials and human effort. For that reason
application of proposed nuclear technologies dependent of reprocessing would result in a negative energy
balance of nuclear energy generation.

Separation of any mixture of different chemical species into fractions never goes to incompletion, due
to Second Law phenomena. Incomplete separation implies also incomplete purification, so 100% pure
materials with 100% predictable properties and behaviour cannot be produced.

All materials are subject to spontaneous degrading processes (ageing), due to Second Law phenomena.

Based on the above observations can be concluded that the following concepts are inherently infeasible:
e uranium-plutonium breeder cycle

e thorium-uranium breeder cycle

e partioning & transmutation, as presented by the nuclear industry.

In addition: inherently safe nuclear power is inherently impossible.

Vitrification of high-level radioactive waste results in an increase of the volumes of radioactive waste that
has to be disposed of in geologic repositories, instead of a decrease, as stated by the nuclear industry.

By reprocessing large fractions of the latent entropy confined in spent fuel elements are released as an

irreversible entropy increase of the biosphere, in addition to the entropy generation by the processes
themselves.
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from the spent fuel can enter the human environment. Reprocessing also raises severe
security problems.
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Roots of reprocessing

Reprocessing technology has been developed during the late 1940s and during the Cold War to recover
plutonium from spent fuel from special military reactors for the production of nuclear weapons. In the 1960s
and 1970s civil applications of the military reprocessing technology were developed, when de breeder
concept came into the picture.

Main purpose of the civil reprocessing plants at La Hague in France and Sellafield in Great Brittain was to
recover the plutonium and unused uranium from spent fuel from conventional nuclear power plants with
light-water reactors (LWRs), in the belief that uranium and plutonium recycling in the breeder cycle (LMFBR:
Liquid-Metal-cooled Fast Breeder Reactor) would soon become the base of civil nuclear power.

The currently most advanced power reactors cannot fission more than 0.5% of the nuclei in natural uranium.
The nuclear industry promised (and is still promising) that a closed-cycle reactor system (breeder) could
fission 50-100 times more nuclei present in natural uranium, and consequently generate 50-100 times more
energy from 1 kg uranium, than the conventional once-through system based on light-water reactors (LWRs).
France (‘tout électrique, tout nucléaire’) and the UK (‘too cheap to meter’) embarked at the time (early 1970s)
on the materialization of the breeder concept, expecting that this could make their energy supply largely
independent of fossil fuels within a few decades.

The world has nearly 30 plants for spent fuel reprocessing, according to [ENS 2016] Q667 and [nucl-reproc-
wiki 2016] Q668, with nominal processing capacities vaying from 1 Mg used uranium per year to about
3000 Mg U/a. Many of these plants, military installations from the Cold War or experimental plants from
the 1960s, are shut down, but none is decommissioned yet. Some 12 reprocessing plants are still operating.

Country = Location Capacity = Commissioning or
tuja operating period
B Mal &0 1966-1974
D Karisruhe 35 1971-1990
F Marcoule, P 1 500 1958-1997
F La Hague, UP 2 800 196E-1974
F La Hague, UP 2-400 400 1976-2003
F La Hague, UP 2-800 1,000 1996
F La Hague, UP 3 1,000 1940
GB Windscale 300,750 1951-1964
GB Sellafield, Magnox 1,500 1964
GB Dounreay B 1980-1998
GB Sellafield, THORP 900 1994
IND Trombay 60 1965
IND Tarapur 100 1982
IND Kalpakkam 100 1558
] Tokai Mura S0 197 7-2006
1 Rokkashomura B00 2006/2007
RUS Mayak B* 400 1948-1967
RUS Tachedjabinsk 400 1971
RUS Krasnojark 800
LIsa Hanlard, T-Plant * 1045-1056
LISA Hanford, B-Plant ™ 1 t/d 1945-1957
54 Hanford, REDOX = 15 td 1952-1967
LiSa Hanford, PUREX * 2,400 | 1956-1972/1983-
19RH
LISA Savannah, River Site ™ == 3.000 1952-2002
US54 ‘West Valloy 300 1966-1972

Table 1
Reprocessing plants, world-wide, * only military use. Source: [ENS 2016] Q667. Not listed here are reprocessing plants in
China and Pakistan, see [nucl-reproc-wiki 2016] Q668.

In 1977 President Jimmy Carter banned the reprocessing of commercial reactor spent nuclear fuel in the
USA. The key issue driving this policy was the serious threat of nuclear weapons proliferation by diversion
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of plutonium from the civilian fuel cycle, and to encourage other nations to follow the USA lead. President
Reagan lifted the ban in 1981, but did not provide the substantial subsidy that would have been necessary
to start up commercial reprocessing. Up until this moment no civil reprocessing occurs in the USA. Military
reprocessing plants are still operating in the USA.

Several countries operating nuclear power plants have chosen for the reprocessing option, but is unclear to
which extent civil spent fuel is actually reprocessed. In Europe two large reprocessing plants are operating:
Sellafield in the United Kingdom and La Hague in France. China, India, Japan, Pakistan and Russia have their
own reprocessing plants.

A number of countries has chosen for direct disposal of spent fuel: Canada, Finland, Germany, Spain and
Sweden.

When it became evident — though not admitted by the nuclear industry — that the breeder cycle would be

technically infeasible, reprocessing became essentially superfluous. The nuclear industry quietly switched

to other arguments to justify the exceedingly high investments of a reprocessing plant (counted in tens of

billions of euros). Now the raison d’étre of reprocessing is said to be:

e recovery of the unused uranium from spent fuel for recycling in new nuclear fuel,

e recovery of the plutonium from spent fuel for use in LWR’s in MOX fuel and so increasing the retrievable
energy content a given mass of uranium,

e volume reduction of the high-level nuclear waste by vitrification,

* closed-cycle reactors, said to be able to generate about 50 times more energy from a given amount of
uranium

e transmutation of long-lived hazardous radionuclides into radionuclides with short radioactive half-lifes
by partitioning and transmutation (P&T), especially the minor actinides (MAs)

e use of thorium as fertile material in the thorium232/uranium-233 cycle.

These envisioned applications will be briefly discussed in this chapter. However, reprocessing raises also

issues concerning nuclear security, health hazards and safety.

Once-through and closed-cycle systems

The present nuclear power plants operate in the once-through mode, using enriched uranium as nuclear
fuel. During the fission process in the reactor the content of fission products increases and the content of
fissile nuclei in the fuel decreases. After a certain amount of fissions the fission process cannot be sustained
anymore, then the spent nuclear fuel is discharged from the reactor and replaced by fresh enriched uranium
fuel. Spent nuclear fuel is not suitable for reuse and is stored in cooling pools to let decay the high level of
radioactivity and the coupled residual heat generation. In the once-through mode not more than 0.5% can
be fissioned of the nuclei in the natural uranium the enriched uranium (nuclear fuel) is made from.

In order to utilise a higher fraction of the uranium nuclei for energy generation, the spent fuel has to be
recycled. Recycling of uranium and other fissile nuclei is only possible after removing the fission products
and other nuclei that impede the fission process; this separation process is called reprocessing of spent
fuel. Closed-cycle nuclear power systems are are addressed in the following sections, along with some other
issues inevitably arising from reprocessing.
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Reprocessing of spent nuclear fuel

Reprocessing is a complex sequence of chemical and physical separation processes, aimed at separation of

spent nuclear fuel into several fractions:

e unused uranium, only a few percent of the uranium nuclei are fissioned in the reactor

¢ plutonium, generated in the reactor from uranium by neutron absorption,

e fission products,

e minor actinides, mainly neptunium, americium and curium, also formed from uranium by neutron
capture,

e zircalloy cladding hulls of the nuclear fuel elements. highly radioactive by neutron capture.

8 g uranium-235
4.6 g uranium-236

> > 204 g fission products
967 g U-238
14.6 9 fission products
89 9 plutonium
0.5 9 neptunium-237
© storm 0.15g minor actinides
1 kg fresh fuel reactor 1 kg spent fuel

Figure 1

Mass composition of fresh and spent nuclear fuel after three years in a thermal neutron reactor, corresponding with
burnup of about 33 GWday/Mg. Source: [Cohen 1977] Q214, [CNRS/EDP 2017] Q744 cites almost the same figures. The
amounts of the components other than U-238 in fresh and spent fuel of the newest types of LWRs may be larger, due to
a higher burnup of the fuel.

In this diagram the various components of fresh and spent fuel are shown separately. but actually the atoms of the
isotopes and elements are dispersed on molecular level. Complete separation is not possible. All new components,
represented by the small cubes, are strongly radioactive. The total mass remains nearly constant, a minute fraction is
converted into energy during fission. The small cubes at top right represent the mass of the nuclides originating from
U-235, the cubes on the lower right corner are formed from U-238.

In addition to the fuel, about 0.6-2 kg zircalloy cladding + spacers and about 25 g silver-indium-cadmium alloy control
rods are loaded and discharged with each kilogram of fuel.

In the reprocessing plant the spent fuel elements are chopped into pieces and the contents are dissolved in
boiling nitric acid. The resulting solution contains dozens of different elements: fission products, uranium,
plutonium and higher actinides. The empty cladding hulls of the chopped and leached fuel pins hardly
dissolve and are separated from the solution. Not all fuel dissolves either.

A part of the fission products is gaseous (e.g. noble gases) or easily form gaseous compounds and escape
from the liquid. Most of those nuclides are difficult to fix, chemically or physically, into solid materials or
containers, notably tritium, carbon-14, iodine-129 and the noble gases such as krypton-8s. These nuclides are
discharged into the air or sea. In addition a significant fracion of the water-soluble nuclides are discharged
with the liquid effluents, notably strontium-90, technetium-99, ruthenium-106 and cesium-137.

Because of the massive releases of radioactive substances into the environment, reprocessing is an
exceedingly polluting process. Europe’s two operating reprocessing plants, at Sellafield and at La Hague,
are situated at the sea coast, for obvious reasons.

Spent fuel is highly radioactive and complicated mixture of many dozens of chemical species: nearly
the whole Periodic System of the elements is represented in spent fuel. This results in the occurrence of
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substantial losses in the separation processes to obtain pure uranium and plutonium and the fact that the
recovered metals are unavoidably contaminated with other elements. Process losses and impurities in the
products increase with increasing radioactivity of the mixtures.

gaseous effluents
AL
a volatile nuclides
actinides (aerosol)

[
energy !
":\>
O
£

m C reprocessing
plant
chemicals
materials © stomm B C D E F
liquid effluents 4 =
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actinides z 3 [ o

activation products & { \

cion products gl
fission products ‘ solids liquids vitrified dismantling
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Figure 2

Reprocessing of spent fuel. The input of a reprocessing plant consists of spent fuel, chemicals and energy (electricity

and fossil fuels). Spent fuel is separated into seven fractions: unfissioned uranium, newly formed plutonium and five

waste fractions A-E:

A

E
F

gaseous effluents, discharged into the atmosphere, containing gaseous and volatile fission products, activation
products, noble gases and some aerosols of other fission products and actinides,

liquid efflents, discharged into the sea, containing some U and Pu and other actinides, in addition to a substantial
part of the highly soluble fission products; this fraction cannot be vitrified,

insoluble solid waste consisting of spent fuel cladding hulls, undissolved fuel and and other solids, containing U,
Pu, fission products, activation products and actinides, this fraction cannot be vitrified,

liquid wastes containing fission products, activation products, uranium, plutonium and other actinides, resulting
from imperfect separation and purification processes, this fraction cannot be vitrified

the fraction of fission products, activation products and actinides that can be vitrified.

An eighth radioactive waste stream, fraction F, consisting of decommissioning and dismantling wastes, will be

released after final shutdown of the reprocessing plant, when the plant will be decommissioned and dismantled. This

waste consists of decontamination wastes, and radioactive rubble en scrap.
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Reprocessing and the Second Law

Separation

Separation processes play a vital role in the process industry, especially in the nuclear process chain. The
nuclear process chain starts with the extraction of uranium from its ore, a sequence of physical and chemical
separation processes, but also in other processes of the nuclear chain separation processes are important.
Separation processes are based on chemical and physical distribution equilibria. These dynamic equilibria
are governed by the laws of thermodynamics and never go to completion, as a consequence of the Second
Law. For that reason it is impossible to separate a mixture of n different chemical species into n separate
fractions that are 100% pure. There always will be losses and contaminations.

Separation of atomes and molecules implies lowering the entropy of the system: the mixture to be
fractionated, and becomes more demanding and goes less completely as:

. more different kinds of species are present in the mixture,

o the concentration of the desirable species in the mixture is/are lower,

. the constituents of the mixture are chemically and/or physically more alike,

e the purity specifications of one or more of the fractions are more stringent,

e the mixture is more radioactive.

Complete separation is a fiction. As a consequence of the above mentioned factors a part of each desired
fraction will be lost in the waste streams and each fraction will be contaminated with species from other
fractions. The selectivity of separating a certain fraction from a mixture can be enhanced, at the expense
of more specialistic chemicals and equipment and consequently more energy, and more losses of other
fractions.

Radioactive and non-radioactive isotopes of the same element cannot be separated.

The amount of radioactivity in spent fuel does not change by the mechanical and chemical treatments in
the reprocessing plant, it simply means a reshuffling of the radionuclides from one material flow to several
other. Inevitably, mixing an amount of radionuclides, compacted in a solid (spent fuel), with nonradioactive
fluids or other substances increases the volume of the radioactive waste, complicating the waste disposal
problems.

As pointed out above separation of the elements in a solid or solution never can be complete, partly due
to the chemical properties of the components of a mixture, partly due to inherent chemical and physical
limitations of extraction equilibria, partly due to technical imperfections. Economic considerations and the
human factor are left aside here. The difficulties increase with the number of compounds or elements in the
mixture which are to be separated.

Purification

Purification of a substance is based on separation processes, aimed at removal of contaminants from the
substance. A higher purity means a lower concentration of contaminants. Extracting a species at a lower
concentration requires more useful energy and is coupled to greater material losses. Higher purity means
better predictable properties of a material. As pointed out above 100% pure materials are impossible.
Purity specifications depend on the application of a material. Actually the purity of a material in the process
industry is an economic notion.

A single substance can be made more pure at the expense of

¢ more loss of that substance into the waste streams,

¢ consumption of more chemicals,

¢ consumption of larger amounts of energy,

« the need for more complex equipment.
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Reprocessed uranium

Recycled uranium, from reprocessed spent fuel, also called reprocessed uranium U(rep), has a different

composition than natural uranium and contains a number of nuclides which degrade its properties as

nuclear fuel [Forsey & Dickson 1987] Q239 such as:

e uranium-232,decaying to thallium-208 with high alpha and gamma activity

e Uranium-234, a strong alpha emitter

e uranium-236, a strong neutron absorber; fuel with this isotope needs a higher enrichment assay or
more fissionable plutonium to compensate for it,

e traces of fission products, like ruthenium-106 and technetium-99, which increase the gamma activity of
the uranium

e traces of trans-uranium elements, e.g. neptunium and plutonium.

Above problems worsen each time the fuel passes the fuel cycle. The gamma activity of recycled uranium

increases with the number of cycles, because of a growing content of gamma-emitting decay products.

Recycled uranium needs addition of more fissile plutonium than depleted or natural uranium, because of
the neutron absorbing properties of U-232, U-234 and U-236. These even-numbered isotopes of uranium
are not fissile.

Enrichment of recycled uranium by gasdiffusion or ultracentrifuge is questionable, because the uranium is
enriched more effectively in the two lightest isotopes U-232 and U-234 than in U-235 and is enriched also
in U-236, to lesser extent, making the enriched product strongly radioactive. The reenriched uranium would
contain the largest part of the unwanted uranium isotopes and some other unwanted nuclides mentioned
above as well. Besides, the enrichment plant would be contaminated with highly radioactive compounds,
hampering its operation.

For above reasons reprocessed uranium has not been used in power reactors. In addition the fabrication
of fuel elements containing reprocessed uranium is difficult and has to be done by remotely controlled
equipment due to its high radioactivity. Utilisation of reprocessed uranium has a negative energy balance,
due to high energy consumption of fuel fabrication and the high energy investments of reprocessing of
spent fuel including dismantling of the reprocessing plant at the end of its operational lifetime.

The World Nuclear Association [WNA-mox 2016] Q246 cites a figure of 45 Gg reprocessed uranium being
available forreuse, which would be equivalent to 50 Gg (1 Gg =1000 Mg) of natural uranium. The displacement
figure of 5o Gg is inconsistent with the publication [Foresey & Dickson 1987] Q239. Reprocessed uranium
contains slightly more U-235 than natural uranium (around 0.8% vs 0.7%) indeed, but it needs a higher
fissile content than equivalent conventional nuclear fuel, as pointed out above.

Evidently this highly radioactive material poses health risks when released into the public domain, by
accidents, terroristic actions or otherwise.
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Plutonium

Plutonium is generated from uranium-238 (non-fissile) by neutron irradiation in nuclear reactors. The isotopic
composition of the plutonium varies with the irradiation time in the reactor. At first the fissile plutonium-239
is formed and from this isotope heavier isotopes are formed by subsequent neutron captures: Pu-240 (non-
fissile), Pu-241 (fissile) and Pu-242 (non-fissile). In nuclear fuel at low burnup little Pu-239 is transformed
into heavier isotopes. The higher burnup of the fuel, the longer the stay time in de reactor and the more
non-fissile heavy plutonium isotopes are generated.

Weapons-grade plutonium contains typically 93.6% Pu-239 [O’Connor 2003] Q599 is produced by neutron
irradiation of uranium in special military reactors. The nuclear fuel from these reactors has a very low
burnup (about 100 MW(th).days/Mg) before reprocessing, so only small amounts of the higher isotopes
of plutonium (e.g. the non-fissile isotope Pu-240) are formed. Higher isotopes of plutonium and trans-
plutonium elements make plutonium more radioactive and less suitable for production of nuclear weapons.

Reactor-grade plutonium originates from spent fuel from civil power reactors and contains typically less than
65% fissile plutonium isotopes (Pu-239 + Pu-241). In commercial reactors the fuel elements stay far longer
and get a higher burnup (33000-46000 MW (th).days/Mg) than in military reactors. Due to longer stay times
in the reactor, more of the heavier plutonium isotopes are formed: Pu-240, Pu-241 and Pu-242, but also
Pu-238. The even isotopes are not fissile in LWR’s and in bombs. Moreover, trans-plutonium elements, e.g.
Am-241, Am-243, Cm-244, are formed from plutonium isotopes by neutron capture. According to [WNA-pu
2016] Q247:

The term ‘fissionable’ applies to isotopes that can be made to undergo fission. If a fissionable isotope only requires

neutrons with low kinetic energy to undergo fission, then it is said to ‘fissile’. Thus, all fissile isotopes are fissionable.

Pu-240 is fissionable, as it undergoes fission in a fast neutron reactor - but it is not a fissile isotope.

Contrary to statements of the nuclear industry [WNA 2012b] Q541 reactor-grade plutonium is suitable for
nuclear explosives, according to [Barnaby 2005a] Q339 and [Barnaby 2005b] Q240, [Glaser 2005] Q593,
[Schneider 2007] Q590.

Plutonium has a much lower critical mass than uranium. The bare-sphere critical mass of weapons-grade
plutonium is 11.5 kg (diameter 10.5 cm) and of reactor-grade plutonium 14.6 kg (diameter 11.5 cm). With
a neutron reflector of 15 cm the figures are: 3.71 kg (7.20 cm), respectively 4.58 kg (7.72 cm), according to
[Glaser 2005] Q593.

Pu-238 is a strong alpha emitter. By beta decay, plutonium-241 is transformed into americium-241; Am-
241 is a strong gamma emitter, greatly increasing the gamma activity of the plutonium. Within a few years
storage time, the concentration of Am-241 builds up to a level the plutonium cannot be handled safely
anymore. With a content of Am-241 higher than 1% it has to be purified again [Hulst & Mostert 1979] Q242,
a costly process. For recycled plutonium from LWR with MOX fuel, the repurifying limit due to Am-241 may
be reached about one year after reprocessing. Americium-241 decays to neptunium-237, a fissile nuclide.
Most plutonium and trans-plutonium isotopes emit neutrons, as some of their nuclei spontaneously fission
(the other nuclei decay by alpha or beta emission). The presence of all these nuclides makes reactor-
grade plutonium a hazardous substance, with troublesome properties as reactor fuel. The problems with
increasing gamma, alpha and neutron radiation aggravate with each recycling of the plutonium. The same
holds true for the burnup of the fuel from which the plutonium is extracted: the higher the burnup, the
longer its stay in the reactor and consequently the less the isotopic quality of the plutonium.
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Neptunium-23/

During the fission process in the reactor the short-lived neptunium-239 isotope is formed from uranium-238
by neutron capture. Neptunium-239 decays with a half-life of 2.35 days to plutonium-239, a first-rate bomb
material. In addition sizeable quantities of the long-lived isotope neptunium-237 (half-life 2.14 million years)
are formed, mainly by neutron capture of uranium-235 and decay of americium-241. According to [KfK 1983]
Q587 roughly 400-700 g Np-237 per metric ton spent fuel are formed, depending on the burnup of the
nuclear fuel. Np-237 can be separated by chemically means from the other elements in spent fuel, due to
its specific chemical properties: it is a separate chemical element. After a cooling period of less than a year
Np-237 is the only neptunium isotope remaining in spent fuel. Consequently it is possible to obtain a pure
fissile material from spent fuel just by chemical means, without enrichment.

Neptunium-237 is fissile and can be used to produce a nuclear explosive device. Its critical mass is
comparable to that of uranium-235. One or more nuclear weapon states may have tested a nuclear explosive
using Np-237. Historically, neptunium 237 has been separated by the nuclear weapon states in only small
quantities, principally for non-explosive uses, as target material for plutonium-238 production. Pu-238 can
be used as neutron initiator of nuclear weapons.

By the end of 1997, the world inventory of neptunium and americium was estimated to exceed 8o metric
tonnes, or enough for more than 2,000 nuclear weapons, and the amount is growing at a rate of as many
as 10 tonnes per year. If actinide separation becomes routine, inventories of separated neptunium-237 and
americium will escalate, according to [ISIS 1999] Q552.
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Americium

According to [KfK 1983] Q587 about 120 g americium isotopes per metric ton spent fuel are formed at a
burnup 33 GWe.day/Mg; at higher burnups the yield is proportionally larger. Americium has to be separated
from plutonium and uranium after reprocessing, for reason of the high radioactivity of the americium
isotopes and their unfavorable nuclear properties as reactor fuel. Assuming the isotope Am-242 (half-life 16
hours) has already decayed to Cm-242, the main isotopes of americium in spent fuel are Am-241, Am-242m
and Am-243. Just like neptunium, americium can be separated by chemically means from the other elements
in spent fuel, due to its specific chemical properties.

All americium isotopes are fissile and can be used to produce a nuclear explosive device, so it is possible
to obtain undiluted bomb material from spent fuel just by chemical means. Estimates of the bare-sphere
critical mass of the americium isotopes vary from g9-150 kg. However, under special conditions the critical
mass of Am-242m may be as low as 7 grams, according to [Ronen et al. 2000] Q243.

Historically, americium has been separated by the nuclear weapon states in only small quantities, principally
fornon-explosive uses: for smoke detectors, neutron generators, and research activities. During reprocessing
of spent fuel americium is usually discarded in the high-level waste streams.

The world inventory of Am-241 at the end of 1997 is estimated at some 45 tonnes and is growing by about 4
tonnes/year. This amount of Am-241 is the result of the decay of plutonium-241. In nuclear weapon programs
and civil plutonium recycle programs, americium-241 is separated from aging plutonium to purify it and
reduce the material handling problems caused by americium’s radioactive emissions [ISIS 1999] Q552. ISIS
estimates the worldwide separation of americium at some 100 kg/yr.
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MOX fuel in LWRs

The plutonium recovered from spent fuel, usually labeled reactor-grade plutonium Pu, could be used to
fabricate MOX (Mixed OXide) fuel elements consisting of natural or depleted uranium oxide and plutonium
oxide instead of a higher content of uranium-23s5, to be used in light-water reactors (LWRs). At present about
30 nuclear power plants, mostly in Europe, are using MOX fuel elements, not more than about 30% of the
core. Special reactor designs are required to replace all enriched uranium fuel in the core fully by MOX fuel.
Reprocessing of commercial nuclear fuel to make MOX is done in the United Kingdom and France, and to a
lesser extent in Russia, India and Japan [wiki-mox 2017] Q741.

Plutonium from reprocessed fuel is usually fabricated into MOX as soon as possible to avoid problems with
the decay of short-lived isotopes, in particular Pu-241 that decays (half-life 14.1 years) to americium-241, a
strong gamma emitter. Within 5 years typical reactor-grade plutonium would contain too much Am-241 to
safely handle [WNA-mox 2016] Q246.

How much natural uranium could be displaced by using MOX fuel instead of enriched uranium in nuclear
power stations?

According to [WNA-mox 2016] the current commercial MOX fuel, equivalent with enriched uranium at 4.2%
U-235, has an average plutonium content of 9.5%, containing 65% fissile plutonium (Pu-239 + Pu-241). This
study assumes that depleted uranium is used for the MOX fuel. The fissile content of U-235 (about 0.3%) of
the depleted uranium is ignored for convenience.

Based on these figures 1 Mg reactor-grade plutonium would correspond with 10.5 Mg MOX, of which 9.5
Mg depleted uranium. To produce an equivalent amount of enriched uranium (4.2% U-235) about 100 Mg
natural uranium would be needed, assumed a feed/product ratio of 9.5 and 0.3% U-235 tails assay of the
enrichment. So 1 Mg Pu, could save 100 Mg U ;.

[WNA-mox2016] states thatthe present global inventory of reactor-grade plutonium available for commercial
reactors is 320 Mg and that this amount could save 60000 Mg natural uranium. According to the estimate of
this study 320 Mg Pu,, would be equivalent to 32000 U, This is about one half of the current world annual
consumption of U, It is unclear how the World Nuclear Asdsociation derived its estimate.

If all spent fuel of the global nuclear fleet would be reprocessed some 60 Mg/year of Pu, would become
available for MOX fabrication. This could save about 6000 Mg/ year of U, less than 10% of the current
annual consumption.

During burning of MOX the ratio of fissile (odd numbered) isotopes to non-fissile (even) drops from around
65% to 20% depending on burnup [wiki-mox 2017] Q741. For that reason used MOX fuel is not reprocessed.
By recycling, the composition of plutonium shifts like that of uranium. The amounts of trans-plutonium
elements increase with each reprocessing cycle. Due to this, the alpha-, gamma- and neutron radiation rise
(with a factor 3), as well as the specific heat generation of the plutonium by radioactive decay with a factor
7 [ORNL-TM-2879 1970] Q254, [Fischer 1986] Q240 and [Roepenack et al. 1987] Q241.

Some isotopes have a very low critical mass for a fission chain reaction. Serious criticallity problems highly
complicate the reprocessing of fuel with high trans-plutonium content. For example, the critical mass of Am-
242m may be as low as 7 grams, according to [Ronen et al. 2000] Q243.

Besides the rising radioactivity, the proportion of fissile isotopes declines each time the plutonium is
recycled. Both effects cause a rapid deterioration of the practical use of recycled plutonium. MOX fuel
cannot be reprocessed [WNA inf13 2003] Q245, or only once or twice [WNA infi5 2002] Q247, because of
deteriorating isotopic quality of the plutonium (see above).

Nonetheless, recycling of LWR MOX fuel is considered as means of destruction of plutonium and as energy
source . A MOX cycle lasts at least 11 years, which may be a problem in itself [NEA ppr 2003] Q249.

The production MOX fuel is costly, because of the high radioactivity of de components. MOX fuel complicates
power plant operation for utilities, introducing more risks and higher costs.

reprocessing20191107 12



(depteted uranlum) ( )

{

fuel

\ fabrication
MOX fuel - —
fabrication MOX fuel
A Yy
plutonium reactor

reprocessing

Yy
spentfuel | cooling

storage

actinides

fission products spent MOX fuel
\

conditioning
& disposal
© storm

Figure 3

Outline of plutonium recycling in LWRs. The reactor starts up loaded with conventional enriched uranium fuel. The spent
fuel is reprocessed, after a cooling period. The recovered plutonium is used to enrich depleted uranium. The resulting
MOX fuel is placed into the reactor. Spent MOX fuel is not reprocessed. The reprocessed uranium is seldom reused,
because it has a troublesome isotopic composition and is contaminated by fission products.

The MOX option has a negative energy balance, as other nuclear concepts that depend on reprocessing
of spent fuel. It takes more energy to reprocess spent fuel, including a proportional part of the energy
requirements of the dismantling of the reprocessing plant, and to fabricate MOX fuel than can be generated
from that fuel. Moreover, the use of MOX fuel poses serious proliferation and terroristic hazards, as will be
discussed in one of the following sections.
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Destruction of HEU and Pu: burning the Cold War legacy

Reactor-grade fuel can be made by blending weapons-grade Pu and Highly Enriched Uranium (HEU) from

nuclear weapons, with depleted or natural uranium.

A rough estimate of the contribution to the world energy supply by ‘burning’ these materials can be made,

starting with the following figures:

¢ depleted uranium: about 1.2 million Mg world wide [WNA infi4 2002] Q244

e weapons-grade plutonium (90% Pu-239), about 260 Mg [WNA inf13 2003] Q245

e Highly Enriched Uranium (HEU), weapons-grade 93% U-235 ‘diluted’ to about 2000 Mg 20% U-23s5, still
called HEU (JWNA inf13 2003] Q245.

For a reference reactor of 1 GW(e) which uses a reload of 20.30 Mg fuel for each 0.82 full-power year, the
weapons-grade materials would be sufficient to produce about 725 reloads, assuming the use of depleted
uranium, enriched to 5% Pu or 4.2% U-235. This amount of reloads corresponds with about 600 full-power
years and would meet the world demand (360 GW(e) in 2002) for about 1.7 years. To produce this fuel, about
14000 Mg depleted uranium would be needed.

In addition to the military plutonium, reactor-grade plutonium (typically less than 70% fissile) from the civil
reprocessing plants is available. An amount of 400 Mg would be sufficient for about 280 MOX reloads with
an enrichment of 7% Pu [WNA inf2g 2003] Q246 and [WNA infi5 2002] Q247. This would meet the world
demand for about 0.6 years. A mass of about 5300 Mg depleted uranium would be used in this MOX fuel.
Together, the military materials and the civil plutonium would be sufficient to meet the present needs of the
world nuclear fuel consumption for about 2.3 years, using nearly 20000 Mg depleted uranium.

Figuring the energy consumption and production of the processes involved, fuelling reactors with Pu and
HEU would not add energy resources in the simply way as it may look, because the energy consumption in
obtaining the Pu and HEU has to be taken into account.

Use of depleted uranium would add some energy resources because the energy consumption of its produc-
tion is taken into account in the HEU and Pu production. The net energy result of the use of Pu, HEU and
depleted uranium probably is not significant, or may be even negative. Moreover, on global scale the contri-
bution would be marginal, even when the energy consumption of the Pu and HEU production is neglected.

reprocessing20191107 14



Uranium-plutonium breeder systems

In its publication Radioactive Wastes — Myths and Realities [WNA 2016¢] Q542 the World Nuclear Association
states:
The fuel for nuclear power is virtually unlimited, considering both geological and technological aspects. There is
plenty of uranium in the Earth’s crust and furthermore, well-proven (but not yet fully economic) technology means
that we can extract about 60 times as much energy from it as we do today.
Obviously this statement refers to the closed-cycle technology, the breeder system, that would generate
more fissile nuclides from fertile nuclides than it consumes.

What is called a ‘fast reactor’ or breeder is not just a reactor but a cyclic system consisting of a fast-neutron
nuclear reactor plus reprocessing plant plus fuel fabrication plant. Each of the three components of the
breeding cycle would have to operate flawlessly and finely tuned to each other for decades without
interruption. If one component fails in any respect, the whole system fails and breeding is out of question.
Operation of the cyclic system is further complicated by the high radioactivity of the materials to be
processed, increasing with each following cycle.

Decades of intensive research in several countries (e.g. USA, UK, France, Germany, the former Soviet Union)
and investments of some $100bn, have proved that the breeding cycle is technically infeasible.

The causes of this failure have nothing to do with arguments like: ‘not economically attractive” (obviously
a technically unfeasible system is not economically attractive) nor with protests of environmental activists.
The failure of materialization of the breeder concept can be traced back to fundamental laws of nature,
particularly the Second Law of thermodynamics. From this law it follows, among other consequences, that
separation processes of mixtures of different substances never go to completion and consequently perfect
materials are not possible. From the Second Law it also follows that the deterioration of materials by ageing
processes are inevitable.

Pivotal in the breeder cycle is the reprocessing of the spent fuel as soon as possible after unloading from
the reactor, to avoid the decay of some isotopes, for example plutonium-241 into americium-241. Due to the
rapidly increasing radioactivity of the spent fuel with each cycle, reprocessing and fuel fabrication become
increasingly difficult. The isotopic compositions of the recovered uranium and plutonium become less
favourable each cycle. Due to the unavoidable and increasing separation losses, the cycle produces less
fissile nuclides than it consumes. For these reasons, among other, the breeder cycle is technically infeasible.

Summarised, the breeder concept is inherently unfeasible, because is implicitely based on infeasible

assumptions:

» availability of perfect materials, not subject to spontaneous degrading processes (ageing)

* technical systems with 100% predictable properties and behavior across decades

* 100% perfect separation of a mixture of a large number of different chemical species into pure fractions,
regardless of the radioactivity of the mixture.

All three conditions are inconflict with the Second Law of thermodynamics.

This conclusion is also valid for the proposed thorium breeder cycle and the partitioning & transmutation
(P&T) system, both to be discussed in the following sections.
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Outline of the concept of the breeder system in steady state. By repeatedly recycling spent fuel, it would be theoreti-
cally possible to fission the main part of natural uranium. If all goes well, the cycle produces during its operational life
a plutonium gain, large enough to start up two or more new breeders: one to replace the closed down unit, and one or
more additional breeders. The cycle represents the mass flows of uranium and the nuclides originating from the nuclear
processes in the reactor (fission, activation and decay). The initial plutonium charge to start up the breeder reactor is
about 3 Mg Pu for a 1 GW(e) FBR.

Reprocessing of FBR fuel

Reprocessing of Fast Breeder Reactor (FBR) fuel, which would have a high burnup (typically 70-100 GW(th).
day/Mg) is more troublesome than of LWR fuel, with a burnup of 30-50 GW(th).day/Mg. Burnup is a measure
of the stay time in the reactor and of the neutron flux the fuel gets in the reactor. The higher the burnup, the
more atoms per Mg fuel are fissioned and the higheris the neutron flux. This results in higher concentrations
of plutonium, in more trans-plutonium actinides and in larger specific amounts of fission products than in
LWR fuel. Spent FBR fuel is much stronger radioactive than spent LWR fuel.

High burnup and the high Pu content (15-20 times greater than that of irradiated LWR fuel) have some dif-
ficult consequences for the dissolving and separation processes in the reprocessing plant [UNIPEDE/CEC
1981] Q58:

e (Certain reactions are no longer of a secondary significance, as in LWR fuels, e.g. radiolysis, precipitation,
insolubility and corrosion. A high metallic fission product concentration increases the proportion of
insoluble material, which may trap plutonium and has a high heat and radiation output.

e Higher plutonium concentration entails a lower dissolution rate and the formation of insoluble com-
pounds in significant quantities.

» Higher specific radioactivity causes more radiolyse of the extraction liquid, an organic solvent (tribu-
tylposphate TBP). Solvent degradation products may clog pipelines and extractors, thus blocking the
entire process.

e Plutonium may accumulate by formation of complex compounds with solvent degradation products,
enhancing the risk of criticality accidents.

*  More unsoluble compounds and noble metal alloys (Ru, Rh, Tc, Mo, Pd), possibly containing plutonium,
and undissolved MOX particles remain in the dissolver. The undissovedparticles cause high plutonium
losses, solvent degradation by high heat and radiation emission and plugging of lines and equipment.

¢ Higher specific heat generation demands more elaborate temperature control.

¢ The high plutonium-uranium ratio and the presence of large specific amounts of fission products make
the extraction process more complex and less efficient. Short contact times between the organic and
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aqueous phase might be required, even if this feature reduces the effectiviness of plutonium separati-
on. More U and Pu is lost in the waste streams and the U and Pu product stream is more contaminated
with actindes and fission products.

e Higher concentrations of plutonium and other actinides enhance criticality problems in the separation
system.This necessesitates a design combining safe geometry and proper monitoring. To overcome ge-
ometry constraints a modular design may be needed. In that case the FBR fuel reprocessing plant would
benefit less from advantage of scale than a LWR fuel reprocessing plant.

Some other difficulties, specific for spent FBR fuel are:

The fuel assemblies of a FBR, made of stainless steel, have to be disassembled before the fuel pins can be
chopped into smalle pieces. Because of the high radioactivity and heat output of the irradiated fuel and
dimensional changes as result of the fast neutron irradiation, this part of the process will be difficult.
Keeping out-of-pile time as short as possible, needed for a high plutonium gain in the cycle, enhances pro-
blems with transport and handling of the irradiated fuel elements.

As result of the short cooling time after removing from the reactor core — preferable less than 1year versus
LWR fuel cooling times of 3 years or more — the shearing of the fuel elements releases gaseous highly active
short living fission products, such as I-131. The effluent release after short cooling times causes two main
problems. First, the higher decontamination factors required on gaseous effluent for reduction to accepta-
ble operational release levels. Second, the higher potential risk of accidental release and the necessity of
increased engineered safety measures, to reduce the overall risk to acceptable levels.

Discharges to the environment (water and air) of actinides may be higher than in a LWR cycle, because of

the higher actinide content in FBR fuel.
Costs of FBR fuel reprocessing could be at least twice as much as that of LWR fuel [UNIPEDE/CEC 1981] Q58 .
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Thorium for fission power

Thorium is a radioactive metal, more abundant in the Earth’s crust than uranium. The concept of the thorium
reactor is based on the conversion by neutron capture of non-fissile thorium-232 into uranium-233, which is
as fissile as plutonium-239. In common with the uranium-plutonium breeder the thorium-uranium breeder
is not just an advanced reactor, it is an intricate cyclic system of reactor, reprocessing plant and fuel element
fabrication plant. Each of the three components of the cycle has to operate flawlessly for decades, finely
tuned to the two other components.

The feasibility of the thorium breeder system is even more remote than that of the U-Pu breeder. After four
decades of research there are still no solutions for the basic problems mentioned by [ORNL-5388 1978] Q376.
The fundamental obstacles that render the U-Pu breeder technically unfeasible apply also to the thorium
breeder. A major drawback of the thorium cycle is that a thorium reactor cannot sustain a fission process
in combination with breeding uranium-233 from thorium-232, but will always need an external accelerator-
driven neutron source, or the addition of extra fissile material, such as plutonium or uranium-235 from
conventional reactors.

Building up a Th-U-233 breeder system would pose a severe logistic problem, even if the system would work
as advertised. Only small quantities of U-233 exist in the world at this moment, the USA has 1710 kg of it in
storage, 905 kg of which still contained in spent fuel. The U-233 stocks in other countries are unknown. The
largest DOE reactor currently operating could produce only about 0.3 kg/year.

It would take decades to obtain sufficient U-233 from special reactors to start up the first operating Th-
232-U-233 breeder system. After that it would take more than 8 doubling times to attain a thorium breeder
capacity equalling the current nuclear capacity (about 370 GW). Even with an assumed unrealistically short
doubling time of 20 years more than 8 doubling times would mean nearly two centuries.

Among a number of other countries, the USA conducted Th-232/U-233 research in the 1960s and 1970s (e.g.
in the Shippingport reactor), the research has not been continued. U-233 has been envisioned as fuel in
very compact military reactors for special applications, and in spacecraft. Although U-233 reportedly would
have about the same properties as plutonium for use in nuclear weapons, no such weapons seem to have
been developed. Apparently there exist good reasons not to use U-233 in military reactors and weapons and
not to continue the research towards the thorium power reactor. India seems to be the only country at this
moment still conducting some research on Th-232/U-233 fuel cycle. An overview of research projects in the
past and of advanced thorium reactor concepts is given in [WNA-Th 2015] Q302.

The realisation of the thorium-U-233 breeder cycle has a number of hurdles to overcome according to [ORNL-

5388 1978] Q376, [ORNL-6952 1999] Q377 and [PSR-IEER 2009] Q617 such as:

e theseparation processes needed to recycle fissionable material are inherently incomplete, so significant
losses are unavoidable

» therecycling of Th-232/U-233 fuel has yet to be demonstrated

e assumed the recycling would be technically feasible, it is still unknown if the cycle would produce
sufficient U-233 to expand the Th-232/U-233 capacity, or even to maintain itself

e theradioactivity of the spent fuel and recycled U-233 increases with every cycle, while its isotopic quality
decreases, consequently its usefulness as fissile material decreases

* duetotheincreasing radioactivity the separation processes deteriorate and the separation will get even
more incomplete

e due to the increasing radioactivity the fuel handling and fresh fuel fabrication becomes increasingly
difficult.

Since the publication of the above mentioned ORNL reports no publications are found reporting a solution

to each of these challenges, a conditio sine qua non for materialisation of the thorium-U-233 breeder cycle.
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Uranium-233

Uranium-233 is a fissile nuclide that is prepared from non-fissile thorium -232 by neutron irradiation in
a nuclear reactor. After irradiation the thorium target elements are to be reprocessed to separate the
U-233 from the remaining Th-232. U-233 has been used during the 19505 and 1960s in the development
of nuclear rockets, nuclear ramjets for an atomic bomber, but also for civil power reactors. These technical
developments were halted in the 1970s, apparently due to various problems. One of these problems is the
presence of uranium-232, a strong gamma-emitter, which makes U-233 difficult to handle. Methods to limit
the content of U-232 are expensive.

Uranium-233 has a critical mass much less than U-235 and is comparable to plutonium in terms of weapons-
usability. Between 1955 and 1968 several nuclear weapons test were conducted using uranium-233 [Alvarez
2012] Q594.

In the United States about 1550 kg of U-233 was separated. Of this amount about 123 kg may be unaccounted
for, enough for some 13 nuclear explosive devices. The radiation level from contaminants is not considered
to be an adequate barrier to prevent a terrorist from making an improvised nuclear device. Storage of the
US stockpile of U-233 is a safeguard, security and safety risk. The production of the stockpile also has left a
disposal burden [Alvarez 2012] Q594.

How is the situation concerning U-233 in elsewhere in the world? Some countries may be still involved in the
development of a thorium-232/uranium-233 nuclear breeder system.
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Molten salt reactor

In many publications on thorium-fuelled reactors and on partioning & transmutation systems the concept
of the Molten Salt Reactor (MSR) comes up. In this type reactor the nuclear fuel is dissolved in a mixture
of molten fluoride salts at high temperatures. Advocated advantages of the MSR would be: compactness,
inherent safety, operation at atmospheric pressure and high operating temperatures in the range of 600-
900 °C. Fast neutron and thermal neutron designs are proposed, in once-through as well in breeder modes.

The concept of the MSR was established in the 1950s. As far as known only three MSRs are ever built, and

that went critical, according to [wiki-msr 2017] Q693, all three in the USA:

e Aircraft Reactor Experiment (ARE), designed for use as an engine in a nuclear-powered bomber. Power
2.5 MWth, peak temperature 860 °C, produced 100 MWh in nine days in 1954.

e Pratt & Whitney Aircraft Reactor-1 (PWAR-1); the experiment run for a few weeks in 1957, the reactor was
critical at zero nuclear power, temperature 675 °C.

*  Molten-Salt Reactor Experiment (MSRE), operated at a power of 7.4 MWth and temperature of 650 °C,
during the period 1965-1969.

As of 2011 the ARE and MSRE remained the only MSRs ever operated. After these experiments a number of
research projects in various countries were set up, among other thorium breeder designs, see the overviews
in [wiki-msr 2017] Q693 and [WNA-msr 2016] Q739. As far as known none of those designs after 1969 ever
were built and operated.

From the above observations may be concluded that the promising MSR concept is not viable. Doubtless
Second Law phenomena are playing an important part in the MSR demise.
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Partitioning & transmutation

Partitioning & transmutation (P&T) is a technologic concept proposed by the nuclear industry as a means of
‘destroying’ long-lived radionuclides. If the concentrations of the long-lived dangerous radionuclides in the
nuclear wastes could be reduced to below an official standard (which standard is not indicated), the waste
would be safe for release into the public domain after a storage time of ‘only a few’ centuries to a thousand
years, instead of 1000005 of years.

In such way the amount of high level waste to be stored permanently in a geologic repository could be
reduced to a small fraction of the spent fuel. See also for example [CEA 2002] Q448, [DOE-NE 2009] Q450,
[NWMO 2008] Q446, [ORNL 2011] Q449, [NRC 1996] Q16 and [SKB 2010] Q447.

Some publicaties suggest even the possibility of nuclear energy with (almost) no radioactive waste for
example [LPSC 2001] Q451 and [ORNL 2013] Q539.

1

transmuter

spent
fuel + target
elements

fuel + target
elements

I

U + Pu—» fuel & target

m—> partitioning L actinides-oi fabrication
uranium _\ d t
osses
\ l |
NN

waste | Q&Q

conditioning

\J

fission products
activation products © som
actinides losses l

geologic repository
=
Figure 5
Principle of a partitioning & transmutation system. All material flows indicated by the arrows and all discharges into the

biosphere are hightly radioactive,

A partitioning & transmutation system is a cyclic system consisting of three components: a transmuter
reactor, a partioning plant and fuel fabrication plant. Each of the three components of the cycle would have
to operate flawlessly and finely tuned to each other for decades without interruption, if one component fails
in any respect, the whole system fails.

In the partitioning plant, a more advanced reprocessing plant, spent fuel would be separated into more
partitions than in a conventional reprocessing plant. For this reason partioning is more demanding and
more energy-intensive than conventional reprocessing.

Some partitions, especially the minor actinides (MAs), would be incorporated in special fuel and target
elements. Due to the high level of radioactivity fuel and target fabrication is a demanding process, to be
done by robotic equipment.

In the transmuter reactor the long-lived adionuclides would be transmuted into shorter-lived radionuclides
by neutron capture. The neutrons are to be produced by fission of fissile nuclei in the mixture, and/or by an
external source.

Three principal transmuter reactor concepts are based on respectively a thermal-neutron reactor, a fast-
neutron reactor and an accelerator-driven subcritical nuclear reactor. As thermal reactor the light water

reacor (LWR), PWR or its Russian counterpart, is proposed. The fast reactor should be the advanced liquid
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metal reactor (ALMR), sodium- or lead-cooled. Several variants of the accelerator-driven transmuter are
proposed, e.g. ATW (Accelerator Transmutation of Waste) and Phoenix in the USA and the ADS-800 in Russia
[NRC1996] Q16, [Bergelson et al. 2002] Qso. Other transmuter concepts are the PBR (particle bed reactor or
pebble bed reactor), a helium-cooled fast reactor, and molten salt reactors (MSRs), see for example [WNA-
reproc 2016] Q738 and [WNA-ane 2016] Qz40.

An inherent limitation of the P&T concept is that not all long-lived radionuclides can be transmuted into
short-lived or stable nuclides for physical reasons.

Even with a perfectly operating P&T system it would take centuries of continuous and flawless operation to
reduce a given quantity of certain long-lived fission products and actinides to 1% of the original quantity.
In the most optimistic scenario it would take many decades to a century of continuous and flawless operation
to reduce a given quantity of actinides to 1% of the original quantity. This would require a unproved type
reactoras transmuter (Accelerator-Driven System), which is not suitable for transmutation of fission products.

By recycling, the composition of plutonium shifts like that of uranium. The amounts of trans-plutonium
elements increase with each reprocessing cycle. Due to this, the alpha-, gamma- and neutron radiation rise
(with a factor 3), as well as the specific heat generation of the plutonium by radioactive decay with a factor
7 [ORNL-TM-2897 1970] Q254, [Fischer 1986] Q240 and [Roepenack et al. 1987] Q241. Evidently these long-
known facts cause mounting difficulties in the handling of the recycled uranium and plutonium. High burnup
and the high Pu content have some difficult consequences for the dissolving and separation processes in
the reprocessing plant [UNIPEDE/CEC 1981] Qs8.

Some isotopes have a very low critical mass for a fission chain reaction. Serious criticality problems
complicate the reprocessing of fuel with high trans-plutonium content. For example, the critical mass of Am-
242m may be as low as 7 grams, according to [Ronen et al. 2000] Q243.

According to the Swedish study [SKB 2010] Q447 the development of a functioning P&T system would take
several decades. In view of the experiences in the past with the development of the U-Pu breeder cycle and
the fact that a P&T cycle is more demanding than the U-Pu breeder cycle, this estimate might be optimistic,
assumed these systems woulld be feasible. To fission the existing amounts of actinides would require the
perfect functioning of a number of P&T systems during at least one century and probably longer [SKB 2010].

Even in case of a flawlessly operating system according to the design specifications, extremely long
transmutation operating times for TRUs are needed. Assuming a constant level of nuclear power in the
future, a transmutation time of a thousand years would be required to reach a hundredfold reduction in
TRUs inventory using the accelerator-driven transmuter and many thousands of years using an LWR or ALMR
transmuter. This time could be reduced to a few centuries if nuclear power were to be terminated as rapidly
as possible [NRC 1996] Q16.

Other conclusions are formulated by [Pistner et al. 2015] Q734, such as:

e Partitioning and transmutation of actinides does not result in a relevant reduction of dose rates from
final repositories, despite the huge efforts and costs involved, as the dose rates are dominated by
nuclides such as I-129, Se-79, Cl-36, C-14 that will not be separated according to current P&T concepts.

e P&T does not reduce timelines for safe isolation of the waste, as dose rates are dominated with long-
lived mobile fission and activation products, that are not influence by a P&T treatment.

e Recycling is not possible with some exceptions.

¢ Interim storage is not sustainable in the long term.

¢ Transmute would have high costs and sophistication, long duration, low benefit with respect to final
disposal of high level wastes.

¢ Deep geologic repository is the best currently available option.
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Apart from the demanding properties of the transmuter reactor, partitioning and fuel/target fabrication are
two very energy-intensive processes. In addition all facilities are to be dismantled after their operational
lifetime. This may be needed several times during one sequence of cycles (one or more centuries) of one
P&T system. Decommissioning and dismantling likely would require very high energy investments, due to
the highly radioactive construction materials. The P&T system would be an energy sink to such extent that a
nuclear energy system consisting of a number of nuclear power plants coupled to associated P&T systems
might be an energy sink instead of a net energy source.

The P&T cycle (Figure 5) would be an exceedingly polluting system. The material flows in the cycle are
strongly radioactive, even more than in the breeder cycle, and discharges into the human environment by
each component of the cycle would be unavoidable, caused by Second law phenomena. Due to the fact
that relatively large amounts of minor actinides, that are highly radiotoxic, would circulate in the system,
discharges and leaks would pose serious health hazards. Even without accidents the pollution by long-lived
radioactive materials would become considerable.

Accidents could have very serious consequences and the chance of severe accidents might be more serious
than in the conventional nuclear power plants due to the presence of large amounts of strongly radioactive
materials in mobile form at different locations during decades or even centuries.

Another point of concern would be increased risks of nuclear terrorism for the same reasons. Substantial
amounts of fissile materials would be circulating in the P&T cycle. The risks of dirty bombs could also increase
with time as a consequence of the increasing amounts of radioactive materials in mobile form with time.
Partitioning of spent fuel, separation into a number of fractions , is prerequisite for a P&T system would be
even more demanding than reprocessing in the breeder cycle. Materialisation of a P&T system is infeasible
foritis based on assumptions that are in conflict with the Second Law, the same as discussed in the sections
on the breeder cycle and thorium reactor.
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Nuclear terrorism

MOX is the acronym of Mixed OXide fuel, nuclear fuel with plutonium instead of U-235. MOX fuel is relatively
little radioactive and can be handled without specialized equipment. A terrorist group would have little
difficulty in making a crude atomic bomb from MOX fuel. Separating uranium dioxide and plutonium dioxide
from MOX fuel can be done using straightforward chemistry. Converting the plutonium dioxide into plutonium
metal, and assembling the metal together with conventional explosives to produce a crude nuclear explosive
does not require materials from special suppliers. The information required to carry out these operations is
available in the open literature [Barnaby 2005a] Q339, [Barnaby 2005b] Q340. Technology needed to make
nuclear bombs from fissile material is available outside of the established nuclear-armed countries and in
the open literature, as proven in ‘Nth Country Experiment’ [Frank 1967] Q591, [Schneider 2007] Q590.

The authors of [MIT 2003-2009] Q280 considered the proliferation and safety risks of reprocessing and the
use of mixed-oxide (MOX) fuel unjustified. But there are also economic reasons not to recycle in their view.
Studies by the Oxford Research Group show that MOX fuel poses a large and underrated terrorist risk
[Barnaby & Kemp 2007] Q360. The 6 kg of plutonium contained in the Nagasaki bomb would fit in a soft
drink can.

Nuclear weapons can be made from reactor-grade plutonium, as pointed out above, although those made
using weapons-grade plutonium are more effective. The USA and UK exploded devices based on reactor-
grade plutonium in 1956 and in the 1960s. A good nuclear weapons designer could construct a nuclear
weapon from 4-5 kg of reactor-grade plutonium. Less reliability or a less predictable explosive yield than a
military weapon would not be a problem for a terrorist group planning an attack in the center of a large town.
This is the reason why so many scientists all over the world are strongly opposing the reprocessing of spent
fuel and the use of MOX fuel in civilian reactors.

A considerable part of nuclear security problems concerning fissile materials suitable to make crude nuclear
explosives, plutonium, neptunium and americium, originate from one source: reprocessing of civil spent
fuel. In addition uranium-233 is recovered by reprocessing spent fuel from special thorium-uranium reactors.
Do the benefits of reprocessing outweigh the security and health risks it generates plus the costs of
safeguarding the separated dangerous materials?

Without reprocessing the only way to acquire fissile bomb material would be enrichment of uranium.
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Vitrification

According to [WNA 2012b] Q541 a typical 1 GWe reactor produces each year about 700 kg high-level wastes,
contained in about 23 Mg (metric tons) of spent fuel. With ‘high-level wastes’ WNA likely refers to the fission
products plus actinides in spent fuel, but does not mention them explicitely. After separation from spent
fuel in a reprocessing plant the liquid high-level wastes are evaporated to solids, mixed with glass-forming
materials, melted and poured into stainless steel canisters which are then sealed by welding. The vitrified
waste from the operation of a 1 GWe reactor for one year would fill about twelve canisters, each 1.3 m high
and 0.4 m diameter and holding 400 kg of glass, according to WNA.

The canisters are to be placed in a geological repository for permanent disposal. In another process, called
Synroc, the wastes are calcined and mixed wich several metaloxides for conversion at high temperatures
into a crystalline ceramic material (synthetic rock).

Applying the vitrification concept the mass holding the highly radioactive materials would be reduced from
23 Mg spent fuel to 4.8 Mg borosilicate glass, a reduction of a factor of less than five.

According to a popular view within the nuclear industry the option of vitrification could reduce the high-level
waste problem to a routine job, nothing to worry about, see for example [MacKay 2009] Q399.

This concept sounds simple and may seem plausible at a first glance. However, on closer examination the
feasibility as radioactive waste reduction strategy proves to be based on fallacies and ignorance of the
Second Law of thermodynamics.

Long-lived fission products and the minor actinides are considered to be the most dangerous radionuclides
in spent fuel. The idea behind the vitrification concept is to separate these dangerous radionuclides from
spent fuel and to chemically immobilise them in a matrix of borosilicate glass. The fission products and
actinides (other than U and Pu) then are converted into oxides, which are mixed with a glassmaking frit and
melted to form a borosiicate glass. The molten glass is poured into appropiate stainless steel containers,
which are to be placed in a geological repository for permanent disposal. The remaining radioactive wastes
are considered to be not dangerous, because of a lower specific activity, and could be disposed of in a less
expensive way, a routine job according to MacKay.

As a means of volume reduction of high-level waste the vitrification concept turns out to be a fallacy: the
radioactive waste volumes increase enormously by reprocessing, as will explained below.

By reprocessing the radioactive contents of the spent fuel are distributed among large volumes of different
materials, and only a part of it ends up in the vitrified waste, see Figure 6. This greatly enhances the chances
of dispersal and of severe accidents involving massive amounts of radioactivity. A significant part of the
radioactive contents is released into the environment.

In its communication to the public on the waste vitrification concept the nuclear industry does not pay

attention to some practical aspects of the proposed technique, such as:

e Allgaseous fission products and a substantial fraction of other fission products and of the actinides are
inevitably discharged into the environment by the reprocessing plant.

* Generation of large volumes of other radioactive wastes during reprocessing because substantial
fractions of the radionuclides from spent fuel are spread among non-radioactive solids and liquids and
do not end up in the glass. Actually the radioactive waste volume increases to a great multiple of the
volume of spent fuel.

* Immense amounts of radioactive waste, contaminated by fission products and actinides, will result from
decommissioning and dismantling of nuclear power plants and reprocessing plants.

*  Some nuclides are discharged during solidifying the liquid waste stream (calcination) and subsequent
vitrification of the solid residu. Not all nuclides can be effectively fixed into a glass, such as: Se-79, Ru-
106, 1-129, since they hardly form stable compounds with the borosilicate matrix, or become volatile
during the calcination process.
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Figure 6

Redistribution of the radioactive contents of spent fuel in the waste streams from reprocessing. In order to recover
uranium and plutonium from spent fuel, the radioactivity from the spent fuel is partitioned into a number waste streams.
Significant amounts of radionuclides are discharged into the environment. Only a part of the radionuclides from the
spent fuel can be vitrified.

One radioactive waste stream, consisting of dismantling wastes, will be released after final shutdown of the reprocessing
plant, when the plant is decommissioned, cleaned up and dismantled.

How to safely isolate the radioactive waste streams from the biosphere is still an open question.

The assumption that 100% complete separation of all chemical elements constituting spent fuel is feasible
is in conflict with the Second Law of thermodynamics. Consequently significant parts of the fission products
and actinides remain inevitably in the waste streams of the reprocessing plant.

Furthermore the vitrification concept is (implicitely) based on the questionable assumption that the
borosilicate glass will remain stable for hundreds or even thousands of years and that no severe problems
will arise with the borosilicate glass, caused by radiolytic reactions, heat generation, (re)crystallization and
segregation of elements. How long will the stainless steel containers last in contact with water at elevated
temperatures and in the presence of nuclear radiation?

Deep geological repositories are still needed in this waste management option, even more than in case of
direct disposal of spent nuclear fuel, because the volumes of highly radioactive waste other than the vitrified
fraction are larger. Still no safe final disposal facility for the highly radioactive glass is operational, only paper
concepts and experiments exist.

The energy consumption of spent fuel reprocessing is exceedingly high, particularly if the energy investments
of the construction and of the cleanup + dismantling of the reprocessing plant would be included. For that
reason the energy balance of an LWR system operating in the once-though mode with vitrification might
be negative, even including the recycling plutonium and uranium as MOX fuel: the energy requirements to
operate such a system from cradle to grave would surpass its useful energy production.
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Discharges

Reprocessing is an extremely intricate complex of chemical processes. Each separation step produces ine-
vitably waste streams, containing unwanted nuclides. Even very low concentrations of long-living radionuc-
lides, e.g. I-129, Tc-99 and actinides in ground water or surface water, may be hazardous.

In the reprocessing plant the spent fuel elements are chopped into pieces and the contents are dissolved in
boiling nitric acid. The resulting solution contains a host of elements: fission products, uranium, plutonium
and higher actinides. The empty cladding hulls of the chopped and leached fuel pins hardly dissolve and are
separated from the solution. Not all fuel dissolves either.

A part of the fission products is gaseous (e.g. noble gases) or easily form gaseous compounds and escape
from the liquid. Most of that nuclides are difficult to fix, chemically or physically, into solid materials or con-
tainers, notably tritium (mainly as HTO), carbon-14 (mainly as 14C02), iodine-129 (various compounds, e.g.
as H129| or 12912) and the noble gases such as krypton-8s. The nuclides are discharged into the air or sea. In
addition a significant fracion of the soluble nuclides are discharged with the liquid effluents, notably Sr-go,
Tc-99, Ru-106 and Cs-137.

Table 2
Discharges of radionuclides in the liquid and gaseous effluents of a reprocessing plant. Sources: [NEA 1980]
Qys, [Pigford et al. 1973] Q112 and various NCRP reports.

NEA 1980 Pigford 1973 NCRP
TBg/GW(e).a TBg/GW(e).a TBg/GW(e).a

H-3 630 885 555-925 NCRP-62 1995
C14 0.4-0.6 - 0.74 NCRP-811993
Kr-85 14000 13800 11000 NCRP-44 1975
Ru-106 - 0.136 -

[-129 0.05 0.022 0.042 NCRP-75 1983
other fission products - 0.340 -

transuranics - 0.00014 -

Table 3

Discharge limits of reprocessing plants to the sea in 2000.
n.a. = not available. Source: [OSPAR 2002] Q236

radionuclide discharge limits La Hague discharge limits Sellafield
TBa/yr TBq/yr

tritium 37000 25000

total alpha 17 1

total beta 1700 400

plutonium n.a. 0.70

uranium n.a. 2000 kg/yr
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Table 4
Discharge limits of reprocessing plants at La Hague.
n.a. = not available. Source: [Malherbe 1991] Q17

radionuclide gaseous effluent liquid effluent
TBq/yr TBq/yr
tritium 2200 37000
Kr 480000 -
halogens 0.11 n.a.
aerosols 0.074 -
total alpha n.a 17
total beta n.a 1700
of which Cs-137 + Sr-90 220

Data on radioactive discharges by reprocessing plants, and by nuclear power stations as well, are scarce in

the open literature.

Lower discharges than the permitted limits do not necessarily mean a better retainment of the radionuclides,
but might be caused by a lower throughput of the plant, or by reprocessing spent fuel of lower burnup.
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Entropy generation by reprocessing

Reprocessing of spent fuel is an extremely costly and polluting process. Reprocessing greatly enhances the
health hazards posed by nuclear power, because many pathways are created along which the radionuclides
from the spent fuel can enter the human environment. Reprocessing also raises severe security problems.
because fissile materials are separated from the fission products and become accessible.

biosphere

useful energy
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spent fuel \J

A‘gfd
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Figure 7

Symbolic representation of the entropy production by reprocessing of spent fuel. In spent fuel is a large amount of
latent and delayed entropy confined to the volume of the spent fuel elements. In the reprocessing plant a substantial
part of the content of the spent fuel is released into the environment and its latent entropy becomes an acute entropy
increase of the biosphere. The other part is distributed over large volumes of originally non-radioactive materials, greatly
increasing the entropy of that systems.

In the reprocessing sequence the contents of the spent fuel are distributed over large volumes of non-
radioactive materials (see figure 6), greatly increasing the entropy of the spent fuel contents. A signicant part
of the radionuclides are discharged into the biosphere via aerosols, gaseous effluents and liquid effluents,
causing the conversion of latent entropy into entropy of the biosphere.

New entropy is generated, according to the Second Law, by the consumption of energy and ordered materials
in the separation processes. Entropy is also generated by the construction of the reprocessing plant.

In addition to the above mentioned entropy increases, reprocessing generates another form of latent
entropy present in the construction materials that became contaminated during the operation of the plant
by all kinds of radionuclides from the spent fuel. At issue is to prevent this latent entropy becoming entropy
of the biosphere as a result of decommissioning & dismantling of the reprocessing plant itself.

The total quantity of radioactivity does not change by processes in the reprocessing plant, only the extent
of dispersion changes.

Reprocessing offers no solution of radioactive waste problems, on the contrary, as is explained in the
previous sections on P&T and vitrification. The amount of radioactivity in the nuclear waste streams is not
influenced by the mechanical and chemical operations in a reprocessing plant. Discharging a significant
part of the radioactive substances into the environment cannot be conceived as a ‘solution’ to the nuclear
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waste problem. Actually the radioactivity from the spent fuel is dispersed over large volumes and masses of
non-radioactive substances. Instead of volume reduction, the vitrification option results in a huge volume
increase, worsening the waste problems beyond control.

The best way to handle spent fuel might be keeping the spent fuel elements intact, - in the fuel elements
fissile and other radionuclides are compacted in the smallest possible volume -, to pack them in very durable
containers and to dispose of in a safe geological repository (see report m32 Geologic repositories). Direct
disposal poses the least risks and consumes the least materials and energy, prevents latent entropy in the
spent fuel becoming entropy of the biosphere and prevents entropy generation by construction, operation
and dismantling.

A number of countries, among other USA, Sweden, Finland and Canada, has chosen for this option.

It is a fallacy to believe in ‘retrievable’ storage of spent fuel. In no way it is possible to extract net usable
energy from it, when all industrial processes needed to achieve reuse of spent fuel are accounted for. The
Second Law is relentless.
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Concluding notes

Reprocessing of spent fuel is a polluting process, discharging large amounts of radioactive materials into
the environment.

Reprocessing increases the risks of severe nuclear accidents, causing dispersion of very large amounts of
radioactive materials, possibly more than Chernobyl and Fukushima. Massive amounts of spent fuel are
present in reprocessing plants, to be counted in thousands of nuclear bomb equivalents.

Reprocessing increases also the risk of nuclear terrorism.

Reprocessing of spent fuel is an energy-intensive process in itself. Decommissioning and dismantling of a
reprocessing plant will require massive investments of energy, materials and human effort. For that reason
application of proposed nuclear technologies dependent of reprocessing would result in a negative energy
balance of nuclear energy generation.

Separation of any mixture of different chemical species into fractions never goes to incompletion, due
to Second Law phenomena. Incomplete separation implies also incomplete purification, so 100% pure
materials with 100% predictable properties and behaviour cannot be produced.

All materials are subject to spontaneous degrading processes (ageing), due to Second Law phenomena.

Based on the above observations can be concluded that the following concepts are inherently infeasible:
e uranium-plutonium breeder cycle

e thorium-uranium breeder cycle

¢ partioning & transmutation, as presented by the nuclear industry.

In addition: inherently safe nuclear power is inherently impossible.

Vitrification of high-level radioactive waste results in an increase of the volumes of radioactive waste that
has to be disposed of in geologic repositories, instead of a decrease, as stated by the nuclear industry.

By reprocessing large fractions of the latent entropy confined in spent fuel elements are released as an

irreversible entropy increase of the biosphere, in addition to the entropy generation by the processes
themselves.
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CAUTION: This email originated from outside of SMUD. Do not click links or open attachments unless

you recognize the sender and know the content is safe.

The below public comment is for the Energy Resources and Customer Services Committee
Meeting on Oct 15, 2025 and for the Board of Directors Meeting on Oct 16, 2025.

Committee and Board of Directors,

Below | will provide material and references for more details regarding my Oct 15 public
comment. Please feel free to reach out to me if you have any questions.

Thank you,
John Weber
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https://www.volker-quaschning.de/datserv/CO2-spez/index_e.php?ref=chismecollective.com

Lazards LCOE+ 2025 report- https://www.lazard.com/media/eijngja3/lazards-lcoeplus-june-
2025.pdf and see attached.

Generational harm from mining uranium- https://pulitzercenter.org/stories/toxic-legacy-
uranium-mines-navajo-nation-confronts-interior-nominee-deb-haaland?

ref=chismecollective.com
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LC@E | EXECUTIVE SUMMARY
Executive Summary—Selected Key Findings from Lazard’s 2025 LCOE+

Lazard’s 2025 LCOE+ Report is organized around three key areas: Energy Generation, Energy Storage and the Energy System

Levelized Cost of Energy Version 18.0

¢ Renewables Remain Competitive: On an unsubsidized $/MWh basis, renewable energy remains the most cost-competitive form of generation. As such, renewable
energy will continue to play a key role in the buildout of new power generation in the U.S. This is particularly true in the current high power demand environment,
where renewables stand out as both the lowest-cost and quickest-to-deploy generation resource
Energy ¢ Increasing Competitiveness of Existing Gas Generation: The gap between the LCOE of new wind and solar and the marginal cost of operating CCGTs has widened

Generation due to, among other things, persistent low gas prices, high energy demand and increasing renewable LCOEs

o Significant Shifts Expected: Unless otherwise indicated, Lazard’s LCOE is an LTM analysis focused on “today” and is not a forecasting tool. As such, the outcomes
included herein are representative of current development and construction timelines, which vary by technology. For example, while this year’s analysis shows only a
slight increase in the LCOE of CCGTs, turbine shortages, rising costs and long lead times are expected to drive steep LCOE increases for gas technologies in the near
term, as illustrated herein. Additionally, cost declines across Vogtle units 3 and 4 indicate nuclear is poised to benefit from scale and development efficiencies

Levelized Cost of Storage Version 10.0

e Storage Cost Decline: This year’s analysis shows notable declines in the LCOS of utility scale and C&I battery energy storage systems. Key drivers of such results
include both market dynamics (e.g., lower-than-expected EV demand and the resulting oversupply of cells) and technological advancements (e.g., increased cell
capacity and energy density)

o Tariffs Increase Uncertainty: While current pricing is further benefiting from aggressive competition, widening LCOS spreads indicate increased volatility as
uncertainty related to the ultimate tariff regime is shaping market dynamics in real time. For example, supply chain relocation to Southeast Asia and India is well
underway, and market participants are executing on forward procurement strategies to mitigate future pricing risk

e Market Expansion Is Underway: The LCOS value snapshots show increased returns reflecting the confluence of lower costs and higher prices in several regions.
Energy storage adoption is expanding beyond ISO/RTO-driven wholesale markets and into states where municipal procurement and data center growth is prevalent
(e.g., Arizona, Colorado, Florida). Lazard expects continued expansion as backup power and grid resilience become increasingly important in high-growth markets

Cost of Firming Intermittency

o Firming Value Rises as Renewable Penetration Increases: The cost of firming helps grid operators evaluate resources based on aregion’s existing generation mix
and load characteristics, ensuring the right balance between reliability and affordability. The results of this year’s firming analysis show that as the penetration of low-
cost intermittent generation increases, the value of firm capacity rises

e |SO Approaches to System Analysis Are Evolving: Severalindependent system operators are adjusting their capacity accreditation methodologies in ways that are
generally increasing firming costs. Both CAISO and PJM have reduced capacity accreditation values for highly correlated resources (e.g., solar and shorter-duration
storage). Continued development of more sophisticated capacity accreditation frameworks, such as incorporation of seasonal adjustments or diversity benefits,
could have material impacts on future firming costs

o Diverse Generation Sources and Innovation Are Needed: The results of Lazard’s LCOE+ have consistently supported deploying a diverse mix of energy resources.
Despite the sustained unsubsidized cost competitiveness of renewable energy, resource planning metrics indicate diverse generation fleets will be required over the
long term to meet power needs, likely bolstered by now-emerging technologies such as long duration energy storage, geothermal, nuclear small modular reactors,
pumped storage hydropower and carbon capture and storage, among others

LAZARD 4
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I_C@: A LAZARD’S LEVELIZED COST OF ENERGY ANALYSIS—VERSION 18.0

Introduction

Lazard’s Levelized Cost of Energy analysis addresses the following topics:

e Comparative LCOE analysis for various generation technologies on a $/MWh basis, including sensitivities for U.S. federal tax subsidies, fuel prices, carbon
pricing and cost of capital

e |llustration of how the LCOE of onshore wind, utility-scale solar and hybrid projects compare to the marginal cost of selected conventional generation
technologies

e Historical LCOE comparison of various technologies
e [llustration of the historical LCOE declines for onshore wind and utility-scale solar
e Appendix materials, including:

- An overview of the methodology utilized to prepare Lazard’s LCOE analysis

- A summary of the assumptions utilized in Lazard’s LCOE analysis

- Deconstruction of the LCOE for various generation technologies by capital cost, fixed operations and maintenance (“O&M”) expense, variable O&M expense
and fuel cost

Other factors would also have a potentially significant effect on the results contained herein but have not been examined in the scope of this current analysis.
These additional factors, among others, may include: recent tariff-related cost impacts; implementation and interpretation of the full scope of the IRA; economic
policy, transmission queue reform, network upgrades and other transmission matters, congestion, curtailment or other integration-related costs; permitting or
other development costs, unless otherwise noted; and costs of complying with various environmental regulations (e.g., carbon emissions offsets or emissions
control systems). This analysis is intended to represent a snapshotin time and utilizes a wide, but not exhaustive, sample set of Industry data. As such, we
recognize and acknowledge the likelihood of results outside of our ranges. Therefore, this analysis is not a forecasting tool and should not be used as such given
the complexities of our evolving Industry, grid and resource needs. Except as illustratively sensitized herein, this analysis does not consider the intermittent nature
of selected renewables energy technologies or the related grid impacts of incremental renewable energy deployment. This analysis also does not address
potential social and environmental externalities including, for example, the social costs and rate consequences for those who cannot afford distributed
generation solutions as well as the long-term residual and societal consequences of various conventional generation technologies that are difficult to measure
(e.g., airborne pollutants, greenhouse gases, etc.).
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A LAZARD’S LEVELIZED COST OF ENERGY ANALYSIS—VERSION 18.0

Levelized Cost of Energy Comparison—Version 18.0

Selected renewable energy generation technologies remain cost-competitive with conventional generation technologies under certain

circumstances

Renewable

Generation

Conventional
Generation®

Source:
Note:

1

2
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| Levelized Cost of Energy ($/MWh) |

Lazard estimates and publicly available information.
Here and throughout this analysis, unless otherwise indicated, the analysis assumes 60% debt at an 8% interest rate and 40% equity at a 12% cost. See page titled “Levelized Cost of Energy Comparison—Sensitivity to Cost of Capital” for
cost of capital sensitivities.
Reflects the LCOE for a system composed of standalone generation plus standalone storage less the combined system-level synergies (assumed to be 10% of storage capital costs and 25% of inverter costs). The synergies capture
potential cost reductions or efficiency gains from integrating generation and storage, such as shared interconnection infrastructure, improved energy dispatch, enhanced capacity utilization and operational efficiencies.
Given the limited public and/or observable data available for new-build geothermal, coal and nuclear projects, the LCOE presented herein reflects Lazard’s LCOE v14.0 results adjusted for inflation and, for nuclear, are based on then-
estimated costs of the Vogtle Plant. Coal LCOE does not include cost of transportation and storage.
The fuel cost assumptions for Lazard’s LCOE analysis of gas-fired generation, coal-fired generation and nuclear generation resources are $3.45/MMBTU, $1.47/MMBTU and $0.85/MMBTU, respectively, for year-over-year comparison
purposes. See page titled “Levelized Cost of Energy Comparison—Sensitivity to Fuel Prices” for fuel price sensitivities.
Represents the illustrative midpoint LCOE for Dominion’s Coastal Virginia Offshore Wind (“CVOW?”) project, based on the publicly disclosed capital cost of ~$8.7 billion (excluding onshore transmission costs) and offshore wind estimates
from Lazard. Dominion’s projected LCOE for CVOW as of February 2025 is $91/MWh in 2027 dollars, with an expected COD in 4Q 2026.
Reflects the average of the high and low LCOE marginal cost of operating fully depreciated gas peaking, gas combined cycle, coal and nuclear facilities, inclusive of decommissioning costs for nuclear facilities. Analysis assumes that the
salvage value for a decommissioned gas or coal asset is equivalent to its decommissioning and site restoration costs. Inputs are derived from a benchmark of operating gas, coal and nuclear assets across the U.S. Capacity factors, fuel,
variable and fixed operating expenses are based on upper- and lower-quartile estimates derived from Lazard’s research. See page titled “Levelized Cost of Energy Comparison—New Build Renewable Generation vs. Marginal Cost of
Conventional Generation” for additional details.
Represents illustrative LCOE values for Vogtle nuclear plant’s units 3 and 4. The analysis is based on publicly available estimates and suggestions from selected industry experts, indicating a cost “learning curve” of ~30% between Vogtle
units 3 and 4. Analysis assumes total operating capacity of ~2.2 GW, total capital cost of ~$32.3 billion, capacity factor of ~97%, operating life of 70 years and other operating parameters estimated by Lazard’s LCOE v14.0 results, adjusted 8
forinflation.
Illustrative high case reflects elevated capital costs ($2,400/kW - $2,600/kW) based on recently observed market quotes for CCGT projects in early stages of development (post-2028 COD).
This analysis has been prepared by Lazard for generalinformationaland illustrative purposes only, and it is not intended to be, and should not be construed as, financialor
other advice. No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior written consent of Lazard.
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LAZARD’S LEVELIZED COST OF ENERGY ANALYSIS—VERSION 18.0

Levelized Cost of Energy Comparison—Sensitivity to U.S. Federal Tax Subsidies

The Investment Tax Credit (“ITC”), Production Tax Credit (“PTC”) and Energy Community adder, among other provisions in the IRA, are
important components of the LCOE for renewable energy technologies

Solar PV—Community & C&l

Solar PV—Community & C&lI (ITC) $51 $178
Solar PV—Utility 00 EE
Solar PV—Utility (ITC) $24 $57
Solar PV—Utility (PTC) $20 $45
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Rencwable ses {11111 oo
Geothermal (ITC) $44 $93
Wind—Onshore $37 _ $86
Wind—Onshore (PTC)  $15 $75
Wind + Storage—Onshore $44 _ $123
Wind + Storage—Onshore (ITC) $21 $103
Wind—Offshore s7o [ ;-
Wind—Offshore (PTC) $52 $141
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| Levelized Cost of Energy ($/MWh) |

mLCOE Subsidized (incl. Energy Community)’ Subsidized (excl. Energy Community)?

Source: Lazard estimates and publicly available information.
Note: Unless otherwise indicated, this analysis does notinclude other state or federal subsidies (e.g., domestic content adder, etc.). The IRAis a comprehensive and evolving piece of legislation that is still being implemented and remains subject
to interpretation—important elements of the IRA are not included in our analysis and could impact outcomes. Lazard’s LCOE analysis assumes, for year-over-year reference purposes, 60% debt at an 8% interest rate and 40% equity ata
12% cost (together implying an after-tax IRR/WACC of 7.7%).
This sensitivity analysis assumes that projects qualify for the full ITC/PTC, have a capital structure that includes sponsor equity, debt and tax equity and assumes the equity owner has taxable income to monetize the tax credits and also
includes an Energy Community adder of 10% for ITC projects and $3/MWh for PTC projects. 9
This sensitivity analysis assumes that projects qualify for the full ITC/PTC, have a capital structure that includes sponsor equity, debt and tax equity and assumes the equity owner has taxable income to monetize the tax credits.
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I_C@: A LAZARD’S LEVELIZED COST OF ENERGY ANALYSIS—VERSION 18.0

Levelized Cost of Energy Comparison—=Sensitivity to Fuel Prices

Variations in fuel prices can materially impact the LCOE of conventional generation technologies
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[ Levelized Cost of Energy ($/MWh) |

BLCOE +/- 25% Fuel Price Adjustment
Source: Lazard estimates and publicly available information.
Note: Unless otherwise noted, the assumptions used in this sensitivity correspond to those used in the LCOE analysis as presented on the page titled “Levelized Cost of Energy Comparison—Version 18.0”.
1 Assumes a fuel cost range for gas-fired generation resources of $2.59/MMBTU - $4.31/MMBTU (representing a sensitivity range of + 25% of the $3.45/MMBTU used in the LCOE).
2 Assumes a fuel cost range for nuclear generation resources of $0.64/MMBTU - $1.06/MMBTU (representing a sensitivity range of + 25% of the $0.85/MMBTU used in the LCOE).
LAZARD 3 Assumes a fuel cost range for coal-fired generation resources of $1.10/MMBTU - $1.84/MMBTU (representing a sensitivity range of + 25% of the $1.47/MMBTU used in the LCOE). 1 0

Copyright 2025 Lazard
This analysis has been prepared by Lazard for generalinformationaland illustrative purposes only, and it is not intended to be, and should not be construed as, financialor
other advice. No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior written consent of Lazard.
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Levelized Cost of Energy Comparison—Sensitivity to Carbon Pricing

Carbon pricing is one avenue for policymakers to address carbon emissions; a carbon price range of $40 — $60/Ton" of carbon would
increase the LCOE for certain conventional generation technologies, as indicated below

Renewable

Generation

Conventional
Generation

Solar PV—Utility $38 _ $78

Geothermal $66 i

T
E—— e
oot 70 N s

Gas Peaking w/ Carbon Pricing? $173 $291

U.S. Nuclear $141 | T $220

Coal $71 @ 1 $173

Coal w/ Carbon Pricing? $108 $249

Gas Combined Cycle $48 _ $109

Gas Combined Cycle w/ Carbon Pricing? $63 $132

Source:
Note:

1

LAZARD 2

Copyright 2025 Lazard

$0 $25 $50 $75 $100 $125 $150 $175 $200 $225 $250 $275 $300

| Levelized Cost of Energy ($/MWh) |

M LCOE LCOE with Carbon Pricing

Lazard estimates and publicly available information.

Unless otherwise noted, the assumptions used in this sensitivity correspond to those used in the LCOE analysis as presented on the page titled “Levelized Cost of Energy Comparison—Version 18.0”. LCOE with Carbon Pricingis limited to
carbon emissions directly related to generation and does notinclude the impacts of carbon pricing on embodied carbon.

The current administration no longer maintains an estimate of the monetized impacts of greenhouse gas emissions. Previous administrations estimated the social cost of carbon to range from $5/Ton (first Trump Administration) to over

$200/Ton (Biden Administration).

The low and high ranges reflect the LCOE of selected conventional generation technologies including an illustrative carbon price of $40/Ton and $60/Ton, respectively. 1 1

This analysis has been prepared by Lazard for generalinformationaland illustrative purposes only, and it is not intended to be, and should not be construed as, financialor
other advice. No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior written consent of Lazard.





Energy Generation Energy System

Levelized Cost of Energy Levelized Cost of Storage Cost of Firming Intermittency

I_C@: A LAZARD’S LEVELIZED COST OF ENERGY ANALYSIS—VERSION 18.0

Levelized Cost of Energy Comparison—Sensitivity to Cost of Capital

A key consideration in determining the LCOE for utility-scale generation technologies is the cost, and availability, of capital. In practice,
this dynamic is particularly significant because the cost of capital for each asset is related to its specific operational characteristics and
the resulting risk/return profile

Average LCOE?
LCOE
($/MWh) LCOE v18.0
$250 T _| $242 U.S. Nuclear®
. I " 4238
225 I I $218 .- .
I - Gas Peaking
: $200 |77
200 e $210 c
$183 U -=- l oal
e } ' I
175 $167 I :
$153 e , $180 Wind—Offshore
____________ $154 : ' $153
150 o ' —eee®
$131 : : EBE,Z_____,-——"’ Geothermal
122 - o
125 $115 A R $135 Gas Combined
$109_'_ UL 1 $123 Cycle
$97 ool p & ! $113 | 5104
100 /o __---zzZZIT $95 - @
$89 - $ '92 $104 I $88 | - -~ $89 Wind—Onshore
————— $81 N B -per b $84 o -----@
$88 $75 - ®-----""""" $g8 oo o - $73
7 $69 R T T - 1------ $67
5 A )-SR EEL L $*73' """" I $61 ! s . ) Solar PV—
_________________ %5 PO B P E R —Eb b $71 Utilit
%gg 2 - %@;;;::::::::121 ———— 1-“"‘] $64 Y
50 é::::::::::::::::::::i::: _______________ $53 | $58 |
$43 S48 ! |
25 : |
|
After-TaxIRR/WACC  4.2% 5.4% 6.5% | 7.7% I 8.8% 10.0%
Cost of Equity 6.0% 8.0% 10.0% : 12.0% 1 14.0% 16.0%
Cost of Debt 5.0% 6.0% 7.0% I 8.0% : 9.0% 10.0%
- ]
S : L. d estimat d publicly ilable inf tion.
NC:)LtJ;(::e A’:ﬁ;sizsaér:uan?essaan@’/np:el)l?;nadvfl:):/n eeqrit?/rﬂ:lleosr; otherwise noted, the assumptions used in this sensitivity correspond to those used on the page titled “Levelized Cost of Energy Comparison—Version 18.0”.
LAZARD 1 Costof capital as used herein indicates the cost of capital applicable to the asset/plant and not the cost of capital of a particular investor/owner. 1 2
2 Reflects th ge of the high and low LCOE f h ti t of ital tion.
Copyright 2025 Lazard 3 Gieveenct:e liernai\tlee;apjb(iic aid;or:l;]ser(\)/\;vble dataoar::i(l:abrlzsfg?iel\\:\?-;flisld%uC;Fe);fp?:jsellrt];?tlt?enLCOE presented herein reflects Lazard’s LCOE v14.0 results adjusted for inflation and are based on then-estimated costs of the Vogtle Plant.

This analysis has been prepared by Lazard for generalinformationaland illustrative purposes only, and it is not intended to be, and should not be construed as, financialor
other advice. No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior written consent of Lazard.
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Levelized Cost of Energy Comparison—New Build Renewable Generation vs. Marginal

Cost of Conventional Generation

Certain renewable energy generation technologies have an LCOE that is competitive with the marginal cost of selected conventional
generation technologies—notably, as incremental, intermittent renewable energy capacity is deployed and baseload gas-fired generation
utilization rates increase, this gap closes, particularly in low gas pricing and high energy demand environments

Solar PV—Utility $38 _ $78
Solar PV—Utility (ITC)' $24 % $57
Solar PV—Utility (PTC)' $20 VA $45
Solar PV + Storage—Ultility $50 $131

Levelized Cost of

AL Solar PV + Storage—Utility (ITC)' $33 7///; $111

Renewable

L
Wind—Onshore (PTC)' $15 ~ $75
Wind + Storage—Onshore $44 $123

Wind + Storage—Onshore (ITC)' $21 % $103

Marginal Cost of U.S. Nuclear $30 - $38
Conventional

Gas Combined Cycle $24 - $39

$0 $25 $50 $75 $100 $125 $150 $175 $200
| Levelized Cost of Energy ($/MWh) |

HLCOE Subsidized (incl. Energy Community) Subsidized (excl. Energy Community) W Marginal Cost?
Source: Lazard estimates and publicly available information.
Note: Unless otherwise noted, the assumptions used in this sensitivity correspond to those used on page titled “Levelized Cost of Energy Comparison—Version 18.0”.
See page titled “Levelized Cost of Energy Comparison—Sensitivity to U.S. Federal Tax Subsidies” for additional details.
LAZARD 2 Reflects the marginal cost of operating fully depreciated gas, coal and nuclear facilities, inclusive of decommissioning costs for nuclear facilities. Analysis assumes that the salvage value for a decommissioned gas or coal asset is 13

equivalent to its decommissioning and site restoration costs. Inputs are derived from a benchmark of operating gas, coal and nuclear assets across the U.S. Capacity factors, fuel, variable and fixed O&M are based on upper- and lower-

C ight 2025 L d
opyrigl azar quartile estimates derived from Lazard’s research.

This analysis has been prepared by Lazard for generalinformationaland illustrative purposes only, and it is not intended to be, and should not be construed as, financialor
other advice. No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior written consent of Lazard.
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Levelized Cost of Energy Comparison—Historical LCOE Comparison

Lazard’s LCOE analysis indicates significant historical cost declines for utility-scale renewable energy generation technologies, which has
begun to level out and even slightly increase in recent years

Selected Historical Average LCOE Values'

LCOE
($/MWh)
$380
$359
320
Sincev3.0 Sincev17.0
$275 Gas Peaking Gas Peaking
260 (27%) 18%
U.S.Nuclear? | | U.S. Nuclear?
47% (1%)
$216
$205 $205 $200 Coal Coal
200 10% 3%
$183 182
$179 $175 $175 $17 $150 s Geothermal || Geothermal
$155 $180 16% 3%
$148 $151 $163 $167 $168 $169
$135 Gas Combined| |Gas Combined
140 $124 $122 Cycle Cycle
$123 " $111 $1.16 $116 $117 $117 $109 $112 $108 $117 $118 (5%) 3%
? $ 108
$111 5107 9104 $102 5104 $100 $102 $102 $M Wind— Wind—
$83 96 $95 $96 $98 $100 82 $85 38 Onshore Onshore
80 $ g3 98 oo $79 $98 $97 $91 $91 $50 $75 ® (55%) 23%
$76 $62 8 —_5° 233 %60 $58 $59 $60 S7Q $76 $78
$71 $72 $70 $64 555 5og : $56 $60 5 9561 | solarpv— Solar PV—
$59 ’ $43 $41 $58 o o
$55 —— $40 $38 $50 Utility Utility
$47 $45 —— e { $50 o 0
$42 $40 $37 $36 (84%) (4%)
20 11
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2023 2024 2025
V:rggg 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0
Source: Lazard estimates and publicly available information.
LAZARD 1 Reflects the average of the high and low LCOE for each respective technology in each respective year. Percentages represent the total change in the average LCOE since Lazard’s LCOE v3.0 and LCOE v17.0, respectively. 1 4
2 Given the limited public and/or observable data available for new-build nuclear projects, the LCOE presented herein reflects Lazard’s LCOE v14.0 results adjusted for inflation and are based on then-estimated costs of the Vogtle Plant.
Copyright 2025 Lazard
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Levelized Cost of Energy Comparison—Historical Renewable Energy LCOE

This year’s analysis shows a divergence in trends between wind and solar with solar costs declining slightly and wind costs increasing,
likely reflecting the difference in supply chain conditions across each technology

Wind—Onshore Solar PV—Utility
Wind—Onshore 2009 - 2025 Percentage Decrease/CAGR: Solar PV—Utility 2009 — 2025 Percentage Decrease/CAGR: (84%)"/(11%)?
LCOE LCOE S ()
($/MWh) Wind—Onshore 2020 — 2025 Increase/CAGR: ($/MWh) Solar PV—Utility 2020 — 2025 Percentage Increase/CAGR: 54%"/9%?
$250 $450 | S ®
$394
375
200
\
\
$169 \
300 $323\$270
148
150 s .
|
225 \
\
$226
100 $92 $95 $95 $86 $\1 66 s149
$101 $99 881 g77 $75 $73 150 .
$62 “Lo$104
$60 456 454 $54 $148 | _ 56 $96 go0
$50 ~ I $78
50 $ S o I $70 $61 $
75 101 A~ o 53
$50 445 45 $91 or FT -4 $46 $44 $a2 a1 | _ | __ {
72 T~ -
$32 $32 $37 -3 _p__g°
$30 $29 $28 $26 $26 go4 $27 58 449 ga6 i--1 $38
0 , 0 $40 $36 $31 $30 o4 $29
17 77
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2023 2024 2025 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2023 2024 2025
LCOE
VeLrgi(Zi 30 40 50 60 70 80 90 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 Version 30 40 50 60 70 80 9.0 10.0 11.0 120 13.0 14.0 15.0 16.0 17.0 18.0
——— Wind—Onshore LCOERange @~ - ---- Wind—Onshore LCOE Average —— Solar PV—Utility LCOE Range @~ - ------ Solar PV—Utility LCOE Average
Source: Lazard estimates and publicly available information.
LAZARD 1 Reflects the average percentage increase/(decrease) of the high end and low end of the LCOE range. 15
2 Reflects the average compounded annual growth rate of the high end and low end of the LCOE range.
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Introduction

Lazard’s Levelized Cost of Storage analysis addresses the following topics:
e LCOS Analysis:
- Comparative LCOS analysis for various energy storage systems on a $/MWh basis
- Comparative LCOS analysis for various energy storage systems on a $/kW-year basis
e Storage Value Snapshot Case Studies:
- Overview of potential revenue applications for various energy storage systems
- Overview of the Storage Value Snapshot Case Studies analysis and identification of selected geographies for each use case analyzed
- Results from the Storage Value Snapshot Case Studies analysis

e Appendix Materials, including:

An overview of the use cases and operational parameters of selected energy storage systems for each use case analyzed

An overview of the methodology utilized to prepare Lazard’s LCOS analysis

- A summary of the assumptions utilized in Lazard’s LCOS analysis

Deconstruction of the LCOS for various generation technologies by capital cost, fixed operations and maintenance (“O&M”) expense and charging cost

Other factors would also have a potentially significant effect on the results contained herein but have not been examined in the scope of this current analysis.
These additional factors, among others, may include: recent tariff-related cost impacts; implementation and interpretation of the full scope of the IRA;
economic policy, transmission queue reform, network upgrades and other transmission matters; congestion, curtailment or other integration-related costs;
permitting or other development costs, unless otherwise noted; and costs of complying with various regulations (e.g., federal import tariffs or labor
requirements). This analysis also does not address potential social and environmental externalities as well as the long-term residual and societal
consequences of various energy storage system technologies that are difficult to measure (e.g., resource extraction, end-of-life disposal, lithium-ion-related
safety hazards, etc.). This analysis is intended to represent a snapshotin time and utilizes a wide, but not exhaustive, sample set of Industry data. As such, we
recognize and acknowledge the likelihood of results outside of our ranges. Therefore, this analysis is not a forecasting tool and should not be used as such given
the complexities of our evolving Industry, grid and resource needs.

LLAZARD 18

Copyright 2025 Lazard
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Levelized Cost of Storage Comparison—Version 10.0 ($/MWh)

Lazard’s LCOS analysis evaluates standalone energy storage systems on a levelized basis to derive cost metrics across energy storage
use cases and configurations’

Utility-Scale Standalone
(100 MW, 2-Houn) 512 - 2
Utility-Scale Standalone

(100 MW, 2-Hour) (ITC) 395 $209

In-Front-of-the-

e Utility-Scale Standalone $115 $254
(100 MW, 4-Hour)

Utility-Scale Standalone
(100 MW, 4-Hour) (ITC)

C&l Standalone

(1 MW, 2-Houn e _ 908

C&l Standalone
(1 MW, 2-Hour) (ITC)

$83 $192

$249 $396
Behind-the-Meter

S Residential Standalone $547 $860
(0.006 MW, 4-Hour)
Residential Standalone

(0.006 MW, 4-Hour) (ITC) $385 $632

$0 $250 $500 $750 $1,000
| Levelized Cost of Storage ($/MWh) |

mLCOS Subsidized (incl. Energy Community)?2 Subsidized (excl. Energy Community) 3

Source: Lazard estimates and publicly available information.

Note: Here and throughout this section, unless otherwise indicated, the analysis assumes 20% debt at an 8% interest rate and 80% equity at a 12% cost, which is a different capital structure than Lazard’s LCOE analysis. Capital costs include
the storage module, balance of system and power conversion equipment, collectively referred to as the energy storage system, equipment (where applicable) and EPC costs. Augmentation costs are notincluded in capital costs in this
analysis and vary across use cases due to usage profiles and lifespans. Charging costs are assessed at the weighted average hourly pricing (wholesale energy prices) across an optimized annual charging profile of the asset. See Appendix B
for charging cost assumptions and additional details. The projects are assumed to use a 5-year MACRS depreciation schedule.

1 See Appendix B for a detailed overview of the use cases and operational parameters analyzed in the LCOS.
LAZARD 2 This sensitivity analysis assumes that projects qualify for the full ITC and have a capital structure that includes sponsor equity, debt and tax equity and also includes a 10% Energy Community adder. 1 9
Copyright 2025 Lazard 3 This sensitivity analysis assumes that projects qualify for the fullITC and have a capital structure that includes sponsor equity, debt and tax equity.

This analysis has been prepared by Lazard for generalinformationaland illustrative purposes only, and it is not intended to be, and should not be construed as, financialor
other advice. No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior written consent of Lazard.
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Levelized Cost of Storage Comparison—Version 10.0 ($/kW-year)

Lazard’s LCOS analysis evaluates standalone energy storage systems on a levelized basis to derive cost metrics across energy storage
use cases and configurations’

In-Front-of-the-

Meter Storage

Behind-the-Meter
Storage

LAZARD

Copyright 2025 Lazard

Utility-Scale Standalone
(100 MW, 2-Hour)

Utility-Scale Standalone
(100 MW, 2-Hour) (ITC)

Utility-Scale Standalone
(100 MW, 4-Hour)

Utility-Scale Standalone
(100 MW, 4-Hour) (ITC)

C&l Standalone
(1 MW, 2-Hour)

C&l Standalone
(1 MW, 2-Hour) (ITC)

Residential Standalone
(0.006 MW, 4-Hour)

Residential Standalone
(0.006 MW, 4-Hour) (ITC)

$60 $132
$105 $241
$201 - $319
$157 $250
$505 $830
$200 $400 $600 $800 $1,000 $1,200
| Levelized Cost of Storage ($/kW-year) |
mLCOS Subsidized (incl. Energy Community) ? Subsidized (excl. Energy Community) °

Lazard estimates and publicly available information.

See Appendix B for a detailed overview of the use cases and operation parameters analyzed in the LCOS.

This sensitivity analysis assumes that projects qualify for the fullITC and have a capital structure that includes sponsor equity, debt and tax equity and also includes a 10% Energy Community adder. 20
This sensitivity analysis assumes that projects qualify for the fullITC and have a capital structure that includes sponsor equity, debt and tax equity.

This analysis has been prepared by Lazard for generalinformationaland illustrative purposes only, and it is not intended to be, and should not be construed as, financialor
other advice. No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior written consent of Lazard.
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Levelized Cost of Storage Comparison—Historical LCOS Comparison

This year’s analysis shows notable declines in the LCOS of utility scale and C&l battery energy storage systems. Key drivers include both
market dynamics—slower-than-expected EV demand and the resulting oversupply of cells—and technological advancements, including
increased cell capacity and energy density

Utility-Scale Standalone (100 MW, 4-Hour) C&l Standalone (1 MW, 2-Hour)

Utility-Scale Standalone (100 MW, 4-Hour) 2020 - 2025 Decrease/CAGR: (5%)'/(1%)? C&lI Standalone (1 MW, 2-Hour) 2020 - 2025 Percentage Decrease/CAGR: (20%)"/(4%)?

LCOS @ - e 9 LCOS @ o

($/MWh) ($/MWh)
$400 $800
700
$643
$296
300 600 $590
257
$245 $ L . $518 $506
$232 500 S~
________ - ~ .  $448
200 ) -7 S~.. 400 $432 $442
""""" - $200 1 $407
$373
170 300
$ $319
$132 $131
100 $115 200
100
0 71 0 77
2020 2021 2023 2024 2025 2020 2021 2023 2024 2025
LCQS 6.0 7.0 8.0 9.0 10.0 LC.OS 6.0 7.0 8.0 9.0 10.0
Version Version
Utility-Scale Standalone — — — — Utility-Scale Standalone C&l Standalone — — — - C&l Standalone
(100 MW, 4-Hour) (100 MW, 4-Hour) (1 MW, 2-Hour) (1 MW, 2-Hour)
LCOS Range LCOS Average LCOS Range LCOS Average
Source: Lazard estimates and publicly available information.
Note: The methodology for the Levelized Cost of Storage has evolved between v1.0 and v10.0 given technological advances and data availability. Page presents the most comparable Utility-Scale and C&l Standalone storage technologies
LA ZARD included in the Levelized Cost of Storage report for that year. 21
1 Reflects the average percentage increase/(decrease) of the high end and low end of the LCOS range.

Copyright 2025 Lazard 2 Reflects the average compounded annual growth rate of the high end and low end of the LCOS range.
This analysis has been prepared by Lazard for generalinformationaland illustrative purposes only, and it is not intended to be, and should not be construed as, financialor
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Storage Value Snapshot Case Studies—Revenue Potential for Selected Use Cases

The numerous potential sources of revenue available to energy storage systems reflect the benefits provided to customers and the grid

e The scope of revenue sources is limited to those captured by existing or soon-to-be commissioned projects—revenue sources that are not clearly identifiable
or without publicly available data have not been analyzed

Use Cases'’
Utility-Scale Utility-Scale Utility-Scale ~ Commercial& - Commercial &
it Standalone PV + Storage Wind + Storage Industrial Industrial
Description Standalone PV + Storage
Demand e Manages high wholesale price or emergency conditions on the grid by \/ \/
Response— . ; .
calling on users to reduce or shift electricity demand
Wholesale
Energy e Storage of inexpensive electricity to sell later at higher prices (only \/ ‘/ ‘/
Arbitrage evaluated in the context of a wholesale market)
9
@
§ Frequency e Provides immediate (4-second) power to maintain generation-load balance \/ ‘/ \/
e Regulation and prevent frequency fluctuations
S
Resource Adequacy e Provides capacity to meet generation requirements at peak load \/ \/ \/
Spinning/Nons Malntalnsf electr{mty outp.ut (.1ur|ng unexpectgd ?ontlngency e.vents ge.g., \/ ‘/ \/
L outages) immediately (spinning reserve) or within a short period of time
Spinning Reserves S
(non-spinning reserve)
E Demand e Manages high wholesale price or emergency conditions on the grid by \/ \/
'g Response—Utility calling on users to reduce or shift electricity demand
Bill e Allows reduction of demand charge using battery discharge and the daily \/ ‘/
E Management storage of electricity for use when time of use rates are highest
]
2
O Incentives Payments provided to residential and commercial customers to encourage the \/ \/

acquisition and installation of energy storage systems

LA ZARD Source: Lazard estimates and publicly available information. 22 |
1

Copyright 2025 Lazard Represents the universe of potential revenue streams available to the various use cases. Does not represent the use cases analyzed in the Storage Value Snapshot Case Studies.

This analysis has been prepared by Lazard for generalinformationaland illustrative purposes only, and it is not intended to be, and should not be construed as, financialor
other advice. No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior written consent of Lazard.
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Storage Value Snapshot Case Studies—Overview

Lazard’s Storage Value Snapshots analyze the financial viability of illustrative energy storage systems designed for selected use cases and
geographies
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Behind-the-Meter Storage

(2)

(3)

®

Utility-Scale
Standalone

Utility-Scale
PV + Storage

Utility-Scale

Wind + Storage

Commercial &
Industrial
Standalone

Commercial &
Industrial
PV + Storage

Source:

Note:

LAZARD
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Storage
Storage Generation Duration
Location Description (MW) (MW) (hours) Revenue Streams
CAISO'!
(SP-15) Large-scale energy storage system 100 - 4
e Energy Arbitrage
ERCOT?2 Energy storage system designed to be paired 50 100 4 * Frequency Regulation
(South Texas) with large solar PV facilities ¢ Resource Adequacy
e Spinning/Non-Spinning Reserves
ERCOT? Energy storage system designed to be paired 50 100 4
(South Texas) with large wind generation facilities
PG&ES Energy storage system designed for behind- « Demand Response—Utility
(California) the-meter peak shaving and demand charge 1 - 2
reduction for C&l energy users e BillManagement
e Incentives
e Tariff Settlement, Demand
PG&ES Energy storage system designed for behind- Response Participation, Avoided
the-meter peak shaving and demand charge 0.5 1 4 Costs to Commercial Customer

(California)

reduction services for C&l energy users

and Local Capacity Resource
Programs

Lazard estimates and publicly available information.
Actual project returns may vary due to differences in location-specific costs, revenue streams and owner/developerrisk preferences.
Refers to the California Independent System Operator.
Refers to the Electricity Reliability Council of Texas.
Refers to the Pacific Gas & Electric Company.

23
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Storage Value Snapshot Case Studies—Results

Project economics evaluated in the Storage Value Snapshot Case Studies continue to evolve year-over-year as costs change and the
value of revenue streams adjust to reflect underlying market conditions, utility rate structures and policy developments. Notably, this year
capacity/resource adequacy payments nearly doubled which, combined with LCOS declines, significantly increased project returns

In-Front-of-the-Meter Storage Behind-the-Meter Storage
$/MWh $/MWh
O Subsidized IRR O Subsidized IRR
$500 $500
@ 2 ® 4 5
450 450
47.5% 20.2% 23.6% 34.1% 28.9%
400 400
350 350
300 300
250 250
200 200
150 150
100 100
50 50
0 0
Utility-Scale Utility-Scale Utility-Scale cal C&l
Standalone PV + Storage Wind + Storage Standalone PV + Storage
(CAISO) (ERCOT) (ERCOT) (PG&E) (PG&E)

m Energy Arbitrage’ mFrequency Regulation = Spinning/Non-Spinning Reserves = Capacity/Resource Adequacy  ®Demand Response—Ultility = Bill Management = Local Incentive Payments

Source: Lazard estimates and publicly available information.

Note: Levelized costs presented for each Value Snapshot reflect local market and operating conditions (including installed costs, market prices, charging costs and incentives) and are different in certain cases from the LCOS results for the
equivalent use case on the page titled “Levelized Cost of Storage Comparison—Version 10.0 ($/MWh)”, which are more broadly representative of U.S. storage market conditions as opposed to location-specific conditions. Levelized
revenues in all cases are gross revenues (not including charging costs). Subsidized levelized cost for each Value Snapshot reflects: (1) average cost structure for storage, solar and wind capital costs, (2) charging costs based on local
wholesale prices or utility tariff rates and (3) all applicable state and federal tax incentives, including 30% federal ITC for solar and/or storage and $27.50/MWh federal PTC for wind. Value Snapshots do not include cash payments from state
or utility incentive programs. Revenues for Value Snapshots (1) - (3) are based on hourly wholesale prices from the 365 days prior to December 31, 2024. Revenues for Value Snapshots (4) - (5) are based on the most recent tariffs, programs

LAZARD and incentives available as of February 1, 2025. 24
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I_C@: A COST OF FIRMING INTERMITTENCY

Market Overview—Current Generation Mix

The current generation mix across the U.S. varies significantly by market—resource availability, operational constraints, load profiles,
transmission infrastructure, seasonal weather patterns and regulatory constructs, among other factors, are key drivers of such variation

2024 Generation Mix by Region
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LAZARD Source: Publicly available information. 27
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A COST OF FIRMING INTERMITTENCY

Market Overview—Current Firming Cost Frameworks

Many grid operators and utilities use effective load-carrying capability (“ELCC”) to measure the reliability of new power generation
resources to contribute to the electricity grid at key periods of demand, particularly intermittent ones like wind and solar. Combined with
the net cost of new entry (“Net CONE”)", as determined by the grid operator, ELCC helps to guide decisions on resource planning,
capacity adequacy and system reliability. Balancing authorities (“BA”s) such as MISO, CAISO, SPP, PJM and ERCOT have adopted ELCC
accreditation frameworks to ensure a reliable and efficient grid

* ELCC measures the performance of a resource at times of greatest “capacity need” for the system, where capacity need is a function of electricity demand
patterns and the generation mix in each region—in general, the higher the renewable resource penetration, the lower the ELCC accreditation for each
additional renewable resource

BA-Specified
“Firming” Source

Net CONE’

ELCC Values? ($/kW-month) Selected Market Commentary

Natural Gas

e In March 2024, MISO adopted the FERC Reliability Availability and Need (“RAN”) seasonal capacity
construct for wind and solar resources

. 0,
Solar: 39% $10.03 e Seasonal wind accredited capacity values are 18.1% for summer, 18.6% for fall, 53.1% for winter and

Peaker Wind: 26% 18.0% for spring
e Solar capacity values are 50% for all seasons except winter, which is 5%
Solar: 7% e Increasing levels of solar penetration in CAISO have shifted peak demand later in the day, reducing the
CAISO 4-Hour Lithium- PV + St 3. 41% $18.92 ELCC value for solar
lon Battery 'or?ge o ° ’ e CAISO significantly reduced ELCC values for 4-hour battery storage systems, driven by significant growth
Wind: 12% in 4-hour storage capacity
e SPP published seasonal accreditation values based on 2024, assigning separate values to resources for
Spp Natural Gas Solar: 51% $8.38 summer and winter seasons
Peaker Wind: 20% ’ e Summer wind and solar contributions are 15.2% and 25.5%, respectively, whereas winter values shift to
39.1% for wind and 62.2% for solar
Natural Gas Solar: 12% e PJM adopted a new, marginal ELCC methodology to begin in the 2025/2026 delivery year that reduces the
Peak PV + Storage?: 33% $10.29 reliability value of highly correlated resources, such as solar and short-duration storage*
eaker Wind: 38% e The update is expected to better capture expected resource performance during system peak
. 200 e ERCOT maintains notably high ELCC values despite having the highest renewable penetration by
ERCOT Na;“rakl Gas \S/\j’.la(;j 220;" $9.92 capacity of the U.S. regulatory markets
eaker ind: 0 e ERCOT updates its capacity scheme every three years; the most recent publication was December 2022
Source: Publicly available information.

1
2
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Net “CONE” is defined as capital and operating costs less expected market revenues for a new, firm resource (e.g., gas peaker or battery storage). Net CONE is established by the respective balancing authority.

ELCC values are calculated by the respective balancing authority. ELCC is an indicator of the incremental reliability contribution of a given resource to the electricity grid based on its contribution to meeting peak electricity demand. For

example, a 1 MW wind resource with a 15% ELCC provides 0.15 MW of capacity contribution and would need to be supplemented by 0.85 MW of additional firm capacity to represent the addition of 1 MW of firm system capacity. Where
seasonalaccreditation values exist, values have been annualized.

For PV + Storage cases, the effective ELCC value is represented. CAISO and PJM assess ELCC values separately for the PV and storage components of a system. Storage ELCC value is provided only for the capacity that can be charged 28
directly by the accompanying resource up to the energy required for a 4-hour discharge during peak load. Any capacity available in excess of the 4-hour maximum discharge is attributed to the system at the solar ELCC. ELCC values for

storage range from 55% to 75% for PJM and CAISO, respectively.

This year's analysis does not reflect this future methodology. This analysis has been prepared by Lazard for generalinformationaland illustrative purposes only, and it is not intended to be, and should not be construed as, financialor

other advice. No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior written consent of Lazard.
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I_C@: A COST OF FIRMING INTERMITTENCY

Cost of Firming Intermittency—Methodology

Lazard’s Cost of Firming Intermittency analysis builds on the LCOE results by evaluating system-level costs associated with
supplementing intermittent renewable energy on the grid with firm capacity to ensure reliable electricity delivery during peak demand
periods. The analysis utilizes ELCC and Net CONE values assessed and published by grid operators for each regional market to determine
these costs

e The firm capacity value of a new resource is calculated as Nameplate Capacity x ELCC %, where:
- Nameplate Capacity of a resource refers to its maximum potential energy output, and

- ELCC measures the performance of a resource at times of greatest “capacity need” for the system, where capacity need is a function of
electricity demand patterns and the generation mix in each region

e Overtime, increased renewable penetration or changes in demand patterns can shift the timing of the capacity need, impacting ELCC

e The remaining non-firm capacity (Nameplate Capacity x (1 — (ELCC %))) is “firmed” at the Net CONE, a $/kW-month figure which is intended to
reflect capital and operating costs less expected market revenues for a new, firm resource (e.g., gas peaker or battery storage)

- Net CONE is assessed and published by grid operators for each regional market

In the following analysis, the Levelized Firming Cost is defined as the additional capacity payment, priced at Net CONE, required to bring
the ELCC of the combined system (intermittent and firming resource) to 100%. The LCOE plus Levelized Firming Cost varies between
ISOs, due to (1) the standalone LCOE in the region based on regional capacity factor for wind or solar, (2) the ELCC value of the standalone
renewable resource and (3) the region’s Net CONE

Nameplate Capacity (kW) x (1 - ELCC (%)) x Net CONE ($/kW-month) x 12 Months . Levelized Firming Cost
L ($/MWh)

Nameplate Capacity (MW) x Regional Capacity Factor (%) x 8,760 Hours

LLAZARD 29
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A COST OF FIRMING INTERMITTENCY

Cost of Firming Intermittency—Results

The Cost of Firming Intermittency or “firming cost” is the incremental cost to firm? solar, solar + storage or wind resources through
additional monthly capacity payments to a firming resource under current regional system planning constructs

LCOE plus Levelized Firming Cost ($/MWh)?

175

150

125

100

Gas Peaking LCOE v18.0 ($149 - $251/MWh)

g

$164 §

_________________ $137 ______;$:|f1'?_. __$_1f1'_2_________________________________________ __ﬂ‘}‘}_-________________________________*_
$127 $128 $131 $122 $51 $118 Gas Combined Cycle LCOE

$103 $66 $109 $96 $99 $51 $111 v18.0 ($48 - $109/MWh)
__________________ o 1866 ciggge- o %96 ... __$99 g ' gg7 T T CTTTN
$84 $66 s $73 $48 $42 s86  $91 4

v

Solar Wind Solar PV + Storage Wind Solar Wind Solar PV + Storage Wind Solar Wind
ELCC?® 39% 26% 7% 41%* 12% 51% 20% 38% 33%* 38% 38% 25%
Capacity Factor 20% 37% 27% 27% 33% 21% 40% 18% 18% 30% 24% 34%
Resource Penetration 13% 26% 43% 43% 17% 2% 61% 2% 2% 5% 34% 46%
CAISO SPP ERCOT
m Unsubsidized Regional LCOE? Subsidized Regional LCOE (excl. Energy Community)*® Levelized Firming Cost’
Source: Lazard estimates and publicly available information.
Note: Total, including firming cost, does not represent the cost of building a 24/7 firm resource on a single project site but, instead, the LCOE of a renewable resource and the additional capacity costs required to achieve the resource adequacy
requirementin the relevant reliability region based on the net cost of new entry (“Net CONE”). ISO ELCC data as of April 2025 and representative of annualized ELCC values.
1 Firming costs reflect the cost of additional capacity required to supplement the net capacity of the renewable resource (nameplate capacity * (1 - ELCC)) and the Net CONE of a new firm resource (capital and operating costs, less expected market
revenues). Net CONE is assessed and published by grid operators for each regional market. Grid operators use a natural gas peaker as the assumed new resource in MISO ($10.03/kW-mo), SPP ($8.38/kW-mo), PJM ($10.29/kW-mo) and ERCOT
($9.92/kW-mo). In CAISO, the assumed new resource is a 4-hour lithium-ion battery storage system ($18.92/kW-mo). For the PV + Storage cases in CAISO and PJM, assumed storage configurationis 50% of PV capacity and 4-hour duration.
2 Reflects the average of the high and low of Lazard’s LCOE v18.0 for each technology using the regional capacity factor, as indicated, to demonstrate the regional differences in project costs.
3 ELCC s an indicator of the incremental reliability contribution of a given resource to the electricity grid based on its contribution to meeting peak electricity demand. For example, a 1 MW wind resource with a 15% ELCC provides 0.15 MW of

LAZARD

Copyright 2025 Lazard g

capacity contribution and would need to be supplemented by 0.85 MW of additional firm capacity in order to represent the addition of 1 MW of firm system capacity.

For PV + Storage cases, the effective ELCC value is represented. CAISO and PJM assess ELCC values separately for the PV and storage components of a system. Storage ELCC value is provided only for the capacity that can be charged directly by

the accompanyingresource up to the energy required for a 4-hour discharge during peak load. Any capacity available in excess of the 4-hour maximum discharge is attributed to the system at the solar ELCC. ELCC values for storage range from 55% 30
to 75% for PJM and CAISO, respectively.

This sensitivity analysis assumes that projects qualify for the full ITC, have a capital structure that includes sponsor equity, debt and tax equity and assumes the equity owner has taxable income to monetize the tax credits.
This analysis has been prepared by Lazard for generalinformationaland illustrative purposes only, and it is not intended to be, and should not be construed as, financial or

other advice. No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior written consent of Lazard.
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A LCOE V18.0

Levelized Cost of Energy Comparison—Methodology

($ in millions, unless otherwise noted)

Lazard’s LCOE analysis consists of creating a power plant model representing an illustrative project for each relevant technology and
solving for the $/MWh value that results in a levered IRR equal to the assumed cost of equity (see subsequent “Key Assumptions” pages

for detailed

LAZARD

Copyright 2025 Lazard

assum ptIO ns by tec h no lOgy) Unsubsidized Onshore Wind — Low Case Sample Illustrative Calculations
Year' 0 1 2 3 4 5 30 Key Assumptions®
Capacity (MW) (A) 300 300 300 300 300 300 Capacity (MW) 300
Capacity Factor (B) 55% 55% 55% 55% 55% 55% Capacity Factor 55%
Total Generation ('000 MWh) (C)*=(A) x (B) 1,445 1,445 1,445 1,445 1,445 1,445 Fuel Cost ($/MMVBtu) $0.00
Levelized Energy Cost ($/M Wh) (D) $36.7 $36.7 $36.7 $36.7 $36.7 $36.7 Heat Rate (Btu/kWh) 0
Total Revenues (B)*=(C) x (D) $53.0 $53.0 $53.0 $53.0 $53.0 $53.0 Fixed O&M ($/kW-year) $24.5
Variable O&M ($/MWh) $0.0
Total Fuel Cost (F) -- -- -- -- -- -- O&M Escalation Rate 2.25%
Total O&M (G)* 7.4 7.5 7.7 7.9 8.0 14.0 Capital Structure
Total Operating Costs (H) = (F) +(G) $7.4 $7.5 $7.7 $7.9 $8.0 $14.0 Debt 60.0%
Cost of Debt 8.0%
EBITDA () =(E) - (H $45.7 $45.5 $45.3 $45.1 $45.0 $39.0 Equity 40.0%
Cost of Equity 12.0%
Debt Outstanding - Beginning of Period (J) $342.0 z $339.0 $335.7 $332.2 $328.4 $28.1 Taxes and Tax Incentives:
Debt - Interest Expense (K) (27.4) (27.1) (26.9) (26.6) (26.3) (2.3) Combined Tax Rate 40%
Debt - Principal Payment (L) (3.0) (3.3) (3.5) (3.8) (4.1) (28.1) Economic Life (years)6 30
Levelized Debt Service (M) = (K) + (L) ($30.4) ($30.4) ($30.4) ($30.4) ($30.4) ($30.4) MACRS Depreciation (Year Schedule) 5
Capex
EBITDA U] $45.7 $45.5 $45.3 $45.1 $45.0 $39.0 EPC Costs ($/kW) $1,900
Depreciation (MACRS) (N) (114.0) (182.4) (109.4) (65.7) (65.7) 0.0 Additional Ow ner's Costs ($/kW) $0
Interest Expense (K) (27.4) (27.1) (26.9) (26.6) (26.3) 39.0 Transmission Costs ($/kW) $0
Taxable Income (0) =(I) +(N) +(K) ($95.7) ($164.0) ($91.0) ($47.1) ($47.0) ($2.3) Total Capital Costs ($/kW) $1,900
Tax Benefit (Liability)3 (P) = (O) x (tax rate) $38.5 $65.9 $36.6 $18.9 $18.9 ($14.8) Total Capex ($m) $570
After-Tax Net Equity Cash Flow (Q) =(I) + (M) +(P) ($228.0)4 $53.7 $81.0 $51.5 $33.7 $33.5 ($6.2)
IRR For Equity Investors 12%
Source: Lazard estimates and publicly available information.
Note: Numbers presented for illustrative purposes only. Technology-Dependent
* Denotes unit conversion. ) » )
2 Reocts s ot mancingto fndoepes. -+ Consistent Across
3 Assumes full monetization of tax benefits or losses immediately. Versions/Technologies
4 Reflects initial cash outflow from equigy investors to fund capex. ) » 33
5 Reflects a “key” subset of all assumptions for methodology illustration purposes only. Does not reflect all assumptions.
6 Economic life sets debt amortization schedule.

This analysis has been prepared by Lazard for generalinformationaland illustrative purposes only, and it is not intended to be, and should not be construed as, financialor
other advice. No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior written consent of Lazard.
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Levelized Cost of Energy—Key Assumptions

Renewable Energy: Solar PV

Units Community and C&l Utility

Low High Low High
Net Facility Output MW 2.0 150
Total Capital Cost $/kW $1,600 - $3,300 $1,150 - $1,600
Fixed O&M $/KW-yr $13.00 - $20.00 $11.00 - $14.00
Variable O&M $/MWh — —
Heat Rate Btu/kWh — —
Capacity Factor % 20% - 15% 30% - 20%
Fuel Price $/MMBTU — —
ConstructionTime Months 6 15
Facility Life Years 30 35
Levelized Cost of Energy $/MWh $81 - $217 $38 - $78

LLAZARD 34
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Levelized Cost of Energy—Key Assumptions (conca)

Renewable Energy

Units Geothermal Wind—Onshore Wind—Offshore
Low High Low High Low High
Net Facility Output MW 250 300 900
Total Capital Cost $/kW $5,000 - $6,460 $1,900 - $2,300 $3,450 - $6,550
Fixed O&M $/kW-yr $1450 - $15.75 $2450 - $40.00 $60.00 - $91.50
Variable O&M $/MWh $9.05 - $24.80 — —
Heat Rate Btu/kWh — — —
Capacity Factor % 90% - 80% 55% - 30% 55% - 45%
Fuel Price $/MMBTU — — —
ConstructionTime Months 36 18 24
Facility Life Years 25 30 30
Levelized Cost of Energy $/MWh $66 - $109 $37 - $86 $70 - $157
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Levelized Cost of Energy—Key Assumptions (conca)

Renewable Energy: Hybrid Generation + Storage

Units Solar PV + Storage—Utility Wind + Storage—Onshore
Low High Low High

Storage
Power Rating MW 50 50
Duration Hours 4 4
Usable Energy MWh 200 200
90% Depth of Discharge Cycles/Year % 350 350
Roundtrip Efficiency % 92% 92%
Inverter Cost $/KW $19 - $50 $19 - $50
Total Capital Cost (excl. Inverter) $/kWh $122 - $313 $122 - $313
Storage O&M $/kWh $3.00 - $8.02 $3.00 - $8.02
Generation
Capacity MW 100 100
Capacity Factor % 30.0% - 20.0% 55.0% - 30.0%
Project Life Years 35 30
Total Capital Cost $/kW $1,150 - $1,600 $1,900 - $2,300
Fixed O&M $/kW $11.00 - $14.00 $24.50 - $40.00
Extended Warranty Start Year 3 3
Warranty Expense % of Capital Costs % 0.7% - 1.9% 0.7% - 1.9%
Charging Cost $/MWh $0.00 $0.00
Unsubsidized LCOE $/MWh $50 - $131 $44 - $123

L A ZA R D Source: Lazard estimates and publicly available information. 36
N

Copyright 2025 Lazard ote: Hybrid scenarios assume 10% cost synergies for storage capital costs and 25% synergies for inverter costs due to colocation of the storage and generation asset.
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Levelized Cost of Energy—Key Assumptions (conca)

Conventional Energy

Gas Combined Cycle

Units Gas Peaking (New Build) U.S. Nuclear (New Build) Coal (New Build) (New Build)

Low High Low High Low High Low High
Net Facility Output MW 550 - 175 2,200 600 1,225 - 750
Total Capital Cost $/kW $1,150 - $1,450 $9,020 - $14,820 $3,405 - $7,210 $1,200 - $1,600
Fixed O&M $/KW-yr $10.00 - $17.00 $136.00 - $158.00 $40.85 - $94.35 $10.00 - $25.50
Variable O&M $/MWh $3.50 - $5.00 $4.40 -  $5.15 $3.10 - $5.70 $2.75 - $5.00
Heat Rate Btu/kWh 10,275 - 11,175 10,450 8,750 - 12,000 6,475 - 6,550
Capacity Factor % 15% - 10% 92% - 89% 85% - 65% 90% - 30%
Fuel Price $/MMBTU $3.45 $0.85 $1.47 $3.45
Construction Time Months 24 84 60 - 66 24
Facility Life Years 30 70 40 30
Levelized Cost of Energy $/MWh $149 - $251 $141 - $220 $71 - $173 $48 - $109

LAZARD
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Source:

Lazard estimates and publicly available information.
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Levelized Cost of Energy—Key Assumptions (conca)

Marginal Cost of Selected Existing Conventional Generation

Gas Combined Cycle

Units Gas Peaking (Operating) U.S. Nuclear (Operating) Coal (Operating) (Operating)
Low High Low High Low High Low High

Net Facility Output MW 240 - 50 2,200 600 550

Total Capital Cost $/kW $0 $0 $0 $0

Fixed O&M $/KW-yr $4.00 -  $6.10 $89.00 - $121.60 $21.70 - $33.80 $8.90 - $13.60
Variable O&M $/MWh $2.70 - $9.30 $2.70 - $3.90 $3.20 -  $7.20 $0.80 -  $1.80
Heat Rate Btu/kWh 10,900 - 12,550 10,400 - 10,400 10,250 - 11,800 6,950 - 7,475
Capacity Factor % 5% - 1% 91% - 87% 49% - 7% 62% - 17%
Fuel Price $/MMBtu $2.50 - $2.90 $0.80 - $0.80 $1.70 - $2.40 $2.50 - $2.90
ConstructionTime Months 24 84 60 24

Facility Life Years 30 70 40 30
Levelized Cost of Energy $/MWh $47 - $170 $30 - $38 $31 - $114 $24 - $39
LAZARD | o ot 38

Source: Lazard estimates and publicly available information.
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Levelized Cost of Energy Components—Low End ($/MWh)

Certain renewable energy generation technologies are already cost-competitive with conventional generation technologies; key factors
regarding the continued cost decline of renewable energy generation technologies are the ability of technological development and
Industry scale to continue lowering operating expenses and capital costs for renewable energy generation technologies

Solar PV—Community & C&l $74 $7 EELE
Solar PV—Utility $34 $4 Xt
Solar PV + Storage—Urtility $45 Wl $50

Renewable Geothermal $55 £Vl 9 $66

Energy

Wind—Onshore $32 Y $37

Wind + Storage—Onshore $39 $5 QLY

Wind—Offshore $58 $12 $70

U.S. Nuclear $113 $15 $4- $141
Coal $50 $5 $3- $71

Conventional Energy

Gas Combined Cycle $21 $1 _ $48
$0 $25 $50 $75 $100 $125 $150 $175
| Levelized Cost of Energy ($/MWh) |
W Capital Cost m Fixed O&M = Variable O&M m Fuel Cost
LAZARD Source: Lazard estimates and publicly available information. 39
Copyright 2025 Lazard Note: Figures may not sum due to rounding.
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Levelized Cost of Energy Components—High End ($/MWh)

Certain renewable energy generation technologies are already cost-competitive with conventional generation technologies; key factors
regarding the continued cost decline of renewable energy generation technologies are the ability of technological development and
Industry scale to continue lowering operating expenses and capital costs for renewable energy generation technologies

Solar PV—Community & C&l $202 G $217

Solar PV—Utility $70 $8 ByL

Solar PV + Storage—Ultility $123 Bl $131

Renewable
Geothermal $82 Yl $25 $109
Energy

Wind—Onshore $71 $15 BELEL

Wind + Storage—Onshore $108 N $123

Wind—Offshore $133 $23 $157

Gas Peaking $188 $19 $5_ $251
Coal $134 SElss 18| s17s
25

$0 $

Conventional Energy

$50 $75 $100 $125 $150 $175 $200 $225 $250 $275
| Levelized Cost of Energy ($/MWh) |
W Capital Cost mFixed O&M = Variable O&M m Fuel Cost

LAZARD Source: Lazard estimates and publicly available information. 40
Note:

Copyright 2025 Lazard Figures may not sum due to rounding.
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B LCOS V10.0

Levelized Cost of Storage Comparison—Methodology

($ in millions, unless otherwise noted)

Lazard’s LCOS analysis consists of creating a power plant model representing an illustrative project for each relevant technology and
solving for the $/MWh value that results in a levered IRR equal to the assumed cost of equity (see subsequent “Key Assumptions” page for
detailed assumptions by technology)

Subsidized Utility-Scale Standalone (100 MW/200 MWh)—Low Case Sample Calculations

Year' 0 1 2 3 4 5 20 Key Assumptions’
Capacity (MW) (A) 100 100 100 100 100 100 Power Rating (MW) 100
Available Capacity (MW) 110 109 107 104 102 110 110 Duration (Hours) 2
Total Generation ('000 MWh)2 (B)* 63 63 63 63 63 63 Usable Energy (MWh) 200
Levelized Storage Cost ($/MWh) () $95 $95 $95 $95 $95 $95 90% Depth of Discharge Cycles/Day 1
Total Revenues (D)*=(B)x (C) $6.0 $6.0 $6.0 $6.0 $6.0 $6.0 Operating Days/Year 350
Charging Cost ($/kWh) $0.033
Total Charging Cost 8 (E) (2.3) (2.3) (24) (24) (2.5) (3.3) Fixed O&M Cost ($/kWh) $3.00
Total O&M, Warranty, & Augmentation4 (F)* (0.6) (0.6) (0.8) (0.8) (2.6) (1.1) Fixed O&M Escalator (%) 2.5%
Total Operating Costs (G)=(E) +(F) ($2.9) ($2.9) ($3.2) ($3.3) ($5.1) ($4.5) Charging Cost Escalator (%) 1.97%
Efficiency (%) 91%
EBITDA (H)=(D)-(G) $3.1 $3.0 $2.8 $2.7 $0.9 $15 Capital Structure
Debt 20.0%
Debt Outstanding - Beginning of Period (I) $6.8° $6.6 $6.4 $6.3 $6.1 $0.6 Cost of Debt 8.0%
Debt - Interest Expense ) (0.5) (0.5) (0.5) (0.5) (0.5) 0.1) Equity 20.0%
Debt - Principal Payment (K) (0.1) (0.2) (0.2) (0.2) 0.2) (0.6) Cost of Equity 12.0%
Levelized Debt Service (L) =)+ (K) 0.7) 0.7) 0.7) (0.7) (0.7) 0.7) Taxes
Combined Tax Rate 40.2%
EBITDA (H) $3.1 $3.0 $2.8 $2.7 $0.9 $15 Economic Life (years) 20
Depreciation (MACRS) (M) (5.4) (8.6) (5.2) (3.1) (3.1) 0.0 MACRS (Year Schedule) 5 Years|
Interest Expense ) (0.5) 1.7 0.0 0.0 0.0 (0.5) Federal ITC - BESS 40%
Taxable Income (N) = (H) + (M) + (J) ($2.9) ($3.9) ($2.4) ($0.4) ($2.2) $1.1 Capex
Tax Benefit (Liability) (0) = (N) x (Tax Rate) $1.2 $1.6 $1.0 $0.2 $0.9 ($0.4) Total Initial Installed Cost ($lkWh)8 $169
Extended Warranty (% of Capital Cost) 0.7%
Federal Investment Tax Credit (ITC) (P) $13.5 $0.0 $0.0 $0.0 $0.0 $0.0 Extended Warranty Start Year 3]
Total Capex ($m) $34
After-Tax Net Equity Cash Flow (Q)=(H)+(L)+(O)+(P) ($27.0)s $17.0 $3.9 $3.1 $2.2 $1.1 $0.4
IRR For Equity Investors 12.0%
Source: Lazard estimates and publicly available information. TeChnOlOgy'Dependent
Note: Numbers presented forillustrative purposes only.
* Denotes unit conversion. .
1 Assumes half-year conventionfor discounting purposes. ConsistentAcross
2 Total(_;eneration reflects(Cycles)x(A_vailable C_a_pacity)x(Depth of Discharge)x(Dur_ation). Note for the purpose of this analysis, Lazard accounts for degradation in the available capacity calculation. Versions/Technologies
3 Charging Cost reflects (Total Generation)/ [(Efficiency) x (Charging Cost) x (1 + Charging Cost Escalator)].
4 O&M_ co_sts include general O&M (BESS plus any relevant Solar PV or Wind O&M, escalating annually at 2.5%), augmentation costs (incurred in years needed to maintain usable energy at original storage module cost) and warranty costs
5 ;teafiggtgslinnxi/t?:lr:e‘bt financingto fund capex.
LA ZA R D g SZHZEE: ian‘i‘tlizly(’:’assuhbz:Ifé[;\;vl[r:sZUQrz:Lﬁ%;rs’?onfr%réthodologyand illustration purposes only. Does not reflect all assumptions. 42
Copyright 2025 Lazard 8 Initial Installed Cost includes inverter cost, module cost, balance-of-system cost and EPC cost.

This analysis has been prepared by Lazard for generalinformationaland illustrative purposes only, and it is not intended to be, and should not be construed as, financialor
other advice. No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior written consent of Lazard.
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Levelized Cost of Storage—Key Assumptions

Utility-Scale C&l Residential
Standalone Standalone Standalone

Units (100 MW/200 MWh) (100 MW/400 MWh) (1MW/2MWh) (0.006 MW/0.025 MWh)
Power Rating MW 100 100 1 0.006
Duration Hours 2.0 4.0 2.0 4.2
Usable Energy MWh 200 400 2 0.025
90% Depth of Discharge Cycles/Day # 1 1 1 1
Operating Days/Year # 350 350 350 350
Solar/Wind Capacity MW 0.00 0.00 0.00 0.000
Annual Solar/Wind Generation MWh 0 0 0 0
Project Life Years 20 20 20 20
Annual Storage Output MWh 63,000 126,000 630 8
Lifetime Storage Output MWh 1,260,000 2,520,000 12,600 158
Initial Capital Cost—DC $/kWh $113 - $244 $107 - $232 $238 - $445 $721 - $1,338
Initial Capital Cost—AC $/kW $26 - $70 $25 - $67 $40 - $80 $0 - $0
EPC Costs $/kWh $29 - $122 $28 - $116 $56 - $168 $0 - $0
Solar/Wind Capital Cost $/kW $0 - $0 $0 - $0 $0 - $0 $0 - $0
Total Initial Installed Cost M$ $31 - $80 $56 - $146 $1 - $1 $0 - $0
Storage O&M $/kWh $3.0 - $8.2 $3.0 - $8.0 $7.3 - $9.1 $0.0 - $0.0
Extended Warranty Start Year 3 3 3 3
Warranty Expense % of Capital Costs % 0.65% - 1.50% 0.66% - 1.85% 0.50% - 1.30% 0.00% - 0.00%
Investment Tax Credit (Solar) % 0% 0% 0% 0%
Investment Tax Credit (Storage) % 30.00% - 40.00% 30.00% - 40.00% 30.00% - 40.00% 30.00% - 40.00%
Production Tax Credit $/MWh $0 $0 $0 $0
Charging Cost $/MWh $33 $27 $111 $152
Charging Cost Escalator % 1.97% 1.97% 1.97% 1.97%
Efficiency of Storage Technology % 91% - 87% 92% - 86% 92% - 88% 91% - 88%
Unsubsidized LCOS $/MWh $129 - $277 $115 - $254 $319 - $506 $547 - $860

Source: Lazard estimates and publicly available information.
L A ZA R D Note: All cases were modeled using 90% depth of discharge and 10% overbuild. Wholesale charging costs reflect weighted average hourly wholesale energy prices across a representative charging profile of a standalone storage asset 43
Copyright 2025 Lazard participating in wholesale revenue streams. Escalation is derived from the EIA’s “AEO 2022 Energy Source-Electric Price Forecast (20-year CAGR)”.

This analysis has been prepared by Lazard for generalinformationaland illustrative purposes only, and it is not intended to be, and should not be construed as, financialor
other advice. No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior written consent of Lazard.
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Levelized Cost of Storage Components—Low End ($/MWh)

Capital costs, fixed operating costs and charging costs contribute to the all-in cost in varying proportions depending on the specific
energy storage use case and configuration
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Storage

Utility-Scale Standalone
(100 MW, 4-Hour)

$115

C&l Standalone
(1 MW, 2-Hour)
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Storage
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$0 $100 $200 $300 $400 $500 $600
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LAZARD Source: Lazard estimates and publicly available information. 44
N

Copyright 2025 Lazard ote: Figures may not sum due to rounding.
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Levelized Cost of Storage Components—High End ($/MWh)

Capital costs, fixed operating costs and charging costs contribute to the all-in cost in varying proportions depending on the specific
energy storage use case and configuration
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Storage
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LAZARD Source: Lazard estimates and publicly available information. 45
N

Copyright 2025 Lazard ote: Figures may not sum due to rounding.
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Energy Storage Use Cases—Overview

By identifying and evaluating selected energy storage applications, Lazard’s LCOS analyzes the cost of energy storage for in-front-of-the-
meter and behind-the-meter use cases

Use Case Description Technologies Assessed

e Large-scale energy storage system designed for rapid start and precise following of
dispatch signal

e Variations in system discharge duration are designed to meet varying system e Lithium Iron Phosphate (LFF)

Aligyesle needs (i.e., short-duration frequency regulation, longer-duration energy arbitrage’

=
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(@]
x=
Lo
1
=

Standalone . e Lithium Nickel Manganese
or capacity, etc.) Cobalt Oxide (NMC)
- To betterreflect current market trends, this analysis analyzes 2- and 4-hour
durations?
e Energy storage system designed for behind-the-meter peak shaving and demand
© Commercial & charge reduction for C&l users e Lithium Iron Phosphate (LFP)
Qapn .
g Industrial — Units are often configured to support multiple commercial energy management e Lithium Nickel Manganese
& Standalone strategies and provide optionality for the system to provide grid services to a Cobalt Oxide (NMC)
E utility or the wholesale market, as appropriate, in a given region
)
2
(o)
=
. e Energy storage system designed for behind-the-meter residential home use— _
g o gy storage sy g nc e Lithium Iron Phosphate (LFP)
= Residential provides backup power and power quality improvements
) . . . L e Lithium Nickel Manganese
m Standalone — Depending on geography, can arbitrage residential time-of-use (“TOU”) rates Cobalt Oxide (NMC;g
and/or participate in utility demand response programs
Source: Lazard estimates and publicly available information.
1 For the purposes of this analysis, “energy arbitrage” in the context of storage systems paired with solar PV includes revenue streams associated with the sale of excess generation from the solar PV system, as appropriate, for a given use
LA ZAR D 2 'crﬁze\}alue Snapshot Case Studies only evaluate the 4-hour utility-scale use case. 46

Copyright 2025 Lazard
This analysis has been prepared by Lazard for generalinformationaland illustrative purposes only, and it is not intended to be, and should not be construed as, financialor
other advice. No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior written consent of Lazard.





LC®-= B LCOS V10.0

Energy Storage Use Cases—Illustrative Operational Parameters

Lazard’s LCOS evaluates selected energy storage applications and use cases by identifying illustrative operational parameters '

e Energy storage systems may also be configured to support combined/“stacked” use cases

. A e B A 1 ;e ;e
Project Solar/ Battery Storage | Nameplate I 90% DOD | [ |
Life Storage Wind Degradation Duration | Capacity I Cycles/ Days/ | Annual I Project
|
(Years) (MW)? (MW) (per annum) (Hours) | (Mwh)?® Day* Year® | MWh® 1 MWwh
i i
| ' |
- I 1 1
g ' ’ I o
(]
= 20 100 - 2.6% 2 1 200 I 1 350 I 63,000 I, 1,260,000
] |
2 . : I 1 I
= Utility-Scale I . I I
y— 1
S Standalone ' I I f
£ ' , I o
o | |
e 20 100 - 2.6% 4 400 I 1 350 I 126,000 ! 2,520,000
2z ! : | o
= ' I o
1 | |
[0} y 1 | |
% . l I I
S Commercial & I [ : 1
&H Industrial 20 1 - 2.6% 2 I 2 I 1 350 I 630 B 12,600
|
o Standalone I I h
= |
> l . 1 I
] 1 ’ I
o . . | | |
< Residential I ’ I I
1
° Standalone 20 0.006 - 1.9% 4 0025 1 350 | 8 ' 158
z ' I I .
© I I
m . I 1 |
U e e e oo e - T T o e - - -
Source: Lazard estimates and publicly available information. E _ | =“Usable Energy”7
Note: Operational parameters presented herein are applied to Value Snapshotand LCOS calculations. Annual and Project MWh in the Value Snapshot analysis may vary from the representative project.
1 The use cases herein represent illustrative current and contemplated energy storage applications.
2 Indicates power rating of system (i.e., system size).
3 Indicates total battery energy content on a single, 100% charge or “usable energy”. Usable energy divided by power rating (in MW) reflects hourly duration of system. This analysis reflects common practice in the market whereby batteries
are upsized in year one to 110% of nameplate capacity (e.g., a 100 MWh battery actually begins project life with 110 MWh).
4 “DOD” denotes depth of battery discharge (i.e., the percent of the battery’s energy content that is discharged). A 90% DOD indicates that a fully charged battery discharges 90% of its energy. To preserve battery longevity, this analysis
assumes that the battery never charges over 95%, or discharges below 5%, of its usable energy.
5 Indicates number of days of system operation per calendar year.
LA ZARD 6 Augmented to nameplate MWh capacity as needed to ensure usable energy is maintained at the nameplate capacity, based on Year 1 storage module cost. 47
Copyright 2025 Lazard 7 Usable energy indicates energy stored and available to be dispatched from the battery.
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Lazard’s LCOE+ will continue to evolve over time, and we appreciate that there can, and will be, varied views regarding the specifics of our analyses. Accordingly, we would be

happy to discuss any of our underlying assumptions and analyses in further detail—and, to be clear, we welcome these discussions as we try to improve our studies over time. In

that regard, the studies remain our attempt to contribute in a differentiated and impactful manner to the Industry.

More generally, Lazard remains committed to our Power, Energy & Infrastructure Group clients, who remain our highest priority. In that regard, we believe that we have the greatest

allocation of resources and effort devoted to this sector of any investment bank. Further, we have an ongoing and intense focus on strategic issues that require long-term

commitment and planning. Accordingly, Lazard strives to maintain its preeminent position as a thought leader and leading advisor to clients on their most important matters,

especially in this Industry.
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In-situ (ISR) mining- https://www.mining-technology.com/projects/goliadprojecttexas/?cf-
view&cf-closed

"The ISR method reverses the natural process through which uranium deposits are formed.
Compared to conventional open-pit mining, it causes fewer disturbances to the ground. It,
however, results in contamination of the groundwater surrounding the ore."

New mining- https:

renaissance/?ref=chismecollective.com

Stanford professor, less than 2 minutes- https://www.youtube.com/watch?v=EKszVQipCnk

The below quotes came from- https://www.utilitydive.com/news/grid-planners-and-experts-
on-why-markets-keep-choosing-renewables/758233/

"The levelized cost of electricity for utility-scale so