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Overview

We have analyzed California’s plan for decarbonizing its electric grid using a new modeling
tool that allows an hour-by-hour analysis of the grid’s behavior. Under Senate Bill 100 (SB 100), by
2045, electricity received by California’s consumers is to be free of greenhouse gas emissions. We
show here that the current plan fails to meet that goal. The grid will be dependent on intermittent,
time- and weather-dependent solar and wind which will continue to need backup from natural gas.
Our work shows clearly and transparently that there are numerous periods throughout the year when
a large gap appears between what these intermittent sources are able to provide and what the grid
actually needs. After a vast expansion of solar, wind, and batteries and expenditure of nearly a
trillion dollars, California’s grid will be burning nearly as much natural gas as it is now.

To achieve its decarbonization goals, California will have to introduce onto its grid a large firm
dispatchable emission-free resource —a DEFR — which will be always available and able to supply
whatever additional electricity i1s needed. To do this, the state has to rescind its moratorium on new
nuclear installations, since nuclear power is the only technology capable of meeting this need at the
scale required by the 2040s. We present several scenarios in which nuclear can do the job cost-
effectively.

In sum, unless California gets serious about developing a large clean, firm, dispatchable source
of electricity, it will be emitting large quantities of greenhouse gases for the foreseeable future.
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The Hype

THE
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California Is Showing How a Big State Can Power Itself
Without Fossil Fuels

For part of almost every day this spring, the state produced more electricity than it needed from

renewable sources.

By Bill McKibben “
June 27, 2024 :
“KFor some portion of almost every day, a combination of solar,
wind, geothermal, and hydropower has been producing more
than a hundred per cent of the state’s demand for electricity...

California has proved that it’s possible to run a thriving modern
economy on clean energy.”

The statement Is true — the conclusion is false.



The Reality: An Average Day In 2045

This shows the total
electric generation for each

hour of the day in 2045 Annual Generation by Type and Hour (GWh)
averaged over the entire SB100 Core

year. Under the State’s ~ Curtailments 2045
plan, by that time the grid Battery Charge
should be “100% clean™.
Solar power dominates for
a third of the day, but
responsibility for keeping
the lights on for the rest of
the day and night rests with
the batteries, and then with
natural gas. When the day
IS overcast or rainy, the
batteries won’t be charged
and only the burning of
natural gas will avoid
rolling blackouts.




California’s Climate Laws

California’s climate policy is set principally by laws passed within the last two decades:

* AB32, the Global Warming Solutions Act of 2006, set greenhouse gas (GHG) reduction goals which have subsequently
been extended by successive Governors’ Executive Orders. Currently, the State’s goals are to achieve carbon neutrality by
2045 and ensure that by 2045 statewide GHG emissions are reduced at least 85% below 1990 levels.

* SB100, the 100 Percent Clean Energy Act of 2018 requires that, by 2045, eligible renewable energy resources and zero-
carbon resources supply 100% of retail sales of electricity to end-users and 100% of electricity procured by State agencies.
The three agencies responsible for implementing California’s climate and energy policy — the California Air Resources
Board (CARB), the California Public Utilities Commission (CPUC), and the California Energy Commission (CEC) — have
concluded that the SB 100 core target requires that 90 percent of electric generation must come from renewable and zero-
carbon resources by 2045.

* The California approach to achieving these goals, like that of most other jurisdictions in the US and internationally, 1s to
attempt to (1) electrify most applications in which fossil fuels are burned today and (2) generate nearly all electricity
from renewable and zero-carbon sources.

* In pursuing these goals, California is limited by the Warren—Alquist Act which, as amended in 1976, establishes a
moratorium on any new nuclear generating plants until the federal government has established a means for disposing of
high-level nuclear waste. As a result, no plan for meeting California’s goals includes any expansion of its nuclear
generating capacity.



Evolution of California’s Grid 2001-2023

. . . In-State Electric Generation by Fuel Type
This g raph’ from the California Source: Quarterly Fuels and Energy Reporting Regulations

Energy Commission, shows how the
grid has evolved over the past

twenty years. Most dramatic event " Natural Gas o
has been the shutdown of the San " Utility Solar

Onofre nuclear plant in 2012 and the ™ Solar Thermal
four-year increase in gas Land-based Wind
consumption that followed. The rise m Small Hydro

in utility-scale solar came in Geothermal
subsequent years, but the net result = Biomass H

has been almost no change in gas m Large Hydro g oo
consumption over this period (gas o Nuclear )
consumption last year was nearly .

identical with consumption in 2003). = Waste Heat

Gas continues to be the largest 50,000

Petroleum Coke

source of electricity for the state.

m Coal

Note: In subsequent graphs, we show Rooftop Solar and Imports, but we
omit oil, waste heat, petroleum coke, coal, and solar thermal while
combining biomass, geothermal, and small hydro into Other Renewables.

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Source: https://www.enerqy.ca.qov/media/3757
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The Future of California’s Electricity

This is the projected
annual demand for
electricity through
2050, agreed upon by
the California Energy
Commission,
California Public
Utility Commission,
and California Air
Resources Board. We
use these projections,
as embodied in E3’s
RESOLVE
calculations, 1n our
analysis.
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Today electricity accounts for a minor portion of
California’s Greenhouse Gas Emissions

Electricity currently accounts for
just 17% of California’s GHG
emissions. Legislation, primarily
SB 100, aims to reduce that
contribution while providing
power to replace the burning of
fossil fuels in other sectors of the
state’s economy. After 2030, all
new space and water heaters
must have zero emissions, and
after 2035, all new car and light
trucks sold must have zero
emissions. The CEC and CARB
are examining the potential for
electrically-produced hydrogen
for decarbonizing industrial
processes. All of these will add
to the expected electrical load.

California’s

2018 Greenhouse Gas Emissions 9% ELECTRICITY (IN-STATE) o
15%
6% ELECTRICITY (IMPORTS)

8% AGRICULTURE

24% INDUSTRIAL

5% COMMERCIAL

7% RESIDENTIAL

41% TRANSPORTATION

https://efiling.enerqy.ca.gov/GetDocument.aspx?tn=239588&DocumentContentld=73021
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California’s SB 100 Sets Zero-carbon
Targets for Most Electricity

SB 100 requires that, by 2045, all retail sales of
electricity to end-users and to public agencies
must be carbon-free. This has been interpreted
by State agencies to allow continued burning of
natural gas in order to cover transmission line
losses and losses due to battery inefficiency
(e.g., there is a 15% loss in the charge-
discharge of lithium-ion batteries).

In fact, as we will show, natural gas will be
needed far more than that. Gas will be burned
simply to keep the grid functioning when the
solar and wind are not producing enough power
to meet the demand on the grid.

2018 California Electricity Loads

Demand met Other Utilities

0 .
by Other Self 1% - Line Losses
' ’ /7%
Generation.
5% 3 ,
Demand met
by PV Self |
Generation_ /A
5%

Department of
Water Resources
Loads 2%

Source: 2021 SB 100 Joint Agency Report, Figure 19. https://www.energy.ca.gov/sb100
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California’s Current Energy Plan

This 1s California’s current plan, as

. . . H (*) P

displayed in a report issued last year by To provide 100% clean electricity by 2045,
the Governor. It shows each of the California will build an unprecedented amount of new utility-scale clean energy resources
renewable SOUrces and battery Storage It Totals represent new and existi.ng MW Total Clean Electricity Resources
features greatly expan_ded solar, a resources. The 2021 58 100 Joint Agercy T A"
modestly-expanded wind resource, and s ), L A -
much expanded battery storage. It does Inaddition, Californa also expects new 180,000 183,000 MW
not show the continued burning of gas BRI il EE gl S g SISlaD

. 0 L= ponse. 160,000
and claims 100% clean electricity by
2045. This 1s false. The reality isn’t even 140,000
close. @ 120,000

Battery Storage :

BUILDING THE ELECTRICITY GRID
OF THE FUTURE: CALIFORNIA’S L
CLEAN ENERGY TRANSITION PLAN [
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https://www.gov.ca.gov/wp-content/uploads/2023/05/CAEnergyTransitionPlan.pdf
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Annual Generation in the SB 100 Core Scenario

This shows electric generation that the
State expects under its current plan.
(The black line and the percentages
show the GHG emissions each year as
compared to 1990 levels.) This is the
only graph I have found that shows the
substantial amount of gas that continues
to be burned under the State’s plan.
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CALIFORNIA

2021 SB 100 Joint Agency
Report

Achieving 100 Percent Clean Electricity in California: An Initial
Assessment
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Projected Resources in 2045

These are the resources assumed in the
2045 SB 100 Core scenario. This 1s what

is modeled in this study.

California

Clean Electricity Resources

2019*

Existing Resources

Achieving 100%
(lean Electricity in
California

An Intial Assessment

OGOOERG®

@

htips:/lefiling.energy.ca.gcov/GetDocument.aspx?tn=239588&DocumentContentld=73021

Solar (Utility-Scale) 12.5 GW

Solar (Customer)
Storage (Battery) 0.2 GW
Storage (Long Duration)
Wind (Onshere) 6.0 GW
Wind (0ffshore)
2.7 GW

Geothermal

Biomass

@
-3

Hydrogen Fuel Cells
Hydro (lLarge)

Hydro (Small) 1.8 GW

Nuclear

Projected New Resources

2030**

16.9 GW
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8.2 GW
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s
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2045*

69.4 GW

48.8 GW
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A New Model of Electric Grid Behavior

A new computer model of the electric grid
has been developed for Massachusetts by
an experienced power engineer and a
software developer at the Center for
Academic Collaboration Initiatives. We
have adapted it for use in analyzing the
decarbonization plans of New York? and
California. It as an hourly dispatch model
which, for any selected year in a
decarbonization scenario, for each hour
sequentially introduces (“dispatches™) each
of the generating sources from the fixed
(e.g., baseload nuclear, solar, wind, other
renewables) to the flexible (batteries,
natural gas, and potentially, nuclear).

1 https://centeraci.com/wp-
content/uploads/2022/09/Technical-Economic-Limits-for-
Renewable-Power-Integration-in-New-England-Full-
Report-Rev-1.pdf

2 https://centeraci.com/wp-
content/uploads/2023/11/A New View of New York El
ectric Grid ANofal LRodberg RKuhr Full Report.pdf

NT
I.l.

=

(4
?

X

>

Reiner W. Kuhr

Energy Technology Economist; Co-Founder

Retired, 45+ years at Stone & Webster

CACI

1 C
RIN[IIE

Ahmad Nofal
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Comparison with California’s E3 Model (I)

E3 RESOLVE linear programming model (used in California and New York)

1.

Optimizes a multi-year scenario to achieve minimum net present value of investments,
given multiple constraints including assumed costs for each source.

Output 1s annual fraction of each source during each selected year.

Fails to disclose when energy is produced or whether it is needed at the time it is
produced. It does not have the necessary granularity to manage a grid.(When power 1s
produced 1s crucial. It must be produced when it is needed, or 1t has to be stored for use at
a later time. Storing electricity is difficult and costly.)

Obscures the intermittent, time- and weather-dependence of solar and wind. This
limitation appears only through the use of capacity factors — the ratio of actual to
maximum possible output. This shows these sources to be weaker than they appear, but 1t
makes them seem (falsely) to be always available, 24/7.

Uses only 37 representative days during each year, so cannot evaluate how useful
batteries will be. This selected data makes it impossible to see the impact of extreme
weather events.



Comparison with California’s E3 Model (II)

CACI hourly dispatch model

1.

2.

3.

Calculates, for every hour of a selected scenario and year, the output of
every source needed to meet the projected load.

Uses data from a past year to provide actual solar and wind output
for each hour of the year. It calculates capacity factors from this data.

Introduces every non-dispatchable source (baseload nuclear, hydro,
solar, wind) before introducing (“dispatching’) dispatchable sources
(batteries, gas, flexible nuclear) until the hourly load iIs met.

Charges batteries from excess solar and wind output.

Curtalls (shuts down) any remaining excess from these sources so they
don’t overload the system.



Operation of the CACI Grid Model (11)

Calculation Flow (see also Appendix B)

Assumptions

and Data

Projected source
scenarios
through 2045

Basic hourly
load shape from
2023 data

Energy source
capacities and
output in 2023

Hourly solar and
wind output in
2023

Energy source
costs

* Hourly electric

Daily Model
Hourly
Calculation

loads

Non-
dispatchable
generation and
curtailments

Energy storage
charging and
discharging
Dispatchable
generation
ordered by fuel
and variable
costs

Annual
Analysis

« Daily results
for a full year

 Daily and
hourly
generation,
curtailment,
and cost by
type of
generation

e Calculated
capacity
factors

Visualizations

Hourly and daily
graphs

L_oads
Generation
Curtailments
Variations in
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Inputs and Assumptions in our Model

Source capacities (GW) and hourly generation (GWh) and system load (GWh) for 2023 are from the
California Independent System Operator (CAISO).

The CAISO service area is treated as a single zone.

Source capacities and projected load for 2045 are from E3 RESOLVE inputs and 2021 SB 100 Joint
Agency Report Summary “Achieving 100% Clean Electricity in California™.

Hourly solar and wind outputs for 2023 are from CAISO. The same weather pattern (solar and wind
output per GW of capacity for each hour) is assumed for 2045 with projected capacities at that time.

Estimated costs are from the 2024 Annual Technology Baseline (ATB) of the National Renewable Energy
Laboratory.

Existing Nuclear, Large Hydro, Other Renewables, and Imports in 2045 are unchanged from 2023.
Pumped storage (3.7 GW capacity) is omitted. Could be added in later studies.
Batteries are charged by excess solar and wind output.

Batteries, Gas, and other flexible sources (if available) provide the needed output when Existing Nuclear,
Large Hydro, Other Renewables, Imports, Land-based and Offshore Wind, Rooftop Solar, and Utility
Solar are not able to meet the projected load.

Solar, wind, and any new baseload nuclear are curtailed if they would produce unneeded power.



How California’s Grid Operates Today

This graph displays the
output of each source
contributing to today’s grid.
From the bottom-up, first
come the non-dispatchable
sources, then the dispatchable
ones, topped by natural gas
and a few battery discharges.
These fill in the gap left by
the non-dispatchables. The
batteries are charged by
excess solar and wind output.
In the Spring, demand is low,
and there is excess solar
output, so the batteries are
charged during the day and
discharged in the evening.
This is shown in more detail
on page 17 in hourly
presentations of winter,
spring, summer and fall days.
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Sources of Electricity in 2023

Rooftop and utility-scale solar
were major contributors to the grid
last year, but the largest source by
far was natural gas. Little
curtailment — excess production
— 1s present in our single-zone
model. This conflicts with the
widely-reported extensive
curtailment of solar power over the
past year. However, CAISO, the
grid operator, has reported that
most of the curtailment last year
was the result of congestion — the
Inability to transmit excess power
to where it could be used. (Note
that the generation cost does not
include the substantial federal and
state subsidies for solar and wind.)

Electricity Generation

SB100 Core
2023
Capacity

Capacity| Output Factor %
Energy Source (MW) | (GWh/yr) (%) Load
Existing Nuclear 2,393 17,762 84.7% 7.1%
New Nuclear 0 0 0.0% 0.0%
Large & NW Hydro 17,366 30,918 203%  12.4%
Other Renewables 5,770 14,061 27.8% 5.7%
Rooftop Solar 14,000 27,994 22.8% 11.3%
Utility Solar 19,887 41,019 23.5% 16.5%
Land-based Wind 6,284 20,825 37.8% 8.4%
Offshore Wind 0 0 0.0% 0.0%
Battery Discharge® 7,552 1,125 1.7% 0.5%
Gas 39,689 92,228 26.5% 37.1%
Imports 3,859 1.6%
Load 248,665 100.0%
* Battery charging included in solar and wind generation.
Curtailment 50 0.0%

Total Generation Cost (S/MWh) S

68.95




Daily power through the seasons in 2023

Four days illustrate the
Operation Of the grid . AS the 24-hr Generation by Type and Time (GW) B}

January 1, 2023 — January 2, 2023

sun rises, solar power
displaces gas, but as the sun e /\_J\/ April 1, 2023 — April 2,2023

sets, gas-driven power returns —es -
and keeps the grid running = cecey oucne

throughout the night. In - )
Spring, with more sunand [ e .
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the 4-hr batteries discharge, July 1, 2023 — Jly 2, 2023 "’ October 1,2023 — October 2,2023
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there i1s more sun, but also - ’
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lizries e ofln ol Llly e el
Charged.GasfiIIsthegap. OO SO I S IO RO @sx_@,@sb@ﬂ_@‘u IO R N N I R O aMMHMMHVD

During every season, gas is
essential to keep power on.



California’s goal is 100% clean electricity by 2045.
Instead, there Is a large gap requiring the use of gas.

By 2045, all retail sales of
electricity are supposed to be
emission-free. Solar output is
large, with wind much smaller.
Batteries play a large role but
cannot fill the gap between supply
and demand. SB100 allows the
burning of gas to cover
transmission losses, but gas is
needed throughout the year just to
keep the lights on. Our model
excludes transmission losses, and
yet we find that, in 2045,
California’s grid will be burning
81% as much gas as it is now.
Curtailment is extensive; that is, a
great deal of excess power could
be produced, but not at the right
times, and only some of it can be
stored in the batteries.

Daily Generation and Load (GWh)
SB100 Core .
2045 =

= Curtailment
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Sources of Electricity SB100 Core 2045

By 2045, solar is providing more than one-half
the required generation. Wind, even including
potential offshore wind, supplies a small share of
the state’s electric demand. Large battery farms
will shift some of the excess solar-generated
power to the evening, but overall, nearly as much
gas will be burned as is being burned on the grid
today.

Society-wide greenhouse gas emissions will be
down because fewer gasoline-driven cars will be
on the road, and more homes will be electrified,
but retail sales of electricity will not be emission-
free; the Teslas and other EVs that Californians
have purchased will largely be charged every
evening by the burning of natural gas

Because solar and wind costs are assumed to
drop substantially, generation cost is relatively
unchanged from today (at current costs, it would
be 50% more). Note that the expected increase in
transmissions costs is not included here.

Electricity Generation

SB100 Core
2045
Capacity

Capacity| Output Factor %
Energy Source (MW) | (GWh/yr) (%) Load
Existing Nuclear 1,042 7,734 84.7% 1.8%
New Nuclear 0 0 0.0% 0.0%
Large & NW Hydro 17,366 30,918 203%  7.3%
Other Renewables 5,770 14,061 27.8% 3.3%
Rooftop Solar 36,000 71,984 22.8% 16.9%
Utility Solar 82,000 151,363 21.1%  35.6%
Land-based Wind 12,217 38,496 36.0% 9.1%
Offshore Wind 8,215 33,525 16.6% 7.9%
Battery Discharge® 52,329 61,025 13.3% 14.4%
Gas 52,000 75,015 16.5% 17.7%
Imports 1,736 0.4%
Load 424 832 100.0%

* Battery charging included in solar and wind generation.

Curtailment

Total Generation Cost (S/MWh) S

62.86

21,294

5.0%




Daily power through the seasons in 2045

24-hr Generation by Type and Time (GW) 60
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A difficult week in December 2045

On some winter days in California, there will be enough sun and wind to partially charge the
batteries. On others, there will not be enough power to charge them at all. Throughout the entire
week, gas will provide most of the power after the sun goes down.

Sun., Dec. 17 Mon., Dec. 18 Tues., Dec. 19 Wed., Dec. 20  Thurs., Dec.21  Fri., Dec. 22 Sat., Dec. 23



Comparing SB100 Core sources 2045 with today

If the state’s plan is followed, between now and the target year of 2045, the capacity of utility solar will have quadrupled, land-
based wind nearly doubled, and battery output grown almost six-fold, yet gas capacity increases too, to cover gaps in renewable
output as demand increases. Consumption of gas declines by less than 20%. The main reason is that there will be long periods,
especially at night, when the only way to keep power flowing will be to run the gas plants, so they run nearly as much as they do
now. In short, the grid is not being decarbonized, nor is this plan leading California to the 100% clean future it claims.

2023 2045 2023 2045
Capacity | Capacity Change Output Output Change

Energy Source (MW) (MW) (2045/2023) (GWh/yr) | (GWh/yr) | (2045/2023)
Rooftop Solar 14,000 36,000 257%, 27,994 71,984 257%
Ltility Solar 19,887 82,000 412% 41,019 151,363 369%
Land-based Wind 6,284 12,217 194%, 20,825 38,496 185%
Offshare Wind 0 8,215 . 0 33,525 -
Battery Discharge 7,552 52,329 693% 1,125 61,025 5424%
Gas 39,689 52,000 92,228 75,015 81%

Total 87412 242,761 278% 248,958 414 837 167%




Comparing SB100 Core in 2045 with today

2023 2045 2023 2045
Capacity | Capacity | Change Output | Output Change

Energy Source (MwW) (MW) (2045/2023) (GWh/yr) | (GWh/yr) | (2045/2023)
Rooftop Solar 14,000 36,000 29/% 27,994 /1,984 20/ %
Utility Solar 19,887 82,000  412% 41,019 151,363  369%
Land-based Wind 6,284 12217  194% 20,825 38,496  185%
Offshore Wind 0 8,215 - 0 C R -
Battery Discharge [l o022 22,329 693% 1,125 61,025 >424%
Gas 39,689 52,000) C 1319 92,228 75,015

Total 87412 242761 |  278% 243,958 414837  167%

The grid Is not being decarbonized.
This plan is not leading California to a clean future.



A Dispatchable Emission-Free Resource (DEFR) is essential
for a clean grid.

We have found a large gap between what the carbon-free renewable sources can provide and what is needed to keep the
lights on. That gap can be very large, especially if the day i1s overcast or at night and the wind 1s not blowing (what the
Germans refer to as “Dunkelflaute” — dark doldrums). At that point, a backup is needed with a capacity nearly as large as the
full load on the system. In short, intermittent renewables require a backup which can duplicate the full output they can
provide. As we show below, this has serious implications for the cost of such a renewable-focused system.

Currently, natural gas, a fossil fuel, plays that role. That is not consistent with California’s climate goals.

One possible solution that naturally comes to mind is to install more renewables. That doesn’t help. Our analysis shows
that, even if as much as five times more solar and wind and batteries were to be installed, much of California would still be left
with no power for significant periods throughout the year, especially at night. Cloudy days would leave the batteries without
adequate charge, and power would drop off during many nights.

The gap is largest at night when California’s largest emission-free source, solar power, is absent. To meet California’s
climate goals, the gap has to be filled by a source that can replace natural gas but is emission-free. Most important, it has to be
firm and reliable — always available when it is needed — and has to be dispatchable — able to provide whatever power is needed
as the demands on the grid change from moment to moment.

Every grid needs such a firm dispatchable resource able to match, moment to moment, continuing fluctuations in
demand as lights, computers, and motors turn on and off. To address the state’s climate goals, this source has to emit no
greenhouse gases. California needs a firm Dispatchable Emission-Free Resource, a DEFR.

What should it be?



A Dispatchable Emission-Free Resource (DEFR) is essential
for a clean grid. What should it be?

A number of suggestions for DEFRs have been offered:

e Long-duration storage: This might help, but currently no realistic scalable form of such storage exists, especially
since seasonal storage would be needed. If such storage existed, charging it would require a large expansion of
generating capacity, regardless of what storage medium is used.

e Fuel cells or gas turbines powered by “green hydrogen™: It 1s often suggested that hydrogen fuel cells or
combustion power plants, similar to those now burning fossil fuels, could run on “green hydrogen” produced in
electrolyzers powered by renewable energy. Using hydrogen for energy storage is costly, since the “round-trip” power-
to-hydrogen-to-power efficiency of this process is 40% or less. This means that more than twice as much additional
energy is needed as will be generated by such a DEFR, with a commensurate drain on material resources, land, and
societal wealth. However, if nuclear energy powers the electrolyzers, the economic and environmental case may be much
stronger.

e Carbon capture and storage (CCS) attached to gas-fired power plants: This only exists on an experimental basis. It
would add substantial cost to the power it was attached to, and there would be leakage of greenhouse gases and other
pollutants to the environment, both upstream and at the plants themselves. Further, the captured CO, would have to be
disposed of, presumably underground, adding additional cost as well as potential environmental damage.



A large dispatchable emission-free resource is essential for a
clean grid. What should it be? (cont.)

e Nuclear power: potential carbon-free sources, only nuclear power has been demonstrated to have the
necessary reliability, flexibility, and scalability, not only in the gigawatt-scale reactors now operating in
California and globally, but in the smaller reactors operating on submarines and ships for many decades
and now under commercial development. This is the DEFR used in each of our scenarios, as well as for
additional baseload generation. (California would, of course, have to lift its nearly fifty-year-old
moratorium on the construction of new nuclear plants to follow this path.)

e Alternate nuclear options: Other ways of using nuclear energy also deserve consideration. Nuclear
reactors, like most energy sources, are most cost-efficient when they run full-time. The DEFR would be
operating at partial capacity for most of the year. A more cost-effective plan might use a smaller number of
reactors running continuously to produce hydrogen which could be power gas turbines or fuel cells.
Another option would be to use nuclear power to produce carbon-neutral synthetic fuels that would replace
fossil-based hydrocarbons. Full analysis of the cost and suitability of these options is beyond the scope of
this paper, but they deserve serious study.



Natrium: an example of a DEFR

The Natrium system, combines a
nuclear reactor with thermal energy
storage. This is one example of a
clean firm dispatchable source of
power. It can supply 500 MW for up
to 5-1/2 hours and is continuously
resupplied with heat by a 345 MW b .
sodium-cooled fast neutron reactor. | | > S 8 5.1/2 hr
Using technology first developed in ’ ‘ &
DOE’s EBR-I and Il, the first of its
kind is now being installed in

Wyoming. They are air-cooled and N ’ . ?;; ':]/L\lﬁ\imn
do not have to be located near a S a
S . ‘Vr eactor

source of cooling water, as do most
www.terrapower.com

storage

large reactors today.




SB100 Core w/Flex Nuclear

With a Natrium reactor
with its thermal storage
acting as a firm
dispatchable source, we
have a clean system
which will keep the lights
on and the data centers
running 24/7. However,
added to the cost of the
renewables, this is a
system that is much more
expensive, at current
nuclear costs, then when
running with existing gas-
fired turbines. There are
several less-costly
alternatives to consider.

= Curtailment
M Battery Charge
—Gross Load
Flex Nuclear
m Battery Discharge
Utility Solar
Rooftop Solar
Land-based Wind
H Offshore Wind
H Imports
Other Renewables
m Large & NW Hydro

m Existing Nuclear

" Jan

Daily Generationand Load (GWh)
SB100 Core w/Flex Nuclear
2045

Feb Mar Apr May Jun

Jul

Month

Aug

1,800

1,600

1,400

1,200

1,000

s
(L]
800
Electricity Generation
$B100 Core w/Flex Nuclear
2045
Capacity
Capacity | Output Factor %

Energy Source (MW) | (GWh/yr) (%) Load
Existing Nuclear 1,042 7,734 84.7% 1.8%
New Nuclear 0 0 0.0% 0.0%
Large & NW Hydro 17,366 30,918 203%  7.3%
Other Renewables 5,770 14,061 27.8% 3.3%
Rooftop Solar 36,000 71,984 22.8% 16.9%
Utility Solar 82,000 151,363 21.1% 356%
Land-based wind 12,217 38,496 36.0%  9.1%
Offshore Wind 8,215 33,525 46.6%  7.9%
Battery Discharge* 52,329 61,025 13.3%  14.4%
Flex Nuclear 37,000 74,956 23.1% 17.6%
Imports 1,736 0.4%
Load 424,774 100.0%

* Battery charging included in solar and wind generation.
Curtailment 21,294

Total Generation Cost ($/MWh) $  91.64

5.0%




Baseload + Flex Nuclear + 202 SB100 Core Renewables

One option is to replace a large
portion of the currently-planned
solar, wind, and batteries — much
of which will be curtailed anyway
— with a set of baseload (always-
on) nuclear reactors like that at
Diablo Canyon. At current prices
for nuclear power, this is not likely
to save much money. If nuclear’s
costs were to decline with more
deployments, the cost could
become comparable with today’s
electric prices. Further, this
approach will be far less
environmentally-destructive than
the vast expansion of solar, wind,
and batteries now envisioned.

= Curtailment
H Battery Charge
—Gross Load
Aex Nuclear
H Battery Discharge
o Utility Solar
Rocftop Solar
Land-based Wind
B Offshore Wind
H Imports
Other Renewables
H Large & NW Hydro
H New Nudear

H Existing Nuclear

"Jan

Dailv Generation and Load {GWh}
Baseload + Flex Nuclear + 20% SB100 Core Renewables

2045

Feb Mar

Apr

May

Jun  Jul

Month

Electricity Generation

1,604

Baseload + Flex Nuclear + 20% SB100 Core Renewables

2045

Energy Source

Capacity
{(Mw)

Output
(GWh/yr)

Capacity
Factor
(%)

%
Load

Existing Nuclear
New Nuclear
Large & NW Hydro
Other Renewables
Rooftop Solar
Utility Solar
Land-based Wind
Offshore Wind
Flex Nuclear
Imports

Load

1,042
30,000
17,366
4,845
7,200
16,000
2,400
0
28,000

7,734
242,238
30,918
11,807
14,397
31,654
7,481

0
65,142
1,780

413,151

* Battery charging included in solar and wind generation.

Curtailment

Total Generation Cost ($/MWh) §  88.76

1,978

84.7%
92.2%
20.3%
27.8%
22.8%
22.6%
35.6%

0.0%

26.6%

1.9%
58.6%
1.5%
2.9%
3.5%
1.7%
1.8%
0.0%
15.8%
0.4%
100.0%

0.5%



Another example of a DEFR: Hydrogen-powered turbine

Instead of using a nuclear reactor
with a variable output as a DEFR,
another option is to use gas turbines
to meet the varying demand, just as
California is now doing with natural
gas. However, instead of powering
them with gas, they would be
powered with hydrogen produced
using nuclear power (it could be
produced using solar or wind
power, but this would require
doubling the amounts of both
renewable sources.

Nuclear power can be used to produce hydrogen using the
heat and electricity of a reactor to split the water molecules
and extract the hydrogen. It could then be burned in a
suitably-converted gas turbine. This makes an alternative to
flex nuclear that is likely to be more cost-effective because
the reactors producing the hydrogen could run full-time.



The Hydrogen Earthshot: Hydrogen =2 $1/kg

The Federal Government is putting substantial funds into an effort to reduce the cost of “green
hydrogen™ to the point where it is competitive with the price of natural gas.

earthsnots | Hydrogen

The first Energy Earthshot, launched June 7, 2021—Hydrogen Shot—seeks to reduce the cost of clean
hydrogen by 80% to $1 per 1 kilogram in 1decade ("111").

28] @ &

1 Dollar 1 Kilogram 1 Decade




Baseload Nuclear + H2 Turbine + 20% SB100 Core Renewables

Here’s the result of using a set

of hydrogen-driven gas turbines

(they could be the same ones

now burning natural gas, once

the burners and other parts are = cursiiment
modified). The turbines would = Batterv charze
respond to the varying demand =sm~:
as needed, just as they do now. =Hydrogen Turbine

In the case we are looking at, Bty Fecharse

this would require the = Utility Solar
equivalent of about ten Diablo m‘:t:s:"' d
@ Lan sed Win
Canyon nuclear plants to
H Imports

produce the hydrogen. (Their
cost is included in the costof = .00
the hydrogen.) If the Hydrogen _ yew nucear
Earthshot succeeds, the cost of 4 gsting nudear
electricity is estimated to be

about what it is today.

Other Renewables

Daily Generation and Load (GWh}
Baseload Nuclear + H2 Turbine + 20% SB100 Core Renewables

2045

Jan Feb Mar Apr May Jun Jul Aug
Month

Electricity Generation

1,600

1,400

1,200

1,000

Baseload Nuclear + H2 Turbine + 20% SB100 Core Renewables

2045
Capacity
Capacity| Output Factor %
Energy Source (MW) | (GWh/yr) (%) Load

Existing Nuclear
New Nuclear
Large & NW Hydro
Other Renewables
Rooftop Solar
Utility Solar
Land-based Wind
Offshore Wind
Battery Discharge*®
Hydrogen Turbine
Imports

Load

1,042
30,000
17,366
4,845
7,200
16,000
2,400
0

0
32,000

7,734
242,238
30,918
11,807
14,397
31,654
7,481

0

0
65,048
1,780
413,056

* Battery charging included in solar and wind generation.

Curtailment

Total Generation Cost (S/MWh) $§  61.53

1,978

84.7%
92.2%
20.3%
27.8%
22.8%
22.6%
35.6%

0.0%

0.0%
23.2%

1.9%
58.6%
7.5%
2.9%
3.5%
7.7%
1.8%
0.0%
0.0%
15.7%
0.4%
100.0%

0.5%




Comparative Generation Costs

Here are the rough estimated costs In
2045 of the various scenarios. For source
cost assumptions, we use the Moderate
costs in NREL’s 2024 Annual Technology
Baseline).

Using NREL’s projection that there will
be 50% reductions in renewable costs, the
SB100 Core scenario has electric
generation costs about equal to what they
are today. Adding flex nuclear as a DEFR
Increases the cost substantially (with the
NREL/EIA estimate of about $5,500/kw
for nuclear costs). If nuclear costs can be
brought down to what South Korea and
China are achieving today, the cost will be
less than today’s costs. Alternatively, if
efficient nuclear-generated hydrogen is
used, the cost can be similarly limited.

Comparative Generation Costs (SMWh)

Year

Scenario 2023 | 2045
Continuing CO2 Emissions

Current costs $68.95

SB100 Core w/Current Costs $91.58

SB100 Core w/NREL Projected Costs $62.86
Zero Emissions (w/NREL Projected Costs; Nuclear @ $5,500/kw)

5B100 Core w/Flex Nuclear $91.64

Baseload + Flex Nuclear + 20% SB100 Core Renewables $88.76

Baseload + Flex Nuclear + 20% SB100 Core Renewables

(Nuclear @ $3,000/kw) $63.35
Baseload Nuclear + H2 Turbine + 20% 3SB100 Core Renewables $61.53




Major Conclusions

California’s plan for a decarbonized grid will not significantly reduce the consumption of
fossil-based natural gas.

California’s widely-used grid planning model gives misleading results for the operation of
Intermittent renewables and the consumption of natural gas.

Decarbonized electrification requires a large, emission-free, dispatchable source that
operates throughout the year.

Nuclear can provide the necessary reliable and affordable power, both directly and by cost-
effectively producing clean hydrogen.

To decarbonize, California will have to remove its outdated moratorium on new nuclear
Installations.

Large-scale building of renewables 1s wasteful and environmentally destructive, doesn’t
achieve the decarbonization goal, and will make the transition more difficult and costly.



Further Concluding Notes

* Many people seem to forget that the sun only shines during the day. Even with its
climate plan in place, natural gas takes over at night to power the grid, perhaps
after a few hours of storage battery discharge. Unless Californians expand their
use of nuclear power, they will be charging their Teslas with a fossil fuel.

 California's climate plan keeps gas-fired generators running throughout their clean
power program. By 2045, they will have quadrupled the amount of solar,
quintupled the amount of storage, and spent nearly a trillion dollars, but they will
still need to burn natural gas to sustain their grid. When the sun goes down, they
will ramp up the burning of fossil fuels, just as they do now. In fact, they will be
burning nearly as much gas as they do today.

* Intermittent, diurnal solar power 1s not a solution for our energy-hungry society.
Only reliable, clean, sustainable nuclear power can keep the lights on and data
centers running without driving further global warming.
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Datasheet: Current Generation - 2023

Generation and Cost Summary 5B100 Core Year 2023
[n-State
Capital [Gerneration
Capacity | Generation | Capacity | % Total |Capital Cost| Fixed Ofbd | War Ok | Fuel Cost|  Recovery Cost
Advrdanaizhatve” [ melh] [G'Whiur] | Factor [*]| Load [ Fhw] [FrAwh) B T L [ k] [FrAh]
Existing Muclear 2,393 17,762 CERCZAR VA M % 420 % 122 % 409 % 13 % 0.82
hlew Muclear ] ] 00 00 % - % - : - : - ;] - : -
Large & hw Hudro 17,366 30,913 2035 124X $ 2489 % 148 § 26.07
Cther Rerewables h.770 14,081 278k BTVH L4 B4 % 506 % - ;3 - .3 R9.07
Fooftop Solar 14,000 27,994 2283 M3 2BB2 % 1500 § - $ - L4 a3k % 93,16
Itility Siolar 13,887 41019 238k ®BEX % 161 % 0EF % - 3 - 5 4530 % BR.97
Land-bazed Wwind E.284 20,825 R A N A 1786 % dE6E % - 3 - ;3 3395 3% 43 A1
DFfshore Wind I I 0.0% 00% % - % - £ - - b3 - $ -
| Total] 65,700 | H2579 ] 2EEx[ B4 | IE 7394 091[¢ 0483 3F222[¢ 5099
[M-Sitate
Capital Generation
Capacity | Generation | Capacity | % Total |Capital Cost| Fixed Ofbd | War Okl | Fuel Cost|  Fecovery Cost
fFsnainhaiis [l [G'whiur] | Factor [%]| Load [Hhw] [ k) [Fhdwdt] | (WA [HhAradn] [HhAvw k)
Battery Cischarge 7552 175 $ 2080 % 3221 % - .3 - % 9747 § 1243ER
Flex Muclear ] 1] 00 00% % - - $ - $ - % - $ -
Gaz 33,689 92,228 260 T % 1522 $14.63 $2.00 $£21.00 $45.85 $33.48
Hudrogen Turbine 1] 1] oo 003 % - $£0.00 £0.00 £0.00 $£0.00 £0.00
GazCT 1] n o0z 003 % - $0.00 $0.00 $0.00 $0.00 $0.00
Steamn Flants 1] 1] 00 00X $0.00 $0.00 $0.00 $0.00 $0.00
Tatal| 47 2411 92,228 | A IR [ 183 % 198 % 2075 [ % AE.40 | % 9865 |
[n-State
Capital Generation
Foviad fe-Siae Capacity | Generation | Capacity | 2 Total Fixed Ok | War D&k | Fuel Cost| Recovery Cost
(T [ el [G'whiur] | Factor [%]| Load [HhAwh] [Hhdwih] | (]| [EHRwWR) fTw'h]
Total 112,941 244 807 24 7R 984k ;4 7751 % 131 ¥ ERIR S 4133 % 68.95 1
Hagas! [Generation * Total = Tatal
Franfazses [GWwWHur] Lnad (=3 Hur Load 2 of Grid Renewables
Imports 3,859 1E3 Curtailments a0 0.0% 0.0%
hlet Battery Load 199 0.1
[ Tatal Load [GiwHur]] 248,565 |

= Battery charging included in zolar and wind generation.



Datasheet: SB100 Core w/Current Costs - 2045

Generation and Cost Summary 5B100 Core Year 2045
In-State
Capital Generation
Capacity | Generation | Capacity | % Tatal [Capital Cost| Fixed O&bkd | War OFhd | Fuel Cost| Recowvery Cost
A aoaicaatve T [ bt [G'whur] | Factar [#2]] Load B [HbAW ] [fkwh] | (W) [ [ [#HbAih]
Existing Muclear 1.042 73 947 18X % % 420 % 122 % 409 % 13§ 10.82
Mew Muclear 0 0 0.0% 00 % - % - $ - P 3 - ;3 -
Large & MW Hudro 17.366 30,913 2003 1.3% 5 2453 % 148 ;3 26.07
Cther Renewables b,770 14,067 L A L3 501§ 506 % - 3 - 3 53.07
Rooftop Solar 36,000 71,984 228% W®IE F Z2EBEZ % w00 % - ;3 - L A3k % 9316
Itility Salar 82,000 151,363 217 3/EX § 1611 % n92 % - t - 3 ADEZ  § E2.54
Land-based "wind 12,277 38,496 J6.0% 91 % 1786 % mnE % - ;4 - % LN - ¥ 45,86
DFfzhore "Wind 8.215 33525 663 Y9 % - ¥ - $ - £ - 3 - 3 -
| Total] 62,610 | a0 ] 2443 8919 | § 1387 ]¢ 036§ 009[% 4319 %  G7H1]
In-State
Capital Generation
Capacity | Generation | Capacity [ % Tatal [Capital Cost| Fixed Ofbkd | War OFfbd | Fuel Cost| Recowery Cost
Ldansiaaaive [ ] [Gwhiur] | Factor [*]| Load [Fhaw] [HbAwi ] [t | [EbR) [FA ) [HhA ]
Eattery Dizcharge h2.329 13.3% 2080 % A6 % - 3 - % n.72 § 1eaas
Flex Muclear 0 0 0.0% 00 % - % - £ - P :3 - ;3 -
Ga= 52,000 75,015 BR:E 77 % 16522 23587 $2.00 $21.00 $7385 $120.42
Hudrogen Turbine 1] a 00 00 % - $0.00 $0.00 $0.00 $0.00 $0.00
GazCT 1] 1] 00X 002 % - $0.00 $0.00 $0.00 $0.00 $0.00
Stearn Plantz 1] 1] 0.0% 0.0 $0.00 $0.00 $0.00 $0.00 $0.00
| Total| 104,329 | 70,015 | B.2% 17.7% | | & J146 [ 10]% M58 % 9353 [ 24967 |
In-State
Capital Generation
S der-Siate Capacity Generation | Capacity | > Tatal Fixed Ok | War Oftd | Fuel Cost| Recowery Cost
FarranIioe? [kl [G'wWhur] [Factor[%)] Load [Twh) [fkAwh] | [gkAWR) | [EWh] [$irdwdh)
Total 26E.9333 423,036 18.1%] 9965 ;3 BS99 { % 049|% 213 % 21 % 91.58
Samanns Gerneration = Taotal % Tatal
Flavfiiees [ G Hur] Load (5 Hr Load v af Grid Renewables
Imports 1,736 0.4 Curtailments 21,294 b0+ 5.9+
hlet Battery Load 10,791 20

| Total Load [GwWhur]] 424 832 |
® Battery charging included in zolar and wind generation.




Datasheet: SB100 Core w/NREL Projected Costs - 2045

Generation and Cost Summary 5B100 Core Year 2045
[n-State
Capital Generation
Capacity | Generation | Capacity | %2 Total | Capital Cost| Fixed Ok | War Ofbd | Fuel Cost| Recovery Cost
Advrfanadhaiie ” [ B [GWwWhiur] [Factor [3]| Load [ k] [RrTw k] [Frwh] | [EMWH] [FhTwh] [HbA ]
Existing Muclear 1.042 7734 247 18k f 41 % 420 % 122§ 409 % 131 % 10,32
Mew Muclear I I 0.0% 00x % - % - % - P - 3 - S -
Large & kW Hudro 17.36E 30,918 2034 FaE $ 2489 % 148 ;] 26.07
Cther Rerewables R0 14,081 2r.8Hs 33 L3 M § R0 % - L4 - L3 h3.07
Foaftop Salar 36,000 71,934 228% B9 f 1373 % 860 % - % - L3 T3 46.27
Itility Solar 82,000 151,363 211 /e % a4 % FREL - $ - 5 2BHH % 3474
Land-bazed “Wind 12,217 33,496 B0 91 f 1188 % 825 % - 3 - 4 2564 % 33.89
Cffshare wWind 28215 33,525 4662 V8 % 4800 % 1213 % - $ - ;4 51 3 A4 64
| Total] 162,610 | 348,081 | 24.4%] 9193 | IE 27 [4 036]% 009]% 2574 % 3837
[n-State
Capital Generation
Capacity | Generation | Capacity | %2 Total | Capital Cost| Fixed Ok | War Ofbd | Fuel Cost| Recovery Cost
Lanairiaiie [ B [GWwWhiur] [Factor [3]| Load [ k] [RrTw k] [Frwh] | [EMWH] [FhTwh] [HbA ]
Eattery Discharge R2.329 13.3% [ 140 % 2144 3% - (3 - ] T % 9671
Flex Muclear I I 0.0% 00x % - % - % - P - 3 - S -
Gas R2,000 75015 EBAxZ Wi § 1,257 $13.86 $2.00 $21.00 $E093 $37.86
Hudrogen Turbine 1] 1] 0o 00 % - $0.00 $0.00 $0.00 $0.00 $0.00
Gaz CT 1] 1] oo 00X % - $£0.00 $0.00 $0.00 $0.00 $0.00
Stearmn Plants 1] 1] 0.0% 0.0 $0.00 $0.00 $0.00 $0.00 $0.00
| Tatal| 104,229 | 70,015 | A RS | $ 7261 % 10 % M58 ] 4§ EF40] % 17653 |
[n-State
Capital Generation
Foviad fr-Siane Capacity | Generation | Capacity | %2 Total Fixed Ok | War Ofbd | Fuel Cost| Recovery Cost
Faaanaian [ B [G'Whiur] [Factor (3] | Load [RrTw k] (Fhwh] | [EMWH] [FhTwh) [HbAW ]
Total 266,939 423,096 18122 996 ;3 1081 % 0491 % 213 % P23 E2.86
S Generation # Total = Tatal
Fhaisas ER Load = Hr Load + of Grid Renewables
Imports 1,736 0.4 Curtailments 21,294 b0 h.9%
ket Battery Load 10,79 2.5%
[ Total Load [GwhHur] 424,832 |

= Battery charging included in solar and wind generation.



Datasheet: SB100 Core w/Flex Nuclear - 2045

Generation and Cost Summary 58100 Core w/Flex Nuclear Year 2045
[n-State
Capital Generation
Capacity | Generation | Capaciby | % Total [Capital Cost| Fixed Ofbd | Var Ofbd | Fuel Cost | Recovery Cost
Advrisoaiy e T [Feld] [G'whHwr] | Factor [22] | Load [ $km] [FhTwh] e I T s [HAri ]
E xisting Muclear 1042 7734 B4.7E 18E % 41 % 420 % 122 % 409 % 13 % 0.82
Mew Muclear 0 0 0.0 00x % - % - 3 - - 3 - k3 -
Large & M Hudro 17.366 a0.93 2003% V.IE 3 24089 % 148 .3 26.07
Other Renewables 5,770 14,061 2T RE 33E 3 R0 % HOE % - S - L3 53.07
Roaftap Salar 36,000 71,984 2285 BaeE % 1373 % gae0 % - 3 - ;3 ETAF 1 46,27
IJtility Solar 82,000 151,363 2113 3BEX § a4 % [ - ;3 - £ 2655 % 2414
Land-bazed ‘wind 12,217 28,496 JBOE 91 % 1188 % AT ¥ - % - 4 LT T I 33.89
Offshore "Wind 8,215 33,525 d6E2 VHE % 4800 % 12812 § - £ - ;3 IR % b4 64
| Total] 162,610 348091 2443 8193 | IE P17 [$ 036[F 009]§ 2HF4[§ 3837
[n-State
Capital Generation
Capacity | Generation | Capacity | 2 Total [Capital Cost| Fixed Ofbkd | Var Oftd | Fuel Cost | Recovery Cost
Sdsosiniasiveg [P [Gwhiwr] | Factor (72| Load [Hhw] [HhAW ) [Fmdwh] | [HRWhH] [HkAW ) [HbAw k]
Battery Dizcharge h2.329 13,3 .3 140 % 2144 % - L3 - L4 REF % 9671
Flex Muclear 37.000 74,956 3T WEE  F b480 % BF13 % 120§  ZEO0 % |3/ ¢ 26029
Gas 1] a 0ok 00X % - $0.00 $0.00 $0.00 $0.00 $0.00
Hudrogen Turbine 1] a 00 00 % - $0.00 w0.00 $£0.00 $0.00 $0.00
Gaz CT 1] a 0ok 003 % - $0.00 $0.00 $£0.00 $0.00 $0.00
Stearn Plants 1] 0 00k 003 $0.00 F0.00 $£0.00 F0.00 $0.00
Total| 89,329 | 74,956 | 96| 7.6 | | % 663 [$ OBE [ 143 % 13806 | § 33902 |
[n-State
Capital Generation
S fer-Siaie Capacity | Generation | Capaciby | 2 Tatal Fixed D&k | War Ofbkd | Fuel Cost| Recowerw Cost
LFErranairT [P [GWwhiur] | Factor [72]| Load [HhAW ] [FmdwWh] | [HRWhH] [ HkAW ) [HhAWw k]
Total 251,339 423,033 1927 99.6% 3 |28 F 0420F 03313 4566 | 91.64
Hagans! Generation = Tatal = Tatal
Flinfadses [5G Hur] Load = Hur Load v of Grid Benewables
Impiorts 1,736 043 Curtailments 21.294 RO 5.9%
Met Battery Load 10,731 207

| Total Load [5G Hur]] 424,774 |
® Battery charging included in solar and wind generation.




Baseload + Flex Nuclear + 20% SB100 Core Renewables

Datasheet

Generation and Cost Summary Year 2045
In-State
Capital Generation
Capacity | Generation | Capacibw | 22 Tatal |Capital Cost] Fixed O&kd | War Ofbd | Fuel Cost | Fecovery Coszt
Abyrfaoaiafaiie ™ [t [Gwhiur] | Factor <] Load [Fhaw] [Fretiai] [Frtwih] | (kW) | [ETWh) [Fhdwh]
Exizting Muclear 1.042 7734 v 18 % 41 % 420 % 122 % 409 % 131 % 10.82
flew Muclear 30,000 242,238 9223 BBEX $ BEE3 % 267§ 0597 3 340 % 303 § 7h4
Large & bW Hudro 17,366 30,918 2003%  TEX 3 2453 % 148 ;4 26.07
Other Renewables 4 845 n.80v 2rax 29% 4 M0 ¢ BOE % - £ - 4 Ba.07
Fooftop Solar 7.200 14,397 228x% 38X % 1373 % 250 % - 4 - S AT 46,27
kility Solar 16,000 3654 226% T¥E % a4 % o8 % - 4 - ] 2477 % .85
Land-based Wind 2400 43 3EX 18 % 1188 % g3 % - 4 - ¥ 2892 % 2426
Offshore Wind - - 00 00% ¢ 4800 % - $ - S t - t -
Total] 78853 [ 6229  80.1%] 83.83 | $ 2048[% 1m[$ 247]% WTF[§  E273|
In-State
Capital Generation
Capacity | Generation | Capacity | 24 Total |Capital Cost| Fixed O | War O8b [ Fuel Cost| Recovery Cost
Lrsnaiiaiie [t [Gwhur] | Factor (]| Load [Hhw] [FhAwh] [HhAwin] | [HRtwh] | (3R [Tk
Battery Dizcharge 0.0% (3 1,140 - 3 - i - ] - -
Flex Muclear 28,000 £5.142 2663 1583 0§ 5480 % hadE § 120 ¢ 2E0 % E488 F 0 22V
Gas 1] 0 0oz 00x % - $0.00 $0.00 $0.00 £0.00 $0.00
Hudrogen Turbine 1] 0 0o 00X % - $0.00 $0.00 $0.00 t0.00 - $0.00
GazCT 1] 0 0oz 00X % - $0.00 $0.00 $0.00 £0.00 $0.00
Stearn Plants 1] 0 00% 003 $0.00 $0.00 $0.00 £0.00 $0.00
Tatal] 28,000 | BB 142 | 2REH] 1583 | ] FRdE ] § 1203 Z2E0[% B488 [ § 227 M|
In-State
Capital Generation
Fiviad den-Siais Capacity | Generation | Capacitu | % Total Fixed D&k | War Ofbd | Fuel Cost| Fecovery Cost
STy [ [Gwhhr] | Factor [3£]| Load [$itdwih] [FErAwib] [ [EeTWR] | (R [FhAW
Tokal 106,853 411,31 43.9%| 93627 $ 2643 ) 104 [ 2431 % L 28,76
Segoras Generation # Tatal 4 Tatal
Flanfaesas [G'Whiur] Load G Hur Load # of Grid Benewables
Imiparts 1,780 0.4% Curtailments 1,978 052 207
ket Battery Load 1] 0.0%
| Taotal Load [FwWhHur]] 413,151 ]

® Battery charging included in zolar and wind generation.



Datasheet
Baseload + Flex Nuclear + 209 SB100 Core Renewables

Generation and Cost Summary Year 2045
n-5%atle
Generation Capacily % Tota Capital Cost Ford O It WVar Qi Fioirl Coit Capital Recowvery | Generation Cost
Non-dispal chable™ Capacily [MW] [Gher) Factor (%) Load 5 kw] |5AWhH) 15/WWh] 15/ WIWh] [5/AWh) /MW h)
Exnting Muclear 1,042 7,734 B4 7% 1.9% 5 141 & 4.1 5 122 § 409 5 1.31 § 10.82
Mew Muclear 20,000 242,238 92.2% 58.6% - 3,000 & .67 & nay 8 340 5 G601 5 52.05 N u C I ear COSt
Larpe & NW Hydro 17,366 0,318 20.3% 7.5k £ 4.5 % 148 5 26.07
Other Reravaatiles 4,845 11,807 I7.8% 2.9% 5 401 5 506 & 5 ] 59.07 —_—
Rooftop Solar 7,200 14,397 11.8% 1.5% - 1,373 & B30 5 4 5 TS 46,27 — $3 y OOO/kW
Litility Solar 16,000 31,654 226% Tk s 754 £ 708 5 5 5 M7 5 31.85
Land-hased Wind 2,400 7,481 35.6% 1.8% 5 1,188 &5 834 & 3 5 25492 § 426
Ofshare Wind 0.0% D.0% -] 4,800 & 5 5 ] ]
Tazal| 78,653 345,229 50.1%] Bi.E% g 2048 | 5 ITHE 247 3 2282 |5 46,58
n-itate
Generation Capacity % Tota Capital Cost Fmed DB War OB Fual Cost | Capital Recovery | Generation Cost
Dispotchable Capacity [MW] G fyr) Factar (%] Lpad | {5/ low] | [&awh) | E5MaWh| i 2/Mwh) [5/mwh) {5/Mwh)
Battery Duscharge 0 0.0% 5 1140 5 - 5 - - 5 - 5 -
Flex Nuclear 28,000 63,142 2003 15.8% 3 3000 3 SEat 5 L20 5 280 5 90,26 5 132,52
Bas o o .3 0.3 5 - %0.00 50,00 50,00 50,00 : 50,00
Hydrogen Turbine 0 0 0.0 0% 5 - 20.00 50,00 50,00 50,00 50,00
Gas C1 0 L, L 0.0% 3 - 000 50,00 50,00 50,00 50,00
steam Flants (] LY, (0.3 0.3 5000 50,00 50,00 50,00 50,00
Total| 28,000 65,142 26.6%| 15.8% | [ 5845 5 120 |3 260 ] 3 30,26 | 5 152,52 |
n-3tate
Generation Capacity % Tota Fmad DB var OB Fuel Cost | Capital Recovery | Generation Cost
rotal in-3tate Generation | Capacity [Mw) [Gwhfyr) Factor (%] Load | | [sawh) | (5/Mwh] 15/MWwh) [5/mawh) {5/MIWh]
latal 108n B33 411,371 43.9%| S50k | | K3 JhAa9 | 5 104 |5 249 [ 5 33,33 | 5 b330
Genaration % Tota
Regiondl Furchases [GWhyr) Load | L GWhfyr % Total Load % of Grid Renewables
|miparts 1, /80 D.4% | Lurtaiments, 1,978 0.5% £ 0%
MNet Baltery Load i 0.0%
| Tatal Lead [GWh/yr]] 413,151

* Battery chargng included in solar and wind generation



Datasheet
Baseload Nuclear + H2 Turbine + 209 SB100 Core Renewables

Generation and Cost Summary Year 2045
[n-State
Capital G eneration
Capacity | Generation | Capacity | 2 Total [Capital Cost| Fixed Ofbkd | War O&k | Fuel Cost|  Recovery Cost
Advrfanaiafheiie” [Iedhd] [Ghiur] [Factor []] Load [Fhm] [t [Hhawi] | [$bAwh] [ (R [k k)
E xizting Muclear 1042 F.7ad gayx 19§ iENE 420 % 122 ¢ 409 % 131 % .82
Mew Muclear 30,000 242 238 922% BBEX §  BEE3 % S67 § 097 ¢ 340 % 49019 % Fiant!
Large & MW Hudro 17,366 30913 2033 ThX 4 2453 % 144 3 26.07
Cther Renewables 4,845 1807 2r8x  259% 4 5401 % 506 % - 4 - 3 59.07
Rooftop Solar 7200 4,397 228 35X % 1373 % 850 % - 4 - 3 K EAT: ¥ 46,27
Itility Siolar 16,000 21654 226X TVM % Al % 08 % - 4 - 4 2477 % 185
Land-bazed Wind 2400 7481 JhBx  18x % 1188 % ERCT . 1 - 4 - 4 2092 % 3426
ffshare Wind - - 003 002 § 4800 % - 4 - P - 3 - t -
Total] 76,953 | 346,229 | AR [ $ 2048 [ % 103 247 [ 3% W77 3 £2.73 |
[n-State
Capital G eneration
Capacity | Generation | Capacity | 2 Total [Capital Cost| Fixed Ofkd | War O&b | Fuel Cost|  Recovery Ciost
Ssnainhalie [Iedt] [GWhiur] [ Factor [5]] Load [ k] [#bAwh] [Frtwih] | [EhWR] [ [ W) ]
Battery Dizcharge ] 0.0z ¥ 140 % - £ - ¥ - 4 - 3 -
Flex Muclear 0 0 0.0 00 % - % - L - - 4 - 3 -
Gas 1] 1] 0.0 00 % - $0.00 $0.00 $0.00 .00 $0.00
Hudrogen Turbine 32,000 B5,048 232% BiE % 1.257 $9.84 $2.00 $0.00 $43.29 $56.12
GasCT 1] ] 00X 003 % - $0.00 $0.00 $0.00 $0.00 $0.00
Stearn Plants 1] 1] 0.0% 003 $0.00 $0.00 $0.00 $0.00 $0.00
| Tatal] 32,000 ] ER.045 2323 157 | 3 9841 200[% - |3 43291 4% FE13 |
In-State
Capital G eneration
FONE dr-Shata Capacity | Generation | Capacity | 22 Total Fixed Q&b | War C&k | Fuel Cost|  Recowvery Ciost
et [ [Gwhur] | Factor [#]] Load [$ikAwih) [Hrawih] [ [Fwh] [ (R [ kAW
Tital 110,853 a.2v7 42 422 9965 $ 1B % 119718 2081 % 2949 | % 6153
Shagoray Gerneration #% Total # Tatal
Fhaniaines ER Load S hiur Load # of Grid Benewables
Impaorts 1.780 043 Curtailments 1978 053 125
et Battery Load 1] 0.0
| Total Load [G4WHur] 413,055 |

= Battery charging included ik solar and wind generation.



Appendix B
Grid Model Methodology

L imitations of the Current Model



Grid Model Methodology

The California adaptation of the Grid Model works as follows:

In this model, each type of energy source is dispatched hourly to address electric loads, taking account of
inter-regional power purchases and sales. CO, emissions (if any), energy pricing, and the occurrence of surplus
energy each hour from excessive non-dispatchable generation is also calculated.

Model inputs include hourly data for loads, solar generation, wind generation, hydro generation, and power
exchange with other regions. The assumptions and methods used in the model are as follows:

Power generation is represented in these simplified categories: behind the meter (rooftop) and grid-connected
utility solar, land-based and offshore wind, hydroelectric, nuclear, battery storage, and a series of possible
dispatchable sources, especially gas-fired combined-cycle and simple-cycle plants. Existing nameplate capacities
are taken from CEC publications, while actual output is based on 2023 CAISO data.

Total system loads are estimated using 2023 data from California Independent System Operator (CAISO),
which operates the State’s electric grid. Projections of current demand, as well as the new demand from electric
vehicles (EVs) and the electrification of buildings, are drawn from forecasts developed by E3 for the California

Energy Commission.



Grid Model Methodology (cont.)

Hourly generation from solar and land-based wind 1s scaled up based on the distribution of 2023 hourly output
data for these sources. Hourly load shapes are estimated by reviewing hourly data for weekend/holidays and
weekdays. Maximum and minimum daily loads are adjusted weekly based on historic data to account for seasonal
variation and adjusted annually based on load growth projected by CAISO. Purchases from other Western states
are modeled based on 2023 actual hourly data.

The maximum capacity of solar and wind facilities reflects the distribution of generators and the likelihood
that they can operate at the same time. These values are different from nameplate capacity which represents the
output of a single unit at a specified point, used to calculate installation cost. Maximum capacity is derived from
evaluating actual generating data in 2023 from CAISO. Until actual data is available for offshore wind
installations, offshore wind is assumed to have the same relationship of maximum regional output to nameplate
capacity as land-based wind,

Capacity factors — the fraction of the potential output of a source that is actually produced during the year — are
not assumed but are calculated by the model, based upon the weather and the behavior of the grid.

The Dispatchable Emission-Free Resource — referred to in this paper by the acronym DEFR — 1s modeled
using the characteristics of the TerraPower Natrium small modular reactor (https://www.terrapower.com/our-
work/natriumpower/).



https://www.terrapower.com/our-work/natriumpower/
https://www.terrapower.com/our-work/natriumpower/

Grid Model Methodology (cont.)

Battery storage is modeled by assuming the batteries are charged when there is more inflexible power from
hydropower, nuclear, grid-connected solar, and wind than is needed to meet demand. The DEFR is not used to
charge batteries. The batteries are discharged when the load on the grid is greater than can be provided by those
ongoing inflexible sources.

Hourly loads and source dispatch are determined for each day of the year. Hourly load patterns are modeled
based on 2022 data available from NYISO. Hourly load shapes are selected for workdays and for non-work
holiday/weekend days and adjusted weekly for seasonal changes. NY1SO reports estimated generation from
behind-the-meter solar, even though it occurs on the customer side of the grid. Behind-the-meter solar currently
represents the majority of solar electric generation capacity, but that will change as State plans proceed.

Each source is dispatched in turn to meet the load, as follows: behind-the-meter solar is introduced first,
leaving the remaining load to be served by the various sources connected to the grid. Purchases from the
neighboring States and Canada are added. Existing nuclear plant output 1s added as “must-run” capacity.
Hydroelectric generation is added. Output from grid- connected solar plus onshore and offshore wind generation
are then added, taking into account their hourly variations as described above.

Three percent of the maximum annual load is set aside for system control by gas combined-cycle plants or
battery discharge, representing spinning reserve and other ancillary grid services. This is required even when
there are curtailments of solar and wind generation.



Grid Model Methodology (cont.)

When there is unmet load remaining after the non-dispatchable sources have been included, the batteries are
called on to discharge up to their ability. If unmet load still remains, then the DEFR is used to supply the remaining
load. In the SB 100 Core plan, the DEFR is assumed to be gas-fire turbines.

Curtailments occur when total non-dispatchable generation exceeds the load requirements. When there is
Insufficient load to use all possible solar and wind generation, purchases from other states are reduced or
eliminated. Then curtailments are assigned in random order to offshore wind, onshore wind, and grid-connected
solar, but not to BTM solar, which is not controlled by the grid operator.

The model uses current dollars so that the effects of future inflation do not confuse the analysis. Costs of
energy sources are estimated from a variety of NREL’s ATB. The prices used in the scenarios reported here are
shown in the Datasheets in Appendix A. The total in-state generation cost of electricity is the weighted average of
annual generation sources. The cost for each generation source includes fixed and variable operation and
maintenance (O&M) cost, fuel cost, and capital recovery.

We are not reporting energy generator revenues as we have not analyzed the breakdown between energy
market income vs. revenue from resource adequacy and other auctions operated by CAISO. The actual revenue
sources depend upon varying arrangements for tax subsidies and other mechanisms for shifting costs from, and
among, ratepayers, so this data would be too uncertain to be meaningful.



Limitations of the Current Model

The model we are using, while it shows the principal properties and requirements for the future grid, has
significant limitations. Among these are:

This model treats the state’s grid as a single unit without transmission constraints, whereas we know that
there are significant barriers to the flow of power between areas of the state. The model also does not
reflect transmission upgrade costs that will be required with economy-wide electrification, especially if
widely-distributed solar and wind facilities are expanded as envisioned in the State’s current plan.

Our model does not reflect the additional reserve requirements imposed by state and federal law.

We have not explored the wide range of possible future costs that seem likely for both renewable and
nuclear resources, as well as for possible hydrogen options.

The vast majority of nuclear reactor downtime is for scheduled maintenance and refueling. Routinely,
such downtime is placed during periods of predicted low demand, currently in the spring and fall. While
our model represents nuclear generation as flat throughout the year at a reduced capacity factor. Full
nuclear capacity should be available through the entire winter, the season of peak future demand.
Incorporating this into the model would reduce the needed DEFR capacity.

The chosen nuclear DEFR in our model, the Terrapower Natrium system, drops from 500 MW to 345 MW
output capacity when its thermal storage is depleted. Having a DEFR with maximum capacity always
available, perhaps accompanied by batteries, might be more cost-effective.
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