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Abstract

Critics of a global transition to clean, renewable electricity argue no wind- or solar-
dominated grids exist and solar and wind’s variabilities cause blackouts. This paper uses
data from the world’s 5®-largest economy to show no blackouts occurred when wind-water-
solar electricity supply exceeded 100% of demand on California’s main grid for a record
98 of 116 days from late winter to early summer, 2024, for an average (maximum) of 4.84
(10.1) hours/day. Compared with the same period in 2023, solar, wind, and battery outputs
in 2024 increased 31% 8%, and 105%, respectively, dropping fossil gas use by an estimated
40%. Batteries, which shifted excess solar to night, supplied up to ~12% of nighttime
demand. Wind-water-solar is not the cause of high California electricity prices; to the
contrary, most all states with higher shares of their demand met by wind-water-solar
experience lower electricity prices. Thus, data support models: a reliable wind-water-solar-
dominated grid appears feasible.
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1. Introduction

The world is undergoing a rapid transition to clean, renewable energy (/) to address global
warming, air pollution, and energy insecurity. The transition involves electrifying
transportation, industry, and buildings, and providing the electricity and some heat with
clean, renewable wind-water-solar (WWS) generators. WWS generators include wind,
hydro, geothermal, tidal, wave, photovoltaic (PV), and concentrated solar power (CSP)
electricity generators and geothermal and solar heat generators. WWS generators are clean
because they emit no health- or climate-affecting air pollution during their use, and
renewable because they are sustained by non-depletable natural resources: sunlight and its
byproducts (wind, rain, and waves), Earth’s internal heat (geothermal), and the gravitational
attraction of the Earth and the Moon (tides).

Modeling studies show that virtually all countries can have reliable, low-cost electricity
systems powered by 100% clean, renewable energy with high shares of wind and solar and
nearly all end-uses electrified (2-4). Modeling studies also find it is technically and
economically feasible to transition California to 100% WWS electricity and heat among all
energy sectors (5-7) or to 100% renewable electricity alone (8, 9). These studies conclude
that a transition benefits from scaling up wind and solar; combining complementary WWS
resources, including existing hydroelectricity; expanding transmission and distribution
(T&D) systems; developing electricity storage; and managing demand.

How close are real-world electricity grids to reaching 100% WWS? In 2022, 10 countries
produced 99.5-100% and 64 countries produced 50-100% of all the electricity they
generated from WWS (/0). Hydroelectricity dominated electricity production in all the top-
10 countries, but several countries have growing penetrations of solar, wind, and/or
geothermal electricity production. For example, Costa Rica (ranked 9), which generated
99.48% of its electricity with WWS, produced 10.9% from wind, 12.9% from geothermal,
0.64% from solar, and 75.1% from hydro (/0). Namibia (ranked 11), which generated 98.6%
of its electricity with WWS, produced 38.2% from solar, 1.65% from wind, and 58.7% from
hydro. The small island territory of Tokelau (ranked 15), which generated 93.8% of its
electricity with WWS, produced 91.6% from solar and 2.25% from wind, with no hydro
(10). Kenya (ranked 22), which generated 85.7% of its electricity with WWS, produced
42.7% from geothermal, 16.6% from wind, 2.97% from solar, and 23.5% from hydro (10).

In addition, Scotland (a nation within the United Kingdom) and South Australia (a state in
Australia) now have grids dominated by more than 70% wind or solar. In 2022, for example,
Scotland supplied 88.9%, 16.9%, and 8.9% of its gross electricity consumption with wind,
hydro, and solar plus other renewables, respectively (/7). In 2023-2024, South Australia
generated more than 70% of its electricity with wind and solar, with a high share of rooftop
PV (12).

With respect to the United States, from October 1, 2023 to September 30, 2024, WWS
supplied 53.7% to 110% of grid electricity demand in 11 U.S. states (Table 1). The main
electricity source in seven of the 11 states was wind; in the remaining 4, it was hydro. For
example, in South Dakota, WWS provided 110% of the annual demand: 77.5% with wind,
30.1% with hydro, and 2.2% with solar. South Dakota supplied another 16.0% of its



demand with fossil gas and 11.2%, with coal. Thus, South Dakota produced a total of ~137%
of its grid demand with WWS plus fossil fuels and exported the extra 37%. However, the
grids in South Dakota and these other states are much smaller than in California. For
example, the 2023-24 retail sales of electricity in South Dakota, Montana, and lowa were
only ~5.5%, ~6.5%, and ~22.5% of those in California (Table 1).

Table 1 shows that California produced an average of 47.3% of grid electricity demand
with WWS electricity from October 1, 2023 to September 30, 2024. However, the table
does not show the remarkable progress California, the world’s 5"-largest economy (/3),
has made toward 100% WWS from March to June, 2024. From March 7 through June 30,
2024 (late winter, all of spring, and early summer), WWS supply exceeded 100% of elec-
tricity demand for parts of a record 98 out of 116 days on California’s main grid. Subse-
quently, a multi-week heat wave enveloped California, causing demand for air conditioning
to rise substantially, preventing WWS from meeting 100% of demand again until July 27,
2024. Over the entire 2024 year, WWS supply exceeded demand on the CAISO grid for
parts of 132 days, including 7 days from January 1 to March 6, 98 days from March 7 to
June 30, and 27 days from July 1 to December 31.

This study focuses on the March 7 to June 30, 2024, period, just before the heat wave, to
compare this period best with the same period in 2023, since no heat wave occurred during
either period. The study examines the reasons for the astounding growth in WWS output
between 2023 and 2024 and why WWS kept costs lower than they otherwise would have
been.

The study appears to be the first to examine, with data, WWS supply exceeding 100% of
demand for part of the day on a daily basis on a grid as large as that of California’s. The
paper also shows, with data, the effectiveness of using large quantities of batteries to shift
the time of electricity supply to when the electricity is most needed. The paper also com-
pares electricity prices in states as a function of WWS penetration and explains why Cali-
fornia’s high electricity prices are an anomaly unrelated to the growth of renewables in the
state.

2. Methods

For this study, data from California’s main grid are examined. California’s main grid is
managed by the California Independent System Operator (CAISO), which is one of nine
independent system operators and regional transmission operators in North America.
Independent grid operators serve two-thirds of U.S. grid demand. CAISO is the largest of
38 balancing authorities in the Western Electric Coordinating Council (WECC). The
WECC oversees reliability planning in 14 western U.S. States, British Columbia, Alberta,
and parts of Baja, California. CAISO manages 61% of the WECC load and the electricity
flow for about 32 million people (82% of California’s population and a portion of Nevada’s)
across 26,000 miles (41,900 km) of transmission lines (/4).

Wind, solar, geothermal, small- and large-hydroelectric, fossil gas, and battery electricity
supply data and electricity demand data for the CAISO grid were obtained (/5) every 5
minutes from March 7 to June 30, for both 2024 and 2023. The data were input into a



spreadsheet from which Figures 1, 2, 3, and S1 and Table S1 were derived. Additional data
and statistics were gathered, as referenced in each additional table and figure.

3. Results

3.A. 2024 Statistics From the CAISO Grid

From March 7 to June 30, 2024, the CAISO grid experienced 98 of 116 days, including 55
days straight, during which WWS supply provided 100% to 162% of demand for anywhere
from five minutes to 10.1 hours per day, and for an average (over all 116 days) of 4.84
hours per day (Table S1). Figure 1a shows the maximum WWS supply for any 5-minute
interval during each day as a percent of demand. WWS supply exceeded 100% of demand
on 98 days. Over all 116 days, the average among all maximum daily values of WWS was
116% of demand (Table S1).

Figure 1b shows the daily (24-hour) average WWS supply as a percent of demand from
March 7 to June 30, 2024. Figure 1c shows the absolute WWS supply and demand each
day. From late winter through spring, the percent of demand met by WWS supply and the
absolute WWS supply both increased gradually until they peaked at 83.2% of daily demand
on May 25 and 416 GWh/day on May 24, respectively (Figures 1b, 1c), with averages over
the entire period of 61.3% of demand and 335 GWh/day, respectively (Table S1).

Figure 2 shows time-series data for several individual days between March 7 and June 30,
2024. On Sunday, May 5, 2024, WWS supply peaked at 162.3% of demand (Figure 2b).
About half the excess electricity supplied by WWS each day was exported to other Western
U.S. states; most of the rest was stored in batteries. Most grid-connected battery electricity
in California is discharged after sunset and before sunrise, as seen in the daily plots in
Figure 2.

On Wednesday, June 19, nighttime battery peak electricity output reached a new record of
7.78 GW (Figure 2d). That is equivalent to the peak power output of about eight nuclear
reactors and to ~35.3% of the average grid demand (22.05 GW) during the period discussed.
Because batteries are mostly four-hour batteries, they could store ~31.1 GWh of electricity.
During the 116-day period, an average of 21.3 GWh/day and a maximum (on June 17) of
29.5 GWh/day of battery electricity was discharged onto the grid (Table S1). Battery round-
trip efficiency averaged 86.7% (Table S1). Discharged battery electricity supplied an
average of 3.89% and a maximum of 5.95% of CAISO’s daily (24-hour) electricity demand
(Table S1). Thus, on their best day, batteries supplied almost 12% of nighttime electricity
demand. The major role of batteries was to shift daytime WWS surpluses to night.

On April 11, solar PV plus CSP alone provided over 100% of demand for the first time in
California, reaching over 102% of demand at 12:45 pm. After that, through June 30, 2024,
solar alone exceeded demand for parts of 22 more days.

Grid solar output does not include most behind-the-meter (BTM), distributed PV output,
which supplied the equivalent of 12.9% of California’s electricity retail sales from October
1, 2023 to September 30, 2024 (Table 1). BTM PV is either roof- or ground-mounted PV



powering residential, commercial, or industrial buildings directly. In 2016, only 1% of new
BTM PV systems in California were co-located with BTM batteries. That grew to 4% in
2017,6% in 2018 and 2019, 9% in 2020, 11% in 2021, 12% in 2022, 13% in 2023, and 38%
in 2024 (16).

Because BTM PV and batteries provide electricity for buildings, those buildings need much
less daytime grid electricity. Thus, while not contributing much to grid electricity supply,
BTM PV reduces grid demand significantly during the day. During the partial solar eclipse
of April 8 (Figure 2a), for example, grid demand increased temporarily because BTM PV
output decreased, increasing the need for the grid to supply electricity to buildings. At the
same time, utility solar supply decreased, but grid-connected battery output increased to fill
in the gap (Figure 2a). Not only did no blackout occur during the eclipse; no blackout
occurred during any other day during the period of interest. In fact, during no 5-minute
interval during the 116 days did WWS supply fall below 21.2% of demand (Table S1). Thus,
“baseload” WWS supplied over a fifth of CAISO demand.

3.B. Historic Growth of CAISO WWS Generation

Figure S2 shows the daily-average WWS electricity supply versus electricity demand on
the CAISO grid from 2019-2024. From 2022 through 2023, WWS supply increased
gradually while electricity demand decreased slightly (Figure S2). Beginning in 2024,
supply increased more rapidly and demand dropped more notably. The changes in demand
over time are more apparent in Figure 4, which shows the daily profile of CAISO electricity
demand for full-year periods (July 1-June 30), between 2019 and 2024.

As a result of the increase in WWS supply and decrease in demand from 2019 to 2024, the
daily-average gap between WWS supply and demand decreased gradually during that
period. This culminated March 7 to June 30, 2024, when the 24-hour average WWS supply
reached 61.3% of demand, versus 56.1% of demand during the same period in 2023 (Figure
3). The maximum WWS supply versus demand during any 5-minute period also increased
substantially: from 129% of demand in 2023 to 162% of demand in 2024 (Figure 3). Most
significantly, between March 7 and June 30, 2024, WWS supply exceeded demand on the
CAISO grid for parts of 98 days for an average of 4.84 hours per day (over the entire 116-
day period), versus 45 out of 116 days and for an average of only 1.51 hours per day for
the same period in 2023 (Figure 3).

There are several reasons for the increase in WWS supply and decrease in demand between
2023 and 2024. First, utility solar, wind, and battery output during the 116 days in 2024
were 31%, 8%, and 105% higher, respectively, than during the same period in 2023 (Figure
3), due largely to increases in nameplate capacities of these technologies. Figure 5 shows
the nameplate capacities of WWS generators and batteries on the CAISO grid and behind
the meter from 2018 to 2024. The figure shows that, between June 2023 and June 2024,
nameplate capacities of utility solar, wind, and batteries increased by ~18%, ~4%, and
73.3%, respectively.

The utility solar, wind, and battery output increases more than compensated for the 11%,
7%, and 12% decreases in small hydro, large hydro, and geothermal outputs, respectively,



in 2024 relative to 2023 (Figure 3). Small and large hydro outputs decreased primarily
because California rainfall was lower in 2024 than in 2023, a record year for hydro output.
Geothermal electricity output decreased in 2024, despite a 0.63% increase in its nameplate
capacity, possibly due to more maintenance needs or lower reservoir pressures in 2024.

In sum, overall CAISO-grid WWS electricity production increased by 12% in 2024
compared with 2023 (Figure 3). Simultaneously, demand (load) on the CAISO grid dropped
by ~1% from 2023 to 2024 (Figures 3, 4). The reason for the demand decline was an
increase in BTM PV and batteries, as shown in two ways.

First, the demand decline was more pronounced during the day, when BTM PV produced
electricity, than at night, when it did not (Figure 4).

Second, a comparison of data from March 7 to June 30, 2024 with data from the same
period during 2023 (hereafter “the two periods”) indicates that the growth in BTM-PV
nameplate capacity could have caused the entire 1% (4.54 GWh/day) drop in demand, from
533.7 to 529.1 GWh/day (Figure 3) between the periods. Between the periods, the
nameplate capacity of BTM PV increased by ~1.86 GW (Section S2, Supplementary
Materials), increasing generation by ~9.35 GWh/day. Because added BTM PV supply
exceeded the measured drop in demand (4.54 GWh/day) by 4.81 GWh/day, that 4.81
GWh/day must represent more demand for electricity in buildings in 2024 than in 2023.
That higher demand was likely due mostly to increased air conditioning use caused by
1.6 °C and 3.2 °C higher average California-averaged air temperatures in May 2024 and
June 2024, respectively, than during the same months in 2023 (Table S2). It was also likely
due to increased electric vehicle and datacenter electricity demand. In sum, the 9.35
GWh/day of added BTM PV generation between the two periods not only met the increased
demand of 4.81 GWh/day but also reduced overall demand by 4.54 GWh/day.

Figure 6 shows the curtailment of solar and wind electricity on the CAISO grid from 2019
to 2024. Curtailment of solar increased from ~4.4% of utility solar production in 2019 to
~8.4% in 2024 (Figure 6). Total solar plus wind curtailment increased from 0.65% of total
demand in 2019 to 2.2% in 2024. Thus, in 2024, the average curtailment (about 536 MW)
was equivalent to ~24% of the peak output of the Diablo Canyon nuclear plant (2.256 GW),
which provides inflexible power. The increasing number of hours of >100% WWS in 2024
increased curtailment on the grid, because not all excess WWS supply was exported or
stored in batteries. In the future, this curtailed electricity can be used, not only to supply
electricity to additional batteries, but also to produce low-temperature heat for buildings
stored in water tanks or soil (in district heating systems); to produce high-temperature
industrial-process heat stored in firebricks (4); and to produce hydrogen used for ammonia
and steel manufacturing, long-distance transport, and some grid electricity storage (3).

A major benefit of the WWS growth was an estimated 40% decrease in fossil gas electricity
production on the CAISO grid between the two periods (Figure 3). On December 13, 2023,
CAISO stated that it revised its method of calculating fossil gas supply by capturing
resources that use gas as a fuel rather than estimating gas usage by subtracting non-gas
resources from total CAISO resources (/7). This may have affected the calculation of the



decrease in fossil gas use between 2023 and 2024. However, Figure 7 shows monthly fossil
gas deliveries to the California electric power sector from 2022 to 2024. Fossil gas
deliveries were 16% and 26% lower from March-June, 2024 than during March-June, 2023
and March-June, 2022, respectively (Figure 7). Because the fossil-gas delivery data are
independent of the CAISO data, the change in methodology by CAISO does not affect the
conclusion that WWS growth caused fossil gas use to decrease substantially on the CAISO
grid between March-June 2023 and 2024.

4. Discussion

4.A. How to Supply Remaining CAISO Demand with WWS

In 2018, California passed Senate Bill 100 (SB100), which requires 50% and 60% of
California’s electricity retail sales (consumption) to come from “eligible renewables” by
December 31, 2026 and 2030, respectively, and 100% to come from eligible renewables
and zero-carbon resources by December 31, 2045 (/8). Eligible renewables include wind,
solar, geothermal, small hydroelectricity, tidal, ocean wave, ocean thermal, fuel cells using
renewable fuels, renewable methane, and biomass sources. Zero-carbon resources refer
primarily to large hydro (/8). WWS resources include wind, solar, geothermal, small hydro,
and large hydro, but not biomass, because its combustion for energy produces air pollution.
WWS also excludes nuclear electricity and fossil (natural) gas electricity.

Table 1 indicates that, for the year from October 1, 2023-September 30, 2024, California
generated 47.3% of the electricity it consumed from WWS (thus from a combination of
“eligible renewables” and “zero-carbon resources” by California’s definition). As such,
California’s main grid was almost halfway to reaching SB100’s requirement of using 100%
eligible renewables and zero-carbon resources for grid electricity by 2045. What is needed
to obtain the remainder, which requires filling in the white areas of Figures 1b, lc, and 2?
Also, can this be accomplished in the face of future electricity-demand growth due to higher
summer temperatures; electrification of transportation, buildings, and industry; and the
growth in datacenter electricity use due to virtual currency mining and artificial intelligence?

California can eliminate its remaining use of fossil gas and its use of nuclear and biomass
in the face of growing electricity demand in several ways. First, continued growth of BTM
PV and batteries and improvements in energy efficiency will reduce or soften increases in
demand during day (due to PV) and night (due to batteries). Second, continued growth of
utility PV and batteries, will allow WWS supply ultimately to exceed grid demand during
the hottest days and nights of summer, when demand is highest on the CAISO grid. One
type of utility PV — floating PV on hydropower reservoirs — will not only increase PV
supply but also increase transmission-line efficiency and hydropower output (by reducing
water evaporation) (79).

Third, nighttime demand can also be met with offshore wind, which peaks during evenings
and summers in California (20). Fourth, nighttime demand can be met further by shifting
more hydroelectricity to night from day and using demand response more effectively. An
example of demand response is a shift in the time of electricity demand when utilities set
different electricity rates for different times of the day. Finally, day and night demand can



be met by enhanced geothermal. Southern California Edison has already secured a power-
purchase agreement for 320 MW of enhanced geothermal being built in Utah (217).
Providing 100% of grid electricity with low-cost WWS not only eliminates emissions from
the grid but also incentivizes (due to the low-cost energy) further electrification of transport,
buildings, and industry, reducing health- and climate-damaging air pollutants more in a
positive feedback.

4.B. Impacts of WWS on Electricity Prices

Although California has the 2"-highest electricity prices in the U.S. (Table 1) and high
penetrations of renewable electricity, the two facts are only a correlation, not a cause and
effect. In fact, higher renewable penetrations today reduce electricity costs and prices.

First, with respect to the correlation between renewable generation and electricity prices,
California is an anomaly. Of the 12 U.S. states with the highest WWS supply as a percent
of demand from October 1, 2023 to September 30, 2024, six were among the 10 out of 50
states with the lowest residential electricity prices in March, 2024; 10 were among the 20
states with the lowest electricity prices; and only two (California and Maine) had high
electricity prices (Table 1). As such WWS is correlated more with lower, rather than higher,
electricity prices. For example, South Dakota, Montana, and lowa provided 110%, 86.5%,
and 79.4% respectively, of the electricity they consumed from October 1, 2023 to
September 30, 2024 with WWS (versus California at 47.3%). Yet, those three states had the
9th_ 8. and 12™-lowest March 2024 electricity prices in the U.S., respectively (versus
California at 49') (Table 1). Pierpont (22, p. 7) similarly found that “states with significant
clean energy growth have not generally experienced retail rate increases above inflation.”

Second, the cost of new renewable electricity generation, which is a factor in electricity
prices, is, in 2024, lower than the cost of new fossil-fuel or nuclear generation, even when
storage cost is included. The most recent estimates by Lazard (23) of the unsubsidized
levelized cost of electricity (LCOE), shows that utility PV and onshore wind, the two largest
non-large-hydro sources of WWS electricity on the CAISO grid (Figure 5), have the lowest
LCOEs among all electricity generating technologies, including combined-cycle fossil gas
(Table S3). Indeed, even the high end of the LCOE ranges for new utility PV and onshore
wind lie well below the low end of the LCOE range for new nuclear and fossil gas peaking
plants. New onshore wind and utility PV with storage have a much lower average cost than
new nuclear or gas-peaking plants (Table S3).

What is more, Figure 8 shows that the average spot price of electricity on the CAISO grid
from March 7 to June 30, 2023 was $33.4/MWh; that during the same period in 2024 was
$15.8/MWh. Thus, the average spot price decreased by 52.9% between 2023 and 2024
despite more WWS generators and batteries on the grid in 2024 (Figure 5).

The spot price is the estimated market price of electricity during a given 5-minute period
and is calculated from marginal prices in numerous locations throughout the CAISO grid.
These “locational marginal prices” represent marginal costs of serving the next increment
of demand at pricing nodes on the grid and account for marginal energy costs, marginal
costs of losses, and marginal costs of congestion (24, p. 159).



In 2023, the industrial price of fossil gas for use in the electricity sector in California was
the 3"-highest in the U.S. and more than twice the average U.S. price. (25). Because fossil-
gas electricity generation in California has a higher marginal cost than does WWS
generation, CAISO system-average spot prices should decrease when fossil gas generation
decreases and WWS generation increases. The data bear this out: CAISO fossil gas use
decreased by 40% (Figure 3) and CAISO system-average spot prices decreased by 52.9%
(Figure 8) between the two periods.

So why are California’s overall electricity prices high in 2024? Aside from the high cost of
fossil gas in California, a big factor is wildfires. Utilities have passed on to customers the
cost of wildfires caused by transmission line sparks (26), the cost of undergrounding
transmission lines to reduce such fires (27), and other wildfire-related mitigation costs. The
result is that, in California, costs related to mitigating wildfire risks account for ~16% of
the total cost to customers of the state’s three primary investor-owned utilities (22, p. 2).
Pacific Gas and Electric (PG&E) customers have been particularly hard hit. In early 2024,
increased wildfire mitigation spending caused PG&E residential electricity rates to jump
by more than 20% (28).

Utilities have also passed on to customers the costs of the San Bruno (29) and Aliso Canyon
gas disasters (30), the cost of retrofitting gas pipes following San Bruno (37), and the cost
of keeping an aging nuclear power plant, Diablo Canyon, open (32). Finally, transmission
and distribution costs are rising faster than inflation (22).

In sum, available data on price and cost indicate that increasing the share of WWS tends to
reduce electricity price. IEA (33, p. 16) agrees: “our projections highlight that rapid clean
energy transitions result in lower customer bills compared with a trajectory based on
today’s policy settings.”

4.C. Comparison with growth of WWS in Texas

Another large U.S. state ramping up WWS (solar, wind, and batteries in particular) is Texas.
Table 1 shows that, for the year through September 30, 2024, Texas met 32.1% of its
demand with WWS, mostly with wind (24.2%) and solar (8%), but with very little hydro
(0.16%). Texas also had about 7.2 GW of batteries on its grid as of November, 2024, mostly
added in 2023 and 2024. The addition of these WWS resources appears to have improved
grid stability, like in California. During the summer of 2024, for example, solar and

batteries in particular may have helped to avoid rolling blackouts when temperatures
exceeded 37.8 °C (100 °F) (34).

S. Conclusions

Countries, states, provinces, and cities worldwide are undergoing a transition to more
electric appliances, machines, and vehicles and more use of solar and wind to provide that
electricity. Because few examples of electric grids dominated by solar or wind exist, a
concern exists that such grids will result in expensive and unstable electricity. Real-world
data show that in just one year, the world’s fifth-largest economy, California, experienced
a remarkable growth in solar PV, some wind, and battery storage coupled with a dip in grid



demand due to the growth of BTM PV. The net result was a period of 98 out of 116 days
where WWS supply on the grid exceeded 100% of demand for anywhere from a few
minutes to over 10 hours per day. Despite the rapid growth and high penetration of WWS,
the spot price of electricity during the period dropped by more than 50% compared with
the same period in the previous year and no blackouts occurred, giving confidence that the
addition of more solar, wind, and batteries should not be a cause for concern. The study
also demonstrated that high overall electricity prices in California are due to factors other
than the growth of WWS. In fact, other states with higher penetrations of WWS than
California have among the lowest U.S. electricity prices.

The remaining demand not currently met by WWS can be provided by installing more
utility PV, batteries, and onshore wind; installing offshore wind and enhanced geothermal;
shifting more hydroelectricity to night, and using demand response more effectively.
Finally, more BTM PV and associated batteries and energy-efficiency improvements will
reduce demand for grid electricity. Implementing quickly such infrastructure is challenging
but technically and economically feasible.

California and other states and countries still have a long way to go to reach 100% WWS
every hour of every day in their electricity sector, and to transition other sectors to
electricity supplied with WWS. However, the data-driven results here support those from
modeling studies that indicate grids with a WWS penetration of up to or exceeding 100%
can be both reliable (avoid blackouts) and economically feasible (2-9). Such a transition is
necessary and should benefit consumers financially and health-wise (7).

CRediT Authorship contribution statement

Mark Z. Jacobson: Conceptualization, Methodology, Investigation, Visualization, Project
administration, Supervision, Writing-original draft; Writing-review & editing.

Daniel J. Sambor: Investigation, Writing-review & editing.

Yuanbei F. Fan: Investigation, Visualization, Writing-review & editing.

Andreas Muhlbauer: Investigation, Visualization, Writing-review & editing.

Mark A. Delucchi: Investigation, Writing-review & editing.

Data availability
The main text and supplementary material contain all data analyzed in and results of this
study.

Competing interest
The authors declare that they have no competing interests.

Acknowledgments
This project was not funded by any source. We would like to thank Elisabeth Andreae of
Denmark Technical University for helpful feedback on this project.

Supplementary Material

10



The supplementary file includes Supplementary Text, Figs. S1 and S2, and Tables S1 to S3

References

1. International Renewable Energy Agency (IRENA), World energy transitions outlook
2023: 1.5 °C Pathway (IRENA, Abu Dhabi, 2023), https://www.irena.org/Publications/,
accessed December (2024).

2. C. Breyer et al., On the history and future of 100% renewable energy systems re-
search, IEEE Access 10 (2022) 78176-78218, doi:10.1109/ACCESS.2022.3193402.

3. M. Z. Jacobson, Batteries or hydrogen or both for grid electricity storage upon full
electrification of 145 countries with wind-water solar? iScience 27 (2024) 108988,
do0i:10.1016/j.is¢1.2024.108988.

4. M. Z. Jacobson, D. J. Sambor, Y. F. Fan, A. Miihlbauer, Effects of firebricks for in-
dustrial process heat on the cost of matching all-sector energy demand with 100% wind-
water-solar supply in 149 countries, PNAS Nexus 3 (2024) pgae274,
doi:10.1093/pnasnexus/pgae274.

5. M. Z. Jacobson, M. A. Delucchi, A. R. Ingraffea, R. W. Howarth, G. Bazouin, B.
Bridgeland, K. Burkhart, M. Chang, N. Chowdhury, R. Cook, G. Escher, M. Galka, L.
Han, C. Heavey, A. Hernandez, D. F. Jacobson, D. S. Jacobson, B. Miranda, G. Novotny,
M. Pellat, P. Quach, A. Romano, D. Stewart, L. Vogel, S. Wang, H. Wang, L. Willman,
T. Yeskoo, A roadmap for repowering California for all purposes with wind, water, and
sunlight, Energy 73 (2014) 875-889, doi:10.1016/j.energy.2014.06.099.

6. M. Z. Jacobson, M. A. Delucchi, G. Bazouin, Z. A. F. Bauer, C. C. Heavey, E. Fisher,

S. B. Morris, D. J. Y. Piekutowski, T. A. Vencill, T. W. Yeskoo, 100% clean and renewa-
ble wind, water, sunlight (WWS) all-sector energy roadmaps for the 50 United States, En-
ergy Environ. Sci. 8 (2015) 2093-2117, doi:10.1039/C5EE01283J.

7. M. Z. Jacobson, A.-K. von Krauland, S. J. Coughlin, F. C. Palmer, M. M. Smith, Zero
air pollution and zero carbon from all energy at low cost and without blackouts in varia-
ble weather throughout the U.S. with 100% wind-water-solar and storage, Renewable En-
ergy 184 (2022) 430444, doi:10.1016/j.renene.2021.11.067.

8. B. Tarroja, B. P. Shaffer, S. Samuelsen, Resource portfolio design considerations for
materially-efficient planning of 100% renewable electricity systems, Energy 157 (2018)
460471, doi:10.1016/j.energy.2018.05.184.

9. M. Y. Abido, Z. Mahmud, P. A. Sanchez-Perez, S. R. Kurtz, Seasonal challenges for a

California renewable-energy-driven grid, iScience 25 (2022) 103577,
doi:10.1016/j.is¢1.2021.103577.

11



10. M. Z. Jacobson, 64 countries whose electricity generation in 2022 was 50-100%
wind-water-solar (2024), https://web.stanford.edu/group/efmh/jacobson/WWS-
Book/Countries100Pct.pdf, accessed December (2024).

11. Scotland Energy Statistics Hub, Renewable electricity generation as a percentage of
equivalent gross consumption (2024),

https://scotland.shinyapps.io/Energy/ w_0c40cc8e/?Section=SystemSecurity&Chart=FEle
clmportsExports, accessed December (2024).

12. Government of South Australia, Energy and Mining, Our electricity supply and
market (2024), https://www.energymining.sa.gov.au/consumers/energy-grid-and-
supply/our-electricity-supply-and-market, accessed December (2024).

13. California Governor’s Office, California's strong economic week (2024),
https://www.gov.ca.gov/2024/04/19/californias-strong-economic-week/#, accessed De-
cember (2024).

14. California Independent System Operator, California ISO (2023),
https://ccag.ca.gov/wp-content/uploads/2023/05/CAISO-C_CAG-Presentation-
5.17.2023.pdf, accessed December (2024).

15. California Independent System Operator (CAISO), Grid Status (2024),
https://www.caiso.com/todays-outlook, accessed December (2024).

16. Energy Solutions, Statistics and charts (2024), https://www.californi-
adgstats.ca.gov/charts/, accessed December (2024).

17. California Independent System Operator (CAISO), Notice (2023),
https://www.caiso.com/Documents/the-california-iso-revised-its-counting-process-for-
natural-gas-data.html, accessed December (2024).

18. California Legislative Information, Senate Bill No. 100 (2018), https://leginfo.legis-
lature.ca.gov/faces/billNavClient.xhtml?bill id=201720180SB100, accessed December
(2024).

19. G. Kakoulaki, R. Gonzalez Sanchez, A. Gracia Amillo, S. Szabo, M. DeFelice, F. Far-
inosi, L. De Felice, B. Bisselink, R. Seliger, I. Kougias, and A. Jaeger-Waldau, Benefits
of pairing floating solar photovoltaics with hydropower reservoirs in Europe, Renewable
and Sustainable Energy Reviews 171 (2023) 112989

20. M. Dvorak, C. L. Archer, M. Z. Jacobson, California offshore wind energy potential.
Renewable Energy 35 (2010) 1244-1254, doi:10.1016/j.renene.2009.11.022.

21. M. Gallucci, Next-generation geothermal will soon power Southern California’s grid
(2024), https://www.canarymedia.com/articles/geothermal/next-generation-geothermal-
will-soon-power-southern-californias-grid, accessed December (2024).

12



22. B. Pierpont, Clean Energy Isn’t Driving Power Price Spikes (Energy Innovation
Policy & Technology LLC, July, 2024), https://energyinnovation.org/wp-
content/uploads/2024/07/Clean-Energy-Isnt-Driving-Power-Price-Spikes.pdf, accessed
December (2024).

23. Lazard and R. Berger, Lazard’s Levelized Cost of Energy Plus (June, 2024),
https://www.lazard.com/media/xemfeyOk/lazards-lcoeplus-june-2024-_vf.pdf, accessed
December (2024).

24. California Independent System Operator (CAISO), Business Practice Manual for
Market Operations, Version 96 (revised July 1, 2024),
https://bpmcm.caiso.com/Pages/BPMDetails.aspx?BPM=Market%200perations,
accessed December (2024).

25. U.S. Energy Information Administration (EIA), Natural gas (2024),
https://www.eia.gov/dnav/ng/ng_pri_sum_a EPGO_PCS DMcf m.htm, accessed

December (2024).

26. J. Bittle, Who pays when utilities get sued over wildfires? (2023),
https://www.canarymedia.com/articles/utilities/who-pays-when-utilities-get-sued-over-
wildfires, accessed December (2024).

27. Associated Press, PG&E’s plan to bury power lines and prevent wildfires faces
opposition because of high rates (2023),
https://www.usnews.com/news/business/articles/2023-10-17/pg-es-plan-to-bury-power-
lines-and-prevent-wildfires-faces-opposition-because-of-high-rates, accessed December
(2024).

28. E. Macomber, M. Wara, M. Mastrandrea, M. Moritsch, Wildfire: Assessing and
Quantifying Risk Exposure and Mitigation Across Western Utilities (May, 2024),
https://woodsinstitute.stanford.edu/system/files/publications/Woods CEPP_Wildire Whit
e_Paper FINAL.pdf, accessed December (2024).

29. R. Walton, California fines PG&E $97.5M for improper talks in San Bruno pipeline
case (2018), https:// www.utilitydive.com/news/california-fines-pge-97S5m-for-improper-
talks-in-san-bruno-pipeline-case/522367/, accessed December (2024).

30. M. Z. Jacobson, Short-term impacts of the Aliso Canyon natural gas blowout on
weather, climate, air quality, and health in California and Los Angeles, Environ. Sci.
Technol. 53 (2019) 6081-6093, doi:10.1021/acs.est.9b01495.

13



31. M. Lee, PG&E to pay $2.2 billion to upgrade pipelines after San Bruno (2011),
https://www.bloomberg.com/news/articles/2011-08-26/pg-e-to-pay-2-2-billion-to-up-
grade-pipelines-after-san-bruno?embedded-checkout=true, accessed December (2024).

32. G. Avalos, PG&E gets OK to keep open Diablo Canyon nuclear plant: bills may jump
(2023), https://wwwe.siliconvalley.com/2023/12/14/pge-gets-ok-to-keep-open-diablo-can-
yon-nuclear-plant-bills-will-jump/, accessed December (2024).

33. International Energy Agency, Strategies for Affordable and Fair Clean Energy
Transitions (May, 2024);
https://iea.blob.core.windows.net/assets/59c6e72a-7cc4-403d-b521-
7375114baca9/StrategiesforAffordableandFairCleanEnergyTransitions.pdf, accessed
December (2024).

34. Native Solar, How solar and batteries helped to stabilize Texas’ grid this summer
(2024), https://nativesolar.com/how-solar-and-batteries-stabilized-texass-grid-this-sum-
mer, accessed December (2024).

35. U.S. Energy Information Administration (EIA), Electricity data browser (2024),
https://www.eia.gov/electricity/data/browser/, accessed December (2024).

36. U.S. Energy Information Administration (EIA), Average retail price of electricity
(2024), https://www.eia.gov/electricity/data/browser/#/topic/7, accessed December
(2024).

37. California Independent System Operator (CAISO), CAISO hourly standardized data
(2024), https://www.gridstatus.io/datasets/caiso_standardized hourly, accessed December
(2024).

38. California Independent System Operator (CAISO), Key Statistics (2024),
https://www.caiso.com/library/key-statistics, accessed December (2024).

39. California Independent System Operator (CAISO), CAISO curtailment aggregated
hourly (2024), https://www.gridstatus.io/datasets/caiso_curtailment aggregated hourly,
accessed December (2024).

40. U.S. Energy Information Administration (EIA), California natural gas deliveries to
electric power consumers (2024), https://www.eia.gov/dnav/ng/hist/n3045ca2m.htm, ac-
cessed December (2024).

41. Energy Online, CAISO average price (2024), http://www.energyonline.com/Data/Ge-
nericData.aspx?Datald=20&CAISO___ Average Price, accessed December (2024).

14



Tables

Table 1. Ranking of U.S. states by percent of grid electricity demand met by WWS supply
and by electricity price. (a) Population by U.S. state. (b) October 1, 2023 through Septem-
ber 30, 2024 retail electricity sales by state. (c-g). Net generation by WWS generator during
the same period, less 4.7% transmission and distribution (T&D) losses for all generators
except behind-the-meter (BTM), distributed PV, all divided by retail electricity sold (col.
b) in each state (see Supplementary Text, Section S1 for more explanation). This is the
contribution to end-use consumption if all WWS power had been used within the state. (h)
Total WWS generation, less T&D losses, as a percent of retail electricity sales (the sum of
cols c through g). (i) The total from col. (h) as a percent of the sum of grid demand (retail
electricity sales) plus demand met by BTM PV. This adjustment accounts for the fact that
BTM PV does not contribute to retail electricity sales but instead reduces grid electricity
demand. (j) March 2024 retail residential electricity price rank by state (1 = state with low-
est electricity price).

Generation less T&D losses as a percentage of retail sales

(a) (b) (c) (d) (e) ® (€] (h) (i) )

2024 Retail Hydro- | Wind | Geo- | Utility | BTM | Total | Adjusted | Elec-

Pop- electricity | power (%) ther- PV + PV WWS total tricity

ulation sales (%) mal CSP (%) (%) WWS price

(million) | (GWh/y) (%) (%) =c+d+ (%) rank

etftg =h/
(100+g)
1 South Dakota 0.929 13,436 30.11 | 77.52 | 0.00 2.14 0.04 109.8 109.8 9
2 | Montana 1.143 15,697 50.51 | 33.73 | 0.00 2.19 0.64 87.07 86.51 8
3 | lowa 3.214 54,671 1.62 76.60 | 0.00 1.01 0.85 80.08 79.41 12
4 | Washington 7.841 89,334 63.87 8.10 | 0.00 0.45 0.70 73.12 72.61 6
5 | Kansas 2.944 41,506 0.04 | 69.82 | 0.00 0.19 0.39 70.43 70.16 17
6 | Oregon 4.227 54,905 45.01 | 15.06 | 0.32 3.44 1.10 64.93 64.22 19
7 | Maine 1.402 11,365 31.76 | 19.50 | 0.00 7.71 8.33 67.30 62.12 42
8 | New Mexico 2.115 29,867 0.00 | 46.29 | 0.10 | 1230 | 2.62 61.31 59.74 20
9 | Wyoming 0.586 17,460 430 | 49.70 | 0.00 1.99 0.18 56.17 56.07 5
10 | North Dakota 0.789 29,726 6.53 48.54 | 0.00 0.00 0.01 55.08 55.08 1
11 | Oklahoma 4.088 71,418 1.84 51.41 | 0.00 0.32 0.32 53.90 53.73 7
12 | California 38.889 242,666 12.47 530 | 435 18.35 | 12.88 | 53.35 47.26 49
13 | Nevada 3.211 40,209 3.43 0.69 9.59 | 2842 | 4.92 47.05 44.84 35
14 | Colorado 5914 57,239 2.33 28.93 | 0.00 8.07 3.49 42.82 41.37 22
15 | Idaho 1.99 25,970 27.43 9.42 0.31 3.59 1.04 41.79 41.36 3
16 | Vermont 0.648 5,450 27.12 6.02 0.00 3.64 4.48 41.25 39.48 41
17 | Nebraska 1.989 34,298 3.1 3348 | 0.00 0.44 0.16 37.20 37.14 4
18 | Texas 30.977 480,139 0.16 | 24.20 | 0.00 7.11 0.99 32.46 32.14 27
19 | Alaska 0.734 6,076 27.78 1.84 | 0.00 0.00 0.35 29.96 29.86 45
20 | Hawaii 1.431 8,896 0.21 694 | 2.89 7.50 17.32 | 34.87 29.72 50
21 | New York 19.469 140,875 19.54 3.91 0.00 2.01 3.14 28.59 27.72 44
United States | 341.411 | 3,927,848 5.81 10.72 | 0.39 4.98 2.11 24.00 23.51

Energy data: Columns (a) and (b), and generation data used in columns (c) to (g): EIA (35). Column (j),
Electricity price rank by state: EIA (36). BTM PV is either roof- or ground-mounted.
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Figure 1. Time series (March 7-June 30, 2024) of several parameters from the CAISO grid.
(a) Daily (24-hour) maximum, average, and minimum WWS supply as a percent of demand
and the number of hours per day where WWS exceeds 100% of demand. The maximum
WWS supply exceeded 100% of demand for 98 out of the 116 days. (b) Daily-average
WWS-component supply as a percent of grid electricity demand. (c¢) Daily-total (GWh/day)
WWS-component supply and grid electricity demand. Data from CAISO (/35). Large hydro
output includes conventional hydro and pumped hydro storage output.
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Figure 2. Electricity supply versus demand on the CAISO grid for notable days. (Left)
WWS-component supply as a percent of grid electricity demand and (right) absolute WWS-
components supply (GW) versus demand. (a) On April 8, 2024, a partial solar eclipse
occurred during the day. (b) On May 5, 2024, the maximum WWS supply as a percent of
demand (162%) during any 5-minute period occurred. (c) On May 25, 2024, the maximum
24-hour-average WWS supply as a percent of demand (83.2%) and the maximum 24-hour-
average wind output as a percent of demand (25.6%) occurred. (d) On June 19, 2024, the
maximum battery discharge rate over any 5-minute period (7.78 GW) occurred. () On June
20, 2024, the maximum peak solar output (19.35 GW) and daily solar output (208.82
GWh/day) occurred. Data from CAISO (/5).
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Figure 3. Comparison of several CAISO grid parameters between 2023 and 2024 (March
7 to June 30 each year). Parameters include daily-average grid electricity demand; WWS
daily-average grid electricity supply; the individual wind, water, and solar components of
total WWS daily-average supply; daily-average battery supply; daily-average fossil gas
supply; average number of hours per day where WWS exceeded 100% of demand; daily-
average WWS supply as a percent of grid electricity demand; maximum WWS supply as a
percent of demand during any 5-minute period, and maximum WWS power output. Data
from CAISO (15).
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Figure 4. Annual-average CAISO grid gross electricity demand by hour of day for different
years. The graph shows CAISO grid hourly electricity demand, averaged among all days
from July 1-June 30 for each period from 2019 to 2024 (e.g., 2019-2020 = July 1, 2019 to
June 30, 2020). Gross demand is the total demand on the system, as distinguished from net
demand which is gross demand minus utility-scale wind and solar output. Data from
CAISO (37).

19



20,000
B Batteries Small hydro

18,000 F  m Geothermal = Wind

Utility solar B Behind-the-meter PV

16,000 F

14,000 F

12,000 F

10,000 P
8,000 F

6,000 F

I
o
o
o
|

H

Nameplate capacities in June of each year (MW)

2,000 F

2018 2019 2020 2021 2022 2023 2024

Figure 5. 2018 to 2024 nameplate capacities of WWS generators and batteries on the
CAISO grid and behind the meter. The only non-grid generator is behind-the-meter PV.
Values are shown for June of each year, except for behind-the-meter PV, which is shown
at the end of each year, except for 2024, where it is shown for the end of November, 2024.
Sources: Energy Solutions (/6) for distributed PV and CAISO (38) for the rest.
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Figure 6. 2019 to 2024 annual-average CAISO solar and wind absolute curtailment (MW
= MWh per year divided by 8,760 hours per year) and curtailment relative to solar and wind
production and grid demand. Data from CAISO (37, 39). 2024 data are through November
30.
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Figure 7. Monthly fossil gas deliveries to the electric power sector in California (including
parts of the electric power sector not controlled by CAISO) from 2022 to September 30,
2024. Source: EIA (40).
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Figure 8. Daily-average spot price of electricity on the CAISO grid from March 7-June 30,
2023 versus 2024. Daily-average spot prices are averaged over all 5-minute intervals during
each day. Each five-minute-interval value is averaged over all spot-market locations in the
CAISO region. The average price among all data in the figure is $33.4/MWh for 2023 and
$15.8/MWh for 2024. Source: Energy Online (41).
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Figure S1. Supply versus demand on the CAISO grid for notable days. (Left) WWS-component
supply as a percent of demand and (right) absolute WWS-components supply (GW) and demand.
(a) On April 8, 2024, a solar eclipse occurred during the day. (b) On May 5, 2024, the maximum
WWS supply as a percent of demand over any 5-minute period during a day (162.3%) occurred. (c)
On May 15, 2024, the maximum daily large hydropower output (96.3 GWh/day) occurred. (d) On
May 24, 2024, the maximum daily wind output (120.7 GWh/day) occurred. (¢) On May 25, 2024,
the maximum 24-hour-average WWS supply as a percent of demand (83.2%) and the maximum
24-hour-average wind output as a percent of demand (25.6%) occurred. (f) On May 26, 2024, the
maximum 24-hour-average battery output as a percent of demand (5.95%) and the maximum 24-
hour-average small hydro output as a percent of demand (1.73%) occurred. (g) On June 17, 2024,
the maximum 24-h battery output (29.52 GWh/day) occurred. (h) On June 19, 2024, the maximum
battery discharge rate over any 5-minute period (7.78 GW) occurred. (i) On June 20, 2024, the
maximum peak solar output (19.35 GW) and daily solar output (208.82 GWh/day) occurred. Data
from CAISO (S6).
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Supplementary Tables

Table S1. CAISO summary statistics from March 7 to June 30, 2024. (a) Maximum,
average, and minimum (among all days during the period) of the lowest WWS output as a
percent of demand during any 5-minute period during a day; highest 5-minute WWS output
as a percent of demand during a day; highest 5-minute solar output as a percent of demand
during a day; highest 5-minute solar output (GW) during a day; highest 5-minute battery
discharge rate (GW) during a day; and number of hours per day with WWS greater than
100% of demand. (b) Maximum, average, and minimum (among all days during the period)
daily-average demand, WWS supply, WWS-component supply, fossil-gas supply, and
battery daily charge/discharge rates (GWh/day), and average battery round-trip efficiency.
(c) Maximum, average, and minimum (among all days during the period) daily-average
WWS  supply, WWS-component supply, fossil-gas supply, and battery daily
charge/discharge rates as a percent of demand. Data compiled from CAISO (S6).

(a)
Lowest Highest Highest Highest Highest
5-min 5-min 5-min 5-min 5-min
WWS WWS solar solar battery Hours
output output output power discharge | per day
as % of as % of as % of output rate with
demand demand demand tracked tracked WWS >
tracked tracked tracked | eachday | eachday | 100% of
eachday | eachday | each day (GW) (GW) demand
Max. 51.25 162.29 127.08 19.35 7.78 10.08
Avg. 37.42 115.88 89.04 16.27 5.49 4.84
Min. 21.22 75.95 58.88 11.25 2.75 0.00
(b)
Battery Battery
Geother- Small- Large- Fossil- dis- Battery round-
WWS Solar Wind mal hydro hydro gas charge charge trip
Demand supply supply supply supply supply supply supply rate rate efficienc
(GWh/d) | (GWh/d) | (GWh/d) | (GWh/d) | (GWh/d) | (GWh/D) | (GWh/d) | (GWh/d) | (GWh/d) | (GWh/d) y
Max. 741.27 415.96 209.43 120.66 20.11 8.26 96.30 280.68 29.52 32.48
Avg. 529.11 334.65 162.55 77.27 18.10 7.07 69.67 97.84 21.30 24.57 86.67
Min. 420.22 215.03 88.43 19.03 15.22 5.66 54.41 34.85 11.80 12.61
(c) Daily Daily Daily Daily Daily Daily Daily Daily Daily
WWS solar wind geotherm small large fossil- battery battery
as % of as % of as % of -mal hydro hydro gasuse | discharge | charge
demand demand demand as % of as % of as % of as % of | rateas % | rateas %
demand demand | demand demand of of
demand demand
Max. 83.22 38.67 25.62 4.56 1.73 17.66 38.03 5.95 7.25
Avg. 61.26 30.11 13.86 3.30 1.28 12.70 20.69 3.89 4.49
Min. 44.87 17.68 3.83 242 1.00 7.52 7.07 2.46 2.56




Table S2. Monthly average March through June daytime temperatures (°C) in 2023 and
2024 in five major population centers in California. Also shown are the averages among all
five locations and among all months at each location and the 2024 minus 2023 differences
Source. World Weather (S8).

(Dif.) in daytime temperatures.

Fresno Los Angeles Sacramento San Diego San Jose Average
2023 | 2024 | Dif. | 2023 | 2024 | Dif. | 2023 | 2024 | Dif. 2023 | 2024 | Dif. | 2023 | 2024 | Dif. 2023 | 2024 | Dif.
Mar. | 15 189 | +39 | 156 | 17.8 | +2.2 | 139 | 17.2 | £33 16.1 | 172 | +1.1 | 139 | 17.8 | +3.9 | 149 | 17.8 | +2.9
Apr. | 239 | 228 | -1.1 | 189 | 194 | +0.5 | 21.7 | 21.1 | -0.6 17.8 | 183 | +0.5 | 189 | 20 +1.1 | 202 | 203 | 40.1
May | 27.8 | 289 | +1.1 | 189 | 194 | +0.5 | 244 | 272 | +2.8 | 17.8 | 183 | +0.5 | 20 233 | 33 | 21.8 | 234 | +1.6
Jun. | 30.6 | 31.1 | +0.5 | 21.1 | 239 | +2.8 | 27.2 | 322 | +5 194 | 228 | +34 222 | 267 | +45 [241 | 273 | 432
Avg | 243 | 254 | +1.1 | 186 [ 202 | +1.6 218 | 244 | +2.6 | 178 | 192 | +14 | 188 | 219 | +3.1 [203 | 222 | +1.9




Table S3. Estimates of the unsubsidized levelized cost of electricity (LCOE) from new
electricity-generating technologies in the U.S. Source: Lazard and Berger (S9)

Unsubsidized LCOE in 2024
Electricity-generating technology (2024 cents/kWh)
low high average

Solar PV — rooftop residential 12.2 28.4 20.3
Solar PV — community, commercial, industrial scale 54 19.1 12.3
Solar PV - utility scale 2.9 9.2 6.1
Solar PV + storage — utility scale 6 21 13.5
Geothermal 6.4 10.6 8.5
Wind - onshore 2.7 7.3 5.0
Wind + storage — onshore 4.5 13.3 8.9
'Wind — offshore 7.4 13.9 10.7
Fossil gas peaking 11 22.8 16.9
[Nuclear 14.2 22.2 18.2
Coal 6.9 16.1 11.5
Fossil gas combined cycle 4.5 10.8 7.7
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