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KEY POINTS FOR DECISION-MAKING

) Some combination of solar and wind
technologies could reliably meet current
electricity demand at least three-quarters
of the time in almost every major country.
Even without large-scale overbuilding or
long-duration storage, natural variability of
solar and wind resources will not impede the

"first 80%" of power sector decarbonization.

)» Natural variability of solar and wind
resources determine the magnitude of
back-up countries will need to acheive
reliable renewables-based electricity
systems. Countries with smaller areas and
at higher latitudes generally need more
back-up, which could take the form of
excess renewable capacity, long-duration
storage, regional power-sharing, and/or firm
generation.

> There are systematic trade-offs in
country characteristics and back-up op-
tions. Our analysis shows that the reliability
of solar-wind systems without energy storage
increases by 7% for every factor of 10 increase
in a country's area, and 10% increase in excess
annual generation is equivalent to 3.9 hours
of storage.

Country differences in resources
determine the reliability of
solar-and-wind based electricity
systems —and the need for clean
back-up technologies

If future net-zero emissions energy systems rely heavily
on solar and wind resources, spatial and temporal
mismatches between resource availability and
electricity demand may challenge system reliability.
Using 39 years of hourly reanalysis data (1980—-2018),
we analyze the ability of solar and wind resources to
meet electricity demand in 42 countries, varying the
hypothetical scale and mix of renewable generation as
well as energy storage capacity.

Assuming perfect transmission and annual generation
equal to annual demand, but no energy storage, the
most reliable renewable electricity systems are wind-
dominated and satisfy countries’ electricity demand in
72-91% of hours (incresing to 83-94% and dominantly
solar when 12 hours of storage are added). This is

fully consistent with other cost-optimized models
which rarely exceed 80% of electricity from solar and
wind regardless of how cheap those technologies are
assumed to be.

Even when >90% of demand is met by solar and wind,
there may be many multi-day periods with unmet
demand (see fig), which periods define the need and
market for back-up technologies in renewables-based
electricity systems.
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Our analysis helps quantify the power, energy, and utilization
rates of additional energy storage, demand management, or
curtailment, as well as the benefits of regional aggregation.
We highlight the geophysical considerations related to these ABOUT THE AUTHORS
options, but economics and geopolitics will also strongly
influence which strategies are ultimately adopted. However,
because it is independent of costs and current policies, our
analysis will continue to be informative even as technological
and socio-political feasibility evolves.

| Dan Tong

dantong@tsinghua.edu.cn

Dan Tong is an Assistant Professor
in the Department of Earth System
Science at Tsinghua University

Steven J. Davis

1x generation 1.5x generation
Saud Arabi sjdavis@uci.edu
3 o0% 9 o0es Egpt . AUstrai§ 1292 .
e 'f' B & Jussia Steve Davis is a professor of Earth
Ly G \ ) Hindia ot System Science at the University of

o Egypt o A .
D z o Ch_lgyp\ \ Ghina)7.+" 2z 90%1 UK @t I pery S0 California, Irvine

= ile AN =
§ g Tunisia AN ',/" us. % T \Japan dor?
® 3T | uk - N Brazil = ltaly
° 2 80 | M Mexico' India £ 80% “souh K

] Sl 0 outh Korea H
€ b & s Ken Caldeira
- ZU . . .
" haly’ Sweden  y=0.072"log,,(x)+0.39 y=0.065"l0g,,(x)+0.54 kcaldeira@carnegiescience.edu
70% 4-—South Korea__ r=074 70% ‘ r=075 . . I
105 108 107 10 105 108 107 100 Ken Caldeira is a senior scientist
2
Area (km?) Area (km?) at Breakthrough Energy and an
b e MorocooEQypt Austiaia Capada o\ cia emeritus senior scientist at the
100% 100% E

Carnegie Institution for Science

Egyp‘Libya Austra\lla Canada

° )
% Mozambique /\\ 4 _.-Russia UK;"' N \\
s Ghana Chile - N\ Argemina
O > 90%- A A Chlna > 90% N France ’
% 2 Tumm% % ? = [ Italy Sweden Vonezindonesia
s 8 . AIn ; “Brazi . South Korea pa,aguay

8 rgentina =
[ [] Mexico (3] . e .
§ o 80%- g France\, Sudan . 80%- This brief is based on the paper “Geophysical con-

Colombi; . . oy .
£ South Koreg Seden e straints on the reliability of solar and wind power
- y=0.055"log, ,(x)+0.53 y=0.042"l0g,,(x)+0.71 o, N . HE
70% r=0.61 0% =0.63 worldwide” published in Nature Communications (2021).
10° 10° 107 10° 10° 10° 107 10° doi: 10.1038/s41467-021-26355-z
Area (km?) Area (km?)
M Egypt i . -
C F oon Ghang Morpeco =P Australia g, We acknowledge support from a gift to the Carnegie
Y Mezamoiqus,_/EOWL ARl Ganada - . > us Instiution for Science from Gates Ventures LLC.
E Ghana- Meggcco ' \/Russm \ Brazil
e o 90%1 s .” Q China > 90% South }?orea U\LerZEzeuela
n £ - Brazn = New Zealand
" B -7 Indla Qo weden
O & Argentina ®
[ =
‘s E 80% Poland \France Sudan g 80%
_g MalaysiaS"een “Germany
(‘! y=0.034%log, ,(x)+0.69 y=0.018"log, (x)+0.88
70% - . r=0.40 70% ; r=039,
10° 108 107 108 10° 10¢ 107 108
Area (km?) Area (km?)

0 10' 107
Annual hours of long duration (>24 hr) gaps

The relationship between the highest reliability of electricity supply
system and country area among 42 major countries. Shading of
bubbles represents the annual average hours of long-duration (>24
hours) power supply gaps. Storage and generation quantities are varied

in each panel: (a) 1x generation (i.e. annual generation equal to annual
demand) without storage; (b) 1x generation with 3 hours of storage; (c) 1x
generation with 12 hours of storage; (d) 1.5x generation without storage;
(e) 1.5x generation with 3 hours of storage; and (f) 1.5x generation with 12
hours of storage.
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