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• Solar photovoltaic (PV) and wind energy provide carbon-free renewable energy to reach 
ambitious global carbon-neutrality goals, but their yields are in turn influenced by future 
climate change.

• Here, using a bias-corrected large ensemble of multi-model simulations under an 
envisioned post-pandemic green recovery, we find a general enhancement in solar PV 
over global land regions, especially in Asia, relative to the well-studied baseline scenario 
with modest climate change mitigation.

• Our results also show a notable west-to-east interhemispheric shift of wind energy by the 
mid-twenty-first century, under the two global carbon-neutral scenarios.

• Both solar PV and wind energy are projected to have a greater temporal stability in most 
land regions due to deep decarbonization.

• The co-benefits in enhancing and stabilizing renewable energy sources demonstrate a 
beneficial feedback in achieving global carbon neutrality and highlight Asian regions as a 
likely hotspot for renewable resources in future decades.
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Co-benefits of carbon neutrality in enhancing and stabilizing solar and wind energy

Fig. 1: Changes of solar PVPOT.
a, The relative changes of annual mean solar PVPOT (%) during 2040–2049 under SSP2-4.5 (S245) relative to the historical period.
b,c, The relative changes of annual mean solar PVPOT during 2040–2049 under the moderate (MOD; b) and strong (STR; c) mitigation 
scenarios relative to S245. 
d, Regional mean relative changes of annual solar PVPOT during 2040–2049 under S245 (red bars), MOD (blue bars) and STR (green bars) 
scenarios, all relative to the historical period. 

Some Concluding thoughts

Fig. 3. Same as Fig. 1 but for wind energy.

Fig. 5: Changes in variability of solar PVPOT and WP at various time scales.

a,c,e, The relative changes in day-to-day (a), month-to-month (c) and year-to-year (e) variability of solar PVPOT during 2040–2049 under 
S245 (red bars), MOD (blue bars) and STR (green bars) relative to the historical period.
b,d,f, The same but for relative changes in day-to-day (b), month-to-month (d) and year-to-year (f) variability of WP. 

Extended Data Fig. 5: Variability of solar photovoltaic potential (𝑃𝑉𝑃𝑂𝑇PVPOT) and wind power (WP) at various time scales in the 
historical period.
(a), (c), and (e), Day-to-day, month-to-month, and year-to-year variability of solar 𝑃𝑉𝑃𝑂𝑇PVPOT in the historical period (units: %). (b), 
(d), and (f), same as left panels but for WP.

Extended Data Fig. 7 Estimate of annual mean wind speed in the historical 
period (1995-2014).
(a, b), Annual mean wind speed at 10 m and 100 m.

(c), Annual mean of scaling factor𝛼α converting 10 m wind speed to 100 m. 
Scaling factor was calculated from daily data before taking annual average.

Final thoughts

• Our results are valuable in making sound long-term plans of renewable investments across global regions. 
• The findings that some regions are projected to observe large co-benefits of wind energy and solar PV 

associated with deep decarbonization could, in turn, support a faster clean energy transition to achieve the 
carbon-neutrality target, hence completing a favourable human–nature feedback loop. 

• This is in stark contrast with previously reported detrimental feedback loops, for example, where global 
warming could reduce the potential capacity of bioenergy with carbon capture and storage54, damaging the 
chances of meeting neutrality.

• In order to facilitate the transition into a global economy powered by clean energy, international coordination 
should be strengthened further, due to the spatial, temporal and technological imbalance of renewable energy 
resources.

• CovidMIP simulation: Six ESMs participated in CovidMIP and we used four (ACCESS-ESM-5, MIROC-ES2L, MPI-
ESM1-2-LR and MRI-ESM2-0). two carbon-neutral pathways from 2020 to 2050: a moderate green recovery 
(MOD) and a strong green recovery (STR)

• Bias correction: multivariate bias correction technique based on the n-dimensional probability density function 
transform (MBCn) to simultaneously correct daily T, I and W.

Extended Data Fig. 6: Spatial 
distributions of observed and simulated 
solar photovoltaic potential (𝑃𝑉𝑃𝑂𝑇) 
and Wind Power Density (WPD).

(a, b), Observed annual mean 
solar𝑃𝑉𝑃𝑂𝑇PVPOT (Unitless) and WPD 
(units: W/m2) in the historical period 
(1995–2014).

(c)-(d), The relative biases of 
solar𝑃𝑉𝑃𝑂𝑇PVPOT and WPD from raw 
multi-model mean simulation (units: %).

(e)-(f), The relative biases of 
solar𝑃𝑉𝑃𝑂𝑇PVPOT and WPD from bias-
corrected multi-model mean simulation 
(units: %). 

Please note the differences in color 
scales.
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