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Anthropogenic emission reductions resulting from carbon neutrality and clean air policies in China,
one of the world’s major emitters of carbon dioxide (CO,) and aerosols, are likely to influence regional
and global photovoltaic (PV) outputs by affecting climate change. Here, we use the Community Earth
System Model version 2 (CESM2) to assess quantitatively how China’s emission reductions toward
carbon neutrality will influence the PV potential (PVpo1) and the extremely low PV outputs in the mid-
21% century (2041—-2060). We find that the large reductions in anthropogenic emissions in the context
of China’s carbon neutrality will increase the PVpot and reduce the occurrence of extremely low PV
outputs over some regions in the mid-low latitude continents, especially in East Asia, mainly through
increasing the downwelling solar flux at the surface. Our results indicate that China’s carbon neutrality
and clean air policies will not only trigger local positive feedback between anthropogenic emission
reductions and PV increases but will also generate additional PV enhancements to remote regions,
including eastern Australia, South Asia, southern Africa, and eastern South America. This will
ultimately accelerate the process of global carbon neutrality in the coming decades.

The increases in anthropogenic greenhouse gas (GHG) emissions have
led to a sustained rise in global mean surface temperature (GMST)".
Projections from Earth system models indicate that continued global
warming will lead to more frequent and intense extreme weather and
climate events'~. To mitigate relevant climate risks, the world nations
reached a consensus in Paris to hold the increase in GMST to well below
2 °C and pursue efforts to limit the GMST increase to 1.5 °C above pre-
industrial levels*. This means that carbon neutrality must be achieved by
the mid-to-late 21* century, which requires adjustments to the energy
mix that is currently dominated by fossil fuels and an acceleration of the
transition to a new power system dominated by clean energy">‘. The
deployment of solar photovoltaic (PV), one of the primary sources of
clean energy, has avoided global carbon dioxide (CO,) emissions of
approximately 1.1 Gt per year and plays an important role in the energy
transition”’. However, PV outputs are significantly affected by
meteorological conditions. For example, cloud cover and aerosol optical
depth (AOD) can affect the amount of solar radiation reaching PV
panels’™!. Temperature and wind speed also impact the efficiency of PV
power generation'>"". Therefore, PV power generation and its stability
are closely related to climate change.

As one of the world’s largest emitters of CO,, China has pledged to peak
its carbon emissions before 2030 and achieve carbon neutrality by 2060.
Changes in anthropogenic CO, emissions will have a significant impact on
future global and regional climate change'*'®. Recent research'® has shown
that achieving net-zero CO, emissions in China could mitigate global
warming by 0.16—0.21 °C by the end of the 21* century. Simultaneously, the
anthropogenic aerosols emitted alongside CO, will also be significantly
reduced in the future. China’s carbon neutrality and clean air policies are
predicted to decline the atmospheric concentrations of fine particulate
matter (PM, ) in China from 33.4 ugm™ in 2020 to 24.6 pgm ™ in 2030
and 7.6 pg m~>in 2060"". Changes in anthropogenic aerosol emissions could
affect the radiation balance of the Earth—atmosphere system and cause
changes in large-scale circulation patterns'®™>'. The abatement of anthro-
pogenic aerosol emissions under China’s carbon neutrality will result in
additional increases in effective radiative forcing at the top of the atmo-
sphere by 0.17 W m™* in 2030 and 0.33 W m” in 2060°. In summary, the
synergistic reductions in anthropogenic CO, and aerosol emissions driven
by China’s carbon neutrality and clean air policies will have a significant
impact on future regional and global climate change, thus further affecting
solar PV outputs.
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Many studies have assessed the impact of future climate change on
global and regional solar PV potential (PVpor) based on simulations
conducted under the Representative Concentration Pathways
(RCPs)'*” and Shared Socioeconomic Pathways (SSPs)**™* that con-
sider different degrees of socioeconomic development. Although the latest
SSPs have provided a relatively comprehensive picture of the future
atmospheric composition’, they are likely to have overestimated the
anthropogenic aerosol emissions in China while not sufficiently con-
sidering the characteristics of change in future CO, concentrations in
China after the first peak and then the attainment of neutrality’ ™.
Moreover, most previous studies have only focused on the changes in
average solar PV outputs. For example, Qin et al. * and Ren et al. ** found
that the mitigation of aerosols under China’s carbon neutrality would
significantly increase PVpor in China. However, extremely low PV out-
puts have a large impact on energy security relative to the changes in
average PV outputs, and extreme power shortages have increased in recent
decades™. Therefore, there is an urgent need to assess comprehensively the
impact of anthropogenic emission reductions in the context of China’s
carbon neutrality on solar PVpor and projected extremely low PV out-
puts. This will provide an important scientific basis for the long-term
planning and effective utilization of renewable energy both globally and
in China.

Here, we conduct two fully coupled transient ensemble simulations
using the Community Earth System Model version 2 (CESM2) under the
SSP2-4.5 (SSP245) scenario and the combination scenario (CNCN) of the
SSP245 and China’s on-time peak-net zero-clean air pathway. A multi-
variate bias correction algorithm (MBCn) is applied to correct the simulated
variables including the downwelling solar flux at the surface (FSDS), surface
air temperature (TAS), and surface wind speed (SfcWind). We explore
comprehensively the impacts of climate change in the context of China’s
carbon neutrality on PVpor and the projected extremely low PV outputs
during the mid-21st century (2041—2060) relative to a reference period
(1995—2014) and their potential drivers. Three indices are used to measure
the extremely low PV outputs: the proportion of days with extremely low PV
outputs (PV10), the number of extremely low PV output events (PV10N),

and the maximum number of consecutive days with extremely low PV
outputs (PV10D).

Results

Changes in CO, concentrations and AOD

The simulated global mean CO, concentration displays a continuous
upward trend in the future under both the SSP245 and CNCN scenarios,
reaching ~543.1 and 535.1 ppm by 2060, respectively (Fig. 1a). The global
mean CO, concentration during the mid-21* century increases by 119.3 and
115.7 ppm under the SSP245 and CNCN scenarios relative to 1995—2014,
respectively. Compared to the SSP245 scenario, the global mean CO,
concentration during the mid-21st century decreased by 3.6 ppm under the
CNCN scenario. Unlike the long-lived CO,, the AOD averaged over land
from 60°S to 60°N displays a fluctuating downward trend under both sce-
narios due to the reduction of anthropogenic emissions (Fig. 1b). The mean
AOD during the mid-21" century decreases -8.3% under the
SSP245 scenario and —8.9% under the CNCN scenario relative to
1995—2014. Additionally, the spatial distribution of AOD displays different
trends (Fig. 1c, d). The most significant decreases in AOD occur in eastern
China, western Europe, and southeastern North America under both sce-
narios. In contrast, there are different amplitudes of increase in the AOD in
Australia, India, and central and southern Africa. The spatial changes of
AOD are similar to those under SSP245 using multi-model ensemble
simulations”’. Comparing the CNCN and SSP245 scenarios, the response of
AQD to China’s carbon neutrality and clean air policies occurs not only in
the local region but also in many other regions, such as Australia, which in
turn has an impact on the global and regional climates (Fig. le).

Changes in meteorological factors

Changes in global CO, and AOD significantly affect the meteorological
factors associated with PV outputs (Fig. 2). Relative to the reference period,
the FSDS increases in eastern China, western Europe, eastern North
America, and northern South America, while it decreases in northern
Africa, western North America, and southern South America under both
the SSP245 and CNCN scenarios during the mid-21* century (Fig. 2a, b).
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Fig. 1 | The changes in the CO, concentration and AOD. a Time series of global
annual mean (500-hPa) CO, concentration (units: ppm) and b 60°S—60°N land

mean AOD (unitless) for the historical (1995—2014) and future (2015—2060) sce-
narios (SSP245 and CNCN). The shaded area covers the range of the five ensemble
members’ projected values. Spatial patterns of the relative changes (units: %) in AOD

during the mid-21" century (2041—2060) under the ¢ SSP245 and d CNCN sce-
narios relative to 1995—2014, and e the difference in the relative changes of AOD
between the two scenarios (CNCN and SSP245). Hatched regions indicate that at
least four of the five members agree on the sign.
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Fig. 2 | The changes in meteorological factors under different scenarios. Spatial
patterns of changes in (a, b) FSDS (units: W m™), d, e TAS (units: K), and
g h Sfcwind (units: m s™') during the mid-21* century (2041—2060) under the

N

-0.12  -0.08

004 0 004 008 012

SSP245 and CNCN scenarios relative to 1995—2014. The difference in changes for
¢ FSDS, f TAS, and i SfcWind between the two scenarios (CNCN and SSP245).
Hatched regions indicate that at least four of the five members agree on the sign.

Despite their similar spatial distributions, the magnitude of the changes in
FSDS differs between the two scenarios. Compared to the SSP245 scenario,
the abatement in anthropogenic emissions driven by China’s carbon neu-
trality and clean air policies results in significant increases in FSDS over
some regions in the mid-low latitude continents (Fig. 2c). The largest
regional increase in FSDS is observed in East Asia, with a value of 5.9 W m™.
The changes in FSDS are not completely inversely correlated with those in
AQOD, which is mainly attributed to the influence of cloud cover and other
atmospheric components (e.g., water vapor) on FSDS™.

The increases in TAS exceed 1.5 K across most of the mid-low latitude
continents, with a large inter-member consistency under both the SSP245
and CNCN scenarios (Fig. 2d, e). The differences in the changes of TAS
between the two scenarios indicate that the abatement of anthropogenic
CO, and aerosol emissions in the context of China’s carbon neutrality not
only causes local warming but also induces additional warming in some
remote regions during the mid-21* century (Fig. 2f). The local warming is
mainly attributed to aerosol emission reductions driven by China’s carbon
neutrality and clean air policies. The CO, emission reductions can decrease
TAS, but aerosol emission reductions cause strong local warming, offsetting
the cooling effects of CO, mitigation. Moreover, the additional warming in
remote regions, including North America, Europe, and Australia, can be
attributed to multiple factors (Supplementary Fig. 1). Specifically, the
warming in North America and Europe is mainly due to the increase in the
net radiation flux at the surface caused by the decrease in total cloud cover
and the increase in surface humidity. The increased surface humidity in
North America and Europe during the mid-21* century under the CNCN
scenario may be attributed to the increased wind speed over the North
Pacific and North Atlantic, transporting more water vapor to North
America and Europe. For India and Australia, the increase of TAS is mainly
associated with the decrease in total cloud cover leading to the increase in the
net radiation flux at the surface. Noteworthy, the warming in remote regions
driven by aerosol emission reductions in China is also reported by an early
studyzo. Additionally, the SfcWind decreases in southern Australia, most of
Eurasia, North America, and southern South America, but increases in parts
of Africa, South America, and southeastern Asia under both the SSP245 and

CNCN scenarios during the mid-21* century relative to the reference period
(Fig. 2g, h). The difference in the changes for SfcWind between the two
scenarios shows that the abatement in anthropogenic emissions in the
context of China’s carbon neutrality mainly increases SfcWind in eastern
China, southern Africa, and eastern and southern South America, while it
decreases SfcWind in central Eurasia and southern North America (Fig. 2i).

Changes in PVpor

Changes in meteorological factors also have an impact on the PVpor (Fig.
3). At the regional scale, the mean PVpqor significantly increases in eastern
China, western Europe, eastern North America, and northern South
America, whereas it significantly decreases in India, northern Africa, wes-
tern North America, and southern South America under both scenarios
(Fig. 3a, b). The signs of the regional PVpor changes align with the results
obtained under SSP245 based on multiple models™”.

Comparing the changes in PVpor during the mid-21* century between
the two scenarios, we find that the inter-scenario differences in PVpgr
changes have a similar spatial distribution to those of the FSDS changes
(Figs. 2cand 3c). Relative to the SSP245 scenario, changes in FSDS, TAS, and
SfcWind caused by the anthropogenic emission reductions in the context of
China’s carbon neutrality significantly strengthen the PVpor over some
regions in the mid-low latitude continents (Fig. 3, d). The region with the
largest enhancement in PVpor is located in East Asia, with an additional
increase of ~3.3% (from 1.5% under the SSP245 scenario to 4.8% under the
CNCN scenario). Among them, the most significant enhancement in
PVpor in eastern China suggests that there is positive feedback between the
anthropogenic emission reductions and the increases in PVpor in China,
which is conducive to accelerating the realization of China’s carbon neu-
trality target. Previous studies™" have reported similar results. The next
largest enhancements in PVpor occur in eastern Australia and northern
Asia, reaching about 0.9% and 0.8%, respectively. Moreover, the enhance-
ment in PVpor also can be found in South Asia (0.2%), southern Africa
(0.3%), western Europe (0.2%), and eastern South America (0.5%), where
large-scale PV plants are built. Therefore, China’s carbon neutrality and
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Fig. 3 | The changes in PVpor under different scenarios. Spatial patterns of the

relative changes in PVpor (units: %) during the mid-21* century (2041 —2060) under
a SSP245 and b CNCN scenarios relative to 1995—2014, and ¢ the difference in the
relative changes of PVpor between the two scenarios (CNCN and SSP245). Hatched
regions indicate that at least four of the five members agree on the sign. d Relative

changes in the PVpor in eastern Australia (EAU), East Asia (EAS), northern Asia
(NAS), South Asia (SAS), southern Africa (SAF), western Europe (WEU), and
eastern South America (ESA) during the mid-21* century under the SSP245 and
CNCN scenarios relative to 1995—2014. Hatched bars indicate that at least four of
the five members agree on the sign.

clean air policies not only enhance local PVpor but also have a positive effect
on PVpor in some other regions of the world.

We analyze further the relative contributions of various meteorological
factors to the changes in PVpor (Fig. 4). There is a larger contribution from
FSDS and TAS than from SfcWind to the changes in PVpor under the
SSP245 (Fig. 4a, d, g) and CNCN (Fig. 4b, e, h) scenarios during the mid-21*
century relative to the reference period. This result is consistent with those of
previous studies””. The increase in FSDS dominates the increase in PVpor
in regions with significantly increased PVpor during the mid-21" century
relative to the reference period, including eastern China, western Europe,
eastern North America, and northern South America, and the increase in
TAS has a relatively minor impact on PVpor changes. However, the
decrease in FSDS and increase in TAS dominate the decrease in PVpgr in
regions with significantly decreased PVpor during the mid-21* century
relative to the reference period, including India, northern Africa, and wes-
tern North America. When comparing the variations in PVpor between the
two scenarios, it is notable that ESDS plays a significantly more substantial
role than TAS and SfcWind (Fig. 4c, f, i). The FSDS changes from
anthropogenic emission reductions driven by China’s carbon neutrality and
clean air policies dominate the difference in PVpor changes between the two
scenarios over almost the entire mid-low latitude continental area, with
strong agreement among ensemble members. This explains why there are
very similar spatial patterns in the differences between the changes in PVpor
and FSDS under the two scenarios. Therefore, the abatement in anthro-
pogenic CO, and aerosol emissions in the context of China’s carbon neu-
trality affects the PVpor mainly by changing the FSDS.

Changes in extremely low PV outputs

Extreme PV outputs can have a substantial impact on energy security. The
changes in extremely low PV outputs during the mid-21* century relative to
the reference period are further analyzed based on three PV output indices:
PV10, PV10N, and PV10D (Fig. 5). Under the SSP245 (Fig. 5a, d, g) and
CNCN (Fig. 5b, e, h) scenarios, PV10, PV10N, and PV10D decrease in
regions with significantly increased PVpor, including eastern China,

western Europe, eastern North America, and northern South America. This
suggests that future solar PV outputs in these regions will become stronger
and more stable. However, PV10, PV10N, and PV10D increase in regions
with significantly decreased PVpqr, including India, northern Africa, and
western North America, suggesting that future solar PV outputs in these
regions will decrease and become less stable. The increases in PV10, PV10N,
and PV10D are more significant in northern Africa.

The abatement in anthropogenic emissions in the context of China’s
carbon neutrality reduces the PV10, PV10N, and PV10D over some regions
in the mid-low latitude continents, suggesting that China’s carbon neutrality
and clean air policies have a positive effect on improving the stability of PV
outputs in these regions (Fig. 5¢, f, i). The largest decreases in PV10, PV10N,
and PV10D occur in East Asia, reaching —24.8%, —33.5%, and —14.9%,
respectively. In particular, there are most pronounced improvements in the
extremely low PV outputs in eastern China. More stable PV power gen-
eration in eastern China in the future would be conducive to meeting the
increased demand for electricity and energy transition. This will further
promote the positive feedback between emission reductions and solar PV
power generation. Additionally, China’s carbon neutrality and clean air
policies also lead to obvious improvements in the extremely low PV outputs
in eastern Australia, South Asia, southern Africa, and eastern South
America, with PV10 decreasing by about —7.2%, —5.5%, —5.5%, and
—8.3%, PV10N decreasing by about —11.9%, —9.7%, —12.5%, and —20.2%,
and PV10D decreasing by about -4.1%, —5.3%, —4.7%, and —8.8%,
respectively.

We separate the contributions of three meteorological factors, FSDS,
TAS, and SfcWind, to the extremely low PV outputs (Fig. 6 and Supple-
mentary Figs. 2 and 3). The FSDS and TAS contribute more than SfcWind
to the changes in PV10 under the SSP245 (Fig. 6a, d, g) and CNCN (Fig. 6b,
e, h) scenarios during the mid-21" century relative to the reference period.
The increase in FSDS dominates the decrease in PV10, in regions with
significantly decreased PV10, including eastern China, western Europe,
eastern North America, and northern South America, while the decrease in
FSDS and the increase in TAS dominate the increase in PV10 in regions with
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Fig. 4 | The relative contribution of meteorological factors to changes in PVpor.
The relative contribution (units: %) of a, b FSDS, d, e TAS, and g, h SfcWind to

changes in PVpor during the mid-21* century (2041—2060) under the SSP245 and
CNCN scenarios relative to 1995—2014. The relative contribution of ¢ FSDS, f TAS,

and i SfcWind to the difference in changes for PVpor between the two scenarios
(CNCN and SSP245). Hatched regions indicate that at least four of the five members
agree on the sign.
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Fig. 5 | The changes in extremely low PV outputs under different scenarios.
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scenarios (CNCN and SSP245). Hatched regions indicate that at least four of the five
members agree on the sign.

significantly increased PV 10, including India, northern Africa, and western
North America. Comparing the differences in PV10 changes between the
two scenarios, the contribution of FSDS is significantly greater than that of
TAS and SfcWind (Fig. 6¢, f, i). The changes in FSDS driven by China’s
carbon neutrality and clean air policies dominate the changes in PV10 in
almost the entire mid-low latitude continental area. The relative contribu-
tions of TAS and SfcWind are much less than that of FSDS, and the
agreement among ensemble members is poor in most regions. Similar
results are obtained for PV10N and PV10D (Supplementary Figs. 2 and 3).
Thus, as for PVpor, changes in anthropogenic CO, and aerosol emissions in
the context of China’s carbon neutrality improve the extremely low PV
outputs mainly by changing the FSDS.

Discussion

Our results indicate that the abatement in anthropogenic emissions in the
context of China’s carbon neutrality will enhance PVpor and decrease the
extremely low PV outputs in the future over some regions in the mid-low
latitude continents. In East Asia, the enhanced PVpor and reduced extre-
mely low PV outputs are the most significant. In particular, the greatest
enhancement of PVpor and the largest decrease in extremely low PV out-
puts are both found in eastern China, indicating strong positive feedback
between local emission reductions and the enhancement of PVpop and its
stability. The enhanced PV power in eastern China from emission reduc-
tions driven by China’s carbon neutrality and clean air policies will increase
the local power supply capacity and reduce the dependence on west-to-east
power transmission to support the high energy demand in the most
populated region of China. Moreover, this study also identifies the positive
effects of the abatements in anthropogenic emissions driven by China’s
carbon neutrality and clean air policies on PV power generation in some
other regions of the world, including eastern Australia, South Asia, southern
Africa, and eastern South America. Considering that these regions are
experiencing rapid solar PV installation rates or have large total cuamulative
installed capacities, the emission reductions in the context of China’s carbon
neutrality will be extremely beneficial for enhancing its PV power efficiency.

Compared with an early study by Ren et al. **, which concerns the
renewable benefits from aerosol mitigation in China, our study provides
some new insights: (1) Our study provides a comprehensive assessment of
PV benefits from anthropogenic emission changes in the context of China’s
carbon neutrality, including CO, and aerosol, rather than only aerosol
mitigation in ref. 35; (2) Compared to previous most studies™***>”’, focusing
on only mean state of PV outputs, our study also analyzes the changes of
extremely low PV outputs using appropriate indices and reveals the co-
benefits of China’s carbon neutrality and clean air policies in increasing the
PVpor and reducing the occurrence of extremely low PV outputs; (3)
Compared to a regional assessment by Ren et al. >, our global assessment
demonstrates that China’s carbon neutrality and clean air policies will not
only trigger local positive feedback between anthropogenic emission
reductions and PV increases but will also generate additional PV
enhancements in some remote regions.

There are some limitations and uncertainties in this study. (1)
Although this study applies MBCn to reduce the uncertainty in model
simulations, only one Earth system model is adopted in the simulation
experiments, which will still leave some uncertainty in the projections. (2)
We use a simplified parameterization to calculate PVpgr. This scheme
only considered the effects of FSDS, TAS, and SfcWind on PV outputs,
while neglecting some possible influences, such as solar altitude and PV
tilt angles™. (3) Although it is found that the increase in FSDS is the
predominant factor that enhanced PV power in the context of China’s
carbon neutrality, the individual contributions of changes in AOD and
cloud cover to the increased FSDS remain unclear. Based on surface solar
radiation under full sky and clear sky conditions, Wang et al.  found that
the trend of FSDS changes was dominated by AOD changes, and the
influence of cloud cover changes was relatively limited. A correlation
analysis conducted by Zou et al. "’ revealed that the decreased AOD was
the main cause of future PV increases in East Asia under RCP8.5. The
physical mechanism by which anthropogenic emission reductions affect
PV outputs in the context of China’s carbon neutrality requires further
investigation.
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Tabel 1 | Experimental design

Experiment name  Simulation period Ensemble member

Scenario description

EXP_SSP245 2015-2060 5

Global anthropogenic emissions for CO,, SO, sulfate, BC, POM, and SOAG are from SSP2-4.5.

EXP_CNCN

Anthropogenic emission data for CO,, SO,, sulfate, BC, POM, and SOAG in the Chinese mainland are

from MEICv1.4 and DPECv1.2; the corresponding anthropogenic emissions in other regions are from

SSP2-4.5.

Despite these limitations and uncertainties, our results remain quite
valuable for informing the strategic planning and implementation of solar
PV systems in the context of achieving carbon neutrality. By quantifying the
impact of abatement in anthropogenic emissions in the context of China’s
carbon neutrality on global PV outputs, this study confirms that emission
reductions will not only result in positive feedback effects between local
anthropogenic emission reductions and PV enhancements but will also
enhance PV power generation in some other regions of the world.

Methods

Data

Anthropogenic emissions of CO, and major air pollutants, including sulfur
dioxide (SO,), sulfate, black carbon (BC), primary organic matter (POM),
and secondary organic aerosol gaseous (SOAG) precursors in the Chinese
mainland under the carbon neutrality target used in this study, are obtained
from the on-time peak-net zero-clean air pathway simulated by the
Dynamic Prediction model for Emissions in China (DPECv1.2) developed
by Tsinghua University. Under this pathway, China will achieve peak car-
bon by 2030, achieve carbon neutrality by 2060, and continuously adopt the
most optimal end-of-pipe pollution control measures'’. Because the range of
emission data provided by DPECv1.2 is 2020—2060, this study uses the
anthropogenic emission data provided by the Multi-resolution Emission
Inventory for China (MEICv1.4) to supplement the emission data for CO,
and major air pollutants in the Chinese mainland from 2015 to 2019. Other
than the anthropogenic source emissions, all other data for 2015—2060 used
in the simulation experiments, such as natural source emissions, are taken
from the SSP2-4.5 scenario. The daily FSDS, TAS, and SfcWind for
1995—2014 are modeled using CESM2 default historical data. Additionally,
the hourly ESDS, TAS, and SfcWind for 1995—2014 from the European
Centre for Medium-Range Weather Forecasts Reanalysis 5 (ERA5) are used
to correct the simulated results. This dataset has a spatial resolution of
0.25°x 0.25°% and we interpolate it to grids with a spatial resolution of
0.9° x 1.25° to allow for the bias correction of model outputs.

The Earth system model and experimental design

Earth system models are important tools for projecting future climate
change”. In this study, CESM2 is used to conduct sensitivity experiments.
Compared to CESM1, the simulations of temperature, radiation, and many
other metrics have been significantly improved in CESM2. Among the
coupled models in CMIP6, it is one of the most closely aligned to obser-
vational data. The CESM2 consists of an atmosphere model (CAM6/
WACCMS6), ocean model (POP2), land model (CLM5), sea-ice model
(CICES5), land-ice model (CISM2), wave model (WW3), river model
(MOSART), and a coupler (CIME5)*.. In this study, the fully-coupled model
CESM2 is used to conduct sensitivity simulation experiments. Its atmo-
spheric component (CAMS6) is compiled with a horizontal resolution of a
nominal 1° (0.9° in latitude and 1.25° in longitude), 32 vertical levels, and a
model top ~40 km above the surface"'.

The SSP2-4.5 scenario is a combination of SSP2 (the 21st-century
“middle of the road” scenario) and RCP4.5 (a medium forcing with a total
anthropogenic radiative forcing of 4.5 W m™ in 2100), in which GHG
emissions remain around current levels until they begin to decline in the
middle of the century but do not reach net zero in 2100, and the global mean
temperature rise is ~2.6 °C by the end of the century***’. Compared to the
other SSPs, SSP2-4.5 depicts historical CO, emission trends that are closest
to recent reality and depicts future CO, and air pollutant emissions and land

use levels that are not extreme™**. Thus, SSP2-4.5 is defined as the reference
scenario (SSP245). Moreover, we define a new CNCN scenario by replacing
the anthropogenic emissions of the SSP245 scenario in the Chinese main-
land with anthropogenic emissions from DPECv1.2, which takes into
account the abatement in anthropogenic CO, and aerosol emissions in the
context of China’s carbon neutrality. In particular, the reduction of
anthropogenic aerosol emissions is driven by both carbon neutrality and
clean air policies in China. The simulation experiments conducted under the
two scenarios use restart files from historical simulations for the period
1990—2014 and are denoted as EXP_SSP245 and EXP_CNCN, respectively.
The difference between the two sets of experiments is that anthropogenic
CO, and major aerosol emissions in the Chinese mainland during
2015—2060 are derived from SSP2-4.5 in EXP_SSP245, while they are
derived from MEICv1.4 and DPECv1.2 in EXP_CNCN. Compared to the
SSP245 scenario, the SO,, sulfate, BC, and POM emissions show greater
declines in China during the mid-21* century under the CNCN scenario
relative to 1995—2014 (Supplementary Figs. 4-7). Especially for BC and
POM, the decline is more than 90% in China during the mid-21* century
under the CNCN scenario, while it is no more than 45% under the
SSP245 scenario. Moreover, anthropogenic SOAG and CO, emissions in
China during the mid-21" century decreased under the CNCN scenario,
while increasing under the SSP245 scenario, relative to 1995—2014 (Sup-
plementary Figs. 8 and 9). These emission differences between the SSP245
and CNCN scenarios are driven by China’s carbon neutrality and clean air
policies, which will ultimately affect PV power generation by changing
meteorological factors. All emissions, except for the anthropogenic emis-
sions referred to above, such as those from biomass burning, and volcanic
eruptions, and the other model configurations are the same in both sets of
experiments. Each set of experiments is conducted with five ensemble
members to minimize the effect of model internal variability on the simu-
lation results. The experiments conducted in this study are all transient
simulations. The details of the experimental design are shown in Table 1.

Multivariate bias correction algorithm

To reduce the uncertainty in the simulation results of the Earth System
Model, the MBCn* is applied to correct the bias of the climate variables in
the historical and future simulations. The MBCn is a multivariate form of
quantile mapping bias correction, which not only has the advantages of
quantile mapping bias correction” but also includes the dependencies
among different variables. The MBCn can transfer the observed con-
tinuous multivariate distribution to the corresponding multivariate dis-
tribution of climate variables simulated by the model®”. When using the
MBCn to correct climate model projections, three datasets are required:
historical observations, historical simulations, and future projections.
ERA5 has been widely used to assess and correct the outputs of Earth
system models’"*"*, therefore, this study uses daily climate variables
data from ERA5 during 1995—2014 as its historical observations. The bias
correction for historical and future simulations is conducted indepen-
dently by applying the MBCn R package (https://rdrr.io/cran/MBC/man/
MBCn.html) for each ensemble member’s outputs. Before the bias cor-
rection, the difference in the FSDS between the simulation and observa-
tion exceeds 40 W m 2 in some regions, and both the simulated TAS and
SfcWind are overestimated in most regions (Supplementary Figs. 10b,
11b, and 12b). After the bias correction, the simulated deviations of FSDS,
TAS, SfcWind, and PVpor are significantly decreased on global and
regional scales (Supplementary Figs. 10-13).
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Table 2 | Extremely low PV output indices

Indices name  Indices definition Units
PV10 The share of days with PVpot below the extremely low PV output thresholds. %
PV10N The annual number of extremely low PV output events (The extremely low PV output event is defined as PVpor below the extremely low PV output ~ times
thresholds for at least 3 consecutive days).
PV10D The maximum length of consecutive days with PVpor below the extremely low PV output thresholds. days
The PVpor and extremely low PV outputs 1995—2014 is calculated as follows:
An internationally widely used solar PVpor parameterization scheme is
used to calculate the PVpot. The PVporis defined as the ratio of the solar PV
POt poT .\ PV(I proj> Thists Vg ) — PV (IhisN Thig, Vhist)
output generated under actual weather conditions to that under standard RC, it = % 100%
conditi?n§ ’ap%c_ly is a dimensionless quantity. According to previous PV <I orojs L projs mej> — PV (Iist> Thists Viist)
studies™>>***>71%% the PVpqr is calculated as follows: @

1
PVpor = Py I—T (1)
sTC

where I is FSDS; Isyc is the downwelling solar flux on the PV panel under
standard test conditions (1000 W m?); and Py, is the performance ratio,
which indicates the influence of cell temperature on the power generation
efficiency of the PV panel, and can be calculated as follows:

Pp=1— YTy — Tsrc) ()

where y represents the impact of the monocrystalline silicon cell on the
photoelectric conversion performance ratio and is defined as a constant of
0.005°C™"; Ty is the cell temperature under actual weather conditions and
Tsrcis the cell temperature under standard test conditions (25 °C). T, above
25°C reduces the performance ratio, while it below 25°C improves the
performance ratio. T, is influenced by FSDS, TAS (T), and SfcWind (V):

Tau=c¢+T+gl—cV 3)

where ¢, ¢, ¢3, and ¢, are parameters with values of 4.3°C, 0.943,
0.028 °CW "' m’ and 1.528 °Cm™'s, respectively.

Additionally, the changes in extremely low PV outputs are assessed
using the extremely low PV threshold and three related indices (PV10,
PVI0ON, and PV10D; Table 2). To obtain the extremely low PV output
threshold, the extreme event occurrence probability assessment approach is
adopted™. First, we sample the daily PVpor for the period 1995—2014 using
a 15-day sliding window. After sampling, a set of 300 values could be
obtained for any calendar day of the year (15 daily PVpor values for each of
7 days before to 7 days after the target day, and 20 samples from 1995—2014
for that calendar day). Then, the probability density function of PVpor for
the calendar day is obtained from the sampling results for that day, and the
value corresponding to the 10th percentile of the distribution is used as the
extremely low PV output threshold for that calendar day. Finally, a set of
extremely low PV output thresholds is obtained containing 365 values that
covered the range of extremely low PV outputs for 1995—2014.

The relative contribution of the drivers of PV changes

Changes in PVpor and extremely low PV outputs are caused by changes in
ESDS, TAS, and SfcWind. To determine the relative contributions of these
three drivers to the overall changes in PVpor and extremely low PV outputs,
the single change factor approach adopted by Feron et al. is utilized”. For
example, the relative contribution (RC,y;nisr) of FSDS to the change in
PVpor (or extremely low PV outputs) during the mid-21* century relative to

where PV(I,,;, Tpit, Vi) are the PVpor (or three extremely low PV
output indices) calculated from FSDS (I, for the mid-21* century and
TAS (T}s) and SfcWind (Vi) for 1995—2014; PV (I, Thies Vi) are the
PVpor (or three extremely low PV output indices) calculated from FSDS
(Iist)s TAS  (Thi), and  SfcWind (Vi) for 1995—2014; and
PV(I o7, Tprojs Vproj) are the PVpor (or three extremely low PV output
indices) calculated from FSDS (I,,0), TAS (Tp), and StcWind (V) for
the mid-21" century.

Additionally, we calculate the relative contribution (RCcncn-sspaas) of
ESDS to the difference in the change for PVpor (or extremely low PV
outputs) between the two scenarios as follows:

P V(I enens Tsspaass Vssp245) - PV (I ssp2ass | sspaass Vssp245)
RCenen—sspass = PV(

% 100%

(©)

ICNCN‘, TCNCN% VCNCN) - PV(ISSPMSa TSSP2457 VSSP245

where PV(Ionens Tsspaass Visspaas) are the PVpor (or three extremely low
PV output indices) calculated from FSDS (Icncy) for the mid-21% century
under the CNCN scenario and TAS (Tsspy45) and SfcWind (Vsgpyys) for the
mid-21" century under the SSP245 scenario; PV (Isspyus, Tsspoas, Vsspaas)
are the PVpor (or three extremely low PV output indices) calculated from
FSDS (Isspaas), TAS (Tsspags), and SfcWind (Vgepyys) for the mid-21%
century under the SSP245 scenario; and PV(Iyens Tenens Venen) are the
PVpor (or three extremely low PV output indices) calculated from FSDS
(Ienen) TAS (Tenen)> and SfcWind (Veney) for the mid-21% century under
the CNCN scenario. The relative contributions of TAS and SfcWind to the
changes in PVpor (or extremely low PV outputs) are obtained using the
same method.

Definition of sub-regions

Seven sub-regions of interest are selected for investigation: eastern
Australia (EAU; 140°E—155°E, 39°S—12°S), East Asia (EAS; 98°E
—147°E, 18°N—52°N), northern Asia (NAS; 65°E—115°E, 52°N
—60°N), South Asia (SAS; 66°E—92°E, 5°N—32°N), southern Africa
(SAF; 12°E—40°E, 36°S—14°S), western Europe (WEU; 10°W —25°E,
38°N—49°N), and eastern South America (ESA; 60°W —34°W, 12°S
—0°). Almost every sub-region has a rapid solar PV installation rate
or large PV installed capacities. These sub-regions are marked with
black boxes in Fig. 3a.

Data Availability

The emission inventories from MEICv1.4 and DPECv1.2 are freely available
at http://meicmodel.org.cn. The meteorological datasets for 1995—2014
from ERA5 are freely available at https://www.ecmwf.int/en/forecasts/
dataset/ecmwf-reanalysis-v5. The simulation data from CESM2 are avail-
able upon request from the corresponding author.
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