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ARTICLE INFO ABSTRACT

Keywords: Solar radiation modification (SRM) is a possible deliberate approach to decrease or reflect
Solar radiation modification incoming solar radiation with the goal of reducing global temperatures, which have increased
Solar geoengineering over the last decades due to high atmospheric greenhouse gas concentrations. Stratospheric
Stratospheric aerosol injection aerosol injection, specifically, has shown potential for successfully reducing global temperatures
Climate change in climate model simulations. Despite the growing literature in the areas of climate change and
Solar energy SRM, their combined effects on renewable energy, a climate change mitigation strategy, have not
Wind energy been addressed. In this review paper, we synthesize previous literature on the possible effects of
Hydropower climate change and SRM on renewable energy resources (i.e., wind energy, solar energy, biomass
Bioenergy energy, and hydropower), review the status of climate change and SRM research, and explore

potential effects of SRM on renewable energy. We discuss the research challenges and impacts
of SRM on renewable energy and conclude by discussing the potential implications of SRM for
renewables for SRM governance and policy.

word count = 8272

1. Introduction

The transition from fossil fuels to low-carbon energy sources such as renewable energy is a necessary climate
mitigation strategy to avert the most pronounced effects of climate change [1]. Renewable energy, a prominent
decarbonization strategy, uses resources such as sunlight, wind, biomass, and water, each of which depend on the
weather and climate. Through 2022, total installed renewable energy capacity around the world grew to 3.37 TW, with
wind, solar, and hydropower accounting for 95% of this capacity [2]. Asia and Europe added a combined 232 GW in
2022 alone, or roughly 10% growth year over year, while areas such as North America, South America, and Africa had
a slower growth rate, between 4.8% and 7.4%. Overall, at the end of 2022, renewables accounted for 83% of all new
electricity generation capacity expansion.

Weather and climate phenomena will play an increasingly important role in the growth of renewable energy in the
world’s energy portfolio [3, 4, 5]. One phenomenon is climate change itself, which is inevitable, even if greenhouse
gas emissions are rapidly reduced, because of the inertia of the climate system [6]. Other phenomena include but are
not limited to increased frequency and/or intensity of extreme events such as hurricanes [7], resource droughts and
fluctuations [8, 9], changes in water availability [10], and changes in crop production [11]. In short, a primary climate
change mitigation strategy—implementing renewable energy—is itself vulnerable to a changing climate.

Given that renewable energy resources vary with the changing climate system, research into the possible effects of
climate change on renewable energy has received considerable attention over the past decade. This attention includes
investigations into the underlying meteorological resources that provide renewable energy as well as how various
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climate change scenarios might affect power production within the planning horizon of electricity generation assets.
For example, over the typical 30-year lifetime of a solar project, increased cloud cover could affect the performance
of a concentrating solar power (CSP) plant that primarily relies on direct radiation for its power. Additionally, while
photovoltaics (PV) may experience weaker impacts from changes in cloud cover (because PV panels can use the
diffuse part of the solar spectrum [12]), solar panel efficiency degrades at high temperatures. Wind patterns and climate
oscillations are projected to change in a future climate, potentially impacting current and future wind farms that have
lifetimes on the order of 30 years [13]. Distributions of precipitation and surface runoff are expected to alter regionally,
affecting the stability of hydropower plants, many of which have produced reliable and predictable power for decades
[10]. Crops used for bioenergy may realize increased production from CO, fertilization but will also experience the
competing effects of temperature increases, water availability, soil degradation, and land-use changes [14].

If climate change is not sufficiently controlled through reductions in greenhouse gas emissions or other current
mitigation measures, more direct methods of control may be applied. One of these methods, solar radiation modification
(SRM), is the act of reducing incoming solar radiation to reduce Earth’s surface temperature. A widely discussed
approach to implement SRM is stratospheric aerosol injection (SAI), in which aerosols are injected into the stratosphere
to reduce incoming solar radiation. The natural analog of SAI is powerful volcanic eruptions, such as the Mt. Pinatubo
eruption in 1991 that spewed 17 megatons of SO, into the stratosphere, cooling global temperatures by roughly 0.5°C
for 2 years [15]. Unlike a volcanic eruption, SAI would likely need to be implemented on a regular basis (e.g., annually
or more frequently) to keep global temperatures consistently lower than they otherwise would be, or until significant
greenhouse-gas-reducing measures have been taken and the climate has begun to stabilize (Figure 1)[16]. Researchers
are unsure how long it would take after implementing SAI to distinguish the effects of SAI from natural climate
variability and whether counteractions would be needed (and when). Research into how to stop the effects of SAI once
implemented addresses the risks associated with the rapid rebound of incoming solar radiation [17].

SRM, and specifically SAI, has received increased attention in the literature over the past decade. Studies initially
focused on modeling SAI impacts on basic climate variables and dynamics to ensure that global temperature targets
were reached and that model physics were capturing anticipated changes [18]. Within the last few years, such studies
have become more complex, focusing not only on important climatological metrics but also on the social and political
landscape of the implementation of SAI [19]. Renewable energy, as it relates to SAI, has received some attention,
with focus primarily on solar energy changes [20, 21]. Other studies have indirectly addressed precipitation and runoff
[22, 23]. More work is needed to explore the potential effects of SAI on renewable resources and power production.

Both climate change and SAI could impact renewable energy generation around the world, but to the authors’
knowledge, no effort has been made to review the literature on climate change and SAI as they pertains to renewable
energy impacts. We review the effects of climate change on renewable energy in Section 2, including solar, wind,
hydropower, and bioenergy resources, and we discuss the uncertainty in these effects and future research directions.
We then review the literature on climate change and SRM that is relevant to renewable energy in Section 3, including
the potential physical mechanisms of the effects, quantitative estimates of the effects if available, uncertainty, and future
research directions. In Section 4, we summarize the implications that potential effects of SRM on renewable energy
could have for SRM research, governance, and policy. Conclusions and future work appear in Section 5.

2. Literature review on climate change and renewable energy

2.1. Potential climate change impacts on renewable energy

Climate change will likely impact renewable energy. These impacts include changes in the meteorological variables
that drive renewable energy, in exposure to extreme weather events, and in the location, magnitude, and timing of energy
demand. In this section, we assess the literature that addresses the primary meteorological variables that drive solar
energy, wind energy, hydropower, and bioenergy.

2.1.1. Solar energy and relevant meteorological variables

Solar energy uses the downward shortwave radiation that reaches the surface of the earth. The total downward
shortwave radiation at the surface consists of both a direct normal component, which is radiation that is unaffected
in its travel from the sun to the surface, and the diffuse component, or radiation that eventually reaches the surface
by means of reflection and refraction. While both PV and CSP can harness the direct and diffuse components of the
global horizontal irradiance, CSP is more sensitive to changes in the direct normal irradiance. Understanding future
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Figure 1: Examples of different SRM deployment strategies depending on the level of temperature increase from climate
change and mitigation efforts to reduce temperatures. Reproduced with permission from [24].

changes in each component of the surface shortwave radiation is important if we are to understand future changes in
solar energy.

Meteorological variables such as near-surface temperature, cloud fraction, aerosols, and near-surface wind speed
can also impact solar energy production, with PV and CSP having different sensitivities to these variables. PV panels
become less efficient under higher temperatures and generally produce less power under cloudier conditions [12].
High aerosol concentrations can also reduce PV output. Near-surface wind speeds can act as a cooling agent for
PV panels by removing excess heat, thereby increasing efficiency [25]. For CSP, higher near-surface temperatures
increase efficiency, requiring less work to be done to heat liquids used to generate steam [26]. CSP is more sensitive
to cloud fraction changes because CSP mirrors are more reliant on direct irradiance. Like PV, CSP is also affected by
aerosol concentrations; higher concentrations in the atmospheric column make CSP plants less efficient [27]. CSP is
also affected by near-surface wind speeds, which can reduce CSP efficiency by reducing temperatures or by blowing
aerosols into a CSP plant [28]. Lastly, increases in extreme events can impact the spatial and temporal variability of
solar energy, affecting the stability of the electrical grid [29].

Globally, the current literature shows mixed results for climate change impacts on solar energy. Modest changes to
all-sky irradiance are projected through the middle to the end of the 21st century, with regional increases anticipated
in central Europe; western, central, and northern Africa; and eastern Asia, and regional decreases at higher latitudes
[30, 31]. Minor projected increases in direct irradiance, and thus decreased cloud fraction, are consistently shown in
numerous studies, but with high regional variability [32]. Near-surface temperatures are projected to increase globally,
negatively impacting PV and positively impacting CSP [33]. Wind speed near the surface is generally expected
to decrease, which is connected to the decreased equator-to-pole temperature gradient [34]. Aerosols, particularly
anthropogenic sources of aerosols, have decreased in China and Europe but increased in India [35]; hence, PV and
CSP output is projected to decrease in India and increase in China and Europe. Because of these changes to relevant
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meteorological variables, occurring now and projected in the future, modest increases or decreases to solar-PV-
generated energy are anticipated regionally, and increases in CSP are anticipated globally [33, 36, 14].

Changes in irradiance due to climate change in the continental United States (CONUS) are nuanced. Regionally,
there are indications that irradiance will decrease in the West and increase in the East, especially in the U.S. Southeast
[30, 36, 14, 37]. Changes in cloud cover, aerosol distributions, and moisture patterns are some of the primary drivers of
this projected change in irradiance, though agreement varies across climate models [38]. Across CONUS, it is projected
on average that irradiance due to climate change will vary within a few percent of the current climate but with a high
degree of uncertainty due to higher variability at different spatial and temporal scales.

Studies focused on solar energy changes across CONUS have yielded a similar nuanced result. With an anticipated
increase in irradiance, increase in near-surface temperature, and decrease in cloud fraction in the U.S. Southeast, PV
and CSP resources are projected to increase. The near opposite is projected to occur in the U.S. West, where decreases
are largely projected for PV and CSP resources [39, 14, 40, 38].

Cloud and aerosol physical properties are not well represented in climate models [41, 42] because of the complex
and computationally expensive physical and chemical interactions that happen at various levels of the atmospheric
column that modern climate models cannot completely resolve. Parameterizations help generalize these interactions
but are not intended to capture all of reality, leading to more uncertainty. For example, Coupled Model Intercomparison
Project Phase 5 (CMIP5) models do a poor job capturing anthropogenic aerosol emissions, which can heavily impact
solar energy productivity [35]. While CMIP6 models have improved their representation of anthropogenic aerosol
emissions, climate models can capture radiative effects for the wrong reasons, due to compensating errors [43].
Compensating errors can still manifest in CMIP6 models [44, 45].

Changes and uncertainty in projected solar energy and related meteorological variables are largely attributable
to shortwave solar radiation at the surface. Most of the global and regional changes in surface all-sky irradiance are
projected to come from changes in cloud properties, such as total cloud fraction and cloud depth [40]. Changes in
natural and anthropogenic aerosols at the surface and aloft can also heavily impact surface all-sky irradiance, and thus
solar energy production.

Of the uncertainty studied in the literature regarding solar energy and climate change, most studies agree there is
high uncertainty around whether climate change will have a positive or negative effect on solar electricity generation
efficiency, and the sign of the change can be a function of the type of climate scenario used [39, 14, 38]. While there is
evidence that PV resources could decrease and CSP resources could increase globally with the most extreme climate
scenarios, there are also studies showing contradictory results [37]. In general, however, climate models largely agree
on the sign of change for all-sky and clear-sky irradiance in particular regions of the world—for example, Eastern Asia,
most of Europe, and the U.S. Southwest [33, 30, 36]. On the contrary, climate models are less certain on cloud fraction
and aerosol optical depth projections [35].

2.1.2. Wind energy and relevant meteorological variables

Possible impacts of climate change on wind resources have attracted considerable academic attention, with over
90 publications between 2005 and 2022 matching keywords “wind resources” and “climate change” as reported by
Hahmann et al. [46]. Most investigations of the possible effects of climate change on wind energy focus on changes
in wind speed, with a secondary possible focus on changes in air density due to temperature and humidity changes
that may occur with climate change. Wind power, P, is a function of wind speed, U, air density, p, and wind turbine
characteristics rotor area, A, and power coefficient, ¢ [47]:

P= %pcpAU3 1

Wind turbines typically experience winds between 30 m and 300 m (for the largest turbines) above the surface.
Rather than steadily increasing with height above the surface, wind profiles in a region this deep can take a range of
shapes. In stably stratified conditions (occurring at night over land [48] or in summertime over water [49]), a low-level
jet profile often occurs, such that the fastest winds may occur within the wind turbine rotor region with decreases above
or below. The complexity of the wind profile in wind turbine altitudes therefore adds uncertainty when extrapolating
from a near-surface value or interpolating between a near-surface value and a value several hundred meters above the
surface. Unfortunately, climate models generally predict a value of wind speed at 10 m above the surface and then
winds at much higher levels, requiring an extrapolation from the surface or interpolation between distant levels that
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are unlikely to accommodate complicated profiles like low-level jets. This uncertainty should be considered when
assessing predictions of wind speed variability from future climate simulations. In fact, Hahmann et al. [46] argue that
“extrapolating wind speeds from 10 m to turbine height using a constant power law is a poor approximation in many
circumstances and will often exaggerate future changes in wind resources.”

Even given this uncertainty, most investigations of climate change impacts on wind speed and wind power
production find only subtle decreases of wind speed, which many authors consider will be small compared to anticipated
growth in installed capacity and expansions of technical capacity [50, 46] or constrained to summertime periods when
solar energy can compensate for decreases in wind [51]. The changes found by Pryor et al. [52] are considered small
in comparison with current interannual variability, where impacts are “generally <5% of the current mean energy
density.”

Given the current large wind energy deployment in Europe, many studies focus on European wind resources. Most
of these studies find a small increase in the annually averaged wind resource in northern Europe accompanied by a small
decrease in southern Europe [53, 54, 55, 56, 50]. Wind speeds are projected to increase over much of the continent of
Africa in the near term and mid-century, with some regional variability in this general signal [31].

In North America, similar regional variability may occur. In the southern Great Plains, an area experiencing wide
wind energy deployment, Pryor et al. [52] find likely increases in wind energy resources but regional decreases over
much of western North America.

In fact, in studies that consider multiple members of climate model ensembles, ensemble members often disagree
on even the sign of future wind speed and wind power changes [13, 52]. This disagreement is more widespread for
ensembles relying on more finely resolved simulations [50, 51].

Given this small anticipated impact of climate change on wind resources, the details of possible changes may be
relevant for practitioners in specific regions.

Estimates of climate change impacts on wind resources are vulnerable to uncertainties deriving from several
sources beyond the uncertainty in climate scenario projects. As discussed above, a significant source of uncertainty in
estimating the impacts of climate change on wind resource assessment is the extrapolation of wind speed from 10 m
to wind turbine hub heights because wind shear coefficients vary considerably over the course of a day [57], discussed
in detail in [46]. Uncertainty in temporal variability is also critical, given the strong diurnal cycle in winds and the fact
that climate model output is generally limited to monthly means. Climate models are also at coarse spatial variability
(on the order of 30 km, except for higher-resolution products from the Coordinated Regional Climate Downscaling
Experiment). Karnauskas et al. [13] quantify the impact of each of these sources of uncertainty, concluding that there
may be a bias introduced in estimates of wind resource using coarse spatial and temporal data and in extrapolating, but
that this bias should be consistent globally.

Further, few estimates of climate change impacts consider the effect of wind farm wakes and the variability of those
wakes, which vary considerably with atmospheric stability [58].

2.1.3. Hydropower and relevant meteorological variables

Hydropower is the largest contributor to the total renewable energy portfolio across the globe. Most of the current
installed hydropower capacity is based on rivers, which can be dammed, and is reliant on a stored reservoir, or run-of-
river, where the river is allowed to flow more freely. Given its reliance on rivers, hydropower can potentially be impacted
by climate change impacts to rivers and the physical systems that influence rivers, like changes in precipitation (timing,
duration, type), flooding, glacial dynamics, runoff, drought, and sediment load of rivers (soil erosion).

Climate change impacts on the physical systems that hydropower relies on have received considerable attention in
the literature. In the Intergovernmental Panel on Climate Change’s (IPCC’s) most recent assessment report, they state
with high confidence that projected changes to water systems will increase energy production globally, but with other
potential consequences and regional variability [1, 59]. Increases in hydropower are mainly attributable to increased
runoff from snow and glacial melt and changing precipitation regimes. Precipitation regimes are projected to change,
with precipitation coming in shorter, more intense events [1, 60]. Snow is anticipated to start falling more as rain,
accelerating snowmelt and winter/spring runoff, potentially decreasing overall snowpack and summer runoff [61, 62].
Glacial melt will continue, potentially increasing river flow and thus hydropower, but with the potential of increased
flooding, soil erosion, sediment load on facilities, and, ultimately, shifting seasonal patterns of generation [1, 59, 60].
These projected changes are likely to accelerate hydropower generation in the next few decades, but changes late in
the 21st century are more uncertain once/if the global cryosphere driving hydropower is largely depleted.
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More regionally, climate change impacts on water systems in CONUS are projected to impact hydropower
generation as well. This includes many of the same anticipated changes in global relevant meteorological variables, such
as precipitation patterns and intensity, river flooding, and snow and glacial melt [1, 60]. Impacts are not uniform, with
shifts in the seasonality of snowmelt and precipitation increasing the likelihood of higher hydropower generation in the
late winter/early spring and decreased generation in the summer [59]. Craig et al. [39] conducted a review of potential
climate change impacts on hydropower potential in the United States, finding that annual hydropower generation
potential is projected to generally increase across CONUS during the winter and decrease in the summer, shifting
the seasonality of demand and generation. Kao et al. [63] further confirmed these results for federal hydropower,
where annual hydropower generation is projected to increase by 4% by midcentury due to a 9% increase in streamflow.
This same study also emphasizes that a projected increase in extremes from both flooding and drought, along with
increased disparities between seasonal supply and demand, will likely make management of hydropower generation
facilities more difficult.

Uncertainty from hydropower analyses and projections comes from a variety of sources. Kao et al. [63], Rastogi
et al. [64], Zhou et al. [65] used a similar multi-model framework that consisted of multiple global climate models,
downscaling strategies, hydrologic and hydropower models, and reference meteorological observations. They show
that uncertainty can come from all aspects of the multi-model framework, but that the choice of global climate model
and hydrology model leads to the greatest variance in outcome. The choice in reference meteorological observations
also cannot be ignored, confirming that better observations of watersheds are needed to help reduce uncertainty around
current and future river flow and hydropower generation.

2.1.4. Bioenergy and relevant meteorological variables

The anticipated changes in biomass production for bioenergy production and relevant meteorological variables are
tightly tied to many Earth and human systems, such as food processing, waste management, and agricultural systems,
that can produce biomass for bioenergy in the form of wastes (fats, oils, and greases; animal and human wastes),
agricultural and forest residues, and energy crops. Carbon, nitrogen, and the water cycle play critical roles in the
development of various crops, where a surplus in carbon can help crops become more productive, but a deficiency in
nitrogen or water can limit growth in others. Therefore, examples of climate change impacts on agriculture include
potential changes to the carbon, nitrogen, and water cycles in addition to changes in direct and diffuse radiation. Crops
need water to grow, and as such, the water cycle, driven by changes in precipitation, evaporation, and runoff, determine
water availability around the world. Human systems such as dietary preferences, consumer products demands, planting
and harvesting practices, geopolitics, and land-use management also have profound implications for how and what
crops are ultimately grown and which wastes are generated. While it is difficult to disentangle these systems, a plethora
of research has investigated how biomass production and agriculture are projected to change throughout the 21st
century.

Most studies agree that a global increase in biomass growth, or primary production, is projected to occur, primarily
driven by the CO, fertilization effect [14, 66, 67, 68, 69]. While crops have different sensitivities to increased CO,
levels, on average, biomass is anticipated to increase [67]. Regionally, these changes are nuanced, but the current
scientific consensus is that biomass production will grow at higher latitudes and decline at lower latitudes [66, 70].
Various crops are anticipated to benefit from warmer temperatures in higher latitudes, where historically these same
crops may not have been viable. In turn, crops at lower latitudes will see increased heat stress from warmer temperatures.
At midlatitudes, changes are more uncertain and dependent on other factors, such as precipitation changes, soil quality,
nutrient leaching, and extreme events [66, 67, 71, 72].

Across the United States, biomass production is projected to increase, despite general uncertainties around
midlatitude changes. Studies are consistent with respect to the CO, fertilization effect increasing biomass production,
but not necessarily for all crops, especially when accounting for other processes such as the nitrogen cycle and water
quality [14, 66, 67, 68, 71, 73]. Additionally, these increases in production could come at the cost of increased
deforestation, higher water stress, and nutrient leaching [73]. On the other hand, global agricultural productivity has
largely increased since the mid-20th century, thanks in part to technological advancement and improved farming
practices, but more recently, climate change has slowed this progress [74]. Overall, while biomass production is
projected to rise in the United States, negative impacts on other Earth and human systems may counter this increase at
particular times and places and may challenge the productive use of biomass resources for bioenergy.

Bioenergy uncertainty is likely the largest out of the renewable resources discussed here, as it is highly sensitive to
human systems and to climate. This concept was explored by Groundstroem and Juhola [72] using a systems thinking
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and causal loop diagram approach to understand how the wood pellet industry and its subsystems are all linked, and
thus how they impact each other. It is immediately apparent that climate change impacts on bioenergy and biomass can
have many competing and cascading effects, all of which have their own sensitivities. The CO, fertilization effect will
increase production for many crops, but numerous studies have limited or incomplete crop and land surface models.
The projected sign of change could be affected by, for example, nitrogen limitation. While research in recent years has
started to use more robust crop and climate models, uncertainty has not necessarily been reduced [68].

It should be noted that while we focus on climate change impacts on bioenergy-related variables, research has
also been performed on how bioenergy could impact the climate [75, 76]. Additionally, biomass for bioenergy has
applications beyond agriculture, but the details of these areas of research are beyond our scope.

Effects of climate change on hydropower and solar, wind, and biomass resources are potentially significant to
renewable energy production, with varying uncertainties and variability across climate scenarios and geographies.
Having considered the literature on these effects, we now examine the literature on the effects of solar radiation
modification on renewable energy.

3. Literature review on climate change and solar radiation modification relevant to
renewable energy

Just as climate change is anticipated to impact renewable energy, SRM is likely to affect renewable energy if
implemented. Projecting the effects of SRM adds uncertainty and complexity beyond climate change considerations.
Here, we discuss research relevant to SRM and renewable energy, but we also touch upon the uncertainty in the science
and future research directions.

3.1. Potential solar radiation modification impacts on renewable energy
3.1.1. Solar energy and relevant meteorological variables

The primary purpose of SRM is to affect the total energy balance of the Earth by reducing incoming solar irradiance.
However, SRM would affect the quality of light, not just the quantity. A 2% reduction in insolation, approximately
equivalent to the forcing required to offset a doubling of CO, [77], could reduce downwelling direct irradiance by
more than 20% and increase diffuse irradiance by approximately a factor of 3 [78]; similar results were seen after the
1991 eruption of Mt. Pinatubo [79]. There would be numerous climate effects as a result of these changes, notably
on terrestrial ecosystems and carbon uptake [80]. In terms of solar power generation, CSP plants depend on direct
radiation, so SAI would reduce the amount of power these plants could generate [81]; Smith et al. [20] found that
global cooling by 1°C would reduce CSP generation by 5.9% on average over land. However, solar PV cells can use
both direct and diffuse light, so impacts on solar generation from this source would be much smaller [20]. There may
also be regional effects that cause shifts in cloud cover [82], affecting solar generation; this is presently difficult to
quantify.

Solar energy is affected by more than just solar irradiance, as described in Section 2.1.1. SRM would also affect
precipitation, wind, and near-surface temperatures, among other factors that contribute to solar energy efficiency. On
average, the projected changes from SAI would offset those of climate change for a wide variety of variables [83], but
regional departures from average behavior are likely. Preliminary studies [21] suggest a decrease in total generated solar
power measured in "low solar weeks" from both PV and CSP sources, although there may be a substantial increase in
generated power in areas that are strongly negatively affected by climate change. Moreover, this picture is complicated,
as Baur et al. [21] found a reduction in the optical thickness of cirrus clouds, which increases solar power generation.
Due to the notable paucity of studies, it is hard to make robust conclusions that quantify effects of SRM on solar power
generation, although there is consensus on the sign of the overall response.

3.1.2. Wind energy and relevant meteorological variables

At the time of this writing, there was unfortunately no published peer-reviewed literature on the effects of SRM
on wind energy. A preprint from Baur et al. [84] suggests that while total global wind energy resources would be
negligibly reduced with SRM (specifically SAI), regional trends can be large. Their study is limited to considering the
effect of SAI that cools down from a Shared Socioeconomic Pathways (SSP) 585 baseline scenario (aggressive fossil
fuel development, little climate change adaptation) to temperatures similar to an SSP245 scenario (moderate fossil fuel
development and climate change adaptation), resulting in changes in 150-m winds of up to 16% in some regions.
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Figure 2: Direct and indirect impacts from climate change (CC) and solar radiation management (SRM) on many
meteorological variables important to the renewable technologies discussed herein. Here, direct is defined as a relatively
quick change in the climate system, and indirect defined as multiple processes are involved and/or a time lag for said
variable to change.

3.1.3. Hydropower and relevant meteorological variables

In general, SRM would reverse many of the changes to hydropower caused by climate change (Section 2.1.3),
although this would vary on a regional basis. SAI would reverse the “rich get richer, poor get poorer” effects of climate
change across much of the globe, where climate change is projected to amplify many existing impacts [85]. It would also
slow glacier melt and increase snowfall [86], leading to more consistent streamflow throughout the year. In addition,
SAI would likely reduce aridity, as measured by the ratio of precipitation to potential evapotranspiration [87]. This
would mean more water availability, which may not directly affect hydropower but will likely influence catchments in
general.

Nevertheless, it is unlikely that SRM will be able to completely stop or reverse all of these changes. The amount
of cooling needed to fully restore glaciers, and the cryosphere in general, far exceeds the amount of SAI in most
projected scenarios of SRM [88]. Offsetting global mean temperature change with SAI results in “overdrying” of the
planet, which is a consequence of the thermodynamics related to addressing a longwave radiation change (greenhouse
gases) with a shortwave change (SAI). This thermodynamic mismatch leads to different direct and indirect impacts
on the climate system, as illustrated in Figure 2. Projected mean climate change and SRM impacts on all renewable
technologies considered herein are shown in Figure 3.

3.1.4. Bioenergy and relevant meteorological variables

The discussion of how SRM could impact bioenergy is a discussion of how SRM could impact agriculture. Of the
studies that have investigated SRM and crops relevant for bioenergy, the main consensus is that an SRM climate will
likely increase crop productivity worldwide. This finding is primarily the result of higher CO, concentrations from
higher emissions that would not stop during SRM deployments, generally leading to higher crop productivity, and
lower heat stress from an SRM-cooled climate [89, 90, 91]. Precipitation and overall water cycle changes can impact
production as well, where an SRM climate generally reduces precipitation [23, 92]. Nitrogen availability can also limit
crop productivity, and some studies have pointed to this limitation as a possible burden in future climates. To date,
many climate models do not account for the nitrogen cycle, likely leading to overestimates of crop productivity during
potential SRM deployments [22]. Increased diffuse radiation from SRM, particularly SAI, is considered a net positive
for most crops, as diffuse radiation in most circumstances can be more efficiently used by crops [90, 23, 93, 94].

Regionally, differences can be found depending on the latitudinal band of focus and level of SRM implemented,
with some findings indicating that no matter the level of SRM deployed, there will be countries who do not benefit
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Figure 3: Projected mean climate change (CC) and solar radiation modification (SRM) impacts on meteorological variables
relevant to renewable energy for CONUS and globally, and potential changes in solar energy, wind energy, hydropower, and
bioenergy. Results are based on the literature herein, but do not reflect the spatiotemporal complexity of each variable,
where the sign of change could be different than presented here.
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[95]. Even if crop production were increased globally, the exact location of those increases is important because moving
crop belts could mean the end of the existence for those in areas the crop belt is moving away from. For CONUS, crop
production is projected to increase the most in a moderately SAI climate, with maize and soybeans experiencing the
largest increases and wheat experiencing a more modest increase. More generally, the world’s largest crop producers
would generally benefit from some level of SAI It should be noted that this same study highlighted that some countries
gain to benefit from a non-SAI climate change scenario, leading to potential disagreements on how much, if any, SAI
should be implemented.
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4. Research needs at the intersection of climate change, solar radiation modification, and
renewable energy

While a lot of research has been done in the last couple of decades to reveal potential changes and impacts to
renewable energy from climate change and SRM, unknowns remain in the area of climate science and modeling and
their implications on renewables. Unknowns also remain regarding uncertainty in climate and SRM modeling and
detecting a signal in the uncertainty to be able to point to effects on renewable energy resources.

This section will discuss current scientific and computational limitations in climate and SRM research with regards
to renewables and tools to address those limitations; discuss uncertainty in climate and SRM simulations and touch on
designing potential SRM deployments; and relate SRM research to governance aspects and impacts on human systems.

4.1. Current scientific and computational limitations
4.1.1. Modeling uncertainties

Some of the largest issues in modeling SRM are related to model uncertainties. Indeed, many of the biggest issues
with quantifying projections of future renewable energy production are issues in climate science and atmospheric
science more generally, although renewable energy needs could serve as a useful impetus for further fundamental
science research. Even in simple representations of SAI that involve turning down the sun in climate models, offsetting
a quadrupling of CO, requires anywhere between 3.5% and 5.0% solar reduction [78], a result that is robust across
multiple generations of models [91]. One of the largest reasons for this model spread is due to shortwave cloud forcing
[91], which is consistent with the longstanding problem that clouds are the largest source of uncertainty in climate
models and future projections of climate change [96]. Uncertainties in cloud representations are even more pronounced
for marine cloud brightening, which relies on highly uncertain representations of aerosol-cloud interactions [97, 98].
However, clouds are not the only sources of uncertainty. For SAI, aerosol optical depth is difficult to represent accurately
because of uncertainties in stratospheric circulation [99], aerosol microphysical growth, and stratospheric chemistry
[100, 101]. All of these factors are computationally expensive to simulate [102], difficult to observe to constrain our
models [103], and have important impacts on surface climate [104]. These issues directly affect our ability to simulate
effects on renewable energy.

4.1.2. Design space

The expected effects of SRM on renewable energy are often not straightforward because the effects depend upon
how SRM is deployed; that is, SRM can be designed [105]. For SAI, the latitude and season of the injection are critical
parameters in determining the net climate effects [106]. As an example, in one model’s simulations of using SAI to
offset the effects of climate change, injecting in boreal autumn increases South Asian precipitation and reduces Amazon
precipitation, and vice versa for injecting in boreal spring [107]. SAI in the mid- or high latitudes of one hemisphere
tends to result in the aerosols staying in that hemisphere [108], with consequent differential cooling and shifts in tropical
precipitation [109]. The amount of injection in each hemisphere that is required to meet particular climate objectives
appears to be model-dependent due to different model sensitivities to aerosol [110] as well as representations of the
Atlantic meridional overturning circulation [111]; neither of these is well constrained by observations [112].

4.2. Potential tools to address current limitations

Overall advancements in atmospheric science and climate modeling will advance the understanding of climate
change and SRM effects on renewable energy. Here, we focus on the more specific actions that could reduce the
uncertainty of these effects through improved modeling, measurements, metrics, simulation studies, and artificial
intelligence.

4.2.1. Improved modeling

SRM strategies involving aerosol and clouds still have large uncertainties due to either insufficient understanding
or crude representation of processes in climate models [32]. New relevant modeling capabilities (e.g., prognostic
stratospheric sulfate aerosols, control of sea salt particles injection, heterogeneous/homogeneous ice nucleation
processes) have continued to be developed in Earth system models, and more SRM simulations are designed to
advance the understanding and assess the impacts. Recent Geoengineering Model Intercomparison Project (GeoMIP)
experiments focused more on specific aspects of the climate system to closely understand processes involved in SRM
simulations [106]. Future GeoMIP experiments will consider including plans laid out by the ScenarioMIP community
for the next set of scenarios that would constitute the bulk of CMIP7 [113]. Decisions of experiment protocols will
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need to be made on aerosol emissions assumptions in the different scenarios. The high-forcing scenario is a logical
candidate for high sulfur emissions, as aerosol emissions are expected to be low in stringent mitigation scenarios.
However, high aerosol emissions in the high-forcing scenario can also slow down global warming. An alternative is to
have a normal aerosol scenario with reduced aerosol emissions and have a high aerosol scenario with higher emission
factors for AerChemMIP (Aerosol Chemistry Model Intercomparison Project) experiments. Such decisions would
affect the design of GeoMIP experiments to counteract the expected warming. The GeoMIP modeling community
finds it necessary to design an “intermediate” experiment for the current generation of Earth system models and current
SSP scenarios [114]. The experiments will likely be replicated with the next generation of Earth system models and
ScenarioMIP scenarios. As the longer-term plan for CMIP7, several themes have been discussed by the GeoMIP
community, including 1) idealized experiments for the development of machine-learning emulators, 2) single forcing
experiments with aerosol injections at specified locations (or more susceptible regimes) for both SAI and marine cloud
brightening geoengineering strategies, and 3) experiments that will follow ScenarioMIP protocols.

Improved modeling techniques could address the uncertainty in projecting effects on wind energy that arises in part
due to the coarse vertical resolution of climate models, where there may be only a couple of model levels within most
wind turbine rotor diameters. With such limited data points of wind speed and direction within a rotor diameter, it is
difficult to gauge future changes in wind shear and veer, which can have large impacts on power production. Setting up
global and regional climate models with more model levels in the lowest few hundred meters above the surface could
provide much-needed insight into this specific example, although doing so would likely also require improvements in
boundary layer parameterizations.

Improved modeling techniques would also include advancements in the area of coupling crop models to climate
models, as well as coupling models of marine ecosystems with climate models to holistically model the interactions
of our entire ecosystem.

4.2.2. Measurements

Atmospheric measurement studies could improve the understanding of the effects of aerosols on solar energy.
Measurement campaigns study stratospheric chemistry and its potential impacts on the lower troposphere, and are
critical for filling in scientific gaps. For example, the recently launched Plankton, Aerosol, Cloud, and ocean Ecosystem
(PACE) satellite from the National Aeronautics and Space Administration will provide critical data from numerous
earth systems, including aerosol and cloud properties, two areas of the climate system that are arguably the most difficult
to capture and represent in climate models [115]. The Stratospheric Aerosol processes, Budget, and Radiative Effects
(SABRE) aircraft campaigns [103] are closing a longstanding gap by providing in situ measurements of stratospheric
aerosols and chemistry. Recent advances in fire weather science and the utilization of unmanned aerial vehicles could
shed light on how large plumes of smoke and aerosols could impact solar energy generation [116, 117]. These examples,
both future and present, can further our understanding of potential impacts from real-world observations and analogues.

4.2.3. Metrics

Along with improvements to modeling and more measurement campaigns, efforts to create a set of standard metrics
to use to compare changes across different models and observations would be beneficial. Lessons and processes from
previous and current efforts, such as the IPCC assessment reports and GeoMIP experiments, could be leveraged to
create a list of metrics that are consistent with respect to time, regions, technology, and projections, to name a few.
For example, calculating normalized power for each renewable technology consistent with current IPCC sub-regions
would make projected absolute and relative power changes simpler to evaluate against historical and future climates.

4.2.4. Artificial intelligence

Deploying machine learning (ML)/artificial intelligence (AI) in simulations of the impacts of geoengineering
requires identifying how the physical processes simulated in geoengineered systems are likely to differ in ways that
impact the use of ML/AL It is likely that the use of ML/AI in understanding geoengineering will remain similar to
how it is used in understanding climate in the absence of geoengineering. However, there is both the challenge of
recognizing how geoengineering may complicate existing ML/AI work, and the opportunity to use ML/AI to improve
geoengineering simulation.

A fundamental limitation of ML/AI algorithms is that predictions made outside of their training data should be
treated with extreme skepticism. Simulating a geoengineered atmosphere has complicated implications for uncertainty
and extrapolation. Because SRM can cause cooling in the presence of increasing greenhouse gases, changes in climate
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variables in a world with SRM will not scale with global mean temperature changes, unlike in a world with just
climate change. However, because the climate under SRM is kept closer to an unperturbed baseline, there are fewer
opportunities for uncertain feedback to cause strong climate responses [118]. The combined impacts of these effects
on the ability to train ML/AI algorithms for SRM in the same way we do for climate change is not well understood.
It is possible that, for instance, algorithms used to downscale data for energy resources prediction will no longer be
accurate unless the training data are expanded to include data from geoengineered systems. It is also possible that
different approaches to SRM, including changing particle sizes and concentrations, will require additional expansion
of datasets.

4.3. Combining governance and human systems with energy systems in geoengineering

The potential costs and benefits of solar geoengineering go far beyond “moral hazard” arguments based on the
possibility of geoengineering as a substitute for emissions reductions [119]. The potential for impacts in areas such as
food systems, water availability, or ecosystems were identified early in consideration of geoengineering [120]. This, in
turn led to initial work to quantify many of these impacts, which was incorporated into the 2022 IPCC report. These
initial attempts to quantify impacts show both positive and negative outcomes from geoengineering. Simulations of
the geoengineering impacts on agriculture, for instance, show that overall productivity decreases at higher latitudes
due to a shorter growing season, but increases at lower latitudes due to reduced heat stresses [89, 121, 122]. Additional
studies suggested that the risk of crop failures may be reduced [123]. Similar complex results were seen in infectious
disease modeling under geoengineering scenarios [124]. In both agriculture and public health, positive and negative
outcomes were unequally distributed internationally, suggesting a potential for international conflict [125]. These
results suggest that a similar set of complex impacts from geoengineering may be encountered in energy systems,
increasing the urgency of including these impacts in policy analysis of geoengineering. However, because prediction
of renewable energy resources under geoengineering scenarios requires computationally expensive downscaling,
quantifying potential impacts on energy systems from geoengineering lags other analysis.

Addressing this knowledge gap will require additional computational resources and research. Ensuring this
knowledge gap is addressed in a truly global context will be challenging. Projections of energy resources and needs
in various countries under various climate change, adaptation, and development scenarios will be most accurate when
informed by in-country experts. Only the wealthiest countries have access to the computational resources needed to
predict the impacts of geoengineering on renewable energy systems [126]. Individual research teams can build global
partnerships. These issues should be recognized as part of a global structural problem of scientific inequity exacerbated
by climate change that can only be resolved by funder-driven structural change in climate science.

The results of research into the impacts of SRM on energy systems have regional, national, and global policy
implications, and interdisciplinary teams will be necessary to unpack and communicate them. If policymakers are
simply confronted with an array of modeling results prepared ad hoc by individual researcher interest—as the status
quo might suggest—then the result will be a noisy landscape of political actors using the results to support various
political positions, which might end up further eroding trust in science. Supporting a mission-driven [127], coordinated
research effort that systematically examines all types of renewable energy under multiple scenarios and is holistic and
global in its effort is one way of reducing that risk. Within such a framework, policy research should explore the
possible implications of unequal impacts on energy systems both within countries and at the global scale.

5. Conclusions

Earlier and current generations of climate model projections, including those that explicitly address SRM, have
provided much-needed insight into potential impacts on meteorological variables relevant to renewable energy.
While studies formally investigating SRM impacts on renewable energy sources such as solar energy, wind energy,
hydropower, and bioenergy are currently limited, the results are nonetheless critical. According to the literature review
herein, impacts on renewable energy are projected to occur under climate change and under climate change with SRM
implemented. Despite this insight, many questions and uncertainties remain, ranging from the underlying climate
science and physics realized in climate models to impacts on other aspects of the energy system, such as transmission
and storage, the impact of climate change and SRM on the ocean and marine renewable energy resources, or whether
designs of solar panels or wind turbines can be tailored to increase efficiency depending on the expected changes in
the resource. Literature focused on cost analyses with regards to SRM; whether this is the cost of deploying SRM or
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the impacts on costs to the energy system or economies regardless of SRM deployment has not been included and can
be the topic of a future study.

Climate change is anticipated to have an impact on the renewable energy resources discussed in this review.
Likewise, as demonstrated in the literature, SRM has potential impacts on solar energy, wind energy, hydropower,
and bioenergy. The global effects of climate change and SRM are highly uncertain. Effects on renewable energy will
depend on site-specific, resource-specific effects as well as broader human systems effects. As the installed capacity of
renewable energy increases across the globe, the site-specific, regional, and system changes that could affect renewable
energy increase as well. These impacts vary substantially by emissions scenario and SRM implementation.

Despite the uncertainties in the climate system and the effects of SRM, several tendencies can be identified in the
literature. Climate change is projected to increase precipitation globally and increase extreme events (drought, flood)
while SAI is projected to decrease precipitation and moderate the temperature increases arising from climate change.
However, we do not live in a globally averaged world. We live in a world where the exact location of a drought or
flood matters, where it matters whether it pours for a few weeks, potentially flooding our crops while we try to survive
in a drought the rest of the year. On average, a flood followed by a drought might show up as zero impact. Likewise,
these precipitation effects identified in the literature are ambiguous and region-specific, especially for renewable energy
applications. According to the literature, CO, in the atmosphere will increase biomass growth (primary productivity)
under climate change, and biomass may see additional benefits with SAI with reduced heat stress. Climate change will
decrease the equator-to-pole temperature gradient, which drives certain wind patterns. Changes in wind speed matter
on an hourly basis because we need wind energy to meet electricity demand, which in turn changes in the course of the
day. These are some examples that underline that the trends found in the literature are uncertain and vary regionally,
and that more research is needed to understand the effect of climate change and SRM on renewable energy.

Some of the uncertainties encountered in this review that are critical to answering key questions about SRM impacts
on renewable energy can also be driving forces for future work that could include overall improvement in atmospheric
science and climate modeling, as well as more specific research on effects on renewable energy model improvement,
measurement campaigns, simulation studies, and application of Al. Such research could increase the understanding of
the projected impacts of climate change and SRM at the surface, including effects on renewable energy.

Taking into account modeling uncertainties, one might ponder whether the impacts of climate change or SRM
on renewable energy can be estimated at all. One of the options could be to conduct more modeling studies with the
explicit intention of assessing the impacts on renewable energy. These studies need to have high spatial and temporal
resolutions to be able to estimate the impact of power output on the future grid. Atmospheric data are usually needed
in sub-hourly intervals. Studying the impact of climate change and SRM on hybrid systems (i.e., co-located wind
energy, solar energy, marine energy, or hydrogen production plants) would be an important topic for renewable energy
research. For co-located renewables, the results could be balanced or cascading.

This review documents the status of the scientific understanding at the intersection of climate change, SRM, and
renewable energy, highlights gaps, and identifies potential avenues of research to address those gaps. But because SRM
is a choice, scientific understanding alone is insufficient to address broader human systems considerations that include
political, philosophical, and environmental justice dimensions. Any decision to use SRM, and any set of criteria for its
design, could consider an array of values across various human systems, only one of which is the effect on renewable
energy.
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