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Abstract: To combat global warming, energy systems are transitioning to generation from renewable
sources, such as wind and solar, which are sensitive to climate conditions. While their output is
expected to be little affected by global warming, wind, and solar electricity generation could be
affected by more drastic climatic changes, such as abrupt sunlight reduction scenarios (ASRSs) caused
by nuclear war (“nuclear winter”) or supervolcanic eruptions (“volcanic winter”). This paper assesses
the impacts of an ASRS on global energy supply and security in a 100% renewable energy scenario.
National generation mixes are determined according to roadmaps for a global transition to renewable
energy, with wind and solar contributing a combined 94% of the global energy supply. Wind and
solar generation are determined for a baseline climate and an ASRS following a large-scale nuclear
exchange. While effects vary by country, overall wind and solar generation are expected to reduce by
59% in the first year following an ASRS, requiring over a decade for full recovery. Ensuring sufficient
energy for everyone’s critical needs, including water, food, and building heating/cooling, would
require international trade, resilient food production, and/or resilient energy sources, such as wood,
geothermal, nuclear power, tidal power, and hydropower.

Keywords: global catastrophic risk; nuclear winter; volcanic winter; renewable energy; resilient
energy systems; energy security

1. Introduction

Countries around the world are transitioning to renewable energy sources to reduce
greenhouse gas emissions [1,2]. Solar and wind electricity generation are the fastest-
growing renewable sources [3,4] and may account for more than 50% of the global energy
supply by 2050 [5,6].

However, electricity generation from solar and wind is climate-sensitive and can only
occur when these resources are available [7,8]. These climatic sensitivities are managed
in current electricity systems, as wind and solar comprise a small proportion of total
generation and are typically installed in locations optimized for climate [9,10].

The sensitivity of renewable electricity generation to climatic changes is widely rec-
ognized, and research has investigated the effects of global warming and climate change
on renewable energy systems. In the 21st century, global warming and climate change
are expected to have little effect on solar electricity generation [11]. The impacts on wind
generation are less certain [12,13], as wind energy is affected by many factors, including
sunlight, terrain, and temperature, and the implications of climate change for wind patterns
are less well understood than those for solar energy [14,15].

However, more drastic and rapid climate disruptions are possible, such as an abrupt
sunlight reduction scenario (ASRS), and resilience to such catastrophes is recognized as
a key component of system-wide sustainability [16-19]. A nuclear war, asteroid /comet
impact, or supervolcanic eruption could release immense amounts of aerosols, such as
sulfates or carbon, into Earth’s stratosphere, where they would remain for several years [20,21].
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The resulting reduction in sunlight would decrease temperatures and cause rapid, widespread
climatic changes [22] (commonly referred to as a “nuclear winter” or “volcanic winter” if
the reduction in sunlight is caused by nuclear war or supervolcanic eruption, respectively).
Previous research has shown a severe ASRS would be catastrophic for humanity and could
push billions of people into starvation [23,24], but its impacts on renewable energy production
are unknown. As the severity of these impacts will increase with the renewable energy
transition, a comprehensive analysis of the effects of an ASRS on global renewable energy
production is required.

This work investigates the effects of an ASRS on a global energy system with a
100% renewable energy supply, and the implications of such a scenario for global energy
security, resilience, and sustainability. A global climate model is used to assess the impacts
of an ASRS on wind and solar energy resources, and national energy supply mixes are
informed by roadmaps developed by Jacobson et al. [25] for a transition to a 100% renewable
energy system.

This paper is structured as follows: Section 2 provides background information,
Section 3 describes the methods, Section 4 presents the results of these analyses, and
Sections 5 and 6 provide discussion and conclusions, respectively.

2. Background

Jacobson et al. [25] show global average power demand is expected to be approxi-
mately 11,800 GW in a 100% renewable scenario, similar to current levels. This stability in
energy demand is attributed to population growth and increased per capita energy services,
offset by gains in energy efficiency and electrification.

The following renewable energy sources are included in Jacobson et al.’s roadmaps:
Onshore and Offshore Wind; Wave; Geothermal; Hydroelectric; Tidal; Residential, Com-
mercial, Government, and Utility Solar Photovoltaic (PV); and Concentrated Solar Power
(CSP). Wind generation contributes 4400 GW (37%), and solar generation 6800 GW (57%),
of the average global power supply, for a combined 94%.

The intermittent nature of renewable sources, particularly wind and solar, will require
energy system changes to account for uncertainty in supply [26]. Three main strategies
exist for managing these problems of intermittency:

Oversizing the generation and spill/dump of excess energy production [27-29]
Increasing demand flexibility by thermal storage [30,31], smart charging of electric
vehicles [32-35], or other methods of demand side management (DSM) [36,37]

e  Storage, including pumped hydropower, compressed air energy storage, chemical
batteries, hydrogen, or other energy storage methods [38—41]

While the nature in which the problems of intermittency are addressed will vary
between countries, it is expected all energy systems with large shares of demand met
by wind and solar will require strategies to manage supply uncertainty [42,43]. DSM
is the most cost-effective method to address supply intermittency [44-46] and does so
without introducing additional losses [47,48], so is expected to be the primary method in
most countries. However, large-scale storage may be required to address inter-seasonal
differences in energy supply and/or demand.

The realization of a 100% renewable energy system is likely many years away [6].
This work focuses on the impacts of an ASRS on renewable energy generation, so it
includes assumptions about the installed capacity of different generation sources (detailed
in Section 3). As discussed in this section, assumptions are also made about strategies for
managing generation intermittency, which are important considerations for the magnitude
of generation required to meet demand, such as whether oversized generation and/or
storage systems will be required. The impacts of these and other assumptions are discussed
in Section 5.5. To retain generalisability, further speculation about the composition of future
energy systems, other than that required for energy supply considerations, is outside the
scope of this work.
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3. Methods

We consider a fully renewable global energy system to assess the effects of an ASRS on
a potential future scenario, recognizing such a system may take many decades to be realized.
The actual future contributions of wind and solar to the energy production of each country
in a global renewable energy system are unknown. In this work, wind and solar generation
in each country are based on the renewable roadmaps produced by Jacobson et al. [25].
While other renewable energy sources, such as biomass, tidal power, and hydroelectric, are
likely to contribute to meeting energy needs, wind and solar are expected to be among the
top contributors to future renewable energy systems [5,6,49-51].

Thus, we scale wind and photovoltaic to produce 100% of each country’s energy. As
other energy sources may be present in future energy systems, this assumption means
these analyses approach a reasonable expectation for energy generation in an ASRS, as
biomass and concentrated solar power are likely to be more affected, and hydropower
and tidal power less affected, by an ASRS than wind and solar. The fraction of energy
generated using photovoltaics in each country is shown in Figure 1, with the balance
supplied by wind.

Figure 1. Percentage of energy provided by solar photovoltaics for baseline climate in a 100%
renewable scenario.

We use climate modeling data from Coupe et al. [31] to inform the climatic impacts of
an ASRS. Coupe et al. simulated the global climate response to a nuclear exchange between
NATO and Russia, in which 150 Tg (150 million tonnes) of black carbon are injected into
the stratosphere. Although modeling the results of a nuclear exchange, this scenario also
serves as a proxy for worst-case ASRSs arising from other causes.

In this simulation, the nuclear exchange takes place in May; we designate the first
complete calendar year after the nuclear exchange as “Year 1”. We extract three physical
quantities from Coupe et al.’s simulation results: downwelling solar flux at the surface,
zonal (parallel to latitude lines) wind at the lowest model level (at a mean height of 60 m),
and meridional (parallel to longitude lines) wind at the lowest model level, all of which are
provided with a 2° horizontal resolution.

To evaluate the production of solar power through the ASRS, we use monthly aver-
ages of downwelling surface solar flux. We assume solar energy production is directly
proportional to the surface solar flux. We query the climate model results at the locations
of existing solar farms [52], for two scenarios: post-ASRS, and a reference year in which
the sun is not obscured. The ratio of the solar flux in these two scenarios for a given
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month of the year yields fractional solar power at each solar farm location compared to the
baseline climate:

Psolar ASRS (i,t) / Psolar baseline i,t) = fluxasrs (i,t) / fluXpaseline (i, 1), 1)

where Pgolar, ASRS (it) / Psolar, baseline (i,t) 18 the relative change in solar power for location i
at time t, and fluxaggs (i,t) and fluxpageline 1) are the incident solar flux at location i and
time t in ASRS and baseline scenarios, respectively [W/m?]. This relative change in solar
power is then used to calculate a time series of the solar energy available at each solar
farm, normalized according to the baseline climate, which is aggregated for each country,
weighting each by the solar farm power capacity. For countries not represented in the
solar farm database [52], we randomly select 100 locations within each country’s landmass
for climate data querying, so a time series of solar power compared to baseline climate is
obtained for every country.

For wind, we use data on wind speed at three-hour intervals from Coupe et al.’s
model. This finer temporal resolution is important for wind energy production, as turbine
power has a cubic relationship with wind speed, so modest reductions in wind speed can
cause large decreases in power generation. We calculate the wind speed from its zonal and
meridional components, then cube this result to obtain a proxy of wind power. Resulting
wind powers are averaged monthly, then normalized against baseline (no ASRS) data:

Pyind, ASRS (i.t)/ Pwind, baseline (i.t) = (VASRS (i) / (Vbaseline (i.6))°» 2)

where Pying, ASRS (i,t) / Pwind, baseline (i,) i the relative change in wind power for location i
at time t, and vagRs (1) and Vpaseline (i,t) are the wind speed at location i and time t in ASRS
and baseline scenarios [m/s]. Wind farm locations are then queried, using an analogous
process to that for solar farms, generating one time series of wind power compared to the
baseline climate for each country.

To assess the impact of the ASRS on total energy production, we weigh the solar and
wind energy results by their respective contributions to the total energy production of each
country in the 100% renewable energy roadmaps of [25]. World averages are then calculated
by weighting each country by Jacobson et al.’s national energy production forecasts.

The following assumptions and approximations are used in these analyses. Their
implications are discussed in Section 5.5:

e No distinction is made between direct and diffuse solar radiation when calculating
solar power.

o  The effects of wavelength-dependent scattering and absorption of sunlight are not
included.
Wind turbine power output is assumed to be proportional to the cube of wind velocity.
The effects of large-scale energy storage are not assessed.

4. Results

Changes in wind and solar production for 12 years following an ASRS are shown in
Figure 2. Wind power shows an intra-annual fluctuation relative to production before the
nuclear exchange, due to climatic variations throughout the year, and requires more than
10 years for full recovery. Solar power generation also requires more than a decade to fully
recover but exhibits less intra-annual variability than wind. Combined wind and solar
generation return to baseline levels after 10-11 years, reflecting the time required for the
climate to restabilize after an ASRS.
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Figure 2. Global wind and solar production for 12 years after an ASRS caused by a nuclear exchange
between NATO and Russia.

Figure 3 shows the percentage of remaining solar energy production in the first year
of an ASRS compared to the baseline climate case. These results show generation following
an ASRS depends on latitude. Solar generation in Northern Hemisphere extratropical
regions is expected to decline, retaining 0-20% of baseline production. Reductions in
solar generation in tropical regions are expected to be less drastic, remaining around 45%
of baseline levels. This disparity arises because (i) the sun is lower at higher latitudes,
so sunlight passes through more particles in the stratosphere and is attenuated more
than in tropical regions, and (ii) soot concentrations are generally higher in the Northern
Hemisphere in this nuclear war scenario.

100

Solar energy compared to baseline climate (%)

Figure 3. Solar energy generation compared to baseline in the first calendar year after nuclear war.

Changes in wind generation compared to the baseline scenario are shown in Figure 4.
Reduced solar heating reduces temperature contrasts, reducing wind in most regions.
These results show changes in wind generation following an ASRS vary with latitude, in
the opposite direction to solar. In general, Northern Hemisphere extratropical regions are
expected to retain around 65%, and tropical regions around 40% of baseline wind power.
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Figure 4. Wind energy generation compared to baseline in the first calendar year after nuclear war.

The change in combined wind and solar generation from the baseline scenario is
shown in Figure 5. These results show that combined solar and wind generation is expected
to reduce by 59% from baseline levels in the first year following an ASRS.

% 4 100

Wind+solar energy compared to baseline climate (%)

Figure 5. Wind and solar (overall energy) production compared to baseline in the first calendar year
after nuclear war.

5. Discussion

A catastrophic ASRS, such as that resulting from a nuclear exchange between NATO
and Russia, is expected to reduce global combined wind and solar generation by 59%
in Year 1. Thus, an ASRS will considerably reduce total production in energy systems
relying on renewable generation. Change in wind and solar generation is expected to vary
between regions, with greater retention of solar generation in tropical regions and of wind
generation in Northern Hemisphere extratropical regions, as shown in Figures 3 and 4.
However, high-latitude countries tend to use more wind power and low-latitude countries
more solar power (Figure 1), due to the greater intensity of wind and solar energy at higher
and lower latitudes, respectively. Thus, the differences in pre-ASRS generation would
mitigate the worst effects of an ASRS on renewable generation. Despite these variations,
renewable energy generation is expected to decrease in the vast majority of countries, as
shown in Figure 5.
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The impact of an ASRS on the current global energy system would be less pronounced.
Wind and solar represent only 5% of current global primary energy consumption [53]. The
primary energy from food biofuels is 0.7% of the total global primary energy supply. Since
food would be scarce, food biofuels will likely cease in an ASRS, and this combined with a
loss of 59% of wind and solar due to ASRS would be ~4% of primary energy loss, which
would not pose a catastrophic energy problem.

However, an ASRS would pose challenges for a 100% renewable energy system,
with only 41% of baseline energy production remaining. Thus, remaining energy should
be prioritized to ensure critical needs are met, including water, shelter, and food. In the
following sections, we calculate energy requirements for critical needs and resilient foods, to
estimate whether post-ASRS energy production will be sufficient for survival. The primary
energy use of water in the baseline scenario is around 4% of total generated electricity [54],
or 0.7% of primary energy. This proportion is assumed for the 100% renewable case.

Following an ASRS, global energy requirements may be reduced due to population
loss, and pollution and land use changes. Population loss is likely immediately following
the cause of an ASRS, but the magnitudes of these losses are uncertain. For example, deaths
from supervolcanic eruptions are highly dependent on the location of the eruption [55],
and estimates for deaths in the first few days following a nuclear war range from tens of
millions [56] to hundreds of millions [57]. Available resources for food and water supply
could also be affected by changes in temperature and/or precipitation in an ASRS, or by
pollution from the cause of the ASRS, such as radioactive fallout or volcanic ash. However,
radioactive fallout in target countries is expected to be of concern for a year at most, even
with the larger Cold War-era nuclear arsenals [58].

Additionally, reductions in supply are likely to cause reductions in demand, due to
reduced consumption in non-essential areas. Thus, we calculate energy requirements for
critical needs based on current consumption, avoiding assumptions about the magnitude
of any population loss, pollution, or land use changes. The results of these calculations are
thus generalizable to ASRSs with multiple causes, and these values can be scaled according
to the magnitude of any reductions in energy demand or supply shocks.

5.1. Heating and Cooling

Currently, heating and cooling require 43 EJ and 8 EJ, respectively [59,60], with space
conditioning (combined heating and cooling) representing 12% of global energy demand.
In an ASRS, cooling demand would decrease and heating demand increase, so the total
energy required globally for thermal comfort may remain relatively constant. However,
these changing demands are likely to be unevenly spatially distributed, with some regions
experiencing reduced, and others increased, space conditioning loads. Additionally, tem-
perature reductions may cause freezing of some subterranean infrastructure, which would
require additional energy to protect.

5.2. Food Production

We estimate energy requirements for food as a percentage of current energy require-
ments, to approximate food requirements in a future 100% renewable energy system.
Conventional food production requires 6% of end-use energy, and the rest of the food sys-
tem, including transport and storage, requires a further 16% [61]. However, conventional
crop production could be reduced by up to 89% in an ASRS [62]. We assume food energy
intensity is inversely proportional to its yield, assuming the same energy inputs per hectare
(although low-yield land is unlikely to be farmed, so efficiency may increase).

Current food demand of approximately 4.3 billion tonnes [63] is expected to fall in a
catastrophe due to reductions in waste, and in food going to animals and biofuels. While
reductions up to a factor of 2.5 could still provide adequate food to meet basic caloric
requirements, current systems would be insufficient due to reduced crop production in an
ASRS [64], so system changes would be required to ensure sufficient production.
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Such changes could include relocation of crops towards the equator, increases in
planted area, extension of growing seasons with basic greenhouses [65], or resilient food
sources, such as the following. Where possible, we calculate the energy required to feed
everyone with a given food source, for comparison.

e Seaweed: Seaweed farming could provide additional food in a catastrophe [66]. Sea-
weed production requires approximately 70 MJ per kg of dry carbohydrate equivalent
(4000 kcal/kg) (dominated by drying energy) [67], so feeding the global population
with seaweed would consume 21% of global primary energy.

e  Cellulosic sugar: Biorefineries, paper factories, and breweries could be repurposed to
convert agricultural residues into cellulosic sugar [68]. Boilers could burn lignin and
other waste products to produce additional electricity. These factories could potentially
also produce leaf protein concentrate to contribute to nutritional needs [69].

e  Single-cell protein: Natural gas or biomethane could be used to grow single-cell pro-
tein (SCP) for human and animal consumption [70]. The energy intensity of methane
SCP is 90-130 MJ (natural gas)/dry kg or 15.8 MJ (electricity)/dry kg, requiring a total
of 3800-4800 billion cubic meters of natural gas and 870-910 GWh of electricity to feed
everyone, equivalent to 90-115% and 34-36% of global natural gas and electricity con-
sumption, respectively, or 31% of total primary energy. Hydrogen SCP [71], potentially
more available in a 100% renewable energy system [72], would consume 6.5 TWh of
electricity, equivalent to 21.5% of 2019 global electricity consumption (230% of primary
energy), to feed everyone.

e Edible fat from petroleum wax: Petroleum wax could be converted to edible fat,
requiring 740-1000 TWh of electricity and 28,000-34,000 TWh of fuels per year, or
3.3—4.6% of the 2019 global electricity consumption and 42-51% of 2019 global coal
production to feed everyone [73]. Since coal is 35% of primary energy [74], fat from
wax would take 17% of primary energy. However, current paraffin wax production
capacities would be insufficient for these requirements [73] and production would be
smaller in a low-carbon scenario.

e  Mushrooms: Mushroom cultivation uses 2.7 M]J of electricity per kg of fresh mush-
rooms [75]. White button mushrooms have ~310 kcal/kg [76], or 36 M]/dry kg. To
feed everyone, mushroom cultivation would require ~60% of total 2019 electricity
production, or ~10% of total primary energy.

e  Artificial light for food production: Algae could be grown in bioreactors, or vegetables
in vertical farms, with artificial light [77]. Spirulina microalgae require 140-500 MJ
(electricity) /kg dry [78], while artificial light-grown vegetables require about 4100 MJ
(electricity) /kg dry (carbohydrate equivalent) at 0.4% electricity to calorie efficiency [79].
Thus, to feed everyone, spirulina would require 6.8-23.9 TWh of electricity (230-930%
of 2019 global consumption). This is 40-160% of primary energy, even the lower bound
of which would be infeasible in an ASRS because of other energy needs. Artificial
light-grown vegetables would require 190 TWh (~1300% of primary energy) to feed
everyone. Thus, only small amounts of these energy-intensive resilient foods could be
produced post-ASRS.

5.3. Increasing Energy Production

Energy production could also be increased to mitigate post-ASRS supply reductions.
Two broad methods of increasing post-ASRS energy production exist: increasing resilience
before and rapidly scaling up after the catastrophe.

Figures 3 and 4 suggest strategic locations for the establishment of solar and wind
farms, such as Canada and China, where wind and solar generation, respectively, remain
high after an ASRS. Integrating these data into energy infrastructure planning could
increase energy security and resilience. However, this adaptive distribution of wind and
solar generation may not be optimal from a business-as-usual perspective, so the costs of
such a strategy may be high. Thus, other low-carbon generation with higher resilience to
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ASRS, such as geothermal, nuclear power, tidal power, fossil fuels with carbon capture and
sequestration, and arguably, hydropower, could be prioritized.

Lower-cost pre-catastrophe interventions, such as preparations for rapid catastrophe
response, would not involve pre-catastrophe system changes. Preparations should include
planning for the construction of additional generation capacity. However, since renewable
production is expected to decrease rapidly following an ASRS, as shown in Figure 5, energy
expenditure to construct additional generation capacity should be reserved for cases with
minimal up-front and ongoing energy requirements.

An ASRS is expected to reduce conventional food production by up to 89% [62], so
energy solutions competing with food, such as using land crops or cellulose for biofuels,
should be avoided unless food needs are met. However, biofuel production may be feasible
with crops such as seaweed, since people and animals can consume only a limited amount.

Conversely, energy production from wood does not typically compete with food
production. Thus, the conversion of internal combustion engine vehicles to run on wood
gas could contribute to mitigating energy shortages [80]. Wood gasification requires an
internal combustion engine (ICE), which may be limited in a 100% renewable scenario
to biofuel or hydrogen ICEs. Wood gasification could also be used to generate electricity
from hybrid electric vehicles and to provide direct shaft power from non-hybrid vehicles.
Additionally, wood could provide space heating in fireplaces or wood-burning stoves [81].

If conventional electrical generation was scaled up following an ASRS, the focus should
be on generation with high energy return on investment (EROI), which typically includes
fossil fuel and nuclear power plants, although nuclear power plants’ long construction
times would reduce their feasibility immediately following an ASRS. Additionally, fossil
fuels may be limited in a 100% renewable energy system, as the majority of mines and
wells would be inoperative.

Energy payback time (the period to generate the energy required for construction, fuel
production, and decommissioning [82-84]) varies between technologies. Wind farms typi-
cally have energy payback periods of 6 months to 1 year [85], which would approximately
double in an ASRS. Solar PV systems typically have 1-4 year energy payback periods [82],
which would increase to 3-12 years in an ASRS. Hydroelectric power plants typically have
energy payback periods of around 1-1.5 years [86], but additional capacity is limited, as
existing power stations utilize the majority of available resources in many countries [86].
Concentrating solar power (CSP) typically has energy payback periods of 3—4 years [86],
which would be further increased by reduced sunlight levels, so would not be viable in
an ASRS. Natural gas and coal power plants typically have energy payback periods of
6-12 months and 4-8 months, respectively [86], but reopening of inoperative gas wells
and coal mines could limit viability; instead, thermal power plants could be constructed
to produce electricity from biogas and/or wood. Nuclear power plants typically have
6-14 month [86] energy payback periods once operational, but plant construction times
could be prohibitively long. Geothermal power plants typically have payback periods of
3-6 months [86] but construction could be constrained by feasible locations.

Overall, while methods exist to increase energy production following an ASRS, consid-
erations such as energy payback periods and the need to prioritize food production mean
conventional energy sources are unlikely to be feasible. Thus, adaptive measures, including
prioritization of critical needs and low-energy foods, will be imperative for energy system
resilience. Further measures may include bolstering international cooperation to facilitate
the exchange of energy and expertise between countries and fostering robust policies
conducive to the rapid deployment of backup energy production. Countries should also
consider pre-emptive planning, which is cheaper.

5.4. Summary and Key Tnkeaways

Current annual energy requirements for basic needs are (i) 51 EJ for space condition-
ing [59,60]; (ii) 95 E]J for the food system [61]; and (iii) 17 EJ for water [54]. Together, the
current global demand for basic needs is 163 E]J per year (20,200 M], or 5600 kWh, per
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capita). An ASRS causing a 59% reduction in energy generation would bring global energy
production to 153 EJ. Thus, energy production following an ASRS would be insufficient to
meet current requirements for basic needs.

Additionally, reduced food production would necessitate additional energy for re-
silient foods. Figure 6 shows current global energy requirements for basic needs and the
proportion of countries whose basic needs could all be met with resilient food production.
This energy requirement is calculated by assuming calories required to maintain basic
health (2100 kcal per person, or 8.8 M], per day [87], with 6-10% waste) are supplied with
an equal distribution of mushrooms, cellulosic sugar, methane single-cell protein, seaweed,
and petroleum fat to make up the conventional food shortfall. Countries on the left of
the dashed vertical line in Figure 6 would not have enough energy to meet basic needs.
Countries to the right of the solid diagonal line would have enough energy to meet basic
needs, including the production of resilient food needed to fill the calorie gap caused by
the ASRS (the amplitude of which varies from country to country [63]). Were the food
system unaffected, countries inside the triangular shape formed by the dashed and solid
lines would have enough energy to meet their basic needs. However, with reduced crop
yields, these countries are unable to meet their basic needs because they have insufficient
energy to fill the food gap with resilient food.
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Figure 6. Percentage of the population of each country fed without resilient foods [63]. The dashed
line represents current energy requirements for critical needs (20,200 MJ, or 5600 kWh, per year, per
capita), and the solid line represents the amount of energy needed to fill the food gap with resilient
food production, assuming calories are met by an equal distribution of mushrooms, cellulosic sugar,
methane single-cell protein, seaweed, and petroleum fat.

Resilient food production would allow more countries to feed their citizens, but
global energy production would be insufficient to meet current requirements for basic
needs. However, efficiency improvements and prioritizations, such as reducing food
waste and improving heating efficiency, could conceivably allow all basic needs to be met.
Furthermore, alternative energy sources would be available for some energy end-uses, such
as heating houses with fireplaces and wood-burning stoves, rather than electricity. While
they have not been quantified in this work, such measures would ease pressures on energy
supply and increase energy security and resilience.

As well as the prioritization of energy use, other measures, including international
cooperation, will be required to ensure basic needs are met for the maximum amount
of people. Post-ASRS energy generation is expected to vary between countries, with
generation in a small number of countries increasing and in others decreasing to less than
20% of pre-ASRS levels (Figure 5), so international energy trade will be required.
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However, international energy trade may reduce in an ASRS, as most countries’ energy
production will reduce, and is likely to further reduce if the ASRS is caused by a nuclear war
because of infrastructure destruction and international tensions. Thus, individual nations
should also implement measures to increase their resilience to an ASRS, including strength-
ening international relations and establishing comprehensive contingency plans to mitigate
the impacts of catastrophic events on existing energy systems, including the rapid scaleup
of resilient foods and resilient energy supply. More expensive interventions could include
investing in diversified energy sources, strategic energy storage solutions, and resilient
infrastructure, to guarantee energy supply for essential services and critical facilities.

5.5. Limitations and Future Work

This study assesses only the first-order effects of an ASRS on wind and solar energy
generation: decreased sunlight on solar panels, and changes in wind speed from variations
to differential heating. Other potential effects of an ASRS, such as increased efficiency
of solar panels and the accumulation of ice on wind turbine blades, could further affect
renewable generation. These second-order effects are complex and may counteract each
other, so are not included in these analyses, and further research is needed to determine
their nature and magnitude.

Solar and wind power exhibit interannual variability with typical year-to-year vari-
ations of around 10% at a single location [88-90]. Only one climate simulation is used in
these analyses, so this variability cannot be separated from the effects of the ASRS, and
variations on the order of 10% in a given country are best interpreted as within the range
of expected fluctuations, rather than an impact of the ASRS. However, global interannual
variability is much smaller (typically less than 3% for wind [91]), so these variations affect
global assessments less.

No distinction is made in this work between direct and diffuse solar radiation when
calculating solar power. Solar panels are typically tilted, so PV production could be
disproportionately impacted by a reduction in direct radiation caused by atmospheric
aerosols [92,93], which could occur following volcanic eruptions. However, the black
carbon in a nuclear winter absorbs, rather than scatters, sunlight, so direct radiation is
unlikely to be disproportionately affected [94]. Thus, these results should be considered
representative, rather than completely predictive, of ASRSs caused by other types of events.

The scattering and absorption of sunlight by soot is wavelength-dependent [94,95], so
an ASRS could shift the overall distribution of solar radiation reaching the Earth’s surface
and affect solar energy outputs. However, these effects are unknown for a nuclear winter
and are not included in these analyses.

In this study, wind turbine power output is assumed to equal the cube of wind velocity.
With decreased wind speeds in an ASRS, the output of some turbines may decrease as wind
speeds reduce below turbine cut-in speeds. However, the output of other turbines may
increase as wind speeds reduce below the cut-out speed [96]. Assessment of the magnitude
of these effects would require the cut-in and cut-out speeds of specific turbines, which
would limit the generalisability of these results.

The 2° horizontal resolution used in this work is insufficient to capture local wind
patterns experienced by wind farms, especially in regions with complex terrain. However,
this study compares wind production in an ASRS with a baseline climate scenario using the
same models of wind production, minimizing the effects of these differences. Additionally,
a similar resolution has been used in previous studies assessing wind turbine output in
different climates [15], indicating the suitability of this assumption where more detailed
data are unavailable.

The results presented in this work are simulated forecasts and cannot be validated
without the event of a catastrophic ASRS. However, the climate data upon which these
results are based were generated from the best available model of global climate after
nuclear winter, which has been used in many studies [21,62,97]. Additionally, while
previous research has not assessed the impacts of an ASRS on renewable energy production,
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the halving of wind energy predicted in these analyses is higher than average expected
changes in wind energy from moderate global warming [98], but lower than the most
extreme predictions [13]. Thus, although these results have not been validated, they should
be considered representative of what may occur in a severe ASRS.

Energy storage is not included in these analyses. Most methods of energy storage, such
as batteries and pumped-hydroelectric storage, introduce additional energy losses, which
would further constrain supply issues in an ASRS [99,100]. Demand-side management,
which does not introduce additional losses, is expected to be the primary means by which
supply intermittency is addressed in future renewable energy scenarios, so the effects
of day-to-day storage losses are expected to be minimal [101]. However, the presented
methods are generalizable, and future work can use system-specific information to assess
the effects of an ASRS on an energy system with large-scale storage, such as that required
for inter-seasonal energy balancing.

6. Conclusions

Global annual end-use energy is expected to be around 370 EJ in a 100% renewable
energy system, with wind and solar energy electricity generation expected to contribute
94% of the global energy supply. For the worst-case scenario of the first year following a
large-scale ASRS in a 100% renewable energy system, results show global energy produc-
tion is expected to reduce by approximately 41% for wind power, 74% for solar power, and
59% for combined wind and solar. Combined production is expected to take over a decade
to recover to pre-ASRS levels, with solar generation following a smooth recovery and
wind generation exhibiting higher intra-annual variability due to changes in atmospheric
circulation. Different regions are expected to be affected differently, with solar generation
most affected in extratropical regions and wind generation most affected in tropical re-
gions. The 59% reduction in energy production would decrease global energy security
and necessitate prioritization measures to ensure critical energy needs are met, including
food, water, and space heating/cooling. With conventional food production expected
to decline alongside energy production after an ASRS, low-energy resilient food sources
and low-energy practices, such as the construction of basic greenhouses, crop relocation,
expansion of the planted area, seaweed farming, and the utilization of agricultural residues
for sugar production should be developed alongside system-level adaptations, such as
reductions in animal feed, food biofuels, and food waste. With these changes in food
production alongside efficiency improvements and international energy trade, sufficient
energy may be available to meet food, water, and heating/cooling needs for most of the
global population. Other post-ASRS interventions would help to increase energy security,
including wood combustion for home heating and wood gasification for transportation
and farm equipment. Additionally, pre-catastrophe interventions would increase energy
security following an ASRS, such as strengthened international collaboration and other
low-carbon forms of energy, including geothermal, nuclear power, tidal power, fossil fuels
with carbon capture and sequestration, and hydropower. We emphasize the need for collab-
orative international efforts to address global energy security in an ASRS but acknowledge
the likelihood of limitations on collaboration and trade following an ASRS caused by an
international nuclear exchange, which would leave many countries with insufficient energy
to meet critical needs.
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