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Addressing the urgency of climate change necessitates a coordinated
and inclusive effort from all relevant stakeholders. Critical to this effort

is the modelling, analysis, control and integration of technological
innovations within the electric energy system, which plays a major role
inscaling up climate change solutions. This Perspective presents a set of
research challenges and opportunities in the area of electric power systems
that would be crucial in accelerating gigaton-level decarbonization.
Furthermore, it highlights institutional challenges associated with
developing market mechanisms and regulatory architectures, ensuring
thatincentives are aligned for stakeholders to effectively implement the
technological solutions on alarge scale.

Theelectricity sector plays two pivotal rolesin tackling climate change.
First,according to the recent IPCC report’, as of 2019, the electricity and
heating sector contributes approximately 23% of global greenhouse
gas emissions. Therefore, cleaning up the electricity sector itselfis a
major step towards the goal of reducing gigaton-level carbon emissions
for the entire planet by 2050. Second, for many carbon management
orreductiontechnologies, thebest route to achieve aspeedy and scal-
ableimpactis through large-scale integration into the electric grid.

For thefirstrole, major decarbonization effortsare ongoingtoreplace
fossilfuel-based generation technologies with renewable energy resources
suchaswind andsolar®*. Efforts are alsounderway toincorporate carbon
management technologies such as point-source carbon capture, car-
bontransportand storage, carbon dioxide removal and conversion, and
hydrogen®. For example, the US Department of Energy developed goals
toachieve more than 95% carbon capture at sources of carbon emissions,
suchas, power plants’. For the second role, the electricity sector isincreas-
inglyimportantinsupporting moreelectrification of energy demand from
transportation®’, industrial heating/cooling®, computingindustries’ and
many household appliances. Many of these efforts will need to be scaled
up andintegrated withthe electric grid infrastructure.

Therefore, achieving gigaton-level carbon emissions reduction
through the power grid necessitates the expansion of the electrical

systems, which is now more intertwined with weather and climate
than ever before (Fig. 1). For example, due to the variable nature of
renewable energy sources, integrating them into the power grid sub-
stantially impacts planning processes, which used to operate under
the generation-following-demand paradigm'®. The emergence of
long-term energy storage" and demand response technologies”
has led to the concept of demand-following-generation as an added
mechanism to achieve overall power balancing during operation. In
this regard, the necessary long-term storage for the power grid—for
example, for Dunkelflaute events”—can only be accurately planned
through climate model simulations'. Therefore, in this Perspective,
we ask two key questions. First, what should power grid researchers
prioritize asweintegrate more and more carbon-neutral technologies?
Second, how do we effectively integrate climate research with power
grid researchto address the emerging complexities? The following two
sections provide an answer to these two questions.

Electric grid research challengesin addressing
climate change

There are three key power grid research challenges in addressing cli-
mate change. First, power grid researchers still use outdated weather
patterns to generate scenarios for planning, while climate change
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Fig.1|The crucial role of electric grid researchin tackling climate change.
Schematicillustrating how electric grid research interacts with climate change
research. ‘Key role 1’ represents the decarbonization of the power generation
sector, while ‘Key role 2’ denotes the integration of other sectors—such as
transportation, industrial heating/cooling, computing loads and household
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appliances—into the electric grid, facilitating their decarbonization. We show
that climate and weather models must be utilized for power grid operations
and planning, with the power grid providing essential feedback to enhance the
climate models. Finally, a climate-aware market redesign and policy support are
essential to leveraging the power grid in combating climate change.

research has demonstrated that weather patterns are changing and
impactingrenewable generation and power system demand. Second,
the overall operational performance of the grid is not well understood
whenintegrating renewables or electrifying transportation and heat-
ingand cooling systems, especially withawide array of heterogeneous
inverter-based resources (IBRs) such as solar and wind. Third, climate
change research typically focuses on the long term, whereas power
system research tends to be more short term. Unless the incentives
are properly aligned through markets and policy designs, it will be
extremely difficult to collectively address climate change issues.

Lack of tailored climate simulation for long-term planning
Addressing climate change requires renewable energy sourced from
areas far fromload centresto satisfy ever growing load demands, neces-
sitating the expansion of power transmission line capacity and the
building of more renewable energy harvesting farms. Many''® of the
world’s governments are actively incentivizing these activities.
Power system expansion planning is a well researched" area, but
these planning activities utilize widely used weather patterns for sce-
nario generation, and these weather patterns can indeed change due
to climate change. For example, future weather statistics could include
increased ‘energy drought’ occurrence frequencies (for example,
Dunkelflaute events"), posing a major risk to energy security?’. With
the expected notable ‘west-to-east interhemispheric shift’ in mean
wind power potential and an overallincrease in solar energy potential™,
transmission lines built without consideration of these climate dynam-
ics would most probably remain underutilized. Climate change can
change the typical summer-peaking statesinto dual or winter-peaking
states” changing both the demand pattern and generating systemreli-
ability. Also, increasing frequency of extreme weather eventsin certain
regions, such as the Texas grid outage during winter storm Uri, under-
scores the necessity for substantial backup power capacity to ensure
future grid reliability?® and resiliency*. Finally, utilization of multi-
modal climate change models is needed to capture changes in con-
sumer demand for resource expansion planning®. Therefore, system
planning encompassing the expansion and retirement of generation

units, transmission, storage, demand management and other new tech-
nologies should incorporatereliable climate and weather predictions.
Fortunately, there have been rapid advancements in climate mod-
els, and computational capabilities are progressing rapidly. A new
report®® to the US President from the President’s Council of Advisors
on Science and Technology highlights the considerable potential for
improving predictions of the likelihood of extreme weather events
using high-resolution climate models. Disseminating this information
to households, businesses and government agencies would help grid
operators better manage the electric grid, even with limited generating
resources. While existing electric grid studies, such as the US Depart-
ment of Energy report on National Transmission Needs?, also advocate
for enhanced infrastructure, the key research challenge lies in incor-
porating climate-related factors into long-term planning strategies.

Lack of system-aware grid-edge operations of IBRs

Many clean energy resources, such as solar panels, wind turbines
and battery storage, require power electronic inverters to interface
with power grids. As aresult, these inverter-interfaced clean energy
resources, known as inverter-based resources (IBRs)*, are key technol-
ogy enablers of electricity infrastructure decarbonization. Residen-
tial IBRs are typically connected to medium/low-voltage distribution
systems. Examples include rooftop solar panels, batteries rated in
kilowatts, electric vehicles and their charging infrastructures. During
extreme weather events that disrupt bulk electricity infrastructure, resi-
dential IBRs are expected to self-organize to establish small-scale grids,
such as microgrids®, to ensure continued power supply to end-users.
Residential IBRs empower consumers by turning theminto producers,
democratizing energy production and reducing transmission losses
by generating power close to where it is consumed. However, as more
solar capacity has come online, grid operators have observed a drop
innetload due to the generation from residential solar panels when
power generation from utility-scale solar farms tends to be highest.
Such animbalance between generation and load leads to the famous
California duck curve®®, which can compromise energy security and
economic efficiency. This imbalance is also evident in the increasing
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frequency of negative netload and associated negative prices* in the
electricity market of Australia. Clearly, alack of system-aware control
has the potential to exacerbate power network operations.

As major coal-fired plants are scheduled to retire almost every
year over the next decade, the existing location and electrical infra-
structure could be utilized by utility-scale IBRs, such as renewable
energy zones”. Renewable energy zones indeed solve some of the
drawbacks of residential IBRs. However, the control systems of today’s
commercial IBRs are tuned by manufacturers by overly simplifying
the dynamics of the host system. As a result, when coordinating with
other IBRs, the locally well tuned IBRs may conflict with their peers®.
The key controller algorithms are almost always unavailable to pro-
tect intellectual property**. Therefore, the key research question is
how to avoid system-level issues when multiple proprietary IBRs are
networkedinagrid. This problemis especially exacerbated when thou-
sands of ‘behind the meter’ IBRs try to communicate with each other.
Centralized control by utilities is impractical in this case®. Designing
system-aware controls for IBRs, with minimal information exchange,
becomes crucial to prevent system-level issues at the device-design
stage rather than relying on post-event mitigations.

Temporal misalignment of market and policy designin grid
and climate systems

In the realm of the electricity industry, market and policy
decision-making typically operate on a timescale ranging from days
toyears, reflecting theimmediate and intermediate needs of grid man-
agementand energy distribution. Instark contrast, the design of market
strategies and policies for addressing climate change encompasses afar
more extended timeline, often spanning several decades. This discrep-
ancy creates a fundamental challenge in synchronizing the relatively
shorter-term operational and planning strategies of the electricity
sector with the longer-term objectives of climate change policies®*.

First, aggressive long-term climate targets may conflict with stake-
holders’short-termrightsin the power grid. For example, in Australia,
the market operator AEMO, through their integrated system plan®,
shows that coal-based power plants are to be withdrawn by 2038 to
be replaced by grid-scale wind and solar, rooftop solar photovoltaics
and storage. However, the rapid uptake of grid-scale wind and solar
is not enforceable due to the vertically disintegrated nature of the
Australian power market. While the state governmentsin Australia are
urgently forging ahead with renewable energy zones toreplaceretiring
coal plants with renewable-based farms and build more transmission
lines'®, there have been pushbacks from certain communities about
disproportionately burdening renewable-rich areas with displeasing
aerial aesthetics from transmission lines™.

Second, climate change introduces greater uncertainty into power
system planning, and the power markets areill equipped to guide gen-
eration investment, which may not ensure resource adequacy in the
future. In energy-only markets, such as the Texas electricity market,
there has beenrecent discussion about implementing a‘performance
credit mechanism’ to ensure long-term grid reliability, but the initial
draft did not incorporate impacts of extreme weather events such as
winter storm Uri*’, On the other hand, introducing a capacity market
might secure adequate capacity to meet desired reliability criteria,
suchastheloss of load expectation of one day intenyears*’. However,
these criteria have two major issues: (1) they are relatively short term
when compared with climate policies and (2) they seem to ignore
low-probability events, such as extreme weather events. In addition,
the efficiency and fairness of capacity markets heavily depend on the
accreditation of different types of generation technology* and the
modelling of the demand curve*, which are extremely complex tasks.

Bridging the temporal gap in power grid decarbonization and
emission-related policies is crucial for aligning immediate energy
needs with enduring environmental targets, thereby enhancing
the effectiveness of interventions in both domains. Without such

integration, effortsin either arearisk being undermined by conflicting
prioritiesand uncoordinated policies, potentially stalling progress on
both power system security and climate change mitigation.

Interaction between power system and climate
researchers

Power system researchers can interact and collaborate with climate
researchers in three unique ways. First, power system researchers
should utilize climate data for planning. Second, climate researchers
canincorporate power grid operational data to refine their climate
models, and power system researchers can assist climate researchers
inidentifying critical areas to focus on in their climate models. Third,
by utilizing climate simulation data, power system researchers and
economists can develop innovative products and mechanisms tailored
for short-term efficient and reliable energy system operation while
meeting long-term environmental goals.

Climate-informed planning for enhanced resiliency and
reliability

First, power grids around the world evolved to cater for regional energy
demand, supported by local policy mandates and unique generation
characteristics (for example, the Pacific Northwest inthe United States
has plenty of hydro-electric potential*’; western Texas has an abun-
dance of wind resources**). Second, global renewable energy poten-
tial is not uniform, and the renewable power generation distribution
can be impacted by climate change”. Third, while climate changeis a
planetary-scale problem, eachregion facesitsunique climate-related
challenges (for example, the wildfires in California** and hurricanes on
the Gulfand East Coast of the United States*°). Therefore, the interde-
pendence between energy and climate systems can result in regional
energy security concerns with the growing prominence of renewable
energy sources, and power system planners need to be cognizant of
this relationship while planning.

In regards to utilizing climate data, a recent study” provides a
framework for power system resource adequacy analysis (Fig. 2). This
study identified that, while low-resolution climate simulations can
indeed provide arough estimate of systemreliability, high-resolution
simulations can provide a more informative assessment of
low-probability, high-impact extreme events. In addition, both high-
and low-resolution assessments suggest the need to prepare for severe
blackouteventsinwinter due to extremely low temperatures. Changing
weather patterns due to climate change, as discussed earlier, could be
similarly incorporatedinto the power system planning studies. Another
recent study explores multiple scenarios based on climate models,
revealing that the current placement of renewable energy farms in
Australiais suboptimal*®. These preliminary findings demonstrate the
importance of incorporating higher-resolution climate simulations for
areliable and robust climate-informed analysis to provide resiliency
and reliability in power system planning.

Future research opportunities to understand the impacts of cli-
mate change on the power grid include (1) quantifying the reliability
and resilience of specific long-term planning schemes, along with
investigation of statistical confidences and the effectiveness of various
ways to represent uncertainty, (2) identifying the most critical poten-
tial climate conditions for subsequent measures and (3) performing
sensitivity analyses of the resulting reliability and resiliency indices
concerning the uncertainty of climate projections. On the basis of
the outcomes of these activities, a unified planning approach can be
developed that accounts for climate change risks and provides a solid
foundation for key decisions in planning. These key insightsinclude the
minimumrequired energy storage and demand response programs for
policy-makers, system operators and market participants. While the
approaches to achieving a zero-carbon solution vary across regions,
simply utilizing power grids tailored to local weather (operations) and
climate (planning) ensure greater renewable electrification, and will all
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Fig.2|Power grid resource adequacy assessment utilizing climate data. The
climate data, obtained from both high-resolution (0.25°) and low-resolution
(1°) global climate simulations, include atmospheric temperature, relative
humidity, dew point, wind speed and solar radiation flux. These datasets enable
more accurate predictions of renewable generation and load demands for the
power grid—for example, from 2033 to 2043. They enhance traditional resource
adequacy frameworks that already include load growth models, generator
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capacity expansion models and generator planned outage models, which are
essential for determining effective system-wide loads and generations. By
integrating these comprehensive climate datasets with traditional models, we
can better assess resource adequacy and identify potential reliability issues
under various climate scenarios. Figure adapted fromref. 47 under a Creative
Commons licence CC BY 4.0.

aggregate globally to arrest climate change. Digitization and machine
learning techniques will enhance the scalability and expedite the devel-
opment of solutions within both climate and power research domains.
This includes accelerating computationally demanding simulations
of hybrid climate and electricity models* and generating synthetic
open-source data*>*'to circumvent issues related to accessing critical
energy/electricinfrastructure information.

Adaptive scaling of climate models informed by power
systems
Power system researchers can assist climate researchersinaddressing
climate change through power grid design and operation in two major
ways. First, apower grid operational model (for example, demand and
generationembedded in weather patterns) provides higher-resolution
carbon accounting for the energy sector. Monitoring power grid
demands providesinsightsinto the emissions fromindustrial or com-
mercial sectors, where electricity consumption is directly related to
emissions. This is because power consumption not only serves as a
barometer of societal behaviour and prosperity but also underpins
economicactivities within the industrialand commercial sectors. Cli-
mate researchers need to explore how emission changes at aregional
scale due to electric grid changes can have animpact on climate®.
Second, developing a global high-resolution climate model is
computationally very expensive®>*; however, the spatial resolution
of climate models can be effectively shaped by the specific needs of
power system tasks. Climate models are successfully used to predict
climate variability at seasonal-to-decadal (52D) timescales and project
long-term climate changes at decadal-to-centennial (D2C) timescales™.
S2D predictions providing information about natural climate vari-
abilities—suchas EINifio or LaNifia—and near-termtrends are sensitive
to initial conditions*. D2C projections aim to understand long-term
trends. Therefore, S2D predictions can be used to understand the
near-termimpact of extreme weather events on power grids, while D2C
projections can provide insights into long-term transmission system
planning and energy security.

Power system engineers have amajor role to play by providing cli-
mate scientists with specific regions to downscale their global climate
predictions and projections and generate high-resolution climate-
power interaction models for decision-making while ensuring reason-
able computational efficiency. For example, providing the downscaling
of S2D predictions to hurricane-prone coastal city regions would offer
much-needed decision support for the planning of both transmission
and generation assets in power systems. Similarly, downscaling to the
load centre and renewable-rich areas from D2C projections could have
higher priority from the energy security perspective. Challenges persist
duetothelimited resolution of current-generation global models, typi-
cally around 100 km, which hinders accurate forecasting of extreme
weather statistics®*%, This limitation results in substantial uncertainties
in predictions and projections of changes in extreme weather.

Climate-aware market redesign for power systems
Many countries around the world went through a deregulation pro-
cess to introduce competition for providing consumers with reliable
and affordable electrical energy. For historical reasons, the degree of
deregulation varied. For example, the United States contains a mix of
vertically integrated regulated monopoly regions, vertically disinte-
grated energy markets, and energy markets, allowing the participation
of traditional utilities without fully committing to deregulation®. On
one hand, regulated, vertically integrated utilities may not follow a
cost-minimizing approach®’, and consumers may not enjoy the ben-
efits of lower energy costs. On the other hand, limited oversight on
energy-only markets and various capacity markets might not provide
resource adequacy for day-to-day power grid operations in deregu-
lated environments. Additionally, in deregulated regions, grid utilities
may not be allowed to own generation (including renewables) largely
because of market rules®. Aside from regulatory challenges, electric
grids face major challenges as more and more marginal cost generators
arereplaced with inframarginal renewable generators®.

Here, we highlight three innovative market designs to improve
resourceadequacyissuesin deregulated environments, which could be
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enabled by improved climate models. First, the capacity marketis one
way of ensuring that all generators will be present to participatein the
spot market. Regarding renewable generation participation in capacity
markets, Joskow*® discussed a hybrid framework for capacity and spot
markets, where, through long-term power purchase agreements with
wind, solar and storage developers, renewable resources are competi-
tively procured, which the author called ‘competition for the market’,
incorporating it with ‘competition in the market’ through short-term
energy markets. Access to a good climate model would raise confi-
dence amongrenewable energy developers to develop more renewable
energy farms and participate in the market without needing additional
governmental policy support. Second, enabled by technological inno-
vations at the consumer end and improved accuracy of consumption
patterns, we could frequently see electricity demand-side participation
intherealworld—for example, load resource participationin the Texas
electricity market?, energy coupon® and direct load control*. There
has been anincreasing demand for an edge-based market that allows
consumersto trade their excess energy and integrate it with the whole-
sale energy market. Third, as we integrate more and more renewable
power plants and continue to electrify other sectors, we may run out
of transmission line capacity. Innovative solutions with storage (for
example, deploying storage devices at both ends of the transmission
lines) enabled by data analytics and climate models would facilitate
optimal utilization of transmission resources. Alternatively, energy
efficiency® is another solution to reduce system-wide demand itself.

Markets enable the efficient exchange of resources, but such an
efficient exchange may not lead to adopting climate-friendly tech-
nologies. This necessitates implementing a performance-based mar-
ket design that not only incentivizes short-term efficient and reliable
operation of the energy system butis also sustainable and adaptive to
long-term environmental goals. Suitable regulatory frameworks and
financialincentives that encourage energy providerstoinvestinrenew-
able energy sources or technologies that improve grid reliability and
efficiency need tobesetupinthisregard. Greater attention should be
given to balancing the development of new market mechanisms with
the potential consequences of heightened uncertainty and complex-
ity, which requires crafting policies that offer the right incentives to
theright participants. Power grid operators have to adapt urgently to
prevailing weather and climate patterns to effectively implement the
energy transition with reliable supply by stating deadlines in terms
of renewables and storage. Moreover, there is a need to allow for the
extreme weather events arising from the changing climate, at least until
greenhouse gas emission is arrested, by building resilience into the
system through more accurate information about changes in extreme
weather patterns and statistics arising from the changing climate.
Power grid researchers should also consider prudent risk-aware sce-
narios, where power system planning and operation have to adapt to
the extreme climate risk environment, such as massive human migra-
tions to habitable parts of the planet or potential for war due to lack
ofenergy.

Conclusion

Tackling climate change requires aggressive and timely decarboniza-
tion across the entire economy. Decarbonizing the electricity sector
and electrifying other sectors of energy consumption will play a cru-
cial role in this transition. Research in climate models could better
inform the planning of energy sources, demand and the power grid.
Conversely, specific needs of the electric energy system could also
define new research opportunities in higher-resolution climate model-
ling and simulation. A major research partnership between the power
system community and the climate change community at large would
help with the mitigation of climate risks through anaccelerated decar-
bonization process. A whole-of-system approach that encompasses
the physical, climate and weather, economic and social systems to
develop ascenario-based approach will ensure a smooth transition.
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