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The role of electric grid research in 
addressing climate change

Le Xie    1,2  , Subir Majumder    1, Tong Huang    3, Qian Zhang    1, 
Ping Chang    4, David J. Hill    5 & Mohammad Shahidehpour6

Addressing the urgency of climate change necessitates a coordinated 
and inclusive e!ort from all relevant stakeholders. Critical to this e!ort 
is the modelling, analysis, control and integration of technological 
innovations within the electric energy system, which plays a major role 
in scaling 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 
that incentives are aligned for stakeholders to e!ectively implement the 
technological solutions on a large scale.

The electricity sector plays two pivotal roles in tackling climate change. 
First, according to the recent IPCC report1, as of 2019, the electricity and 
heating sector contributes approximately 23% of global greenhouse 
gas emissions. Therefore, cleaning up the electricity sector itself is a 
major step towards the goal of reducing gigaton-level carbon emissions 
for the entire planet by 2050. Second, for many carbon management 
or reduction technologies, the best route to achieve a speedy and scal-
able impact is through large-scale integration into the electric grid.

For the first role, major decarbonization efforts are ongoing to replace 
fossil fuel-based generation technologies with renewable energy resources 
such as wind and solar2,3. Efforts are also underway to incorporate carbon 
management technologies such as point-source carbon capture, car-
bon transport and storage, carbon dioxide removal and conversion, and 
hydrogen4. For example, the US Department of Energy developed goals 
to achieve more than 95% carbon capture at sources of carbon emissions, 
such as, power plants5. For the second role, the electricity sector is increas-
ingly important in supporting more electrification of energy demand from 
transportation6,7, industrial heating/cooling8, computing industries9 and 
many household appliances. Many of these efforts will need to be scaled 
up and integrated with the 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 paradigm10. The emergence of 
long-term energy storage11 and demand response technologies12–14 
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 events15—can only be accurately planned 
through climate model simulations16. Therefore, in this Perspective, 
we ask two key questions. First, what should power grid researchers 
prioritize as we integrate more and more carbon-neutral technologies? 
Second, how do we effectively integrate climate research with power 
grid research to address the emerging complexities? The following two 
sections provide an answer to these two questions.

Electric grid research challenges in 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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units, transmission, storage, demand management and other new tech-
nologies should incorporate reliable climate and weather predictions.

Fortunately, there have been rapid advancements in climate mod-
els, and computational capabilities are progressing rapidly. A new 
report26 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 Needs27, 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 a result, these inverter-interfaced clean energy 
resources, known as inverter-based resources (IBRs)28, 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 microgrids29, to ensure continued power supply to end-users. 
Residential IBRs empower consumers by turning them into 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 
in net load due to the generation from residential solar panels when 
power generation from utility-scale solar farms tends to be highest. 
Such an imbalance between generation and load leads to the famous 
California duck curve30, which can compromise energy security and 
economic efficiency. This imbalance is also evident in the increasing 

research has demonstrated that weather patterns are changing and 
impacting renewable generation and power system demand. Second, 
the overall operational performance of the grid is not well understood 
when integrating renewables or electrifying transportation and heat-
ing and cooling systems, especially with a wide 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 from load centres to satisfy ever growing load demands, neces-
sitating the expansion of power transmission line capacity and the 
building of more renewable energy harvesting farms. Many17,18 of the 
world’s governments are actively incentivizing these activities.

Power system expansion planning is a well researched19 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 events15), posing a major risk to energy security20. With 
the expected notable ‘west-to-east interhemispheric shift’ in mean 
wind power potential and an overall increase in solar energy potential21, 
transmission lines built without consideration of these climate dynam-
ics would most probably remain underutilized. Climate change can 
change the typical summer-peaking states into dual or winter-peaking 
states22 changing both the demand pattern and generating system reli-
ability. Also, increasing frequency of extreme weather events in 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 reliability23 and resiliency24. Finally, utilization of multi-
modal climate change models is needed to capture changes in con-
sumer demand for resource expansion planning25. Therefore, system 
planning encompassing the expansion and retirement of generation 
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Fig. 1 | The crucial role of electric grid research in tackling climate change. 
Schematic illustrating 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 

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.
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frequency of negative net load and associated negative prices31 in the 
electricity market of Australia. Clearly, a lack 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 zones32. 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 peers33. 
The key controller algorithms are almost always unavailable to pro-
tect intellectual property34. Therefore, the key research question is 
how to avoid system-level issues when multiple proprietary IBRs are 
networked in a grid. This problem is especially exacerbated when thou-
sands of ‘behind the meter’ IBRs try to communicate with each other. 
Centralized control by utilities is impractical in this case35. 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 design in grid 
and climate systems
In the realm of the electricity industry, market and policy 
decision-making typically operate on a timescale ranging from days 
to years, reflecting the immediate and intermediate needs of grid man-
agement and energy distribution. In stark contrast, the design of market 
strategies and policies for addressing climate change encompasses a far 
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 policies36,37.

First, aggressive long-term climate targets may conflict with stake-
holders’ short-term rights in the power grid. For example, in Australia, 
the market operator AEMO, through their integrated system plan3, 
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 governments in Australia are 
urgently forging ahead with renewable energy zones to replace retiring 
coal plants with renewable-based farms and build more transmission 
lines18, there have been pushbacks from certain communities about 
disproportionately burdening renewable-rich areas with displeasing 
aerial aesthetics from transmission lines38.

Second, climate change introduces greater uncertainty into power 
system planning, and the power markets are ill 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 been recent 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 Uri39. On the other hand, introducing a capacity market 
might secure adequate capacity to meet desired reliability criteria, 
such as the loss of load expectation of one day in ten years40. 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 technology41 and the 
modelling of the demand curve42, 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, efforts in either area risk being undermined by conflicting 
priorities and 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 
can incorporate power grid operational data to refine their climate 
models, and power system researchers can assist climate researchers 
in identifying 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 in the United States 
has plenty of hydro-electric potential43; western Texas has an abun-
dance of wind resources44). Second, global renewable energy poten-
tial is not uniform, and the renewable power generation distribution 
can be impacted by climate change21. Third, while climate change is a 
planetary-scale problem, each region faces its unique climate-related 
challenges (for example, the wildfires in California45 and hurricanes on 
the Gulf and East Coast of the United States46). 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 study47 provides a 
framework for power system resource adequacy analysis (Fig. 2). This 
study identified that, while low-resolution climate simulations can 
indeed provide a rough estimate of system reliability, 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 
blackout events in winter due to extremely low temperatures. Changing 
weather patterns due to climate change, as discussed earlier, could be 
similarly incorporated into 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 
Australia is suboptimal48. These preliminary findings demonstrate the 
importance of incorporating higher-resolution climate simulations for 
a reliable 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 insights include the 
minimum required 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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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 models49 and generating synthetic 
open-source data50,51 to circumvent issues related to accessing critical 
energy/electric infrastructure information.

Adaptive scaling of climate models informed by power 
systems
Power system researchers can assist climate researchers in addressing 
climate change through power grid design and operation in two major 
ways. First, a power grid operational model (for example, demand and 
generation embedded in weather patterns) provides higher-resolution 
carbon accounting for the energy sector. Monitoring power grid 
demands provides insights into the emissions from industrial 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 
economic activities within the industrial and commercial sectors. Cli-
mate researchers need to explore how emission changes at a regional 
scale due to electric grid changes can have an impact on climate52.

Second, developing a global high-resolution climate model is 
computationally very expensive53,54; 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 (S2D) timescales and project 
long-term climate changes at decadal-to-centennial (D2C) timescales55. 
S2D predictions providing information about natural climate vari-
abilities—such as El Niño or La Niña—and near-term trends are sensitive 
to initial conditions56. D2C projections aim to understand long-term 
trends. Therefore, S2D predictions can be used to understand the 
near-term impact 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 a major 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 
due to the limited resolution of current-generation global models, typi-
cally around 100 km, which hinders accurate forecasting of extreme 
weather statistics57,58. 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 deregulation59. On 
one hand, regulated, vertically integrated utilities may not follow a 
cost-minimizing approach60, 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 rules61. Aside from regulatory challenges, electric 
grids face major challenges as more and more marginal cost generators 
are replaced with inframarginal renewable generators62.

Here, we highlight three innovative market designs to improve 
resource adequacy issues in deregulated environments, which could be 
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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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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 from ref. 47 under a Creative 
Commons licence CC BY 4.0.
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enabled by improved climate models. First, the capacity market is one 
way of ensuring that all generators will be present to participate in the 
spot market. Regarding renewable generation participation in capacity 
markets, Joskow36 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 among renewable 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 
in the real world—for example, load resource participation in the Texas 
electricity market12, energy coupon13 and direct load control14. There 
has been an increasing demand for an edge-based market that allows 
consumers to 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 
efficiency63 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 but is also sustainable and adaptive to 
long-term environmental goals. Suitable regulatory frameworks and 
financial incentives that encourage energy providers to invest in renew-
able energy sources or technologies that improve grid reliability and 
efficiency need to be set up in this regard. 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 
the right 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 
of energy.

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 an accelerated decar-
bonization process. A whole-of-system approach that encompasses 
the physical, climate and weather, economic and social systems to 
develop a scenario-based approach will ensure a smooth transition.

References
1. Dhakal, S. et al. in Climate Change 2022: Mitigation of Climate 

Change (eds Shukla, P.R. et al.) 215–294 (Cambridge Univ. Press, 
2022).

2. Gielen, D. et al. The role of renewable energy in the global energy 
transformation. Energy Strategy Rev. 24, 38–50 (2019).  
Through a data-driven approach this article demonstrates 
that accelerated adoption of renewable energy and energy 
e"iciency measures could significantly reduce greenhouse  
gas emissions by 2050, while emphasizing the need for  
enabling policies and innovation in technology and 
infrastructure.

3. Draft 2024 ISP Consultation (AEMO, 2024); https://aemo.com.au/ 
consultations/current-and-closed-consultations/draft-2024-isp- 
consultation

4. Carbon Matchmaker (US Department of Energy, 2024);  
https://www.energy.gov/fecm/carbon-matchmaker

5. DOE invests $45 million to decarbonize the natural gas power and 
industrial sectors using carbon capture and storage. energy.gov 
https://www.energy.gov/articles/doe-invests-45-million- 
decarbonize-natural-gas-power-and-industrial-sectors-using- 
carbon (2021).

6. Wei, W., Ramakrishnan, S., Needell, Z. A. & Trancik, J. E. Personal 
vehicle electrification and charging solutions for high-energy 
days. Nat. Energy 6, 105–114 (2021).

7. Xie, L., Singh, C., Mitter, S. K., Dahleh, M. A. & Oren, S. S. Toward 
carbon-neutral electricity and mobility: is the grid infrastructure 
ready? Joule 5, 1908–1913 (2021).

8. Amonkar, Y., Doss-Gollin, J., Farnham, D. J., Modi, V. & Lall, U. 
Di#erential e#ects of climate change on average and peak 
demand for heating and cooling across the contiguous USA. 
Commun. Earth Environ. 4, 402 (2023).  
A spatial analysis of climate change impacts on peak heating 
and cooling demand in an electrified future, highlighting 
significant regional variations and their implications for grid 
reliability and cost.

9. Data centres and data transmission networks. IEA  
https://www.iea.org/energy-system/buildings/data-centres- 
and-data-transmission-networks (2024).

10. Zhou, E. et al. Best Practices in Electricity Load Modeling and 
Forecasting for Long-Term Power System Planning Technical 
Report NREL/TP-7A40-81897 (National Renewable Energy 
Laboratory & Lawrence Berkeley National Laboratory, O$ice of 
Scientific and Technical Information, 2023); https://www.osti.gov/ 
biblio/1972011

11. Electric Power Industry Needs for Grid-Scale Storage Applications 
Technical Report (US Department of Energy, 2010); https://www. 
energy.gov/oe/articles/electric-power-industry-needs-grid-scale- 
storage-applications

12. Du, P. et al. New ancillary service market for ERCOT. IEEE Access 8, 
178391–178401 (2020).

13. Lee, K. et al. Targeted demand response for mitigating price 
volatility and enhancing grid reliability in synthetic Texas 
electricity markets. iScience 25, 103723 (2022).

14. Yilmaz, S., Chanez, C., Cuony, P. & Patel, M. K. Analysing 
utility-based direct load control programmes for heat pumps and 
electric vehicles considering customer segmentation. Energy 
Policy 164, 112900 (2022).

15. Hutson, M. The renewable-energy revolution will need renewable 
storage. The New Yorker https://www.newyorker.com/ 
magazine/2022/04/25/the-renewable-energy-revolution-will- 
need-renewable-storage (2022).

16. Li, B., Basu, S., Watson, S. J. & Russchenberg, H. W. Mesoscale 
modeling of a ‘dunkelflaute’ event. Wind Energy 24, 5–23  
(2021).

http://www.nature.com/natureclimatechange
https://aemo.com.au/consultations/current-and-closed-consultations/draft-2024-isp-consultation
https://aemo.com.au/consultations/current-and-closed-consultations/draft-2024-isp-consultation
https://aemo.com.au/consultations/current-and-closed-consultations/draft-2024-isp-consultation
https://www.energy.gov/fecm/carbon-matchmaker
https://www.energy.gov/articles/doe-invests-45-million-decarbonize-natural-gas-power-and-industrial-sectors-using-carbon
https://www.energy.gov/articles/doe-invests-45-million-decarbonize-natural-gas-power-and-industrial-sectors-using-carbon
https://www.energy.gov/articles/doe-invests-45-million-decarbonize-natural-gas-power-and-industrial-sectors-using-carbon
https://www.iea.org/energy-system/buildings/data-centres-and-data-transmission-networks
https://www.iea.org/energy-system/buildings/data-centres-and-data-transmission-networks
https://www.iea.org/energy-system/buildings/data-centres-and-data-transmission-networks
https://www.osti.gov/biblio/1972011
https://www.osti.gov/biblio/1972011
https://www.energy.gov/oe/articles/electric-power-industry-needs-grid-scale-storage-applications
https://www.energy.gov/oe/articles/electric-power-industry-needs-grid-scale-storage-applications
https://www.energy.gov/oe/articles/electric-power-industry-needs-grid-scale-storage-applications
https://www.newyorker.com/magazine/2022/04/25/the-renewable-energy-revolution-will-need-renewable-storage
https://www.newyorker.com/magazine/2022/04/25/the-renewable-energy-revolution-will-need-renewable-storage
https://www.newyorker.com/magazine/2022/04/25/the-renewable-energy-revolution-will-need-renewable-storage


Nature Climate Change | Volume 14 | September 2024 | 909–915 914

Perspective https://doi.org/10.1038/s41558-024-02092-1

17. Biden–Harris administration announces final transmission 
permitting rule and latest investments to accelerate the build 
out of a resilient, reliable, modernized electric grid. energy.gov 
https://www.energy.gov/articles/biden-harris-administration- 
announces-final-transmission-permitting-rule-and-latest  
(2024).

18. What are renewable energy zones and why do they matter? 
ARENA https://arena.gov.au/blog/what-are-renewable-energy- 
zones-and-why-do-they-matter/ (2020).

19. Yin, S. & Wang, J. Generation and transmission expansion 
planning towards a 100% renewable future. IEEE Trans. Power 
Syst. 37, 3274–3285 (2022).

20. Brown, P. T., Farnham, D. J. & Caldeira, K. Meteorology and 
climatology of historical weekly wind and solar power resource 
droughts over western North America in ERA5. SN Appl. Sci. 3, 
814 (2021).  
Through discussion on the meteorology and climatology 
of historical weekly wind and solar power droughts in 
northwestern America, this article provides insights into how 
the variability and covariability of these resources might impact 
future energy systems.

21. Lei, Y. et al. Co-benefits of carbon neutrality in enhancing and 
stabilizing solar and wind energy. Nat. Clim. Change 13, 693–700 
(2023).  
This article highlights the advantages of achieving carbon 
reduction, including increased solar photovoltaic potential and 
enhanced stability in wind energy resources globally by the 
mid-twenty-first century.

22. Keskar, A., Galik, C. & Johnson, J. X. Planning for winter peaking 
power systems in the United States. Energy Policy 173, 113376 
(2023).

23. Xu, L. et al. Resilience of renewable power systems under climate 
risks. Nat. Rev. Electr. Eng. 1, 53–66 (2024).

24. Stankovi%, A. M. et al. Methods for analysis and quantification of 
power system resilience. IEEE Trans. Power Syst. 38, 4774–4787 
(2022).  
This IEEE working group article provides a comprehensive 
methodology to analyse and quantify power system resilience, 
ensuring continuous power supply during extreme weather 
incidents.

25. Cohen, S. M. et al. A multi-model framework for assessing long- 
and short-term climate influences on the electric grid. Appl. 
Energy 317, 119193 (2022).

26. Levin, J. et al. Extreme Weather Risk in a Changing Climate: 
Enhancing Prediction and Protecting Communities Report to 
the President (President’s Council of Advisors on Science and 
Technology, 2023); https://www.whitehouse.gov/wp-content/ 
uploads/2023/04/PCAST_Extreme-Weather-Report_April2023.pdf

27. National transmission needs study. energy.gov https://www. 
energy.gov/gdo/national-transmission-needs-study (2024).

28. IEEE Standard for Interconnection and Interoperability of 
Inverter-Based Resources (IBRs) Interconnecting with Associated 
Transmission Electric Power Systems Standard 2800-2022  
(IEEE, 2022).

29. Farrokhabadi, M. et al. Microgrid stability definitions, analysis, and 
examples. IEEE Trans. Power Syst. 35, 13–29 (2019).

30. What the Duck Curve Tells Us about Managing a Green Grid 
Technical Report (California Independent System Operator, 
2016); https://www.caiso.com/Documents/ 
FlexibleResourcesHelpRenewables_FastFacts.pdf

31. Quarterly Energy Dynamics Q4 2023 (AEMO, 2024); https://aemo. 
com.au/-/media/files/major-publications/qed/2023/quarterly- 
energy-dynamics-q4-2023.pdf?la=en?

32. Simshauser, P. Renewable energy zones in Australia’s national 
electricity market. Energy Econ. 101, 105446 (2021).

33. Mohammadpour, H. A. & Santi, E. Analysis of subsynchronous 
control interactions in DFIG-based wind farms: ERCOT case study. 
In 2015 IEEE Energy Conversion Congress and Exposition (ECCE) 
500–505 (IEEE, 2015).

34. Kroposki, B. et al. UNIFI Specifications for Grid-Forming 
Inverter-Based Resources—Version 1 Technical Report 
UNIFI-2022-2-1 (UNIFI, 2022); https://www.energy.gov/sites/
default/files/2023-09/Specs%20for%20GFM%20IBRs%20
Version%201.pdf

35. Navidi, T., El Gamal, A. & Rajagopal, R. Coordinating distributed 
energy resources for reliability can significantly reduce future 
distribution grid upgrades and peak load. Joule 7, 1769–1792 
(2023).

36. Joskow, P. L. From hierarchies to markets and partially back again 
in electricity: responding to decarbonization and security of 
supply goals. J. Inst. Econ. 18, 313–329 (2022).  
This article discusses a potential hybrid electricity market 
structure combining long-term competitive procurement 
of renewable energy and storage with short-term market 
mechanisms to ensure energy security.

37. Li, Z. Z., Su, C.-W., Moldovan, N.-C. & Umar, M. Energy 
consumption within policy uncertainty: considering the  
climate and economic factors. Renew. Energy 208, 567–576 
(2023).  
This article reveals that climate and economic policies 
significantly impact energy consumption patterns, which 
emphasizes the need for coherent and aligned policies for a 
successful energy transition.

38. Preiss, B. Push to underground ‘aerial spaghetti’ power lines in 
town of wind turbines. Age https://www.theage.com.au/national/ 
victoria/push-to-underground-aerial-spaghetti-power-lines-in- 
town-of-wind-turbines-20230601-p5dd3v.html (2023).

39. Walton, R. Texas regulators weigh $460m performance credit 
mechanism to ensure electric reliability. Utility Dive  
https://www.utilitydive.com/news/texas-regulators-weigh-460m- 
performance-credit-mechanism-to-ensure-elect/636459/  
(2022).

40. Joskow, P. L. in The New Energy Paradigm (ed. Helm, D.) 76–121 
(Oxford Univ. Press, 2007).

41. Market Rule 1 Section 13—Forward Capacity Market (ISO New 
England, 2024); https://www.iso-ne.com/static-assets/ 
documents/regulatory/tari#/sect_3/mr1_sec_13_14.pdf

42. Zhao, F., Zheng, T. & Litvinov, E. Constructing demand curves in 
forward capacity market. IEEE Trans. Power Syst. 33, 525–535 
(2017).

43. Washington state profile and energy estimates. US EIA  
https://www.eia.gov/state/analysis.php?sid=WA (2024).

44. Texas state profile and energy estimates. US EIA https://www.eia. 
gov/state/analysis.php?sid=TX (2024).

45. Dale, L., Carnall, M., Wei, M., Fitts, G. & McDonald, S. L. Assessing 
the Impact of Wildfires on the California Electricity Grid Technical 
Report CCCA4-CEC-2018-002 (Lawrence Berkeley National 
Laboratory, California Energy Commission, 2018); https://www. 
energy.ca.gov/sites/default/files/2019-11/Energy_CCCA4- 
CEC-2018-002_ADA.pdf

46. Comparing the Impacts of Northeast Hurricanes on Energy 
Infrastructure Technical Report (US Department of Energy, 2013); 
https://www.oe.netl.doe.gov/docs/Northeast%20Storm%20 
Comparison_FINAL_041513c.pdf

47. Zheng, X. et al. Impact of climate simulation resolutions on future 
energy system reliability assessment: a Texas case study. iEnergy 
2, 222–230 (2023).

48. Gunn, A., Dargaville, R., Jakob, C. & McGregor, S. Spatial 
optimality and temporal variability in Australia’s wind resource. 
Environ. Res. Lett. 18, 114048 (2023).

http://www.nature.com/natureclimatechange
https://www.energy.gov/articles/biden-harris-administration-announces-final-transmission-permitting-rule-and-latest
https://www.energy.gov/articles/biden-harris-administration-announces-final-transmission-permitting-rule-and-latest
https://arena.gov.au/blog/what-are-renewable-energy-zones-and-why-do-they-matter/
https://arena.gov.au/blog/what-are-renewable-energy-zones-and-why-do-they-matter/
https://www.whitehouse.gov/wp-content/uploads/2023/04/PCAST_Extreme-Weather-Report_April2023.pdf
https://www.whitehouse.gov/wp-content/uploads/2023/04/PCAST_Extreme-Weather-Report_April2023.pdf
https://www.energy.gov/gdo/national-transmission-needs-study
https://www.energy.gov/gdo/national-transmission-needs-study
https://www.caiso.com/Documents/FlexibleResourcesHelpRenewables_FastFacts.pdf
https://www.caiso.com/Documents/FlexibleResourcesHelpRenewables_FastFacts.pdf
https://aemo.com.au/-/media/files/major-publications/qed/2023/quarterly-energy-dynamics-q4-2023.pdf?la=en?
https://aemo.com.au/-/media/files/major-publications/qed/2023/quarterly-energy-dynamics-q4-2023.pdf?la=en?
https://aemo.com.au/-/media/files/major-publications/qed/2023/quarterly-energy-dynamics-q4-2023.pdf?la=en?
https://www.energy.gov/sites/default/files/2023-09/Specs%20for%20GFM%20IBRs%20Version%201.pdf
https://www.energy.gov/sites/default/files/2023-09/Specs%20for%20GFM%20IBRs%20Version%201.pdf
https://www.energy.gov/sites/default/files/2023-09/Specs%20for%20GFM%20IBRs%20Version%201.pdf
https://www.theage.com.au/national/victoria/push-to-underground-aerial-spaghetti-power-lines-in-town-of-wind-turbines-20230601-p5dd3v.html
https://www.theage.com.au/national/victoria/push-to-underground-aerial-spaghetti-power-lines-in-town-of-wind-turbines-20230601-p5dd3v.html
https://www.theage.com.au/national/victoria/push-to-underground-aerial-spaghetti-power-lines-in-town-of-wind-turbines-20230601-p5dd3v.html
https://www.utilitydive.com/news/texas-regulators-weigh-460m-performance-credit-mechanism-to-ensure-elect/636459/
https://www.utilitydive.com/news/texas-regulators-weigh-460m-performance-credit-mechanism-to-ensure-elect/636459/
https://www.iso-ne.com/static-assets/documents/regulatory/tariff/sect_3/mr1_sec_13_14.pdf
https://www.iso-ne.com/static-assets/documents/regulatory/tariff/sect_3/mr1_sec_13_14.pdf
https://www.eia.gov/state/analysis.php?sid=WA
https://www.eia.gov/state/analysis.php?sid=WA
https://www.eia.gov/state/analysis.php?sid=TX
https://www.eia.gov/state/analysis.php?sid=TX
https://www.energy.ca.gov/sites/default/files/2019-11/Energy_CCCA4-CEC-2018-002_ADA.pdf
https://www.energy.ca.gov/sites/default/files/2019-11/Energy_CCCA4-CEC-2018-002_ADA.pdf
https://www.energy.ca.gov/sites/default/files/2019-11/Energy_CCCA4-CEC-2018-002_ADA.pdf
https://www.oe.netl.doe.gov/docs/Northeast%20Storm%20Comparison_FINAL_041513c.pdf
https://www.oe.netl.doe.gov/docs/Northeast%20Storm%20Comparison_FINAL_041513c.pdf


Nature Climate Change | Volume 14 | September 2024 | 909–915 915

Perspective https://doi.org/10.1038/s41558-024-02092-1

49. Rolnick, D. et al. Tackling climate change with machine learning. 
ACM Comput. Surv. 55, 42 (2022).

50. Xenophon, A. & Hill, D. Open grid model of Australia’s National 
Electricity Market allowing backtesting against historic data.  
Sci. Data 5, 180203 (2018).

51. Zheng, X. et al. A multi-scale time-series dataset with benchmark 
for machine learning in decarbonized energy grids. Sci. Data 9, 
359 (2022).

52. Foley, A. et al. Climate model emulation in an integrated 
assessment framework: a case study for mitigation  
policies in the electricity sector. Earth Syst. Dyn. 7, 119–132  
(2016).

53. Yeager, S. G. et al. Bringing the future into focus: benefits and 
challenges of high-resolution global climate change simulations. 
Comput. Sci. Eng. 23, 34–41 (2021).

54. Chang, P. et al. An unprecedented set of high-resolution Earth 
system simulations for understanding multiscale interactions 
in climate variability and change. J. Adv. Model. Earth Syst. 12, 
e2020MS002298 (2020).  
This article created high-resolution, multicentury climate 
simulations that enhance the understanding of regional weather 
patterns and extremes, demonstrating the benefits of increased 
model resolution on climate variability and projections.

55. Subseasonal-to-Seasonal-to-Decadal (S2S2D): A Pathway to 
Improved Prediction Technical Report (NOAA Science Advisory 
Board, 2019); https://sab.noaa.gov/wp-content/uploads/2021/08/ 
SAB_-S2S2D-White-Paper_12-17-19_Final-1.pdf

56. Dalton, M. M. & Shell, K. M. Comparison of short-term and 
long-term radiative feedbacks and variability in twentieth-century 
global climate model simulations. J. Clim. 26, 10051–10070 
(2013).

57. Schwierz, C. et al. Challenges posed by and approaches to the 
study of seasonal-to-decadal climate variability. Climatic Change 
79, 31–63 (2006).

58. Alizadeh, O. Advances and challenges in climate modeling. 
Climatic Change 170, 18 (2022).

59. Borenstein, S. & Bushnell, J. The US electricity industry  
after 20 years of restructuring. Annu. Rev. Econ. 7, 437–463  
(2015).

60. Gowrisankaran, G., Langer, A. & Reguant, M. Energy Transitions 
in Regulated Markets Technical Report (National Bureau of 
Economic Research, 2024).

61. Understanding electricity market frameworks & policies. US EPA 
https://www.epa.gov/greenpower/understanding-electricity- 
market-frameworks-policies (2024).

62. Widuto, A. Improving the Design of the EU Electricity Market 
Briefing PE 745.694 (European Parliamentary Research Service, 
2024); https://www.europarl.europa.eu/RegData/etudes/ 
BRIE/2023/745694/EPRS_BRI(2023)745694_EN.pdf

63. Energy e$iciency in buildings and industry. energy.gov  
https://www.energy.gov/eere/energy-e$iciency-buildings- 
and-industry (2024).

Acknowledgements
The work of L.X., S.M., Q.Z. and P.C. is supported in part by Texas A&M 
Energy Institute, College of Arts and Sciences at Texas A&M University 
and Texas A&M Engineering Experiment Station. The work of T.H. 
is supported by US National Science Foundation Grant 2328205. 
The work of L.X. is also supported in part by US National Science 
Foundation Grant ECCS-2038963.

Author contributions
L.X., S.M., T.H. and Q.Z. conceived and designed the paper. P.C. and 
D.J.H. contributed material and analysis tools. L.X., S.M., T.H. and Q.Z. 
drafted the paper with input from all co-authors. L.X., S.M. T.H., Q.Z., 
P.C., D.J.H. and M.S. read and approved the final version of the paper.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence should be addressed to Le Xie.

Peer review information Nature Climate Change thanks Qixin 
Chen, Harrison Fell and the other, anonymous, reviewer(s) for their 
contribution to the peer review of this work.

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional a$iliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with 
the author(s) or other rightsholder(s); author self-archiving of the 
accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2024

http://www.nature.com/natureclimatechange
https://sab.noaa.gov/wp-content/uploads/2021/08/SAB_-S2S2D-White-Paper_12-17-19_Final-1.pdf
https://sab.noaa.gov/wp-content/uploads/2021/08/SAB_-S2S2D-White-Paper_12-17-19_Final-1.pdf
https://www.epa.gov/greenpower/understanding-electricity-market-frameworks-policies
https://www.epa.gov/greenpower/understanding-electricity-market-frameworks-policies
https://www.europarl.europa.eu/RegData/etudes/BRIE/2023/745694/EPRS_BRI(2023)745694_EN.pdf
https://www.europarl.europa.eu/RegData/etudes/BRIE/2023/745694/EPRS_BRI(2023)745694_EN.pdf
https://www.energy.gov/eere/energy-efficiency-buildings-and-industry
https://www.energy.gov/eere/energy-efficiency-buildings-and-industry
http://www.nature.com/reprints

	The role of electric grid research in addressing climate change

	Electric grid research challenges in addressing climate change

	Lack of tailored climate simulation for long-term planning

	Lack of system-aware grid-edge operations of IBRs

	Temporal misalignment of market and policy design in grid and climate systems


	Interaction between power system and climate researchers

	Climate-informed planning for enhanced resiliency and reliability

	Adaptive scaling of climate models informed by power systems

	Climate-aware market redesign for power systems


	Conclusion

	Acknowledgements

	Fig. 1 The crucial role of electric grid research in tackling climate change.
	Fig. 2 Power grid resource adequacy assessment utilizing climate data.


