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• Global warming and GHG emissions

• Energy system decarbonization

• Electric energy system

• Broader considerations



Global Warming and GHG Emissions



Global GHG Emissions

Source: UN Emissions Gap Report 2023

https://www.unep.org/resources/emissions-gap-report-2023


Global GHG Emissions by Use

Sources: IPCC AR6 WGIII 2.12, Lamb et al (2021), Minx et al (2021)  

Electricity + Transport ~ 38%

https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_FullReport.pdf
https://iopscience.iop.org/article/10.1088/1748-9326/abee4e
https://essd.copernicus.org/articles/13/5213/2021/


Global Warming: What has already Happened

Source: IPCC AR6 WGII Report

Source: Berkeley Lab

“The United Kingdom’s Met office on Thursday warned that next 
year’s average global temperature could breach a key planetary 
warming benchmark: 1.5 degrees Celsius (2.7 degrees Fahrenheit) 
above preindustrial levels.” Washington Post, December 8, 2023.

https://www.ipcc.ch/report/ar6/wg2/
https://www.washingtonpost.com/climate-environment/2023/11/19/climate-change-2c-temperature-heat-record/


GHG Reduction Imperative and Major Gaps

Source: UN Emissions Gap Report 2023

Source: IPCC AR6 WGIII

https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_FullReport.pdf


Source: IRENA, Innovation Landscape for Renewable Powered Future, 2019.

https://www.irena.org/publications/2019/Feb/Innovation-landscape-for-a-renewable-powered-future


Energy System Decarbonization



Big Picture: Climate Change and Energy System

• Energy efficiency must be a big target
• Electric energy sector is likely to be the easiest to decarbonize due to falling wind and solar 

generation costs
• Transportation sector is much harder to decarbonize. Electrification of transportation 

currently offers the most viable path forward.
• Industrial and manufacturing emissions are much harder to reduce.
• Negative emissions solutions (carbon capture utilization and storage) will likely be necessary.
• Climate change impacts are already here. Therefore, adaptation and resilience are 

necessary.
• It is not an engineering or technology problem alone – public policy and human behavior will 

play very large roles.
• Younger generations see this as their big problem.

Energy system is immense, multiscale, distributed, 
interconnected and slow to change

Decarbonization of the energy system is essential to mitigate climate change



Projections of the Future

Source: IEA
1 EJ = 277.778 TWH

https://www.iea.org/reports/net-zero-by-2050


IEA Net Zero Emissions Measures

Source: IEA

https://www.iea.org/reports/net-zero-by-2050


Transportation Decarbonization

Source: IEA

https://www.iea.org/reports/net-zero-by-2050


Growth of Renewable Energy in Context

Source: REN21, 2022 Global Status Report

https://www.ren21.net/gsr-2022/


Electric Energy System



Global Electric Energy Generation

Source: EMBER, Global Electricity Review, 2022

https://ember-climate.org/insights/research/global-electricity-review-2022/


Electricity Demand Growth

Source: IEA Net Zero Report

Source: IEA Electricity Market Report, 2023

https://www.iea.org/reports/net-zero-by-2050
https://www.iea.org/reports/electricity-market-report-2023


Electric Energy Production by Sources

Source: EMBER, Global Electricity Review, 2022

https://ember-climate.org/insights/research/global-electricity-review-2022/


We May be at an Inflection Point

Source: EMBER, Global Electricity Review, 2022

Source: IEA Electricity Market Report, 2023

https://ember-climate.org/insights/research/global-electricity-review-2022/
https://www.iea.org/reports/electricity-market-report-2023


Sources of Hope: Solar, Wind, Storage Costs Decline

Source: IPCC AR6 WGIII

https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_FullReport.pdf


Electricity Generation and IEA Net Zero

Source: EMBER, Global Electricity Review, 2022

https://ember-climate.org/insights/research/global-electricity-review-2022/


Source: IEA, Renewable Energy Market Update, Outlook for 2023 and 2024, June 2023

https://www.iea.org/reports/renewable-energy-market-update-june-2023


Source: IRENA, RE-organizing power systems for the transition, 2022

https://www.irena.org/Publications/2022/Jun/RE-organising-Power-Systems-for-the-Transition


Source: IEA, Renewable Energy Market Update, Outlook for 2023 and 2024, June 2023

Renewable Curtailment due to Supply-Demand Imblance

Source: Denholm et al, Overgeneration from Solar Energy in 
California: A Field Guide to the Duck Chart, November 2015

https://www.iea.org/reports/renewable-energy-market-update-june-2023
https://www.osti.gov/biblio/1226167
https://www.osti.gov/biblio/1226167


In 2022, California produced 52,927 gigawatt-hours of wind 
and utility-scale solar power. Curtailment ~5%

Source: EIA, 2023

https://www.eia.gov/todayinenergy/detail.php?id=60822


Grid Flexibility is the Key to Renewable Integration

Source: Cochran et al, Grid Integration and the Carrying Capacity of the U.S. Grid 
to Incorporate Variable Renewable Energy, NREL, 2015 

“Flexibility is the capability of a 
power system to cope with the 
variability and uncertainty that 
VRE generation introduces into 
the system in different time 
scales, from the very short to the 
long term, avoiding curtailment 
of VRE and reliably supplying all 
the demanded energy to 
customers”.

Source: IRENA, Power System
Flexibility for the
Energy Transition, 2018

https://www.osti.gov/biblio/1215010
https://www.osti.gov/biblio/1215010
https://www.irena.org/publications/2018/Nov/Power-system-flexibility-for-the-energy-transition
https://www.irena.org/publications/2018/Nov/Power-system-flexibility-for-the-energy-transition
https://www.irena.org/publications/2018/Nov/Power-system-flexibility-for-the-energy-transition


Research and Innovation for Deep Renewable Integration

Source: IRENA, Innovation Landscape for Renewable Powered Future, 2019.

Research opportunities 
behind each area of 
innovation

https://www.irena.org/publications/2019/Feb/Innovation-landscape-for-a-renewable-powered-future


Research Opportunities: Enabling Deep Renewable Integration

Learning and control for management of distributed power systems with high 
penetration of wind and solar

• System operations and control: forecasting, sub-hourly dispatch, larger 
balancing areas, transmission, distribution, …

• Markets: market designs, flexible ramp products

• Dynamic control and optimization of energy storage for short, medium, and 
long-term system needs

• Demand side management: demand response, direct load control, 
harnessing load flexibility

• Distributed energy resources: roof top solar, EVs, microgrids



Our Research Directions
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Broader Considerations

Multidisciplinary 
collaborations are 
essential for success

Solutions must be cost 
effective and scalable

Infrastructures last for 
decades requiring 
decision making under 
deep uncertainty

Research must 
connect with innovation 
and deployment

It is necessary to go 
beyond engineering 
and technology

Social and economic 
justice should be 
central in our thinking

Students are very 
interested in working 
on these issues



Comments

    Ideas

        Questions?

pramod.Khargonekar@uci.edu
http://faculty.sites.uci.edu/khargonekar/
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