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Global Warming and GHG Emissions



Global GHG Emissions

Source: IPCC AR6 WGIII SPM.1  

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


Global GHG Emissions by Use

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

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


US GHG Emissions 2021

Source: US EPA GHG Inventory

https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks


Global Warming: What has already Happened

Source: IPCC AR6 WGII Report

Source: Berkeley Lab



GHG Reduction Imperative and Gap

Source: UN Emissions Gap Report 2022

Source: IPCC AR6 WGIII

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


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



CO2 Emissions from Fossil Fuels

Source: Global Carbon Project

https://robbieandrew.github.io/GCB2022/


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


CO2 Emissions by Sector in IEA Net Zero

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


Electricity Demand by Sector

Source: IEA Net Zero Report

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


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/


Transmission and Distribution Grid Buildout

Source: IEA Net Zero Report

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


Wind and Solar 
in the US

Source: Examining Supply-Side Options to Achieve 100% 
Clean Electricity by 2035, NREL/TP-6A40-81644

https://www.nrel.gov/docs/fy22osti/81644.pdf
https://www.nrel.gov/docs/fy22osti/81644.pdf


Transmission Buildout 
Scenarios

Source: Examining Supply-Side Options to Achieve 100% 
Clean Electricity by 2035, NREL/TP-6A40-81644

ADE: accelerated demand electrification

https://www.nrel.gov/docs/fy22osti/81644.pdf
https://www.nrel.gov/docs/fy22osti/81644.pdf


Constructing Electric Grids Takes Years

Sources: IEA, Energy Technology Perspectives 2023

https://www.iea.org/data-and-statistics/charts/average-lead-times-to-build-new-electricity-grid-assets-in-europe-and-the-united-states-2010-2021
https://www.iea.org/reports/energy-technology-perspectives-2023


Source: IEA Electricity Grids 
and Secure Energy Transitions, 2023

“At least 3 000 gigawatts (GW) of 
renewable power projects, of which 1 500 
GW are in advanced stages, are waiting in 
grid connection queues – equivalent to five 
times the amount of solar PV and wind 
capacity added in 2022.”

https://www.iea.org/reports/electricity-grids-and-secure-energy-transitions
https://www.iea.org/reports/electricity-grids-and-secure-energy-transitions


Electric Energy System is Transforming

Source: CLP, Power Transmission and Distribution in the Smart Grid 



Peak Demand

Source: NERC, 2023

Texas Grid Reliability Analysis

Source: IEA Electricity Market Report, 2023

https://www.nerc.com/pa/RAPA/ra/Reliability%20Assessments%20DL/NERC_SRA_2023.pdf
https://www.iea.org/reports/electricity-market-report-2023


Management and Control of Electric Grids

• Modern electric power systems are large scale, spatially distributed, dynamic, interconnected 
systems

• Highly reliable, economic, and (aspire to be) carbon-free

• Electric energy is difficult to store in large quantities

• Major engineering constraint: generation = consumption

• Traditional paradigm: adjust supply to match stochastic time-varying demand

• A complex techno-economic management and control system operating at multiple time-scales 
to achieve the above goal

• Wind and solar generation cannot be controlled as easily

• New control paradigm: match stochastic generation with stochastic demand



ICT Energy and Carbon Footprint



Information and Communications Technology Sector

• ICT Sector consumes about 3-4% of global electricity production

• ICT Sector contributes about 1.3% of total GHG emissions

• Data centers consume about 1% of global electricity production

• Data centers contribute 0.2% of total GHG emissions

• Machine learning computations are energy intensive. Therefore, we 
need to keep an eye on the growth rates of this sector.

• Energy efficiency is an unalloyed good thing!

• More details in the panel session



ICT Sector Electricity Consumption and GHG Footprint

• ICT electricity use: ~3-4% of total
• ICT GHG footprint: ~1.3% of total
• Data centers electricity use: ~1%
• Data centers GHG footprint: ~.2% of total

Source: Malmodin et al (2023)

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4424264


ICT GHG Trend

Source: Malmodin et al (2023)

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4424264


ICT GHG Breakdown by Sector

Source: Malmodin et al (2023)

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4424264


Data Centers



Data Center Energy Utilization Efficiency

Source: Uptime Institute, 2022

https://uptimeinstitute.com/resources/research-and-reports/uptime-institute-global-data-center-survey-results-2022


Data Center Energy Sustainability

Source: Uptime Institute, 2022

https://uptimeinstitute.com/resources/research-and-reports/uptime-institute-global-data-center-survey-results-2022


US Data Center Growth 

Source: McKinsey, 2023

https://www.mckinsey.com/industries/technology-media-and-telecommunications/our-insights/investing-in-the-rising-data-center-economy


Ireland Data Center Electricity Growth

Source: EIRGRID and SONI, All-Island Generation Capacity Statement 2022-2031 

https://www.soni.ltd.uk/media/documents/EirGrid_SONI_2022_Generation_Capacity_Statement_2022-2031.pdf


Ireland Data Center and New Technology Loads

Source: EIRGRID and SONI, All-Island Generation Capacity Statement 2022-2031 

https://www.soni.ltd.uk/media/documents/EirGrid_SONI_2022_Generation_Capacity_Statement_2022-2031.pdf


Ireland Data Centers
Enterprise Minister Simon Coveney added that there 
is “no technology-based economic growth without 
data centers.”

“The challenge for us isn't to reduce the number of 
data centers in Ireland. The challenge is to find a 
way of powering them with sustainable abundant 
power by capturing the potential of, in particular, 
offshore wind, which I think you'll see a significant 
change in investment in the next few years.”

However, Social Democrat TD Jennifer Whitmore expressed 
concern and argued that the new statistics show that the 
previously dismissed warnings of data center consumption 
reaching 30 percent by 2030, are now looking like a reality.

“The CSO statistics released today indicate we are on course to 
meet or even exceed that figure,” said Whitemore. 
“Responsibility for meeting our climate action targets should not 
fall on individual customers while the Government conveniently 
ignores runaway energy consumption by data centers.”



Machine Learning



Energy Impacts of AI Industry

“While the exact future of AI-related electricity consumption 
remains difficult to predict, the scenarios discussed in this 
commentary underscore the importance of tempering both overly 
optimistic and overly pessimistic expectations.”

Source: A de Vries, Joule, 2023

https://www.cell.com/joule/pdf/S2542-4351(23)00365-3.pdf


Machine Learning Carbon Footprint

Source: Google, 2022, 2204.05149

“Four best practices can reduce ML training energy by up to 100x and CO2 emissions up to 1000x.”

https://arxiv.org/abs/2204.05149


ARPA-e COOLERCHIPS

Source: ASHRAE, 2021

Source: arpa-e

https://www.ashrae.org/file%20library/technical%20resources/bookstore/emergence-and-expansion-of-liquid-cooling-in-mainstream-data-centers_wp.pdf
https://arpa-e.energy.gov/technologies/programs/coolerchips




Conclusions

• Climate change is one of the central challenges of our time.

• Energy system decarbonization is a fiendishly difficult imperative.

• Electric energy system sustainability is a viable path forward.

• ICT electric energy and carbon footprints are notable.

• Data center and machine learning energy minimization are worthy goals.
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