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Global Warming and GHG Emissions



Global GHG Emissions

Figure ES.1 Total net anthropogenic GHG emissions, 1990-2022
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Source: UN Emissions Gap Report 2023



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

Global GHG Emissions by Use

Direct emissions by sector (59 GtCO,-eq)
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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

Global surface temperature has increased by
1.1°C by 2011-2020 compared to 1850-1900
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https://www.ipcc.ch/report/ar6/wg2/
https://www.washingtonpost.com/climate-environment/2023/11/19/climate-change-2c-temperature-heat-record/

® Gigatons of CO,-equivalent emissions (GtCO,-eq/yr)

GHG Reduction Imperative and Major Gaps

Limiting warming to 1.5°C and 2°C involves rapid, deep and

Figure ES.4 Global GHG emissions under different scenarios and the emissions gap in 2030 and 2035 (median estimate
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https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_FullReport.pdf

Figure S-1. Cross-cutting transformations for a fair and just energy transition
from the power, energy, social, economic and Earth systems
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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.




Figure 2.1 >

Projections of the Future

World population by region and global GDP in the NZE

Billion people

10 : 500
8 400
6 300
4 200
2 100
]
2000 2010 2020 2030 2040 2050

Trillion USD (2019)

Rest of world
[ Eurasia
mm Middle East
mm North America
C & S America
Southeast Asia
I Europe
Africa
India
B China

e Global GDP
(right axis)

IEA. All rights reserved.

By 2050, the world’s population expands to 9.7 billion people
and the global economy is more than twice as large as in 2020
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Figure 2.13 = Total final consumption and demand avoided by mitigation
measure in the NZE
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Energy efficiency plays a key role in reducing energy consumption across end-use sectors

Source: [EA


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

IEA Net Zero Emissions Measures

Figure 2.12 > Emissions reductions by mitigation measure in the NZE, 2020-2050
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Solar, wind and energy efficiency deliver around half of emissions reductions to 2030
in the NZE, while electrification, CCUS and hydrogen ramp up thereafter

Source: |[EA


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

Transportation Decarbonization

Figure 3.23 = Global share of battery electric, plug-in hybrid and fuel cell

electric vehicles in total sales by vehicle type in the NZE
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Sales of battery electric, plug-in hybrid and fuel cell electric vehicles soar globally

igure 3.25 = Global energy consumption by fuel and CO: intensity in
non-road sectors in the NZE
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Railways rely heavily on electricity to decarbonise, while shipping and aviation
curb emissions mainly by switching to low-emissions fuels

Source: |[EA


https://www.iea.org/reports/net-zero-by-2050
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https://www.ren21.net/gsr-2022/

Electric Energy System



Global Electric Energy Generation

Global electricity generation EMB=R
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https://ember-climate.org/insights/research/global-electricity-review-2022/

Electricity Demand Growth

Figure 6.3 = Electricity demand growth by region and scenario, 2012-2030
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Global electricity demand growth picks up over the next decade, as a slowing
in China is more than counterbalanced by strong increases in many other markets

Note: EMDE = emerging market and developing economies.
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https://www.iea.org/reports/net-zero-by-2050
https://www.iea.org/reports/electricity-market-report-2023

Electric Energy Production by Sources

Wind and solar grow to 12% of global power - pushing up the
share of clean electricity to almost 40%
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https://ember-climate.org/insights/research/global-electricity-review-2022/

We May be at an Inflection Point

A new era of falling fossil generation is about to begin
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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

The unit costs of some forms of renewable energy and of batteries for passenger EVs have fallen,
and their use continues to rise.

Cost (USD2020/MWh)

Adoption (GW)

Photovoltaics (PV) Onshore wind

600 ‘ 600 ]
1 i
450 450 i
300 300 ;
|

150 i 150\_‘\
0 | 0 |

2000 2010 2020 2000 2010 2020
800 ‘ 800 :
600 ; 600 !
400 : 400 I
200 : 200 /
0 * 0 :

2000 2010 2020 2000 2010 2020

Share of electricity
produced in 2020: 3%

Share of electricity
produced in 2020: 6%

——— Market cost
Adoption (note different scales)

Concentrating Batteries for passenger

Offshore wind solar power (CSP) electric vehicles (EVs)
600 i 600 i = 1600
| | ;
| | .A\(
| | o
450 i 450 i S 1200
1 | S
| | v
| =2
300 ! 300 } o 800
| ! o
| : o
150 \/\M\ 150 : g 400
| : 3
| I o
0 ' 0 ' 2 0
2000 2010 2020 2000 2010 2020 2000 2010 2020
40 | 40 I 8 |
i | g i
30 ; 30 : = 6 ;
l | 2 l
I [ 2 :
20 | 20 | i——é 4 |
| | o |
I 1 K= I
10 ; 10 : g2 2 ;
| | o] |
I | << |
0 J 0 : 0 ‘

2000 2010 2020 2000 2010 2020 2000 2010 2020

Share of electricity
produced in 2020: <1%

Share of electricity
produced in 2020: <1%

Share of passenger
vehicle fleet in 2020: 1%

AR5 (2010)
Fossil fuel cost (2020)

Source: IPCC AR6 WGIII



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

Electricity Generation and IEA Net Zero
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https://ember-climate.org/insights/research/global-electricity-review-2022/

Net renewable electricity capacity additions by technology, historical, main and
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https://www.iea.org/reports/renewable-energy-market-update-june-2023

FIGURE 12. Liberalised power system structures - illustrative
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https://www.irena.org/Publications/2022/Jun/RE-organising-Power-Systems-for-the-Transition

Renewable Curtailment due to Supply-Demand Imblance
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Figure 24. Marginal and average annual curtailment due to overgeneration under increasing
penetration of PV in California after adding mandated storage, removing local generation
constraint, and increasing maximum instantaneous VG penetration to 80%

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

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



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

Monthly wind and solar curtailments, California Independent System Operator (Jan 2015-Jul Curtailment, by cause, California Independent System Operator (2019-Sept 2023)
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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
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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

Figure 8 The landscape of innovations
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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 o
%%"  collaborations are axn
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Students are very
interested in working
on these issues

Solutions must be cost
effective and scalable

It is necessary to go
beyond engineering
and technology
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Infrastructures last for
decades requiring
decision making under
deep uncertainty

Social and economic
justice should be
central in our thinking
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