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Deploying those core techs will keep us busy, but there’s plenty more still to be figured out…

Two main research frontiers for energy systems analysis:

1. Cost-related, drilling down on difficult emissions sources

2. Non-cost considerations
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Cost-related: what energy emissions will be the most difficult to avoid—and why?

Davis et al., Science, 2018

Highly-reliable electricity

Structural materials

Aviation and long-distance transport
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Solar and wind are cheap, but their variability is like a hot potato. 
Who can most afford to make it reliable?

When and where is it cheapest 
to build firm generators?

Or pay people/industry to reduce their demand?

Or build lots of storage?5/17 | Cost-related (Electricity)



Specialized techno-economic characteristics of long-duration energy storage

Dowling et al., Joule, 2020

Charged
gradually for 

first half of year Then discharged 
in least windy 
days of summer

But batteries charged 
and discharged nearly 
every day during night

Power-to-gas-to-power (hydrogen) 
good fit for LDES because costs are 
power capacity dominated.
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Aviation and long-distance transport need energy-dense liquid fuels

Bergero et al., Nature Sustainabilty, 2023

A + B  C

Battery

A + B  C

Internal combustion engine
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Sustainable Aviation Fuel (SAF) options are either pricey or supply-constrained

Bergero et al., Nature Sustainabilty, 2023

Supply-constrained and 
environmentally-problematic

Very expensive
75% cost decreases in both to be 

cost-competitive with fossil jet fuel
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Cement accounts for ~8% of 
global CO2 emissions (~2.6 Gt)

fossil energy for 
high-temp heat = 
~50% of emissions

"process” = 
~50% of emissions

Calcination:

Coke used in "process”

Steel accounts for ~6% of 
global CO2 emissions (~2.0 Gt)
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Assessing potential reductions in cement emissions by fuel switching and using CCS

Fennell et al., Joule, 202110/17 | Cost-related (Materials)



And approaches to decarbonizing industrial heating

Dowling, Saad, et al., in prep
11/17 | Cost-related (Materials)

Most sensitive to temperatures required



Evolution of energy system models

Davis, unpublished

Decisions need
specificity

Benefits manifest
over long-term

Need to 
anticipate 
trade-offs, 
feedbacks, 

and synergies
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State-of-the-science (cost-optimizing) energy system models



Not strictly cost-related: often neglected but critical factors
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Vast land areas developed in net-zero 
scenarios raise many social, environmental, 
and economic questions that we’ve only 
begun to consider and assess. 

LBNL, 2024



Bergero et al., in prep

The distribution of benefits will differ substantially depending on details of the net-zero pathway 
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Cheng et al., in review

Renewables-related materials are distributed very differently worldwide than fossil energy resources
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Take-aways

17/17 | Take-aways

Solar, wind, and electrification are core, cost-effective strategies, but two main research frontiers

• Targeted innovation: What tech costs and 
performance characteristics that net-zero system 
costs most sensitive to?

• Policy-related: How do different levels and types of 
policy intervention change the outlook for specific 
techs and system costs?

1. Cost-related, ever more detail on the difficult stuff 2. Non-cost considerations, e.g.

• Land and water: How will different natural resource 
constraints affect desired pathways?

• Political economy: Lock-in, regulatory capture, 
national security and international trade

• Social license: Jobs, environmental justice, 
NIMBYism, perceptions of safety

• Co-benefits/trade-offs: air quality, resilience to 
extreme events, conservation, 



Thank you.

Much of the analysis I presented was led by postdocs 
Jackie Dowling and Jing Cheng and graduate students 
Candelaria Bergero and Dimitri Saad in collaboration 
with many others, including Ken Caldeira, Paul Fennell, 
Nate Lewis, and Dan Tong.



Decarbonization
National Academies, 12 September 2024
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Wind and solar are growing faster than any other generation source in absolute terms

Source: 
Ember ClimateThe fastest electrons in history
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A century of gains
Battery energy density has improved 10-fold since the 1920s, and five-fold since the 1980s

Source:
RMI, 
Zu and Li (2011) 
for 1900s-2000s, 
BloombergNEF 
(2023) for 2010s 
and 2020s
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PV module prices gapped down 50%
PV module prices dropped 50% in 2023, and are down by more than 99% since 1975

Source: 
IRENA (2023), 
Nemet (2009), 
Farmer and 
Lafond (2016) 
with major 
processing by Our 
World in Data, IEA 
(2023)

Note: 
Real $ 2022
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Fuels, clean energy, and grids Source: 
IEA

Note: 
USD, 
2023 MER

Investment in clean energy and grids is now greater than fossil fuel investment was in the 2010s
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Supplying demand Source: 
Ember

Note: omits 
percentage data 
in years when 
total demand 
declined (2009 
and 2020)

Wind and solar are close to meeting all incremental electricity demand
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Growth engines, and fading motors
Electric vehicles were the only growth in global auto sales for the seventh year in a row

Source: 
IEA

Note:
2023 is estimated
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Note: 
No data provided 
for 2012-22 
forecast

Official forecasts point to power load growth – but still below what NERC expected 20 years ago
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Consuming data Source: 
Bloomberg, 
BloombergNEF, 
DC Byte

Data center power consumption is country-sized already

9

0

100

200

300

400

2001 05 10 15 20 24e

UK: 286 TWh

Norway: 155 TWh

Switzerland: 74 TWh

400 terawatt-hours of annual data center power demand



September 2024

Varying processes, varying strategies
Hard-to-abate sectors have pledged 65 gigatons of abatement by 2050, with differing tech 

Source: 
BloombergNEF 
New Energy 
Outlook 2022
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Sustainable volumes
Sustainable aviation fuel volume is increasing markedly, but from a tiny base

Source:
ICAO, IATA
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CCS costs are not improving
And in fact, have only risen in academic studies since the 2000s

Source: 
Bacilieri, Black, 
Way (2023)

Note: includes 
power generation 
costs for coal 
(post-
combustion), Coal 
(integrated 
combustion 
combined cycle), 
Coal (oxy-
combustion), and 
gas with CCS
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Three blocs, two paths
US and EU emissions have declined this century; emissions elsewhere have not

Source: 
Friedlingstein et 
al. (2023), Global 
Carbon Budget 
2023

Note:
2023 is 
preliminary
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Copyright and disclaimer 

Copyright © Nathaniel Bullard 2024.  All Rights Reserved.

The opinions expressed in this presentation are solely those of the author. They do not purport to reflect the views 
or opinions of Business Climate Pte Ltd.

The information provided in this publication is for informational purposes only.  The author assumes no responsibility 
or liability for any errors or omissions in the presentation. While the author makes every effort to provide accurate and complete 
information, the author makes no representations or warranties, express or implied, about the completeness, accuracy, or reliability of the 
information contained herein for any purpose.

nat@nathanielbullard.com
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