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National Academies Report (2019)

Gasser, T., Guivarch, C., Tachiiri, K., Jones, C.D. and Ciais, P., 2015. 
Negative emissions physically needed to keep global warming below 
2 C. Nature communications, 6(1), pp.1-7.
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Battery Electric Vehicles

Energy Breakthroughs
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We need much more!!

Multi-day grid-scale storage at 
∼ $10/kWh

Refrigerants with ZERO GWP

Decarbonizing industrial heat (Hydrogen)
Reimagining steel, concrete and     

petrochemical processes

Decarbonizing food 
& agriculture

Global Carbon Management at GigaTonne Scale

Harnessing natural 
biological cycle

Converting CO2 into 
chemicals and fuels

Carbon capture and 
geological 
sequestration 

Small modular nuclear plants at
∼ $3-4/W construction cost

Zero net energy buildings at 
Zero net cost



Long-Duration Grid-Scale Storage
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ARPA-E DAYS Program Whitespace
(Electrochemical, Thermal, Hydrogen)

Grid was never designed 
for solar and wind power

•ARPA-E, EERE, OE, SC
•Senate Bill in process : BEST



Some Potential Candidates

Iron-Oxygen Battery

McKerracher et al., A review of the iron-air secondary battery for energy storage, 
ChemPlusChem (2014)

ARPA-E Funding
to USC Project

Manganese-Hydrogen Battery

Wei Chen#, Guodong Li#, Yi Cui*, et al. Nature Energy, 
2018, 3, 428-435.

Solid-State Thermal Battery



First Earthshot



GHG-Free Hydrogen (Target = $1/kg-H2)

Natural Gas
Infrastructure

Steam

Hydrogen + CO2 Emissions
$1/kg-H2
$7.5/MMBTU

Gray Hydrogen 
(95% of Today)

Natural Gas
Infrastructure

Pyrolysis GHG-Free Hydrogen 

Solid Carbon 
Black or Fiber

Potentially $1/kg-H2 
or less

GHG-Free
Electricity Electrolysis

Water

GHG-Free Hydrogen 
Green Hydrogen

Today $3-5/kg-H2

Potentially $1-2/kg-H2

CO2 Capture (CO2 Pipelines)

GHG-Free H2

$1.50-1.75/kg-H2

Blue Hydrogen

Potentially $1.25/kg-H2

• Bulk H2 Pipelines Unlikely to Happen; Ammonia!
• On-Site H2 Production Most Likely and use 

Electricity, Natural Gas and CO2 Infrastructure 
for moving feedstock and waste
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Metal-organic frameworks (MOFs) for cooperative binding
Kim, Eugene J., Rebecca L. Siegelman, Henry Z. H. Jiang, Alexander C. Forse, Jung-Hoon Lee, Jeffrey 
D. Martell, Phillip J. Milner, et al. 2020. “Cooperative Carbon Capture and Steam Regeneration with 
Tetraamine-Appended Metal–organic Frameworks.” Science,



TODAY

Energy Intensity[kWh/tCO2]

Atmospheric Carbon Dioxide Removal

Heat

Electricity

THERMODYNAMIC
LIMIT

125

20X

1 GigaTon of CO2 removal 
will need 2500 TWh of 
Carbon-Free Energy

2020 US Production of 
Carbon-Free Energy 
(Nuclear, Wind, Solar, 
Hydro) = 1510 TWh

500

R&D

TARGET

5X



Key Recommendations

• Deploy current technologies BUT ensure we don’t lock-in to current technologies 
that could become obsolete. 

• Innovations and breakthroughs in energy technologies are essential to reach net-
zero emissions for US and global economies

• Use-inspired sustained R&D effort (science to systems w/ feedback loop) is critical
• To achieve economy wide scale with urgency, acceleration of innovations require 

policies to reduce barriers and risks along innovation value chain.  
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