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Background on Evolved Energy Research
• Evolved addresses key policy and
strategy questions raised by a
transformation of our energy system to
meet carbon emission goals
NGOs
NRDC, TNC, SDSN, GridLab, Sierra Club, CETI, OCT, UCS, EDF,
CATF, BPC, Third Way, RMI, and others

State & Local Energy Offices
Massachusetts, Washington, San Diego, and New Jersey

Utilities
PGE, DTE, Hydro Quebec, and others

Others
Princeton University, University of Queensland, Breakthrough
Energy, Inter-American Development Bank, DOE, NREL, UVA
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Outline: Role for hydrogen in net-zero energy systems
Questions informed by the latest net‐zero energy systems modeling:
1. How much or how little hydrogen is used in different decarbonized
energy systems?
‐ What variables most impact these outcomes?

2. Where is hydrogen most competitive and when does it become so?
3. How and where does this hydrogen get produced?
4. What are the cutting edge questions and what needs to be done to
reduce the uncertainty around H2’s role in decarbonized energy
systems?
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Primary data source for today’s remarks
• Follow up to Williams et al., Carbon Neutral
Pathways for the United States, AGU Advances,
2021 and earlier work of DDPP
• Funded by Breakthrough Energy to produce annual
updates with new data, scenarios, and modeling
capabilities
• Goal 1: Develop the increasingly downscaled
modeling of costs and risks needed for
implementing decarbonization
• Goal 2: Encourage institutionalization of
decarbonization pathways modeling by U.S.
government, a la Annual Energy Outlook

Annual
Decarbonization
Perspective
Carbon-Neutral Pathways
for the United States

2022

Report Link: https://www.evolved.energy/post/adp2022
Photo: Roebling Suspension Bridge, Cincinnati, Ohio
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Temporal and spatial granularity is critical to
decarbonized energy system modeling
2021

2025

2030

2035

2040

2045

2050

Statistically representative set of
days to analyze hourly system
operations, representing range of
load and renewable conditions
Jan

Dec

hourly operations, 40 sample days per year, state of charge tracking between sample days
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2021 Energy System

2050 Net-Zero Energy System

2050 Central
Exajoules

Exajoules

Envisioning a decarbonized energy system for the U.S.
Sankey diagrams (EJ)

Source: ADP2022 Central Case
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Evolution of hydrogen use by application

6 EJ
13 EJ

80 Mt H2
Feedstocks
6 EJ
8 EJ

Direct Use
3.5 EJ

3.5 EJ
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2050 Detailed breakdown of hydrogen applications
Use of hydrogen across 21 scenarios

Feedstocks

Pathways within which hydrogen competes
Direct Use

Feedstock Applications

1. Use of carbon-neutral
hydrocarbon fuels

1. Use of fossil fuels with
offsetting

2. Direct electrification

2. Biofuels

3. Fuel-switching to
hydrogen

3. Electricity to fuels

Direct Use
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Hydrogen application competitiveness
What drives variation between scenarios?

Direct Use

Feedstock Applications

• Driven by hydrogen delivery cost & end-use
technology

• Driven by hydrogen production cost

Low-cost H2 delivery
Low-cost fuel cells
Low-cost H2 storage

More H2

More H2

Low-cost Renewables (RE)
Low-cost Natural Gas
More ambitious emissions targets

High density H2 storage

Low-cost electricity wires
High efficiency heat pumps
Low-cost heat storage
Low-cost batteries Less H2

$3.60 kg
Delivery cost

$1.45 per kg
Low-cost carbon sequestration

2

High biomass potential
Constrained RE siting

0.15

Production cost

1.6

https://www.evolved.energy/post/low-carbon-fuels-in-net-zero-energy-systems

1.3

Less H2

Low-cost oil
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Low-carbon hydrogen production competitiveness
Electrolysis
Critical Factor(s)

• Cost of wind and solar
• Large-scale hydrogen
storage and pipeline
capacity
• Land availability

•
•
•
•

New Systems Finding

Biomass

• Increased recognition that
electrolysis and high
renewables systems are
mutually supporting
• Renewable balancing
• Pipelines lower cost
than transmission
• Low cost storage

• Competitiveness of biomass
• Lowest cost negative emissions
technology available

BECCS technology cost
Biomass potential
CO2 transport and storage cost
Air quality concerns

Current use

Fossil with carbon capture
•
•
•
•

CO2 capture cost and %
Competition for CO2 storage
Fossil fuel cost
Social license for fossil fuel
extraction

• Important near-term
technology
• Fugitive emissions, increasing
gas cost, and competition for
the lowest cost CO2 storage
sites decreases the
competitiveness in the longterm
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Hydrogen production by technology

2050
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Production competitiveness changes by location and
input assumptions
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Half of all biomass goes to produce hydrogen and
contributes the majority of negative emissions
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Hydrogen electrolysis and high renewables electricity
systems are mutually supporting
• Hydrogen electrolysis
provides a productive use
for excess renewable
generation which is cheap
to store and cheap to
transport
• Allows for a system to cost
effectively oversize
installed wind and solar
capacity
• Installing extra wind and
solar helps meet load
during days wind and solar
output is otherwise weak,
reducing overall cost
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Hydrogen is 10x cheaper than electricity when moving
bulk energy long distances
• Energy losses and high conversion
cost mean pipelines in place of
transmission lines only make sense
if hydrogen (and not electricity) is
demanded on the receiving side
• But in these cases, hydrogen
production can be located
wherever it is cheapest
First Order Pipeline Analysis
Material cost
scales with 2πr
Capacity scales
with πr2

2021

2030

2040

2050
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Hydrogen research frontiers in energy systems
• Designing “hydrogen hubs” linking production with consumption
‐ Cost and optimal design is highly dependent on volume of hydrogen, which
current energy system models do a poor job capturing

‐ Tradeoffs between expanded electricity infrastructure and new hydrogen
delivery infrastructure for direct H2 applications

• Retrofitting parts of existing fossil pipeline infrastructure to carry
hydrogen (or CO2) for industrial or transportation applications
• Market design, operations, and cost allocation in electricity systems
with high electrolysis
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Hydrogen’s importance in trading decarbonized energy
Australia Case Study (Double U.S. Net-Zero Hydrogen System)
• Maintaining the quantity of
existing Australian exports
while decarbonizing requires
the production of 20 EJ
hydrogen

• 600 GW pipeline capacity
and 60 TWh energy storage
to connect hydrogen
production in the interior to
ports on the coast

https://www.netzeroaustralia.net.au/interim-results/
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Hydrogen application decision tree

BIOFUEL OR
SYNTHETIC
FUEL
Examples:
Aviation
Organic materials

Examples:
Light Duty Vehicles
Heat pumps

HYDROGEN OR
AMMONIA
Examples:
Shipping
Fertilizer

Is the end-use
“small scale?”
Example:
Boilers

Example:
Mid-grade heat

HYDROGEN

Example:
Steel
Mobile Machinery
Long-term Storage
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Macro-energy system modeling tools

Demand-side scenario tool paired with a partial equilibrium supply-side optimization model
EnergyPATHWAYS (EP)

Regional Investment and Operations (RIO)

Annual End-Use Energy Demand

Inputs

Outputs

End-use energy
demand

Electricity sector
• Wind/solar build
• Energy storage
capacity/duration
• Capacity for reliability
• Curtailment
• Hourly operations

CO2 emissions
constraints
RPS or CES
constraints

Hydrogen production

Hourly Load Shape
Deep decarbonization
pathway with
electrification

Technology and fuel
cost projections

Synthetic fuel production

New resource
constraints
Biomass allocation
Biomass and CO2
Sequestration costs

Carbon capture,
utilization & storage

Hourly load shape
Reference
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Electricity load growth from decarbonization

Hydrogen electrolysis load is
optimized, along with other
sources of hydrogen together
with electricity supply for a
least cost system

Boilers become duel fueled
and operate using either
natural gas or electricity based
on renewable resource
availability

Source: EER Internal Research, 2020
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Impact of sectoral coupling on electricity generation
Three snapshots of carbon neutral electricity systems

Co-optimization with large
industrial loads means a higher %
of renewables is achieved with
lower economic curtailment

81% RE

Source: EER Internal Research, 2020

84% RE

92% RE
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