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FIVE MODELED LEAST-COST PATHS TO NET-ZERO IN 2050 SHOW
IMPLICATIONS OF DIFFERENT APPROACHES
2020

2050
REF

Primary Energy Supply, EJ (HHV basis)

No new policies
(EIA, AEO 2019)

Net-Zero America pathways, 2050
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High electrification
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BIG, BUT AFFORDABLE, TRANSITION: SHARE OF GDP SPENT ON
ENERGY IS BELOW HISTORICAL LEVELS

Energy System Cost (% of GDP)

Oil price shocks

Global financial crisis

E+ RE+
EE- B+
E+
E+ REREF

Energy System Cost
(% of GDP)
Notes
• Significant reduction in exposure to oil price shocks in net-zero scenarios.
• All modeled cases, including REF, assume low oil & gas prices. Because demand
for oil and gas is higher in REF, it is plausible that oil and gas prices would also
be higher. In that case, net-zero pathways may cost less than REF.
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E+ RE+
EE- B+
E+
E+ REREF

ALL PATHS EMPLOY SIX KEY PILLARS OF DECARBONIZATION
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1

End-use energy efficiency and electrification

2

Clean electricity: wind & solar generation, transmission, firm power

3

Bioenergy and other zero-carbon fuels and feedstocks

4

CO2 capture, utilization, and storage

5

Reduced non-CO2 emissions

6

Enhanced land sinks

SOLAR AND WIND ARE CORNERSTONES FOR EACH PATH
REF

No new policies
(EIA, AEO 2019)

E+

High electrification
(vehicles & bldgs)

•
•
•

Less high
electrification

E- B+

Less electrification,
high biomass

E+ RE-

High electrification,
constrained RE

E+ RE+

High electrification,
all RE by 2050

In 2030, solar + wind generation is similar in 4 of 5 scenarios, supplying ~50% of US electricity
Requires ~550-600 GW of new solar + wind capacity installed by 2030
New wind + solar installed at 55-60 GW/year on average (vs ~35 GW peak rate in 2020)

2,228
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E-

2,312

2,342

1,574

2,542
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World total (record) solar + wind
deployed in single year (2019)

China record 1-year expansions:
PV (2017) and wind (2015).

RE build limited
to historical US
maximum rate

U.S. projected (pre-Covid-19) additions in 2020

Annual wind and solar capacity additions are sustained over
multiple decades at historically-unprecedented rates
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EXTENSIVE SOLAR, WIND & TRANSMISSION BUILD ACROSS U.S.
As of end of 2020
(modeled year)

2020

Wind Solar
Capacity installed (TW)
0.15
0.07
Land used (1000 km2)
Total
58
1.08
Direct
0.6
0.97

Transmission capacity
GW-km
320,000

Transmission Capacity (GW)
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Note: Transmission expansion is visualized along existing rights of way (>160 kV); paths are indicative not definitive.

EXTENSIVE SOLAR, WIND & TRANSMISSION BUILD ACROSS U.S.
2020 - 2050
(cumulative)

2050 E+

Wind Solar
Capacity installed (TW)
1.48
1.45
Land used (1000 km2)
Total
550
38.3
Direct
5.5
34.5
Capital invested (2018$)
Trillion $
1.84
1.39
Transmission capacity
1,012,000
GW-km
(3.2x 2020)

Transmission Capacity (GW)
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Note: Transmission expansion is visualized along existing rights of way (>160 kV); paths are indicative not definitive.

Installed capacity (GW)

CLEAN FIRM CAPACITY IS KEY; H 2 TURBINES PLAY BIG ROLE

Firm
resources

Note:
To reduce the carbon
intensity of CCGT and CT
generation, H2 is blended
as an increasing fraction
of fuel to these units, up to
an exogenously specified
cap of 60% (HHV basis).
In sensitivities with
100% H2 firing allowed,
the model prefers 100%
blend which modestly
reduces total energy
system costs.

Firm capacity
(across all years)
~500-1000 GW
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750 B$ IN CAPITAL INVESTED ACROSS RURAL AMERICA BY 2050
TO BUILD AN ENTIRELY NEW BIOENERGY INDUSTRY

2050
2050 E+

2050 non-food biomass use:
• 618 million dry t (12.2 EJ)
• 17% of primary energy
• Sources:
CRP  energy grasses

Forest
residues

Crops
residues
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Corn-EtOH
land  energy
grasses (or
equivalent)

Wastes

Average facility capacity is
2,100 dry t/day biomass input

* Other includes a collectively small
level of biomass converted to diesel,
synthetic methane, and/or electricity.

Each circle represents
facilities drawing biomass
from a surrounding grid
cell area 100 mi x 100 mi.

CO 2 CAPTURE AND SOME CO 2 UTILIZATION IN ALL PATHWAYS;
SIGNIFICANT CO 2 STORAGE IN ALL BUT ONE PATHWAY
By 2050
CO2 sources

• 0.7 to 1.8 Gt/y CO2 captured.
• 0.9 to 1.7 Gt/y CO2 sequestered.
• 0.1 to 0.7 Gt/y CO2 converted to fuels.

CO2 sources
Direct air capture
Natural gas hydrogen (autothermal reforming)
BECCS electricity (gasifier-Allam cycle)
Natural gas electricity (Allam cycle)
BECCS hydrogen (gasifier/water gas shift)
BECCS pyrolysis (hydrocatalytic)
Cement via 90% capture (post-combustion).

CO2 uses
CO2 uses
Synthetic liquids = synthesis of fuels from H2 + CO2.
Synthetic gas = methane synthesis from H2 + CO2.
Sequestration = geological storage
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A NEW NATIONAL CO2 TRANSPORT & STORAGE NETWORK
The 2050 U.S. CO2
transport network
• ~1 billion tCO2/yr
transported
• ~106,00 km of pipelines
• $170 billion in capital
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2050 E+

MOST STATES SEE NET GROWTH IN ENERGY-RELATED EMPLOYMENT,
BUT MAJOR SHIFTS IN LOCAL ECONOMIES MUST BE MANAGED
Annual employment based on
downscaled E+ scenario
(thousand jobs)

Green, yellow, and red indicate average annual employment
in a decade is >15% above, within + 15%, or >15% below
2021 employment, respectively.
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Note: Spatial redistribution of solar and wind manufacturing facilities and increasing the domestic manufacturing share offer opportunities
to ameliorate losses in fossil fuel extraction states. For assumptions used here in siting solar and wind manufacturing jobs.

CLEAN ELECTRICITY AND ELECTRIFYING VEHICLES DELIVER LARGE
AIR QUALITY AND PUBLIC HEALTH IMPROVEMENTS ACROSS STATES
Coal Plants
premature deaths per
county (log scale)
-

300
Coal power plant

2020
Motor Vehicles
premature deaths per
county per 100,000 people
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200,000-300,000 PREMATURE DEATHS AVOIDED THROUGH 2050 BY
A NET-ZERO TRANSITION (~$2-3T IN DAMAGES)
Coal Plants
premature deaths per
county (log scale)
-

300
Coal power plant

2050
E+
Motor Vehicles
premature deaths per
county per 100,000 people
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ENERGY SPENDING IS MUCH MORE CAPITAL INTENSIVE:
2.5 T$ OF ADDITIONAL CAPITAL SPENT OVER THE NEXT DECADE
Total additional capital invested, 2021-2030, by sector and subsector for any of the net-zero pathways vs. REF (billion 2018$)
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Includes capital invested pre-financial investment decision (pre-FID) and capital committed to projects under construction in 2030 but in-service in later years.
All values rounded to nearest $10b and should be considered order of magnitude estimates. Incremental capital investment categories totaling less than $5B excluded from graphic.
Other potentially significant capital expenditures not estimated in this study include establishment of bioenergy crops, decarbonization measures in other industries
besides steel and cement, non-CO2 GHG mitigation efforts, and establishing enhanced land sinks.

NET-ZERO BY 2050 REQUIRES AGGRESSIVE ACTION TO START NOW.
EIGHT KEY PRIORITIES FOR THE 2020’S:
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1

Build societal commitment, investment environment, and delivery capabilities

2

Improve end-use energy productivity and efficiency

3

Electrify energy demand, especially transportation and buildings

4

Decarbonize and expand electricity

5

Prepare for major expansion and transformation of the bioenergy industry

6

Build infrastructures: electricity transmission and CO2 transport/storage

7

Enhance land sinks and reduce non-CO2 emissions

8

Innovate to enlarge the net-zero-carbon technology toolkit

PRIORITIES FOR THE 2020’s: BEHAVIORS, INSTITUTIONS, MARKETS

1

Build societal commitment, investment environment, and delivery capabilities
o

Major stakeholder engagement campaigns to build:
i.

Broad societal awareness of local, state and national benefits of net-zero energy pathways; and

ii.

Acceptance, management, and mitigation of impacts on landscapes and communities associated with the transition.

o

Major consumer awareness campaigns and incentives to drive low-carbon energy investment decisions

o

Redesign markets and institutions for a low-carbon future

i.

Reform electricity markets to ensure electricity supply reliability as solar and wind contributions increase; and to value flexibility on
both the supply side and the demand side

ii.

Improve permitting efficiency to accelerate successful project and infrastructure siting without compromising quality of environmental
and social impact assessment.

iii. De-risk spending of at-risk capital to accelerate investment decision processes in support of rapid capital expansion
o

Develop workforce to support net-zero pathways
i.

Signal state-by-state demand and future priorities to education and training institutions

ii.

School outreach programs to encourage uptake of key STEM degrees, vocational training and trades

iii. Incentive programs to encourage workforce shifts both between industries and between states
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o

Major stakeholder engagement campaigns and support programs to mitigate impacts on incumbent sectors and communities and organizations
impacted by transitions

o

Support for development and rapid expansion of project development capabilities and new industrial capacity and supply chains

PRIORITIES FOR THE 2020’s: DEMAND-SIDE

2

3
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Improve end-use energy productivity and efficiency
o

Industry: Achieve 2% (or greater) per year sustained improvement in industrial energy productivity

o

Buildings: Reduce building space conditioning (heating/cooling) energy use through improved building shells, electric heat pumps, and controls

o

Appliances: Ensure adoption of most efficient end-use appliances and consumer devices, including conversion of fuel-using devices to electricity

o

Vehicles: Increase energy productivity by shifting transportation from single occupancy light duty vehicles to multi-occupancy vehicles, transit,
cycling and walking; shift on-road trucking to rail freight; and steadily improve fuel efficiency of new ICE vehicles.

Electrify, especially transportation and buildings
o

Electric vehicles: By 2030, half of all new light-duty vehicles sold are battery-electric; medium and heavy-duty trucks and bus sales are 15% batteryelectric and 10% fuel cell. By 2030, there are ~50 million electric light duty vehicles on the road and ~1M medium and heavy duty trucks and buses.
(These targets correspond to E+ scenario. Targets for E- would be lower.)

o

Charging infrastructure: Build-out of publically-accessible EV charging infrastructure (ahead of EV adoption rate), including 2.4 million charging
ports nationwide by 2030 for E+ scenario or 0.8 million ports by 2030 for E- scenario.

o

Space heating: Deploy electric heat pumps in ¼ of current residences by 2030 (25-30 million households) plus ~15% of commercial buildings.
Focus on new builds and end-of-life replacement of current stock in climate zones 1 through 5.

o

Hot water: Deploy electric heat pump residential water heaters as end-of-life replacements for existing units.

o

Automation: Expand automation and controls across electricity distribution networks and end-use devices to unlock flexibility of EV charging,
space and water heating loads, and distributed energy resources and minimize distribution network expansion required to support electrification.

PRIORITIES FOR THE 2020’s: SUPPLY-SIDE
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Decarbonize and expand electricity
o

Carbon-free electricity: Increase total U.S. electricity generation 10-20% by 2030, and double the carbon-free share (to ~75%).

o

Wind and solar: Deploy about 300 GW of wind (3x existing) and 300 GW of solar (~4.5x existing) by 2030, supplying 45-55% of U.S. electricity
(vs. ~10% today).

o

Coal power: Retire all existing coal-fired power plants, reducing U.S. CO2 emissions by ~1 billion tons (1/6 of total net U.S. greenhouse gas
emissions), while avoiding ~40,000 deaths and ~$400 billion in air pollution damages through 2030. Manage associated operational reliability
and local economic transition challenges and impacts. Ready retiring sites for redevelopment as new zero-carbon thermal power plants.

o

Nuclear power: Preserve existing nuclear power plants wherever safe, and ready retiring nuclear plants for redevelopment as new zero-carbon
thermal power plants.

o

Natural gas power plants: Modest decline in generation (10-30%) through 2030 with installed capacity at ±10% of 2020. Existing gas plants play
key role providing firm capacity and system flexibility. Avoid new commitments to long-lived natural gas pipeline infrastructure to avoid lock-in.

o

Energy storage: 5 to 15 GW of battery energy storage deployed by 2030.

5
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Prepare for transformation and expansion of bioenergy industry
o

Establish biomass collection/transportation infrastructure: Sustainably use about 80 million t/y of residue biomass for energy by 2030.

o

Prepare for dedicated bioenergy feedstock production: Develop high-yield energy crop systems (e.g., switchgrass, miscanthus) for converted
(corn) cropland toward commencement of commercial harvests in 2035 and ramping up to 80 million tonnes/year of production by 2040
across 4 million hectares.

o

Prepare bioconversion industry transition: Demonstrate advanced gasification-based bioconversion technologies for fuels production and
design commercial-scale facilities to be deployed in the 2030’s.

PRIORITIES FOR THE 2020’s: NETWORK INFRASTRUCTURES

6

6
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a. Expand critical electric network infrastructure
o

Electric transmission: Build ~195,000 GW-km of new transmission lines connecting solar / wind projects to loads by 2030 (~60% increase
over current US transmission capacity). Strengthen and expand U.S. long-distance electricity transmission by identifying corridors needed
to support wind and solar deployment (through 2030 and beyond given long lead time for transmission), reform siting/cost allocation
process, and develop stakeholder consensus/support to site transmission connecting high renewable development potential zones.

o

Electric distribution: Strengthen distribution system planning, investment, and operations to allow for greater use of flexible demand and
distributed energy resources, improve distribution network asset utilization, and efficiently accommodate 5-10% increase in peak electricity
demand from EVs, heat pumps, and other new loads by 2030. Prepare for more rapid electrification and peak demand growth after 2030.

b. Expand critical CO2 capture and storage infrastructure
o

Interstate CO2 trunk line network: Plan, site, and construct an “interstate CO2 highway system” (trunk line network) by 2030 (~19,000 km),
connecting all regions to CO2 storage basins in Gulf Coast, West Texas (Permian), Midwest (IL, IN, MO, KY), Dakotas/Eastern MT
(Bakken), and California Central Valley.

o

CO2 storage regulations: Finalize national and/or state regulatory conditions governing: pore space ownership and access; well standards;
injection operations; measurement, monitoring and verification of CO2 containment (during- and post-injection); and long-term liability.

o

CO2 reservoir exploration and appraisal: Characterize with high confidence all major basins for CO2 sequestration and identify sites suitable
for injection of approximately 250 million metric tons of CO2 per year by 2030. Advance field development planning and permitting.

o

Carbon capture and sequestration: Capture and sequester 65 million metric tons of CO2 /year by 2030, including CO2 capture at
5 world-scale cement plants, 5-10 natural gas power plants, and 5-10 large-scale steam- or autothermal-reforming plants making hydrogen.

PRIORITIES FOR THE 2020’s: LAND SINKS AND NON-CO2 EMISSIONS
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a. Protect and enhance land carbon sinks
o

o

7

i.

Forestry sector: Target 160 million tCO2e per year additional sequestration through deployment of a variety of measures.

ii.

Agriculture: Target 40 million tCO2e per year additional sequestration, primarily through measures employed on croplands.

Prepare for future land-sink growth: Establish institutional mechanisms to ensure additional land sink enhancements beyond the 2020’s.

b. Reduce non-CO2 emissions
o
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Grow the land sink: Deploy measures to achieve 200 million tCO2e per year of additional sequestration in 2030 compared with 2020 so as
to offset business-as-usual reduction of natural land sinks and achieve a net increase in the land sink of 50 million tCO2e per year.

Non-CO2 GHGs: Reduce non-CO2 greenhouse gases by at least 10% by 2030, including
i.

Reducing HFC production and consumption consistent with the Kigali Amendment to the Montreal Protocol.

ii.

Identifying and eliminating largest CH4 leakage sources in oil and gas production, processing, and pipelines.

iii.

Improving management of N2O and CH4 in agriculture.

iv.

Managing N2O emissions from nitric and adipic acid production.

PRIORITIES FOR THE 2020’s: INNOVATION
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Innovate to create additional real options for technologies needed post-2030
o

Technology option creation: Pursue maturation, scale-up, and cost/performance improvements in clean-energy technologies, including:
•

Clean firm electricity resources, including advanced nuclear, advanced geothermal, natural gas power plants with CO2 capture,
biopower plants with CO2 capture, hydrogen and ammonia combustion turbines; ultra-cheap long duration energy storage;

•

Hydrogen production via electrolysis, natural gas reforming with CO2 capture, and biomass gasification with CO2 capture;

•

Synthesis of fuels from biomass and H2 + CO2, including methane and liquid hydrocarbons (e.g., Fischer-Tropsch fuels);

•

Direct hydrogen-reduced iron and other carbon-free alternatives for primary steel production;

•

CO2 capture in a range of industrial applications, including cement, ammonia, biofuels, and hydrogen;

•

High-yield bioenergy crops such as miscanthus

•

Direct air capture methods

$130 Billion: Order-of magnitude capital cost estimates for up to 5 first-of-a-kind (FOAK) demonstrations for each technology above,
including FOAK premiums.
o
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Technology innovation to reduce siting challenges: Increase investment in research and technology solutions that reduce network
infrastructure siting challenges, including repurposing existing natural gas or oil pipelines for hydrogen or CO2 transport, low-cost
underground transmission lines and increasing utilization/transfer capacities of existing electricity transmission.

Thank you!
Download the report and report resources at
nap.edu/decarbonization
Subscribe for updates on the study website at
nationalacademies.org/decarbonization
Join the conversation on twitter with #USDecarb
Other public events and briefings are in the works.
–

We welcome suggestions for additional briefings, please
email decarbonization@nas.edu

Additional Slides

Constructing multiple decarbonization pathways
Summary of this section
We define and model five different net-zero energy-system scenarios (or pathways), each with different
assumptions about energy-demand and energy-supply technology options available in the future. The
pathways help highlight the role of three key elements in energy system transitions: 1) extent of end-use
electrification in transport & buildings, 2) extent of solar & wind electricity generation, and 3) extent of
biomass utilization for energy. Each of the 5 scenarios has its own short-hand label used in presenting results:
E+
Assumes aggressive end-use electrification, but energy-supply options for minimizing total energysystem cost while meeting the goal of net-zero emissions in 2050 are relatively unconstrained
ELess aggressive end-use electrification, but same supply-side options as E+
E- B+

Electrification level of E-; Higher biomass supply allowed to enable possible greater biomass-based
liquid fuels production to meet liquid fuel demands of non-electrified transport
E+ RE- Electrification level of E+; On supply-side, RE (wind and solar) rate of increase constrained to max
historical build rate. Higher CO2 storage allowed to enable the option of more fossil fuel use that E+
E+ RE+ Electrification level of E+; Supply-side constrained to be 100% renewable by 2050, with no new
nuclear plants built, and no underground carbon storage by 2050.
A large number of sensitivity cases were run to test the impact of changing input parameter values.
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Key assumptions
• Concerted efforts to enhance land sinks (natural climate solutions).
• Progress in reducing non-CO2 emissions (CH4, N2O, etc.).
• Same energy-service demands to 2050 across all scenarios, based on Energy Information Administration
Annual Energy Outlook (2019) Reference Case
• Two levels of end-use electrification (high and less-high) of transportation and buildings.
• Same-fuel end-use efficiency improvements: adoption of most-efficient equipment at end-of-life
replacement for buildings sector, plus aggressive industrial productivity improvements and reductions in
aviation energy use per seat-km.
• Technology performance and costs:
• Light duty EV capex parity with ICE by 2030
• Power generation and battery storage: NREL 2019 Annual Technology Baseline (mid-range).
• Biofuels, H2, synfuels from literature sources.
• Direct air capture: American Physical Society, 2011.
• Biomass supply: DOE “Billion Ton Study” + conversion of ethanol-corn & Conservation Reserve Program
lands.
• CO2 transport and storage costs developed in consultation with industry experts.
• Oil and gas prices are AEO 2019 lowest-price projections.
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Key assumptions
CO2 emissions
Land CO2 in 2050

- 0.85 Gt/y (- 0.7 Gt/y today and declining)

Non-CO2 in 2050

1 GtCO2e/y (50% reduction from today)

Energy/Industry CO2

- 0.17 GtCO2 in 2050

Technology installed capital costs in 2016$ (some later slides express values in 2018$, assuming 4% escalation from 2016)
Utility solar, $/kWAC

$1,400/kW (2020) à $900/kW (2050) [including grid connection costs]

Onshore wind, $/kW

$1,500 - $2,700/kW (2020) à $1000 - $1,900/kW (2050) [including grid connection costs]

Nuclear power, $/kW

$6,600/kW (2020) à $5,500/kW (2050)

NG power w/CC, $/kW

NGCC-CC, $2,200 (2020) à $1,700 (2050). NG-Allam (99% capture, available from 2030), $2,300/kW.

H2 capex, $/kWH2HHV

Biogasification w/CC, $2,600/kW. NG-ATR w/CC, $800/kW. Electrolysis, $1,700/kW (2020) à $420/kW (2050).

Biopower, $/kW

$3,672/kW (2020) à $3,329/kW (2050)

with CC, $/kW
Biopyrolysis, $/kWliq.HHV
with CC, $/kWliq.HHV
Direct air capture, $/tpy

Bio-IGCC (90% capture), $6,338/kW. Bio-Allam (99% capture, available from 2035), $7,144/kW.
$2,500/kW
$4,000/kW (available from 2035)
Direct air capture (available from 2035), $2200 per tCO2/y installed capital cost

Resource costs in 2016$ (some later slides express values in 2018$, assuming 4% escalation from 2016)
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Oil and gas prices

AEO2019 lowest projected prices (2050: crude oil @ $56/bbl & natural gas @ $3.6 - $4.7/GJHHV)

Biomass feedstocks

$30 - $150 per dry tonne delivered, based largely on DOE Billion Ton Study (2016)

CO2 transport & storage

Cost varies by location and volume stored. Bulk of supply is in the range of $35/tCO2

CHALLENGES RELATIVE TO BUSINESS-AS-USUAL IN EXECUTING THE
TRANSITION VARY ACROSS NET-ZERO PATHWAYS
ordinal ranking
100 = most challenging
0 = least challenging

E+

Electrification

CO2 pipelines

CO2 storage

100
90
80
70
60
50
40
30
20
10
0

ESolar/wind
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5

E+REE+RE+

High-voltage
transmission

Nuclear
capacity

Labor
mobilization

Bioenergy
industry

E-B+

Capital
mobilization

SUCCESS IMPLIES IMPACTS RELATIVE TO BUSINESS-AS-USUAL THAT
VARY ACROSS NET-ZERO PATHWAYS
ordinal ranking
100 = most impact
0 = least impact

Added biomass
supply logistics
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transition cost

EE-B+
E+REAdded
pipes/wires

Added energy
jobs

Added health
benefits
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E+

Added land use

E+RE+

