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Foreword (excerpted from foreword in full report)

By John P. Holdren
Professor in the Kennedy School of Government, Department of Earth and Planetary Sciences, and John A. Paulson School of Engineering and Applied Science at 
Harvard University; formerly (2009 -2017) Science Advisor to President Obama and Director of the White House Office of Science and Technology Policy.
December 11, 2020

Long after the terrible challenge of the COVID-19 pandemic has finally been surmounted and (one may hope) greatly improved preparations for inevitable future 
pandemics have been put in place, the climate-change challenge will be marching on as the 21stcenturyôs most dangerous and intractable threat to global society.  

It is the most dangerous of threats because the growing human disruption of climate that is already far along puts at risk practically every aspect of our material well-
beingðour safety, our security, our health, our food supply, and our economic prosperity (or, for the poor among us, the prospects for becoming prosperous). 

It is the most intractable of threats because it is being driven, above all, by emissions of carbon dioxide originating from combustion of the coal, oil, and natural gas 
that still supply eighty percent of civilizationôs primary energy and over sixty percent of its electricity; and because, forquite fundamental reasons, the shares of electricity 
and nonelectric energy provided by these fossil fuels cannot be very rapidly reduced, nor can their emissions be easily or inexpensively captured and sequestered away 
from the atmosphere.é

It has been clear for two decades or more that, for the industrialized countries to do something approaching a responsible share of a global effort to limit the average 
surface temperature increase to 2.0°C, they would need to reduce their emissions of heat-trapping gases by 80 to 100 percent by around 2050.  Each year that has passed 
without countries taking steps of the magnitude needed to move expeditiously onto a trajectory capable of achieving such a goal has increased the challenge that still lies 
ahead.  

At the same time, observations of actual harm from climate change and a continuing flow of bad news from climate science about l ikely future impacts has increased 
the sense of urgency in the knowledgeable community, while continuing advances in energy technology have engendered a degree of optimism about what emission 
reductions might be possible and affordable. The result has been an increasing flow of (mostly) increasingly sophisticated modeling studies of how emissions of CO2 and 
other heat-trapping gases might be reduced to near zero by 2050.  In the United States, such studies have been conducted by the federal government (not always 
published), by the National Academies, by national laboratories, by companies, by universities, by NGOs, and by consortia. 

I believe that this Princeton Study, Net Zero America: Potential Pathways, Infrastructure, and Impacts , sets an entirely new standard in this genre.  The superb 
Princeton teamðled by Eric Larson, Jesse Jenkins, and Chris Greigðhas done an absolutely remarkable amount of new work, developing new models and new data to 
provide an unprecedented degree of clarity and granularity about possible pathways to mid-century ñnet zeroò for this country.  They have analyzed technological 
possibilities, as currently understood, in great detail; they have examined the ñco-benefitò of reduced disease impacts from conventional air pollutants when fossil -fuel use 
is reduced;  they have examined the employment consequences of alternative trajectories; and, perhaps most importantly, they have called attention to the most 
important areas where policy measures are needed to enhance and preserve the nationôs options going forward, as events evolveand understandings grow. 

None of the Princeton scenarios will prove to be ñrightò, but together they provide a compelling picture of possible paths forward.  Everybody seriously interested in 
the crucial question of this countryôs energy-climate futureðnot least the new Biden-Harris administration ðneeds to understand the findings of this extraordinary study .

RETURN TO TABLE OF CONTENTS



This Net Zero America study aims to inform and ground political, business, and societal conversations regarding what it would take for the U.S. to achieve an 
economy-wide target of net-zero emissions of greenhouse gases by 2050.  Achieving this goal, i.e. building an economy that emitsno more greenhouse gases into 
the atmosphere than are permanently removed and stored each year, is essential to halt the buildup of climate-warming gases in the atmosphere and avert costly 
damages from climate change.  A growing number of pledges are being made by major corporations, municipalities, states, and national governments to reach net-
zero emissions by 2050 or sooner.  This study provides granular guidance on what getting to net-zero really requires for the U.S. and on the actions needed to 
translate these pledges into tangible progress. 

The work outlines five distinct technological pathways, each of which achieves the 2050 goal and involves spending on energy in line with historical spending as a 
share of economic activity, or between 4-6% of gross domestic product.  The authors are neutral as to which pathway is ñbestò, and the final path the nation takes 
will no doubt differ from all of these.  A goal of this study is to provide confidence that the U.S. now has multiple genuine paths to net-zero by 2050 and to provide a 
blueprint for priority actions for the next decade.  These priorities include accelerating deployment at scale of technologies and solutions that are mature and 
affordable today and will return value regardless of what path the nation takes to net zero in the longer term, as well as a set of actions to build key enabling 
infrastructure and improve a set of less mature technologies that will help complete the transition to a net -zero America.

With multiple plausible and affordable pathways available, the societal conversation can now turn from ñifò to ñhowò and focus on the choices the nation and its 
myriad stakeholders wish to make to shape the transition to net-zero.  These conversations will need to be sensitive to the different values and priorities of diverse 
communities. That requires insight on how the nation will be reshaped by different paths to net -zero, and the benefits, costs, and challenges for specific locations, 
industries, professions, and communities.  Supporting these decisions requires analysis at a visceral, human scale. 

The original and distinguishing feature of this Net Zero America study is thus the comprehensive cataloging across all major sectors at high geospatial and temporal 
resolution of the energy infrastructure deployments and related capital expenditures required for a net -zero transition.  This granularity allows assessing the 
implications for land use, employment, air pollution, capital mobilization, and incumbent fossil fuel industries at state and local levels.  The high resolution analysis 
is aimed at helping inform federal and state policy choices and private-sector decision making in support of a transition to net -zero by 2050.

During the 2+ year research effort, the authors had many informative discussions with individuals in environmental research a nd advocacy organizations, oil and 
gas companies, renewable energy companies, national labs, industry trade organizations, universities, and elsewhere.  The authors thank those individuals for their 
time and interest.  The authors also thank the hundreds of stakeholders who have attended briefings where preliminary study results were presented. The feedback 
received as a result of those briefings have helped shape the contents of this report.  Of course, any errors or omissions inthis study are the responsibility of the 
authors alone, as are any views or recommendations expressed herein.

For funding support, the authors thank the Andlinger Center for Energy and the Environment, BP and the Carbon Mitigation Init iative within Princetonôs High 
Meadows Environmental Institute, ExxonMobil, and the University of Queensland.
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Synopsis

This study provides high-resolution analysis of what getting to net-zero emissions for the U.S. by 2050 will look like ñon the 
groundò and thereby clarifies specific actions needed in the pursuit of that goal . 

Using state-of-the-art modeling tools, five different technologically and economically plausible energy -system pathways for 
the U.S. to reach net-zero emissions by 2050 are constructed.  The model results are then further refined to provide highly -
resolved mapping, sector-by-sector, of the timing and spatial distribution of changes in energy infrastructure, capital 
investment, employment, air pollution, land use, and other key outcomes at a state and local level.

We find that each net-zero pathway results in a net increase in energy-sector employment and delivers significant 
reductions in air pollution, leading to public health benefits that begin immediately in the first decade of the transition. We
also conclude that a successful net-zero transition could be accomplished with annual spending on energy that is 
comparable or lower as a percentage of GDP to what the nation spends annually on energy today.  However, foresight and 
proactive policy and action are needed to achieve the lowest-cost outcomes.  

Building a net -zero America will require immediate, large -scale mobilization of capital, policy and societal commitment,  
including at least $2.5 trillion in additional capital investment ( relative to business as usual) into energy supply, industry, 
buildings, and vehicles over the next decade.  Consumers will pay back this upfront investment over decades, making the 
transition affordable (total annualized U.S. energy expenditures would increase by less than 3% during 2021-2030), but 
major investment decisions must start now, with levels of investment ramping up as the transition proceeds.

Each transition pathway features historically unprecedented rates of deployment of multiple technologies. Impacts on 
landscapes, incumbent industries and communities are significant and planning will need to be sensitive to regional 
changes in employment and local impacts on communities.

RETURN TO TABLE OF CONTENTS
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ÅA growing number of governments and companies are pledgingnet-zero emissions by 2050.  For the US as a wholeto 
achieve this requires eliminating or offsetting todayôs emissions of ~6 billion tCO2e/year.

ÅThere is adearth of analysis for understanding requirements, costs, and impacts of this transition.

ÅThe goal of this study is to help fill this gap by providing insights at visceral, human scales of how the nation will look 
as it transitions to net -zero emissions and the localized benefits, costs, and impacts for different industries, 
professions, and communities.  The analysis aims to inform debates on public and corporate policiesneeded to 
support a transition to net -zero emissions economy wide, but specific policy recommendations are not offered.

ÅEnergy service demands projected to 2050 by the EIA for 14 regions across the continental US provide the starting 
point for modeling.  Five different pathways, each of which achieves net-zero emissions by 2050, are constructed for 
meeting these demands by applying varied exogenous constraints in addition to the net-zero emissions constraint.

Å End-use technologies to meet service demands are exogenously specified in 5-year time steps to determine final 
energy demands that must be delivered by the energy supply system.

Å Pathways to net-zero emissions by 2050 are constructed by finding the energy supply mix that meets the final-
energy demands and minimizes the 30-year NPV of total energy-system costs, subject to the exogenous 
constraints.  The model has perfect foresight and seamless integration between sectors.

ÅThese modeling results are ñdownscaled,ò using a variety of methods, to state or sub-state geographies to quantify 
local plant and infrastructure investments, construction activities, land -use, jobs, and health impacts, 2020 - 2050.

ÅMethodologies are detailed in 18 technical annexes to the final report.

RETURN TO TABLE OF CONTENTS
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Demand for energy 
services projected

ÅGeographically-
resolved annual 
demands for energy 
services projected to 
2050 as in U.S. Energy 
Information Admin. 
(EIA) Annual Energy 
Outlook 2019
ñReferenceò case

ÅSame service demands 
for each net-zero 
pathway 

EnergyPATHWAYS
demand-side model

ÅExogenously-specified 
demand-side 
technology choices

ÅEP tracks stock 
turnover with time

ÅEP calculates final 
energy by type 
(electricity, diesel -like,
gasoline-like, gas, etc.) 
to meet projected 
energy-service 
demands

RIO supply-side 
cost-minimization

ÅFinds lowest-cost mix of 
supply-side technologies 
that meet final -energy 
demands under a US-
wide carbon constraint.*

ÅChanging other 
exogenousconstraints 
leads to construction of 
different pathways to 
net-zero.

Å14-region model for 
lower-48 states

Downscaling 
analysis 

ÅEP and RIO results 
serve as inputs for 
customized high-
resolution 
ñdownscalingò analysis 
and modeling of key 
sectors.

ÅState and sub-state 
level geographic 
resolution.

Example: 

Annual vehicle-miles

Vehicle types to meet 
vehicles miles traveled, 
e.g., gasoline, hybrid, 

EV, H2 fuel cell

Mix of sources (solar, 
nuclear, oil, etc.) that 

minimizes total energy-
system cost

Where are energy assets 
and infrastructure sited? 

What are impacts on 
land use, employment, 
and air quality/ health?

Energy/industrial pathways analytical framework

* RIO minimizes n et-present value of supply-side costs over the life of the 
transition, with perfect foresight and seamless cross-sectoral integration

RETURN TO TABLE OF CONTENTS
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Five scenarios constructed to highlight implications of different 
pathways for the US economy to reach net-zero emissions by 2050

Assumptions regarding energy-demand and energy-supply technology options available in the future were 
varied to develop 5 distinct net-zero scenarios(or pathways).  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 are relatively unconstrained 
for minimizing total energy -system cost to meetthe goal of net-zero emissions in 2050

E- Less 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 help meet liquid fuel demands of non -electrified transport

E+ RE - Electrification level of E+;  On the supply -side, RE (wind and solar) rate of increase constrained to 
35 GW/y (~30% greater than historical maximum single-year record).  More CO2 storage allowed to 
enable the option of more fossil fuel use than in E+

E+ RE+ Electrification level of E+;  Supply -side constrained to be 100% renewable by 2050, with no new 
nuclear plants or underground carbon storage allowed, and fossil fuel use eliminated by 2050.

(55 additional scenarios were modeled to test the sensitivity of different input parameters on the results.)

RETURN TO TABLE OF CONTENTS
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Summary of high-level modeling results for net-zero pathways

Å In all five cost-minimized energy-supply pathways, coal use is essentially eliminated by 2030.

Å Overall, fossil fuels in the primary energy mix decline by 62% to 100% from 2020 to 2050 across scenarios.  Oil and 
gas decline 56% to 100%.  

Å In pathways with aggressive electrification (E+, E+RE-, and E+RE+) use of petroleum-derived liquid fuels declines 
more rapidly than with less -aggressive electrification (E-, E-B+).  Natural gas use also declines. 

Å Oil & gas contributions in 2050 are largest in E+RE -, where fossil, nuclear, and renewables each account for about 
one-third of primary energy.

Å Renewable energy (primarily wind & solar power) accounts for the majority of primary energy in 2050 (60 -68%) in the 
other scenarios, and supply 100% of primary energy in the case of E+RE+. 

Å Nuclear power is maintained at roughly todayôs levels in the least-constrained cases (E+, E-, E-B+), expands 
significantly when renewable energy deployment is constrained (E+RE-) and is eliminated by 2050 in a 100% 
renewable energy pathway (E+RE+).

Å All pathways rely on large-scale CO2 capture and utilization or storage. In E+RE+, 0.7 Gt/y of CO 2 is captured and 
utilized to synthesis liquid and gaseous hydrocarbons. In all other scenarios, more than 1Gt/y of CO2 is captured with 
the majority being stored in geologic formations.

Å Annualized energy spending across the full 30-year transition as a fraction of GDP is similar to spending levels 
experienced during recent prosperous periods, but all net-zero pathways are much more capital intensive than 
historical energy sector capital spending.

RETURN TO TABLE OF CONTENTS



Energy and industrial CO2 emissions are net negative by 2050 to 
deliver net-zero emissions for the full economy

11

Net energy 
& industry 
emissions

Carbon storage in long -lived 
products is included in the 
modeling, but is not shown 
explicitly here.

ÅModeled energy/industrial system emissions 
are -0.17 GtCO2 in 2050, supplementing the 
assumed -0.85 GtCO2e provided by land 
carbon sinks.  Together these offset the 
assumed 1.02 GtCO2e of remaining non -CO2

GHG emissions.

ÅFossil fuel emissions decline significantly, 
and annual CO2 sequestration in 2050 
reaches 0.9-1.7 GtCO2 in 4 of the 5 pathways.

RETURN TO TABLE OF CONTENTS
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High electrification
(vehicles & bldgs) 

Less high 
electrification

Less electrification, 
high biomass

High electrification, 
constrained RE

High electrification, 
all RE by 2050

No new policies
(EIA, AEO 2019)

REF E+ E- E- B+ E+ RE - E+ RE+

2020 2050 Net -Zero America pathways, 2050

56% 100%

coal

oil

gas

uranium

wind

sun

bio

76%
less 

oil & 
gas 

than 
2020

64% 67%

GtCO 2/y sequestered in 2050 0.7 GtCO 2/y 
captured/used0.9 1.5 1.4 1.7

Primary energy mix in 2050 is 38% fossil in net-zero pathways.  
Coal use all but disappears by 2030. Oil & gas down 56-100%
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Annualized energy-system costs as % of GDP for net-zero pathways 
are similar to recent historical levels in prosperous economic times

Trillion 2018 $

2020 -
2030

2020 -
2050

REF 9.4 22

E+ 9.7 26

E- 9.7 28

E- B+ 9.7 27

E+ RE - 9.7 26

E+ RE+ 9.7 28
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Societal NPV(2% discount rate) 
of all energy system costs

Energy System Cost
(% of GDP)
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Global financial crisis

Oil price shocks

E-

E+ RE-

E+ RE+

E+

REF

E- B+

REF

E- B+

E-

E+ RE -

E+

E+ RE+

Notes

ÅREF assumes low oil & gas prices.  If AEO2019 Reference case oil/gas 
prices are used, NPV (2020-2050) for REF increases to 29 T$ from 22 T$.

ÅSignificant reduction in exposure to oil price shocks for net -zero scenarios.

ÅIncreased exposure to inflation and cost-of-capital for capital -intensive net-
zero scenarios.

RETURN TO 
TABLE OF 
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Annual costs shift from fuel 
costs to fixed costs: 
annualized capital + fixed 
O&M payments by 2050 are 2 
to 4 times those for REF. 



Physical infrastructure1
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Land use3

Air pollution and public health5

Energy workforce4

Major Transformations on the Path to Net -Zero Emissions

Capital mobilization2
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1. Physical infrastructure
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Six pillars of decarbonization are essential to support the physical 
transition to net -zero in each of the five pathways

16

End -use energy efficiency and electrification1

Enhanced land sinks6

Reduced non -CO2 emissions5

CO2 capture and utilization or storage4

Clean fuels: bioenergy, hydrogen, and synthesized fuels3

Clean electricity: wind & solar generation, transmission, firm power  2

RETURN TO TABLE OF CONTENTS
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Rapid expansion is needed, 2020 ï2050, across all six pillars to 
achieve net-zero emissions.  2050 goals for each pillar include:

Wind and solar
Å1.3 to 5.9 GW of solar and wind 

installed, up from 0.2 GW in 2020
Å2x to 5x todayôs transmission

Nuclear 
ÅIn RE- scenario site up to 250 new 

1-GW reactors (or 3,800 SMRs).

ÅSpent fuel disposal.

NGCC-CCS
ÅIn RE-, 300+ plants (@750 MW)

Flexible resources
ÅCombustion turbines w/high H 2

ÅLarge flexible loads: electrolysis, 
electric boilers, direct air capture

Å50 - 180 GW of 6-hour batteries

2. Clean Electricity

Consumer energy investment 
and use behaviors change
ÅLight -duty EVs: 210 million (E -) to  

330 million (E+)
ÅResidential heat pump heaters: 80 

million (E -) to 120 million (E+)

Industrial efficiency gains
ÅEnergy intensity declines 1.9%/yr.
ÅSteel making evolves to all EAF 

and direct (H 2) reduced iron

1. Efficiency & Electrification

Forest management
ÅPotential sink of 0.5 to 1 GtCO2e/y, 

impacting ½ or more of all US 
forest area (> 130 Mha).

Agricultural practices
ÅPotential sink ~0.20 GtCO 2e/y if 

conservation measures adopted 
across 1 ï2 million farms. 

6. Enhanced land sinks

Geologic storage of 0.9 ï1.7 
GtCO 2/y
ÅCapture at ~1,000+ facilities
Å21,000 to 25,000 km interstate 

CO2 trunk pipeline network
Å85,000 km of spur pipelines 

delivering CO2 to trunk lines
ÅThousands of injection wells

4. CO 2 capture & storage

Major bioenergy industry
Å100s of new conversion facilities
Å620 million t/y biomass feedstock 

production (1.2 Bt/y in E - B+)

H 2 and synfuels industries
Å8-19 EJ H2 from biomass with CCS 

(BECCS), electrolysis, and/or 
methane reforming with CCS

ÅLargest H2 use is for fuels synthesis 
in most scenarios

3. Zero -Carbon Fuels

Methane, N 2O, Fluorocarbons
Å20% below 2020 emissions (CO2e) 

by 2050 (30% below 2050 REF).

5. Non -CO2 Emissions

RETURN TO TABLE OF CONTENTS
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Pillar 1 :  Improve end-use energy productivity ïefficiency and 
electrification

ÅEnd-use efficiency improvements and electrification across all sectors are critical for reducing:

Å the required build out of the energy -supply system to deliver the energy needed to meet the 
given level of energy service demands.

Å the demand for liquid or gaseous fuels, which are generally more difficult/costly to 
decarbonize than electricity.

Å In transportation and space and water heating, electrification itself provides large reductions in 
final energy because electric drive trains for vehicles and electric heat pumps for heating are 
intrinsically more efficient than using fuels to provide the same services.

Å In industry, the annual average decline in final -energy intensity is assumed to be nearly double 
that for the REF scenario.  Steel production transitions to be entirely via electric arc furnaces (with 
scrap steel supplemented by direct reduced iron).  Electricity and hydrogen from carbon-free 
sources substitute some industrial fuel uses. 

Å To minimize transition costs, equipment replacements are made at economic end-of-life.  For 
long-lived assets, their next end-of-life replacement must be with a low-carbon option. Otherwise, 
in the future, early retirements (and therefore stranding of assets) will be required to reach the 
2050 emissions goal.

RETURN TO TABLE OF CONTENTS



End-use energy productivity improves via same-fuel efficiency gains 
and via electrification; energy used for oil refining declines.

32% savings in total

8 EJ (efficiency)

13 EJ (electrification)

4 EJ (oil refining)

23% savings in total
8 EJ (efficiency)

7 EJ (electrification)
3 EJ (oil refining)

23 EJ less HCs
43% reduction

36 EJ less HCs 
68% reduction

19

U.S. final -energy 
intensity (MJ/$GDP) 
falls, 2020 to 2050:
Å1.7%/y in REF
Å3.0 %/y in E+
Å2.6 %/y in E-

Efficiency gains in
ÅMost of industry
ÅBuildings non -heating
ÅAviation

Electrification reduces
fuel use and provides 
efficiency gains in
ÅRoad transport
ÅHeating of buildings
ÅSome industry, 

especially iron and steel.

Oil refining energy use 
falls from 5.4 EJ in 2020 
to 0 to 2.3 EJ in 2050 in 
net-zero scenarios.

Note: All fuel values reported in this slide pack are on HHV basis.
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In E+, the stock of EVs grows to 17% of all light-duty vehicles by 
2030 and 96% by 2050.

# of EVs:     5.2 million 
% of LDVs:         2%

49 million
17%

2020 2030

204 million
64%

328 million
96%

2040 2050

RETURN TO TABLE OF CONTENTS
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E+

E-

2030 2040 2050

2030 2040 2050

Residential heat pumps grow from ~10% of the space heating stock 
in 2020 up to 80% (E+) or 54% (E -) by 2050.

31M units 
(23% of stock)

81M units 
(58% of stock)

119M units 
(80% of stock)

21M units 
(16% of stock)

41M units 
(29% of stock)

81M units 
(54% of stock)

Number of homes using heat-pump heating by state:

RETURN TO 
TABLE OF 

CONTENTS
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Industrial final energy in 2050 is 15 -20% below REF despite growing 
output. Electricity & H 2 grow; use of liquids & other gases decline. 

Note: All fuel values reported in 
this slide pack are on HHV basis.
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Transitioning to net -zero at least cost relies on replacing long-lived 
assets with low-carbon alternatives as they reach end-of-life.

23

205020302020 2040

Vehicles

Industrial boilers

Air conditioners & Heaters

Other appliances

Bulbs

RETURN TO TABLE OF CONTENTS

Å The economically optimal time for replacing physical assets is at the end of their lives.

Å For some demand-side technologies, like vehicles and industrial boilers, there will be few opportunities
between now and 2050 for end-of-life replacement.

Å For such longer-lived assets, their next end-of-life replacement must be with a low-carbon option. 

Typical asset replacement times for various durable assets
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Pillar 2:  Clean electricity

Å Electricity generation is double to quadruple by 2050 in the net-zero scenarios. Clean electricity is a linchpin. 

Å Low- or no-carbon electricity roughly doubles from ~37% today to 70 -85% by 2030 and hits 98-100% by 2050.

Å Wind and solar power play dominant roles in all pathways:
Å Generation grows more than 4-fold by 2030 to supply ~½ of U.S. electricity in 4 scenarios.  The 5 th scenario 

(E+RE-) sees a 3-fold growth by 2030 to supply ӎof U.S. electricity.
Å By 2050, wind+ solar provide 85-90% of generation in E+, E-, and E-B+. They supply 44% in E+RE- and 

98% in E+RE+. 
Å Wind and solar capacity deployment rates set new records year after year (unless constrained, as in E+RE-), 

with extensive deployment across the United States.

Å Nearly all coal-fired capacity retires by 2030 in all cases, reducing U.S. emissions by roughly 1 GtCO2/year.

Å Some nuclear plants are operated 80 years, except in E+RE+, where existingplants retire after 60 years and no 
new construction is allowed.

Å Natural gas generation declines, except in E+RE-, by 2-30% by 2030, while installed capacities are +10% of the 
2020 level. In E+RE -, gas-fired generation grows through 2035 (up 30% from 2020) before declining to just 7% 
of 2020 levels by 2050, even as total installed capacity grows to be ӎhigher than in 2020.

Å To ensure reliability, all cases maintain 500-1,000 GW of firm generating capacity through all years (compared to 
~1,000 GW today); gas plants burn hydrogen blends and with declining utilization rates through 2050.  When 
wind and solar expansion are constrained (as in E+RE-), natural gas plants w/CO2 capture and nuclear plants 
expand to pick up the slack.
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Solar and wind generated electricity have dominant roles in all   
net-zero pathways
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ÅShare of electricity 
from carbon-free 
sources roughly 
doubles from ~37% 
today to 70-85% by 
2030 and reaches 98-
100% by 2050.

ÅWind + solar grows 
>4x by 2030 to supply 
~½ of U.S. electricity 
in all cases except 
E+RE-; in that case, 
growth is constrained, 
but still triples by 
2030 to supply ӎof 
electricity.

ÅBy 2050, wind and 
solar supply ~85-90% 
of generation in E+, 
E-, and E-B+. In 
E+RE-, 44%; in 
E+RE+, 98%. 
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Annual wind and solar capacity additions are sustained over 
multiple decades at historically -unprecedented rates

48
14
10

72

2020-25

26-30 36-40 46-50

41-4531-35

238

China

RE build limited 
to ~35 GW/year, 
or ~1.4x historical  

US single-year 
record

Record single-year 
additions of solar & 

wind capacity (2020)

U.S.

World
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2050 E+ base

Transmission
Capacity (GW)

Population density > 100/km2

2050
Wind Solar

Capacity installed (TW)

1.67 1.50

Land used (1000 km 2)

Total 551 38.3

Direct 5.51 34.9

Capital invested (Billion $ 2018 )*

Solar - 1,488

Onshore wind 1,609 -

Offshore wind 301 -

Transmission added vs. 2020* *

Capacity (GW-km) 673,000

Increase over 2020 210%

Capital in serv (B$2018) 2,210

E+: 3.2 TW of wind and solar capacity operating in 2050; 
transmission capacity more than triples.

Wind and solar site 
capacity factors are 
reflected in color 
intensity: darkest 
color = highest CF.

Wind projects

Utility -scale solar projects

* Excludes investments associated with 
2020 pre-existing capacity. Capital is for 
additional capacity required to meet total 
modeled wind & solar generation levels.

** Transmission expansion is mapped to 
follow existing rights of way (>160 kV); 
paths are indicative not definitive. Spur 
lines from solar and wind projects to 
substations are not shown, but are 
included in GW-km and investment totals. 
Capital in service includes capital for 
transmission expansions and ñsustaining 
capitalò (for end-of-life line replacements.)
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Scenario includes 
an additional 186 
GW of rooftop 
solar capacity (not 
shown here).




























































































