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The Biden administration has committed

to reduce U.S. greenhouse gas emissions

to 50%–52% below 2005 levels by 2030

and net-zero by 2050.1 These aspirations

are achievable and affordable, but only if

the federal government engages state

and localgovernments, theprivate sector,

and communities in a mission-oriented,

nation-building effort to transform the

U.S. energy system at unprecedented

pace and scale.

Macro-scale energy systems modeling

studies can help inform net-zero transi-

tion planning, but most lack granularity

to elucidate the many real-world chal-

lenges that must be overcome.2–4 The

Net-Zero America (NZA) study5 is a

notable departure for the granularity

of its spatial, temporal, and sectoral

mapping of five distinct pathways,

each relying only on technologies

with a high level of technological read-

iness (Technology Readiness Level 6
7, 2021 ª 2021 Published by Elsevier Inc. 1
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or greater), and each of which achieve

2030 emissions similar to the Biden

administration’s target and net-zero

emissions by 2050. The study finds

similarities among pathways over

the next decade, and annual spending

on energy services as a share of

gross domestic product remains similar

to current levels throughout the

transition.

The national level findings of the NZA

study are broadly supported by results

of other modeling studies, including

economy-wide energy-system studies6–9

and sector-specific studies.10–12 Yet no

prior studies have mapped thousands of

low-carbon energy and infrastructure as-

sets at politically and socially relevant

scales, as the NZA study has done, to

illustrate what the transition could look

like ‘‘on the ground’’ (Figure 1). The

study’s geospatially resolved methods

put in sharp relief the extraordinary scale

and pace of change that a successful tran-

sition to net-zero emissions by 2050 en-

tails. It also reveals four interdependent

failure modes with the potential to derail

the net-zero transition:

1. Failure to deploy physical assets

and infrastructure at the unprece-

dented pace required. Each of

the five NZA pathways requires

from 400 to 750 gigawatts (GW)

of new utility-scale wind and solar

capacity by 2030, which entails

several thousand large-scale pro-

jects. In the U.S., renewable en-

ergy projects currently take 5–8

years on average from concept

to completion. In 2020, 225 GW

of utility-scale solar and wind

project proposals were added

to the queue to interconnect

to U.S. grids,13 but only 25 GW

of new capacity came online.

While 2020 represents the

largest single-year expansion in

U.S. history,14 four times as

many projects were canceled as

completed that year. Dramatic

improvements in both project
2 Joule 5, 1–7, November 17, 2021
timelines and completion rates

are necessary. If recent trends

continue, developers would

implausibly need to initiate be-

tween 4 and 7 terawatts (TW) of

projects in the next four years to

ensure enough capacity actually

comes online tomeet 2030 goals.

Meanwhile, with demand for

renewable energy expected to

grow globally, any tightening of

global wind and solar supply

chains has the potential to further

delay projects in the U.S. More-

over, renewable energy deploy-

ment depends on expanding

high-voltage transmission capac-

ity by about 60% by 2030, as well

as improving its resilience. Trans-

mission projects historically take

6 to 15 years to complete, and

many are abandoned after failing

to obtain permits and support

from each state and community

they transect. Current practice in

transmission expansion is there-

fore also insufficient to meet the

2030 goal. In the least-con-

strained NZA pathway, over 3

TW of wind and solar are installed

by 2050 (Figure 1A), requiring

average annual build rates four

times the rate achieved in 2020

(Figure 1D). Another pathway

has less than half as much solar

and wind (Figure 1C) but requires

much greater reliance on carbon

dioxide (CO2) capture, utilization,

and storage infrastructure and

hundreds of new nuclear power

plants, neither of which are expe-

riencing significant commercial

deployment today and face

scale-up challenges of their own.

2. Failure to mobilize the capital

needed for the transition. NZA

finds annual energy expenditures

will remain comparable (as a share

of GDP) to today throughout the

net-zero transition but that the

requiredupfront capital investment

is substantially larger.Nearly $3 tril-

lion in capitalmustbemobilized for
energy supply infrastructure in the

2020s alone, more than double a

reference ‘‘no new policies’’ sce-

nario. By 2050, cumulative supply-

side capital investments reach as

much as $14 trillion, or nearly

quadruple the reference scenario.

Deploying capital represents

another potential bottleneck in

the net-zero transition. Project pro-

posalsmust be de-risked through a

sequence of investments to

conceive, site, and design projects,

prepare contracts, and obtain per-

mitsprior toa final investmentdeci-

sion (FID). Given that such pre-FID

investments hold the highest level

of risk and a significant portion of

proposals do not reach FID, pre-

FID spending today typically relies

on the relatively limited pool of

private-developer balance sheet

equity. NZA estimates that $190

billion in pre-FID capital is needed

in the 2020s alone, at least double

the reference scenario.

3. Failure due to public opposition to

large-scale construction impacts

and changing landscapes. All

NZA scenarios involve sustained

multi-decadal construction activity

that can result in massive transfor-

mations of local landscapes.

The transformation is largest in

the 100% renewable scenario

(Figure 1B), in which wind and solar

farms directly, or by visual extent,

span 14% of the continental U.S.

land area, but other pathways

also present siting challenges. Op-

position to wind and solar projects

is already becoming a barrier to

development.15 Failure to secure

and sustain social license will likely

manifest in intensifying public op-

position as cumulative impacts

emerge from ubiquitous develop-

ment of wind and solar, transmis-

sion, biomass conversion facilities,

nuclear power plants, CO2 pipe-

lines and storage projects, and

other infrastructural features of

net-zero pathways.
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4. Failure to mitigate disruptions to

the workforce of incumbent fossil

fuel industries and to mobilize

the workforce needed for the

net-zero transition. Transforming

the energy system also entails

transforming the energy work-

force,16 with fossil fuel employ-

ment declines and increasing

labor demand in low-carbon in-

dustries experienced during the

transition. Driving down technol-

ogy costs and increasing deploy-

ment rates of low-carbon infra-

structure will, in part, depend on

increasing labor productivity

and automation. There is never-

theless the potential for substan-

tial increases in employment,

even when accounting for

increased productivity: on the or-

der of 0.3–0.9 million additional

jobs (relative to the reference

scenario) are supported by 2030

and 0.6–5.2 million jobs by 2050

in energy supply-side sectors

alone (Figure 2A). Much of this

expansion will be due to wind,

solar, and power grid infrastruc-

ture deployment, along with

new bioenergy industries that

will drive capital investment,

farm revenues, and jobs across

rural America. In parallel, NZA

found that fossil job losses in the

2020s will be concentrated in

coal-mining communities in the

Appalachian and Powder River

basins (Figure 2B) in both net-

zero and reference scenarios,

following a declining trend

observed since 1990. More wide-

spread but gradual declines in

the oil and natural gas workforce

begin and accelerate in the

2030s and 2040s across the Gulf

coast, Oklahoma, and the Da-

kotas (Figure 2B). Failure to

address the repercussions of

declining incumbent industries,

employment opportunities, and

public revenue streams, in addi-

tion to training and mobilizing
the workforce to meet increasing

labor demands in growing clean

energy sectors, risks a formidable

political backlash.

In short, the NZA study shows that any

pathway to net-zero emissions by

2050 will be difficult to traverse. Each

requires unprecedented feats of engi-

neering and construction to succeed,

which in turn relies on the mobilization

of unprecedented risk capital. Each de-

pends on enduring support of commu-

nities in the face of significant infra-

structural changes and disruptions of

incumbent industries and traditional

livelihoods.

A new nation building opportunity

Avoiding these cascading failuremodes

will require fundamental changes in the

way we select, site, permit, finance, and

deliver energy projects.

A bold ‘‘nation building’’ effort is needed

that combines the laser-focus of past

mission-oriented public-private partner-

ships, such as the Moon Shot or Opera-

tion Warp Speed,17 with the kind of

multi-decadal national-scale programs

that built the foundations of the U.S.’s

20th century economy, collectively repre-

sented by the New Deal, World War II in-

dustrialmobilization, andpost-war invest-

ments in national infrastructure.

The Biden administration has signaled

the shape of what is needed with its

‘‘whole-of-government’’ approach and

commitment to leverage all tools at its

disposal, from executive orders and

regulation to RD&D programs and gov-

ernment procurement designed to

catalyze critical technologies. President

Biden’s American Jobs Plan proposed

about $1 trillion in federal investments

across key energy sectors and technolo-

gies,18,19 positioning the energy transi-

tion at the heart of the administration’s

economic agenda. Currently pending

Congressional legislation could deliver

a substantial portion of this commit-

ment,20 and if well directed, could stimu-
late the significant additional private in-

vestment needed through 2030 to be

on a path to net-zero.

A recent report by the National Acade-

mies of Science, Engineering, and

Medicine (NASEM)21 outlines a com-

plementary set of policies, programs,

and institutions that would help

manage the net-zero transition. The

report recommends the development

of sector-specific regulatory standards

(e.g., clean electricity, zero emissions

vehicles, efficient heating, and appli-

ances) to steer commercial and

consumer investments, as well as regu-

latory reforms to facilitate timely siting

and permitting of transmission lines

and funding to begin nationwide plan-

ning of long-distance electricity trans-

mission and CO2 transport and storage

systems. The NASEM report further

recommends the creation of new insti-

tutions such as the National Transition

Task Force, Office of Equitable Energy

Transitions, and National Transition

Corporation that would offer planning,

monitoring, reporting, funding, and

community support functions, in addi-

tion to a ‘‘Green Bank’’ sufficiently

capitalized to underwrite roughly half

a trillion dollars of financing for clean

energy infrastructure. A comprehen-

sive workforce development initiative

to train the net-zero workforce and

help transition displaced workers is

also proposed.

Together, the large-scale public invest-

ments in the American Jobs Plan and

the policies, institutions, and programs

envisioned by the NASEM committee

would begin to contend with the four

failure modes identified in NZA, yet

more is needed.

Mission net-zero

The U.S. will not succeed at the pace and

scale required if we continue to leave it

to private developers to propose individ-

ual projects and commence a lengthy

process wherein multiple governmental

bodies and community stakeholders
Joule 5, 1–7, November 17, 2021 3



Figure 1. Scale and pace of modeled electricity-supply system expansion to 2050 for three of five

pathways in the Net-Zero America study

In 2050, all three pathways deliver the same level of energy services, have nearly fully electrified

road transport and buildings sectors, use the same level of biomass in the energy supply mix, and

achieve net-zero emissions economy-wide. Differentiations in the pathways result primarily from

different exogenously imposed technology constraints in modeling energy supply. The NZA5

model builds the energy supply mix that minimizes the total cost of the energy system while

Figure 1. Continued

achieving net-zero emissions in 2050, subject to

other exogenously imposed constraints. For the

E+ pathway (A), no additional constraints are

placed on which energy supply options can be

included. For the RE+ pathway (B), energy

supply in 2050 is required to be 100% renewable,

nuclear power is prohibited by 2050, and

underground CO2 storage is not allowed

through the transition. For the RE� pathway (C),

the maximum allowed build of utility-scale wind

and solar capacity through the transition is 33

GW/year, or about 30% more than the largest

amount added in a single year to date. The maps

show modeled locations (at 4 km resolution) of

wind and solar projects in 2050. This indicates

one of many possible geographic configurations

of infrastructure and is based on least-cost siting

algorithm. Icons on the right indicate the 2050

level of transmission capacity (as a multiple of

2020 capacity), amount of CO2 captured and/or

stored, and new nuclear power capacity

installed. (D) compares the average annual build

rates from 2020–2050 for utility-scale solar (top)

and wind (bottom) capacity in the net-zero

pathways with their historical peaks. The latter

occurred in 2020 for both wind and solar.14
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identify various reasons projects should

not proceed. To reach net-zero by 2050,

the federal government needs to engage

various stakeholders in a mission-driven,

national effort to proactively identify loca-

tions to site and build infrastructure at the

necessary scale. To succeed, this effort

will need to be simultaneously inclusive

and expedient.

To take up this critical mission, we pro-

pose a federal planning agency charged

with ensuring the rapid build-out of net-

zero infrastructure that meets the needs

of communities today and into the future.

The agency would have the mandate to

achieve time-bound deployment targets

by identifying regions suitable for infra-

structure build-out, proactively engaging

communities to address concerns and

maximize local benefits, pre-permitting

areas for development that have been

subject to robust risk assessment, and

administering bidding for development

of large-scale clean infrastructure

‘‘hubs.’’ The agency could also interface

with the robust network of new federal

energy-transition offices and resources

recommended by the NASEM study.



Figure 2. Modeled estimates of net changes in energy-supply-related employment, i.e., net of jobs in a ‘‘no new policies’’ reference scenario, from

2020 to 2050 for three of the five pathways in the Net-Zero America study

(A) Total net jobs disaggregated by resource sector and (B) total net jobs by state.5 See caption of Figure 1 for descriptions of the E+, RE+, and

RE� pathways.
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Integral to the agency’s mission and

mandate would be elements to address

(at least in part) all four failure modes.

Planning regions and targets for con-
struction of portfolios of projects

(‘‘hubs’’) would be consistent with a

net-zero transition. For example,

explicit planning would countervail
regionally concentrated fossil fuel job

losses and ensure broad economic ben-

efits from the transition. Communities

that host projects via consent-based
Joule 5, 1–7, November 17, 2021 5
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siting processes would be rewarded

with block grants to counties and states

to supplement local property and sales

taxes generated by projects. Bidding

for hubs would require formation of

stakeholder coalitions composed of

landowners, local community organiza-

tions, environmental groups, asset

operators, investors and banks, engi-

neering firms, original equipment man-

ufacturers, contractors, and others to

systematically assess and mitigate risks.

Contracts would mandate transparency

and knowledge sharing, include guard

rails to limit losses and prohibit windfall

profits, and stipulate equitable sharing

of rewards for exceptional performance

and losses for poor performance

among all participants, giving the

whole coalition a stake in success.

Funds to establish coalitions would be

advanced through competitive grants

to de-risk and ensure equitable partici-

pation in the bid process.

Transitioning the U.S. economy to net-

zero emissions by 2050 will challenge

the capacity to deliver new infrastructure

at historically unprecedented scales and

rates. The key failure modes made

apparent by the NZA study will derail a

successful transition in the absence of

robust federal leadership that engages a

broad coalition of stakeholders in nothing

less than a new nation-building partner-

ship of government, the private sector,

and society at large.
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