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Executive Summary

Climate change represents a profound policy challenge to America and the world -
requiring a response at a sweeping scale and with unprecedented speed centered on
remaking the energy foundations of our society. The move to a clean and renewable
energy future must be advanced at the same time America works to recover from the
most serious pandemic in a century and the parallel economic collapse triggered by
Covid-19. The Zero Carbon Action Plan (ZCAP) presented in this document responds
comprehensively to this multidimensional policy imperative.

As spelled out below, the ZCAP lays out a strategy for putting Americans back to work
building a vibrant 21st century U.S. economy based on advanced technologies, good

jobs, clean energy, climate safety, and economic security. It offers a pathway to achieve
net-zero emissions of greenhouse gases by 2050 - thereby providing a basis for a
dramatically ramped-up American contribution to the Paris Climate Agreement. The
ZCAP agenda would promote efforts to limit global warming to 1.5°C, the ambitious goal
that the 2019 Intergovernmental Panel on Climate Change Special Report tells us that
society should adopt to avoid the worst effects of global warming including sea level rise,
increased hurricane damage, and changed rainfall patterns that might dramatically affect
agricultural productivity as well as resulting in more floods, droughts, and wildfires.

Taken as a whole, the ZCAP would position America as a climate change leader and
provide a basis for holding other countries accountable for climate safety as well. Carefully
structured to be economically efficient as well as environmentally effective, the ZCAP
would spur innovation and investment, generate millions of new jobs, and ensure that
American industry will not be undercut by polluting competitors abroad. It thus offers

a comprehensive climate change policy strategy with both domestic and international
dimensions.

In the following pages, decision-makers will find a clear outline of the technologies,
investments, and policies needed to achieve net-zero carbon emissions by 2050. Building
on the results of an in-depth energy infrastructure modeling exercise, this policy action
plan is based on a rigorous technical quantification of the infrastructure upgrades and
technology investments needed in our buildings, power, transportation, and industrial
sectors. Furthermore, this plan demonstrates that not only is this energy transition
possible, but it is feasible and affordable. In fact, the overall incremental costs of the
transition will be just 0.4 percent GDP in 2050, a small fraction of America’s annual energy
spending.

The ZCAP draws from and expands upon two prior Sustainable Development Solutions
Network (SDSN) reports, Pathways to Deep Decarbonization in the United States (2014) and
Policy Implications of Deep Decarbonization in the United States (2015). It outlines in detail
what needs to happen to maximize the gains and minimize the costs of the required
energy transition. It promises economic vitality and robust job growth while reaching net-
zero emissions by 2050.

The ZCAP builds on carefully structured technological analyses and transition pathways
that demonstrate the feasibility of reaching zero emissions by 2050. It presents detailed
background analyses of key sectors and covers all regions of the country and all major
elements of our energy system.
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The action items identified build on technologically and economically sound options and
fit within the institutional framework of the U.S. federal system - with important roles

for state and local governments as well as federal authorities. It offers a mix of top-down
direction and bottom-up implementation with an emphasis on government leadership and
private sector participation.

The ZCAP promises strategies of widespread experimentation, active learning, and
adaptive management in the years ahead - as a way to build on the innovation capacities of
both the private and public sectors as well as the creative spirit of the American people. It
provides a path forward that allows federal, state and city governments to act ambitiously
despite uncertainty, addressing risks with the promise of flexibility.

The ZCAP policy framework has been designed with an economic logic, analytic rigor,
and political appeal that can win majority support with the public throughout the entire
country and across party lines. It offers a basis for addressing the needs of the economic
sectors, communities, and people who might be dislocated by the transition to a low-
carbon future. Thus, while advancing a deep decarbonization agenda, it aims to provide
for a just transition and promises economic opportunity for all Americans in the decades
ahead.

The Zero Carbon Action Plan centers on the six major energy-producing and energy-
consuming sectors:

* power generation;

* transportation;

* buildings;

+ industry;

+ land use for agriculture, forestry, and other purposes; and
+ materials.

These six sectors account for almost all of U.S. CO, emissions. The analysis offered in
support of the ZCAP focuses mostly on CO, emissions but also highlights the importance
of other greenhouse gas (GHG) emissions including methane, nitrous oxide, and various
industrial gases. Because CO, emissions account for 81 percent of overall U.S. emissions,
any serious plan for climate neutrality by 2050 (that is, zero net emissions by 2050) must
center on CO,, but not ignore other GHGs.

The key components required for the new green-growth model presented in this
document include: (1) Rapid upscaling of renewable energy; (2) Electrification; (3)
Transition to hydrogen, advanced biofuels, and other clean fuels; (4) Sustainable forest
and agricultural lands; (5) Reduced material wastes through Sustainable Materials
Management; (6) Rejuvenation of the industrial heartland of America with a special
focus on the Appalachian Region and the Midwest; (7) Government-backed financing,
investments, and regulatory support; and (8) a national Research, Development,
Demonstration and Deployment (RDD&D) strategy.

The ZCAP offers a framework for large-scale change that has four core elements. The
first element is technological. The U.S. economy requires deep technological changes

to continue defining the forefront of new global industries. The strategy of this plan is
based on regulations and market incentives to promote high-speed innovation and rapid
adoption of zero-emission technologies.
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The second core element builds on American federalism. Large-scale change must rely
on clear national goals, supported by the cooperative efforts of federal, state, and local
governments with an appropriate division of labor among the levels of government
and between the public and private sectors. Success in delivering on the ZCAP vision
and building a resilient clean energy economy will require a national effort and the
participation of all Americans.

The third core element is foreign policy. The U.S. share of global GHG emissions is
currently around 15 percent. The world’s climate future depends on global actions, not
just the actions of any one country alone. The proposed new U.S. energy strategy must
therefore include a strong foreign policy dimension, so that what happens domestically is
matched and magnified globally. The United States must not only rejoin the Paris Climate
Agreement, but also help to lead the world toward decarbonization at the needed pace.

The fourth core element is a 21st century industrial policy - using the heft of the U.S.
government to promote new high-tech industries and advanced technologies as has been
done successfully in many other areas that promised important economic prospects --
including advanced semiconductors, the space industry, the Internet, and biotechnology.

Energy and Infrastructure Pathways

The ZCAP strategy for transitioning from a high-carbon to a low-carbon energy system
builds on three main pillars: (1) using energy more efficiently; (2) decarbonizing
electricity; and (3) switching from fossil fuel combustion to electricity in most current
uses. The underlying analysis recognizes that reaching net-zero or net-negative emissions
requires an additional pillar: (4) carbon capture. Whether captured carbon is stored
geologically or used to synthesize fuels depends on societal choice and relative economics.

The ZCAP team - including nearly a hundred researchers from dozens of research
centers, academic institutions, think tanks, and other organizations -- developed six
scenarios for meeting the net-zero target while meeting the same demand for energy
services as the baseline reference scenario based on the Department of Energy’s long-
term forecast, the Annual Energy Outlook (AEO). The six scenarios include: a Central case
(least cost); Limited land; Delayed electrification; 100 percent renewable primary energy;
Low demand; and Net negative. The key finding across these scenarios was that while
technology options change among the scenarios after 2030, as cost uncertainty increases
and conditional variables reduce technological options, the scenarios aligned on key
technology options within the first decade of action as described below.

The scenarios were modeled using two sophisticated analytic tools, EnergyPATHWAYS
(EP) and RIO, which provide a high level of detail in sector (more than 60 subsectors), time
(annual turnover of equipment stocks plus an hourly electricity dispatch), and geography
(16 different regions of the United States, modeled separately).

This study focuses on how to eliminate CO, from the use of fossil fuel for energy and
industrial feedstocks, which constitutes more than 80 percent of current U.S. GHG
emissions. The scope of this analysis does not include negative CO, emissions from the
“land carbon sink” or the emissions of non-CO, GHGs such as methane and nitrous oxide.
Combined, these currently have net emissions of about +500 MMT CO,e. Mitigation

in these areas, from a combination of increasing the sink and reducing non-CO, GHG
emissions, will be needed for total U.S. GHG emissions to reach net-zero or below, even if
the energy system by itself is carbon neutral. Suggestions for doing so are covered by our
chapters on the federal framework, land use, and materials.
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In the modeling results, the shares of fossil fuel in the primary energy supply decrease
dramatically from today’s level -- replaced mainly by power from wind, solar, and biomass.
Under the ZCAP strategy coal, which has a very high carbon content per unit of energy,

is eliminated entirely. Natural gas (~75 percent reduction) and petroleum (~90 percent
reduction) are reduced to niche roles including industrial feedstocks, certain forms of
transportation, and a limited amount of natural gas power generation needed to maintain
reliability in an electricity system composed primarily of wind and solar generation.
Electricity increases to meet 50 percent of end-use demand, with zero-carbon drop-in
fuels providing most of the rest. Conversion processes that play a minimal role today

- advanced biofuel refining, and the production of hydrogen and synthetic fuels from
electricity - become key components of a carbon-neutral energy system. CO, emissions
from the small remaining fossil fuel use in energy and industry are captured directly or
offset using carbon capture and storage.

Despite all of the heated debate surrounding the energy transformation, the ironic fact
is that the incremental cost of running the U.S. economy on clean energy as opposed to
fossil-fuel energy is very small. We find that as of 2050, the clean-energy economy costs
only 0.4 percent of GDP more per year than the fossil-fuel economy. In other words,

for less than one-half of 1 percent of GDP, we can fundamentally shift to a clean energy
foundation for our economy - and thus avoid climate disaster.

Implications for Key Sectors

The single most important transformation occurs through the decarbonization of power
generation, which accounts for around 32 percent of total CO, emissions from energy and
industry in 2019 (see Table 1.1). The ZCAP analysis anticipates a major shift to wind and
solar energy -- with continued production from other zero-carbon sources, notably nuclear
and hydropower. For purposes of maintaining electricity system reliability, a substantial
fleet of gas-fired power generators needs to remain in place in 2050, roughly comparable
to today’s level of capacity. However, these generators will run much less often than they
do at present, comprising only a few percent of total electricity generation.

The transportation sector includes light-duty vehicles, heavy-duty vehicles (trucks), off-
road vehicles, buses, rail, shipping, and aviation. Transportation emissions accounted for
37 percent of total CO, emissions from energy and industry in 2019. The principal strategy
for decarbonizing transportation is electrification (including battery, plug-in hybrid, and
hydrogen fuel cells) of all light-duty vehicles, urban-based trucks and buses, rail, much
of long-haul trucking, and some short-haul shipping and aviation. For long-haul aviation
and long-haul ocean shipping, advanced low-carbon biofuels and synthetic liquids or
gases produced with renewable energy are the leading energy contenders. The second
strategy builds on initiatives to reduce vehicle use and miles traveled while enhancing
accessibility to health, education, jobs, and other services for the mobility disadvantaged.
This transition will require a variety of actions by federal, state, and local governments as
spelled out in detail in the report that follows.
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Buildings, both residential and commercial, account for 12 percent of direct CO,
emissions. Buildings built between now and 2050 will comprise 30 percent of the

building stock in 2050, making low-carbon buildings an essential element of any deep
decarbonization strategy. In this regard, the ZCAP proposes a new National Energy Code
for Buildings (NECB) to ensure that new buildings constructed after 2025 will not burn
fossil fuels onsite, will be highly energy efficient, and will be constructed using low-carbon
techniques and materials. The NECB and federal appliance standards should also ensure
that replacement equipment and appliances in existing buildings will be energy efficient
and largely electrified.

Industry accounts for 20 percent of CO, emissions from energy. A relatively large share
of industry emissions from light industries such as manufacturing of durable goods,
food and textile processing, and even mining and non-ferrous metal production may be
avoided by coordinated efficiency improvements, electrification, and decarbonization of
electricity generation. Other industries - such as iron and steel, cement, and feedstock
chemicals - are of particular interest in a decarbonization context precisely because their
conventional production processes entail emissions that are difficult to avoid and their
capital infrastructure tends to be long-lived. Fortunately, even for these sectors, there
are technical solutions available such as carbon capture and storage (CCS) at industrial
facilities, hydrogen, supplementary materials and fillers, and other synthetic fuel
replacements and substitutions.

Land use policies impact every aspect of the transition to zero greenhouse emissions,
including: siting of renewable energy, next generation biofuels, reforestation, soil carbon,
and emissions from agriculture and livestock. The complexity of policy choices in this area
will require new efforts at RDD&D, new inter-agency planning, and enhanced cooperation
of all levels of government with each other and with impacted communities.

Finally, the ZCAP calls for a new national framework for Sustainable Materials
Management (SMM) and a Circular Economy (CE) based on the pillars of “reduce, reuse,
recycle.” Much of the negative climate impact in the United States comes from the
materials and food consumed. This includes the entire materials supply chain, from
manufacturing, transportation and usage, to final disposition of materials. An integrated
SMM and CE approach would help to reduce pollution, drive job creation, spur energy
efficiency, and lower GHG emissions. SMM and CE objectives should thus be incorporated
into a range of federal policies as well as free-trade agreements and the work of
international organizations.

Job Creation and an Equitable Transition

By comparing the investment patterns of the main central scenario and baseline reference
scenario, and then using an Input-Output analysis, we can estimate the number of new
jobs created net of the jobs that will be lost in the fossil-fuel-related industries. The full
set of investments to achieve a net zero emissions U.S. economy between 2020 - 2050

will generate about 2.5 million jobs per year, considering jobs created through “direct”
channels, such as manufacturing electric cars, and “indirect” channels (i.e., jobs along the
supply chain to manufacture electric cars). Over four million jobs per year will be created
if we also include jobs generate through “induced” channels (i.e., multiplier effects of
newly-employed workers spending their earnings). Government policy at all government
levels should commit to industrial policies that will support domestic clean energy
investments, especially in manufacturing. Effective industrial policies can increase total
job creation by up to about 10 percent.
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Public policy at all levels should commit to ensuring that that the jobs created through
clean energy investments are high-quality in terms of wages, benefits, and working
conditions. Strong labor unions and effective job training programs are both necessary to
promote high-quality job opportunities and support a just transition. Since climate change
affects people and communities of color in distinct and significant ways, policies to reduce
GHG emissions and other pollutants should be crafted and implemented with engagement
of those most affected. Attention to procedural fairness as well as substantive equity can
also help to ensure that women and people of color have equal access to the emerging
clean energy jobs. These groups are currently underrepresented in all areas of the U.S.
energy sector.

The federal and state governments should also enact just transition policies for workers
and communities that are currently dependent on the fossil-fuel economy. About 12,000
workers per year in the coal industry will face job displacement between 2021 - 2030 as
the coal industry is phased out as of 2030. About 34,000 workers per year in the oil and
gas industry will face displacement as oil and gas are significantly phased down between
2031 - 2050. All displaced workers should receive pension and re-employment guarantees,
as well as generous income, retraining and relocation support. The combined overall cost
of such a generous program will be modest. Fossil-fuel dependent communities should
receive major federal and state-level support to reclaim and repurpose land and generate
new investment projects, including in a range of clean energy areas.

Key Federal Actions in 2021 should include
commitments to:

*+ Rejoin the Paris Climate Agreement and establish a new and stronger Nationally
Determined Contribution for U.S. greenhouse gas emissions - including the goal of net-
zero or net-negative anthropogenic GHG emissions by 2050 and an updated interim goal
for 2030.

+ Adopt a Zero Carbon Action Plan by legislation committing the nation to net-zero GHG
emissions by no later than 2050.

+ Require a Presidential report to Congress in January 2022 that provides a detailed
roadmap to put the country on the path toward carbon neutrality by 2050.

+ Invite the Department of Energy, Environmental Protection Agency, Department of
Transportation, and other relevant agencies to translate the Zero Carbon Action Plan
into intermediate and sector-specific emissions reduction goals and timelines for power,
transport, industry, buildings, land use and materials, and a process for updating such
goals.

« Establish a White House Office on Climate Change to coordinate federal agency climate-
change activities for both mitigation and adaptation, and to the extent authorized by
law, direct the development of plans, establish program metrics, track progress, and
otherwise oversee these activities.

+ Provide funding for the first four years of the ZCAP at a minimum of $2 trillion and
provide long-term mechanisms for adequate future funding, including federal support
for state and local actions.
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Enact a national clean energy standard for electricity to reduce emissions compared to
the present by at least 60 percent by 2030, 80 percent by 2040, and >95 percent by 2050.

Accelerate the transition to electric cars, trucks, buses, and other vehicles through the
implementation of new vehicle performance standards, expansion of the incentives for
zero-emissions vehicle purchases, and investments in electric vehicle charging station
infrastructure.

Establish a mechanism by which states, territories, and tribes specify how they will
achieve their specific Zero Carbon Action Plan milestones.

Make operational through procedural and substantive commitments the principle that
environmental and jobs benefits of the energy transition are to be shared equitably in
terms of geography, race, gender, and ethnicity - thereby ensuring that disadvantaged
communities benefit fully.

Invest directly in key parts of the national energy system, including inter-state power
transmission, public land use for power generation, and supporting infrastructure.

Launch innovative green financing mechanisms, such as government guarantees for
green bonds, tax incentives on utility bonds for renewable energy, direct equity, and
funding of state-level green banks.

Promulgate new Securities and Exchange Commission (SEC) reporting requirements
that require disclosure of climate-change-related risks and broader Environmental/
Social/Governance impacts.

Accelerate, intensify, and fully fund research and development for zero-greenhouse-gas
emitting technologies, energy efficiency technologies, and carbon removal technologies.

Clarify the National Environmental Policy Act (NEPA) requirement that all federal action
should be undertaken with an eye toward environmental impacts.

Each federal agency should exercise its existing powers and duties to contribute to the
fullest possible extent to the achievement of the Zero Carbon Action Plan including
national climate change goals and with specific emission reduction targets.

Specify a Social Cost of Carbon or shadow cost of carbon to guide policy formulation and
regulatory decision-making as well as to serve as the basis for market mechanisms such
as clean-energy subsidies, carbon taxes, feed-in tariffs and auctions, and other market-
based instruments that will vary by sector and over time.

Key State Actions in 2021

In line with the National Clean Energy Standard and the associated goal of net-zero
emissions by 2050, all states should prepare Renewable Portfolio Standards (RPS) or
equivalent Zero Carbon Energy Standards for the goal of zero-carbon power by 2050.
Currently 31 states have RPS of which 8 have the goal of 100 percent renewable energy
on or before 2050.

All states should prepare a comprehensive plan for net-zero GHG emissions by 2050
covering transport, buildings, and industry.

All states should prepare financing strategies to align with new federal funding
programs

States and cities should implement land use policies that promote densification, transit-
oriented development, and complete streets.
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Key Local Actions in 2021

+ Local governments, working in tandem with state and federal agencies, should prepare
local plans for net-zero greenhouse emissions by 2050 covering all local sectors.

+ Cities and local governments should adopt building codes and practices that encourage
or require zero-emission, all-electric buildings so that all new buildings are 100 percent
electric and retrofits for existing buildings are actively underway.

+ Cities should align incentives and programs for building retrofits with state climate goals
and begin efficient retrofit of existing buildings.
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1. OVERALL POLICY FRAMEWORK

Jeffrey Sachs, Sustainable Development Solutions Network (SDSN)

1.1 Goals and Scope

The Zero Carbon Action Plan (ZCAP) aims to put Americans back to work to build a
vibrant 21st century U.S. economy based on advanced technologies, good jobs, clean
energy, climate safety, and economic security. It is designed to achieve net-zero emissions
of greenhouse gases by 2050 as America’s contribution to the Paris Climate Agreement

to pursue efforts to limit global warming to 1.5°C, a goal later underscored by a special
report of the Intergovernmental Panel on Climate Change. It will hold other countries
accountable for climate safety as well, ensuring that American industry will not be
undercut by polluting competitors abroad.

In this effort, the U.S. will not be alone. The European Union has recently adopted the
European Green Deal to achieve net-zero emissions by 2050, and by 50-55 percent as

of 2030 compared with 1990. The European Green Deal is backed by a new €750 billion
recovery fund, including funds for research and development (R&D) on the new clean
energy technologies. China’s high-technology program, Made in China 2025, involves
massive outlays to propel China’s technological advance in key green technologies,
including renewable energy, smart grids, electric vehicles, and advanced technologies in
rail, shipping and aviation.

The new clean-tech economy will help to save the planet from human-induced climate
change while creating millions of good jobs, many more than will be cut in the fossil-fuel
industry, and smart federal policies can magnify those favorable job trends. Yet there is
currently no strategy at the federal level to support these new job-creating sectors. Private
businesses are stymied, not able to invest at scale because the accompanying public
investments in infrastructure (e.g., an upgraded national power grid, charging stations on
the Interstate Highway for electric vehicles, national connectivity for 5G) have not been
made. The U.S. currently spends around $20 billion annually to subsidize old polluting
companies and sectors that have limited long-term prospects, while our competitors in
Europe and Asia are building the industries of the future such as photovoltaics, wind
turbines, long-distance transmission systems, 5G enabled smart grids, advanced batteries,
and others.

We estimate that the clean energy sector and its supply chains will create around 2.5
million net jobs per year on average between 2020 and 2050, taking into account the
decline in jobs in the fossil-fuel industries, with many industrial jobs created in America’s
industrial heartland in the Appalachian region and Midwest. This estimate includes the
direct and indirect job creation in the clean-energy economy and subtracts the job losses
in the fossil fuel industries. In other words, the shift to clean energy is a net job creator.
The new jobs will include the large-scale production and installation of zero-carbon power
generation and distribution based on solar, wind, and hydro power, and the manufacture
of electric vehicles, batteries, wind turbines and solar panels, green hydrogen and other
green fuels, and related technologies. In addition, there will be around 800,000 new jobs
per year associated with investments in energy efficiency, such as retrofitting buildings for
insulation and electrification.
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The ZCAP is based on detailed technological pathways that demonstrate the feasibility of
reaching zero emissions by 2050, as well as detailed background analyses of key sectors.
These pathways are described in detail in Chapter 2. The pathways cover all regions of the
country and all major sectors of our energy system. The action items identified build on
technologically and economically sound options and fit within the institutional framework
of the U.S. federal system. We believe the policy framework advanced here has both

an economic logic and a political appeal that can win majority support with the public
throughout the entire country, and at all levels of government: federal, state, and local.

Building a new energy and jobs strategy cannot be left to either the private or public sector
alone, and it cannot be a short-term policy. We require clear goals and policies that will
enable a long-term transition that will require 30 years to complete. The long-term nature
of the transition is the result of one simple fact: greenhouse gas emissions are mainly due
to the long-lasting capital stock that as of now relies heavily on fossil fuels: power plants,
vehicles, buildings, and factory output. This capital stock will roll over during the next
thirty years. The main process of energy-system transformation is to replace the fossil-
fuel-using capital stock as it is retired with new zero-carbon capital that depends on clean
power and green fuels.

The private sector today is held back by the lack of clear federal policies. Private
companies need clear goals, credible incentives, support for research, development,
demonstration and deployment (RDD&D) support, and reasonable protection from foreign
competitors that use fossil-fuel intensive technologies. It needs supporting regulations for
siting new clean-energy projects. It needs public infrastructure that is complementary to
private investments. Since the Federal Government has no long-term plans for sustainable
21st century infrastructure and the green transformation of the energy system, the private
sector cannot invest at scale. Trillions of dollars of private investments will sit on the
sidelines until there is clarity and movement on long-term U.S. energy and infrastructure
policies.

Nor can the Federal Government alone provide the needed leadership in our federal
system. States and localities must also play key leadership roles. In fact, a number of
governors and mayors have already staked out leadership positions on renewable energy
and vehicle electrification and have put forward policy innovations that offer important
learning and demonstration effects. In addition, the states oversee much of the core
energy infrastructure including power plants and roads and bridges.

Even more critically, these subnational governments have jurisdiction over critical
regulatory and management functions. Notably, state public utility commissions regulate
electric utilities and cities and states establish building codes and thus are positioned to
determine the energy efficiency of much of the built environment. Local governments also
invest in mass transit and roads, and regulate land use and housing. Further, states and
cities have the ability to change more rapidly and can design transition strategies tailored
to their local resources and communities. Success, however, will require the backing of
the Federal Government with regard to regulatory frameworks, carbon reduction targets,
and incentives as well as financing and federal investments. Further, states and cities have
the ability to go further faster and can design transition strategies tailored to their local
resources and communities.
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The Zero Carbon Action Plan centers on the six major energy-producing and using sectors:
power generation, transportation, buildings, industry, land use for agriculture, forestry
and other purposes, and materials. These six sectors account for almost all of the CO,
emissions of the U.S. We focus mostly on CO, emissions but also note the importance of
non-CO, greenhouse gas emissions (GHG) including methane, nitrous oxide, and various
industrial gases. In fact, CO, emissions account for 81 percent of overall U.S. GHG, so any
serious plan for climate neutrality by 2050 (that is, zero net emission by 2050), must start
with CO, emissions."

The key components required for the new green-growth model include:

 Rapid upscaling of renewable energy. While the shift away from a fossil-fuel-
based economy will be challenging, the utility sector is already moving in the right
direction and can move far more rapidly and deeply with the right incentives. Indeed,
power generation is currently the only major sector that shows signs of shallow
decarbonization while nearly all other sectors have flat or rising emissions.

* Electrification of the economy wherever electricity-based energy is economically
feasible and practical - including in ambient heating and ventilation (both new buildings
and retrofits), and light, medium- and even heavy-duty vehicles, including much of
trucking (urban delivery, drayage at ports), buses, rail, and some industrial applications
- recognizing that the electric sector must fully transition to emissions-free clean power
options to deliver the benefits of electrification.

 Transition to hydrogen, advanced biofuels, and other clean fuels manufactured with
zero-carbon power for “hard-to-abate” existing buildings and industrial sectors such as
steel, cement, chemicals, aircraft, and ocean-shipping. Each of these transitions will
require a tailored strategy that reflects the technological requirements and industrial
organization of the sector.

* Sustainable forest and agricultural lands based on large-scale reforestation, increased
soil carbon through improved farm practices, next-generation biofuels that do not
compete with the food supply or ecological needs, healthier diets with greater reliance
on plant-based proteins, and reduced food losses and waste.

* Reduced material wastes through Sustainable Materials Management (SMM)
industrial processes, reduced utilization of single-use plastics and other polluting goods,
advanced materials, and the scale-up of recycling and other components of the circular
economy, based on “reduce, recycle, and reuse” materials.

* Rejuvenation of the industrial heartland of America in the Appalachian Region and the
Midwest to build the wind turbines, solar panels, electric vehicles, advanced biofuels
and hydrogen systems, transmission grids, and the smart software for efficiency of the
energy system.

* Government-backed financing, investments, and regulatory support at all critical
stages of the transformation, including for job training in the new sectors; utility
financing for rapid scale-ups of renewable power generation and energy efficiency in
the residential, commercial, and industrial sectors; industrial restructuring in motor
vehicle manufacturing and heavy industry; public infrastructure, including a revamped
transmission grid, charging stations for electric vehicles, and advanced public transport
services in urban areas; and research and development for cutting-edge zero-carbon
technologies;

A national RDD&D strategy (research, development, demonstration & deployment)
to ensure that America stays at the technological forefront of the new clean-energy
economy, including smart grids and smart homes, distributed generation, advanced
renewable power, high-efficiency batteries and other energy storage, fuel-cell
technologies, and other areas.
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1.2 The Overwhelming Case for a Clean-Energy
Economy

The U.S. economy is still largely geared to the era of fossil-fuels: electricity produced

by fossil fuels (around 63 percent), transport based on petroleum (around 95 percent),
buildings heated by oil and gas, industry powered by coal and gas, and so forth.
Meanwhile, the European Union, China, and other countries are increasingly focused

on the green technologies of the future. In 2015, all 193 member countries of the United
Nations signed the Paris Climate Agreement to pursue efforts to limit global warming

to 1.5°C, a goal later underscored by a special report of the Intergovernmental Panel

on Climate Change. Only the U.S. has announced its withdrawal from the agreement
(effective November 4, 2020), while all other 192 countries have remained. The U.S. risks
falling far behind in global competitiveness in the clean-energy sector, especially as China
continues with its Made in China 2025 strategy, which focuses heavily on advanced green
technologies, and as the European Union implements the newly adopted European Green
Deal.

1.3 Framework for Large-Scale Change

This plan offers a framework for large-scale change that has four core elements. The first
element is technological. The American economy requires deep technological changes

to continue defining the forefront of new global industries. The strategy of this plan is
based on regulations and market incentives to promote high-speed innovation and rapid
adoption of zero-emission technologies.

The second core element builds on American federalism. Large-scale change must rely

on clear national goals, supported by the cooperative efforts of federal, state, and local
governments with an appropriate division of labor among the levels of government and
between the public and private sectors. The new economic growth model will require both
top-down leadership and bottom-up innovation and implementation. Moreover, a strategy
based on federalism that actively engages all levels of government will have greater
credibility and staying power than a program designed to operate only by top-down
policies.

The third core element is foreign policy. The U.S. share of global GHG emissions is currently
around 15 percent. The world’s climate future depends on global actions, not the actions of
any one country alone. The new U.S. energy strategy must include a strong foreign policy
dimension, so that what happens domestically (and in other countries where serious
decarbonization strategies are put into play) is matched and magnified globally. The U.S.
must not only rejoin the Paris Climate Agreement, but also help to lead the world toward
decarbonization at the needed pace. The U.S. must promote a global trading system that
favors innovation and clean-energy technologies and that prevents free-riding by countries
that try to shirk their global responsibilities for action.

The fourth core element is industrial policy - using the heft of the U.S. government to
promote new high-tech industries as has been done successfully in many other areas,
including advanced semiconductors, space industry, the Internet, biotech, and other areas
of advanced technologies.
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The following will consider these four core elements in turn: technological
transformation, federalism, foreign policy, and industrial policy.

1.3.1 Technological

Looking to history, profound technological changes often begin in niches and then diffuse
more widely - ultimately reconfiguring entire markets. This element of the following
framework of change means that one must understand, sector-by-sector, the state of play
of technology - and the challenges and opportunities that must be addressed. The policy
interventions needed will depend on that state of play:

+ For early stage technologies, policies that promote broad-based investment in RDD&D
will be critical. Indeed, because new ideas are public goods (freely provided to all),
testing of a range of new ideas and learning quickly what works is essential. Likewise,
it is crucial to the innovation process to take risks and make mistakes but also move
quickly to cut losses and double down on successful breakthroughs. Markets for these
new technologies may need to be “made” -such as through government procurement,
creative financing (e.g., green banks), guaranteed offtake arrangements (e.g., power
purchase agreements), and other strategies that provide predictability and revenue flows
that make investments in these emerging technologies “bankable.”

« For diffusion and reconfiguration of existing technologies, the policy instruments
required will be different because the tasks are different. In more mature areas of
technological change, the options are better known and the goal must therefore be to
encourage more widespread adoption, additional learning through experience, and
ultimate reconfiguration of markets around deep decarbonization. Here the requisite
policies will include regulatory requirements including performance standards, carbon
pricing, and harm charges more generally. These should be designed to ensure the
objective of zero net emissions by 2050 in the most efficient manner.

Big changes in technology will require a major financing effort by both the public and
private sectors, combined with clear goals and strong regulations and incentives at all
levels of government. Every sector of the energy system is interconnected with the others.
Renewable energy will require a modernized power grid to support it. A new electric
vehicle industry will require a national supply chain of advanced battery production, as
well as charging stations along the nation’s roadways and smart grids working efficiently
with the electric vehicle fleet. The massive investments needed in zero-carbon wind and
solar power will require that federal, state, and local authorities support access to the
required land, consider tradeoffs between renewable siting and priorities in agriculture
and local ecosystems, and ensure that low-cost financing is available. In short, the
complementary pieces of private investment, public investment, RDD&D, and job training,
must all work together.

1.3.2 Federalism

The Zero Carbon Action Plan will operate across all levels of government - federal,

state and local. Some elements of this policy will be broad-based and cover the whole
economy - for example, investments in early stage RDD&D, carbon-emission standards in
transportation and electricity, and carbon pricing in some sectors to help point innovation
in the right direction - often through hybrid regulatory-market policies such as trading of
vehicle emission credits. Most of the leverage will come from detailed actions in specific
sectors and locales. The various chapters provide a framework for this action agenda
across economic sectors and levels of government.
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Federal Government

The Federal Government must take the lead in setting clear national goals and milestones
for all key CO2 emitting sectors — power, transport, buildings, and industry - to achieve
zero net emissions no later than 2050. To achieve those goals, the Federal Government
should partner with the best minds in the private sector, NGOs and academia and develop
technology roadmaps for each major sector, or to create new programs for rapid learning
as in the past successes of the National Aeronautics and Space Administration (NASA),
Defense Advanced Research Projects Agency (DARPA), Advanced Research Projects
Agency-Energy (ARPA-E), National Institutes of Health (NIH), and the National Science
Foundation (NSF).

The sector chapters included within provide a starting point for such technology roadmaps
and more open-ended RDD&D programs. In turn, the RDD&D priorities identified

should help to guide substantially increased federal outlays on RDD&D for zero-carbon
energy technologies. The Federal Government will also invest directly in key parts of

the national energy system, including inter-state power transmission, public land use

for power generation, and supporting infrastructure. The Federal Government will also
engage in innovative green financing, such as government guarantees for green bonds,
tax incentives on utility bonds for renewable energy, direct equity, funding of state-level
green banks, and others. All of this will be supported by clear mandates for all key federal
agencies, including the science agencies (NSF, NOAA, DOE, etc.) and the regulatory
agencies (DOT/NHTSA, EPA, Interior, FERC, etc.). Finally, the Federal Government will
provide foreign policy leadership, including re-entry into the Paris Climate Agreement,
participation in global technology partnerships and standard setting, new financing for
low-income countries, and border taxation and regulation for trade in energy-intensive
products.

State Governments

State governments are responsible for power generation and within-state distribution

- and play a role in coordinating regional grids. Well over half the states have enacted
Renewable Portfolio Standards (RPSs) for their state utilities, typically overseen by public
service commissions and departments of energy in the state government. The most
important single step will be to adopt a national timeline and goal for net-zero emissions
by 2050, implemented through a national clean energy standard, which serves as a
framework and “floor” for states to build on their existing RPS goals. Some states will
move faster than the federal timeline, and should be encouraged and enabled to do so.
Many states have already adopted zero-emission vehicle sales requirements, low-carbon
fuel standards for transportation energy, and are currently pursuing more aggressive GHG
performance standards for vehicles than the Federal Government. States are working
together to develop innovative pricing and investment policies, through collaborations
like the Regional Greenhouse Gas Initiative and the Transportation and Climate Initiative.
Many states are already committed to timelines to decarbonize electricity generation and
transportation before 2050. Incentives need to be established to get other states on the
same trajectory.

State governments are also leaders of local economic development initiatives, at the state,
regional, or metropolitan scales. State policies will continue to support manufacturing of
green technologies, such as solar panels, wind turbines, components for electric vehicles,
software and hardware for smart grids, and the like.
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State government instruments include public investments, regulation of the utility sector,
tax and other incentives for industrial location, transportation planning, design and
retrofitting of state buildings and transportation fleet, public transportation policies, state
building codes, and public infrastructure (e.g., charging stations on state roads).

Local Governments

Local governments, like state governments, have often been leaders on climate and
sustainability. Local governments also have jurisdiction over urban land use, building
codes, roads, transit, and much more. They are on the front lines for many of the

changes needed to decarbonize, and are often willing to take the lead on environmental
commitments, but generally have limited capacity and resources. The Federal Government
can provide resources, for instance to support a transition from single-occupant vehicles
to transit and to shared and pooled services in ways that enhance accessibility by
disadvantaged travelers. The Federal Government can restructure transportation funding
and can empower local governments to decarbonize travel and better organize land uses.

1.3.3 Foreign Policy

The Zero Carbon Action Plan must also be incorporated into America’s foreign policy and
diplomacy for four major reasons.

« First, and foremost, climate safety can be achieved only by a global transformation to
net-zero emissions by mid-century. The U.S., for example, emits roughly 15 percent
of the total worldwide CO, emissions from energy and industry. Even if U.S. domestic
emissions achieved the net-zero goal, the CO, problem would persist unless there is
comparable progress across the globe. The U.S.s will best promote action abroad in
four ways: remaining at the forefront of new clean-energy technologies, exporting
clean-energy solutions, rejoining the Paris Climate Agreement, and insisting that other
countries clean up their own energy systems in order to keep their access to the U.S.
marketplace

+ Second, the pace of the U.S. energy transformation will affect competitiveness in the
global market. Other nations, notably the EU, China, Japan, and Korea, are already
advancing in high-tech, low-carbon technologies. U.S. companies will need to move
faster to maintain their global competitiveness.

+ Third, the new U.S. clean-energy industries will need reasonable protection from
products overseas by CO,-intensive industries. America should deploy a new system of
“border tax adjustments” to ensure that fossil-fuel-intensive competitors are not able to
take advantage of the new clean-energy industries. Such border adjustment mechanisms
are also part of the European Green Deal. Fossil-fuel based American firms will likely
face border taxes when exporting to the EU.

+ Fourth, the global technological transformation to clean energy will involve new
technology standards for vehicles, aviation, ocean shipping, power generation, cross-
border power transmission, energy efficiency, smart grids, artificial intelligence, and
other parts of the new energy economy. The United States should play a leadership role
in setting these new standards.

« Fifth, the U.S. will have to work with other nations to update the global trade and
investment rules at the World Trade Organization (WTO) and elsewhere to ensure
that the rules and procedures of the international trading system reinforce the global
commitment to sustainability in general and decarbonization in particular.
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1.3.4 Industrial Policy

As the entire world moves towards clean-energy technologies, U.S. competitiveness,
national security, and global leadership will depend on its capacity to build world-
leading, large-scale industries in each critical part of the new energy system. The U.S.

has considerable experience and success with technology-based industrial policy
domestically, and it confronts similar policies in foreign relations, most notably in China.
The U.S. has successfully promoted major private industries based on public-private
technological initiatives. Key industrial sectors for the future include: renewable energy
(e.g., photovoltaics, wind power); power transmission and distribution; smart grid with 5G
backbone; electric vehicles; advanced batteries at grid, vehicle, and household scale; fuel
cells; low-carbon aviation; zero-emission buildings; hydrogen and other zero-carbon fuels
such as advanced biofuels; new materials replacing petroleum-based products; carbon-
capture and storage; and potentially advanced nuclear power (e.g., modular, fourth-
generation, passive safety systems, new fuel cycles, fusion). These technologies will spur
further advances in nanotechnologies, new materials, robotics, artificial intelligence, and
other systems.

1.4 Transformation of Six Key Sectors

Six sectors of the economy account for almost all CO, emissions, and most emissions of
other greenhouse gases. The key, therefore, is the deep transformation of these sectors by
2050, which may be summarized as follows:

Power

Power. The single most important transformation is the decarbonization of power
generation, which accounted for around 32 percent of total CO, emissions from energy
and industry in 2019 (see Table 1.1). The major shift is to wind and solar energy, with
continued production from other zero-carbon sources, notably nuclear and hydropower.
For purposes of maintaining electricity system reliability, a substantial fleet of gas-fired
power generators needs remain in place in 2050, roughly comparable to today’s level of
capacity. However, these generators will run much less often than they do at present,
comprising only a few percent of total electricity generation. The fuels used in this
generation can be made carbon-neutral, or their emissions can be offset elsewhere in
the system. Since wind and solar power are already at or near grid parity with coal-fired
and gas-fired power generation, inclusive of energy storage, the incremental energy costs
compared with business-as-usual (BAU) associated with the green transformation of the
power sector are small. As part of decarbonizing the economy, the power sector will
need to grow in order to absorb new loads from transportation, buildings, and industry,
as those sectors electrify. In order to keep the cost of a larger grid (including generation,
transmission, and distribution) affordable nationally, our analysis assumes a 40 percent
efficiency improvement in per capita energy use by 2050.
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Transport

The transportation sector includes light-duty vehicles, heavy-duty vehicles (trucks), off-
road vehicles, buses, rail, shipping, and aviation. Transportation emissions accounted
for 37 percent of total CO, emissions from energy and industry in 2019. The principal
strategy for decarbonizing transportation is electrification (including battery, plug-in
hybrid, and hydrogen fuel cells), including all light-duty vehicles, urban-based trucks
and buses, rail, much of long-haul trucking, and some short-haul shipping and aviation.
For long-haul aviation and long-haul ocean shipping, advanced low-carbon biofuels and
synthetic carbon-based liquids or gases produced with renewable energy are the leading
energy contenders. The second strategy is to reduce vehicle use and miles traveled while
enhancing accessibility to health, education, jobs, and other services for the mobility
disadvantaged, which involves a variety of actions by federal, state, and local governments.

Buildings

Buildings, both residential and commercial, account for 12 percent of direct CO,
emissions; this rises to 32 percent when the building share of electricity emissions are
taken into account. Buildings built between now and 2050 will comprise 30 percent of the
building stock in 2050. A new National Energy Code for Buildings (NECB) should ensure
that new buildings constructed after 2025 will not burn fossil fuels onsite, will be highly
energy efficient, and will be constructed using low-carbon techniques and materials. The
NECB and federal appliance standards should also ensure that replacement equipment
and appliances in existing buildings will be energy efficient and largely electrified.

We recommend that around 5 percent of the national RDD&D budget (rather than less
than 1 percent today) should be committed to advanced building technologies, building
science, and building policies including through joint ventures with National labs and state
analogues. Investment in RDD&D should be paired with the development of a national
manufacturing policy that would ensure that a large percentage of green building products
are manufactured domestically. In addition to funding federal government building
retrofits and new builds to meet the national carbon goals, the Federal Government
should provide financial resources via grants to states, counties, and cities, for extensive
building retrofits. It should leverage its financial tools, such as tax policy and mortgage
underwriting criteria, to encourage low-carbon buildings. The Federal Government should
also assist state and local authorities in creating policies for reducing GHG emissions from
buildings that exceed national policies and policies for compact, low-carbon development.

Industry

Industry accounts for 20 percent of CO, emissions from energy, of which 68 percent are
related to energy demands (electricity and heat) and the other 32 percent result from
various industrial processes. As such, a relatively large share of industry emissions from
light industries such as manufacturing of durable goods, food and textile processing, and
even mining and non-ferrous metal production may be avoided by coordinated efficiency
improvements, electrification, and decarbonization of electricity generation. Other
industries - such as iron and steel, cement, and feedstock chemicals - are of particular
interest in a decarbonization context precisely because their conventional production
processes entail emissions that are difficult to avoid and their capital infrastructure tends
to be long-lived.
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Fortunately, even for these sectors, there are technical solutions available such as Carbon
Capture and Sequestration (CCS) at industrial facilities, hydrogen, supplementary
materials and fillers, and other synthetic fuel replacements and substitutions. Federal and
state governments should work together to revise building and infrastructure codes and to
create lead markets to incentivize the commercialization of green industrial products.

Land use (agriculture, forests, other non-urban)

Land use policies impact every aspect of the transition to zero greenhouse emissions,
including: siting of renewable energy, next generation biofuels, reforestation, soil carbon,
and emissions from agriculture and livestock. The complexity of policy choices in this
area will require new efforts at RDD&D, new inter-agency planning, and enhanced
cooperation of all levels of government with each other and with impacted communities.
Key recommendations include the following:

« A new Advanced Research Projects Agency for Land (ARPA-Land) with a focus on soil
carbon sequestration, next-generation biofuels, low-carbon animal protein substitutes,
reducing food loss and waste, integration of renewable energy with agricultural land use

+ A new inter-agency task force on land to coordinate the multiple issues relevant to U.S.
lands in the context of deep decarbonization

+ The development and use of integrated models to support long-term pathways towards
sustainable land use and food systems

« Integrated spatial planning and transparent processes and financing mechanisms for
renewable energy project development and transmission infrastructure;

«+ Financing incentives for agri voltaics and distributed generation, as well as renewables
development, on existing structures on agricultural land and contaminated and
underutilized sites

+ Regulations to address jurisdictional overlaps among state, federal government, regional
transmission operators (RTOs), and the ability of one or a few states to veto an interstate
expansion to balance regional and local interests

+ Policies to assess impacts on host communities and engage impacted communities in
the siting process and decisions on compensation

« Development of a national reforestation goal by 2050, supported by various incentive
policies and federal acquisition of private lands for reforestation where feasible and
useful

« Policies to increase the storage of carbon in agricultural soils built around incentives,
monitoring, reporting

+ Transformation to next-generation biofuels through increased RDD&D funding, a new
low-carbon fuel standard, and new federal procurement standards

« Promoting dietary shifts to foster healthier diets produced by a food system with lower
GHG emissions

+ Policies to reduce food loss and waste.
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Materials

ZCAP calls for a new national framework for SMM and Circular Economy (CE) based

on the pillars of “reduce, reuse, recycle.” Both SMM and the CE will lead to reduced
pollution, energy efficiency, and reduced GHG emissions. Specific SMM and CE policies
include: mandatory recycling and composting; national bans on plastic bags, polystyrene,
and other polluting materials; SMM plans for materials management; green public
procurement criteria and targets; restrictions of waste exports; and embrace of Basel
Convention standards for electronic recycling.

Table 1.1 EIA Total U.S. Energy-Related Carbon Dioxide (CO,) Emissions 2019.

Buildings Industry | Transportation Power Source total
Residential = Commercial
Sector total 343 254 1,012 1,902 1,619 5,131
(CO, million
metric tons)
Percent total = 11-6% 19.7% 37.1% 31.6% 100%

Carbon dioxide (CO,) emissions were about 5,131 million metric tons in 2019. The above

numbers show the direct emissions from each sector without double counting electricity.?

1.5 Economic Costs of Reaching Net-Zero
Emissions

Despite all of the heated debate surrounding the energy transformation, the ironic fact

is that the incremental cost of running the U.S. economy on clean energy as opposed to
fossil-fuel energy is very small. The costs of renewable energy for power generation,
electric vehicles, electric heating of buildings, and other technologies are already so

low that moving from fossil fuels to clean-energy solutions will add very little economic
burden. There are various ways to summarize this burden, for example, comparing the
annual outlays of a reference energy path to 2050 and a clean-energy path to 2050. On
this basis, the annual outlays on the clean energy path are on average 1-2 percent of GDP
higher than on the reference path during 2020-2050, a modest incremental outlay. Yet
such a calculation overstates the true costs of the transformation since the outlays after
2050 are much lower for the clean-energy economy. To account for this, we can calculate
a “levelized” cost of the clean-energy economy versus the fossil-fuel economy. In this
alternative calculation, we measure the annual recurrent costs of the energy system plus
the annualized capital charges on the installed capital stock (essentially the cost of capital
multiplied by the capital stock). We find that as of 2050, the clean-energy economy is only
0.4 percent of GDP more costly per year than the fossil-fuel economy (and lower than that
up to 2050). In other words, for less than one-half of 1 percent of GDP, we can shift the
energy system to avoid climate disaster. (Another simple way to think about the levelized
cost of the energy system is to assume that all energy-system capital outlays are financed
with debt. The levelized calculation then compares the annual costs of servicing the
energy-sector debt plus annual recurrent costs, measured relative to GDP.)
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1.6 Setting Goals and Adjusting Course

All great national efforts require bold visions and plans, and the ability to adjust course
along the way. President John F. Kennedy declared in May 1961, “I believe that this nation
should commit itself to achieving the goal, before this decade is out, of landing a man on
the moon and returning him safely to the Earth.” At the time that Kennedy set this goal,
the U.S. had put a single astronaut into space for just 15 minutes. In other words, the
bold goal was set before many of the key steps were known or knowable. Kennedy had
confidence in America’s engineering and problem-solving abilities. Indeed, he famously
declared in a speech the following year: “We choose to go to the moon in this decade and
do the other things, not because they are easy, but because they are hard, because that
goal will serve to organize and measure the best of our energies and skills, because that
challenge is one that we are willing to accept, one we are unwilling to postpone, and one
which we intend to win, and the others, too.”

Of course the New Deal also comes to mind. In the Great Depression, President Franklin
Delano Roosevelt led the country at a time of mass unemployment and despair, and boldly
devised new strategies to confront the crisis. He called for bold action and learning by
doing. As FDR famously declared: “The country needs, and unless I mistake its temper, the
country demands bold, persistent experimentation. It is common sense to take a method
2”4

and try it. If it fails, admit it frankly and try another. But above all, try something.

In the case of reaching zero emissions by 2050, there are pieces of the puzzle that are
already solved, but also many that are still to be determined. This task is our generation’s
moonshot, but thanks to bold work of many pioneers in recent years, we have much
greater knowledge of how we can reach our goals than the American people had in 1961
regarding the moonshot. We must set the goal for mid-century, embark boldly on what we
know, and prepare in the spirit of FDR to experiment, learn and adjust course along the
way. As demonstrated by this plan, many of the technological solutions are understood but
lack the institutional coordination, political support, and market incentives to scale.

We can make three generalizations. First, the most straightforward CO, reductions will
be achieved in power generation, followed by transport and buildings, with the greatest
uncertainties remaining in parts of industry. Second, all sectors face a rising marginal
cost of emissions reduction. A substantial proportion of current emissions in each sector
can be abated at a low cost (or even at a saving compared with the current situation),

but getting the remaining emissions down becomes increasingly costly as we move
towards zero emissions. Third, the costs associated with many low-carbon technologies
are declining over time, and are likely to continue to decline. As a result, many actions
that seem more costly now are likely to become less costly in the future. Fourth, the
solutions required to put us on the path to decarbonization by mid-century are fairly
well understood throughout the next decade and then diverge in the following decades
depending on innovation breakthroughs and unknown market behaviors. This means that
there are some clear “no-regrets” steps that we can take in this decade and then expect to
learn about the preferred pathways for later steps as our knowledge progresses.

A brief summary is the following. Decarbonizing the power sector (electricity generation
and distribution) will be accomplished mainly by shifting power generation from fossil-
fuel primary sources to renewable energy sources, notably solar and wind power. The
costs of renewable energy, even with storage, have fallen sharply, and are at grid-parity
with fossil-fuel-based power in certain contexts.
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The shift in energy sources from coal and natural gas to wind and solar power can be
achieved economically with high confidence. Nonetheless, there are complex and well-
known issues of managing the power grid with a high penetration of renewable energy
(including storage of intermittent renewable energy and dispatchability of power during
peak loads). Because of these complexities it may even be economical as part of a zero-net
emission strategy to retain a small capacity in gas-fired power generation. In short, low-
cost emission reduction of 80 percent of power generation is in clear sight, with future
learning and technological improvements needed for the remaining 20 percent.

In the case of transport, we are well positioned for a shift from internal combustion
engines (ICE) to electric vehicles (EV) for light-duty vehicles, with automotive supply
chains in place and plans to roll out an expanding suite of EV models. By the late 2030s,
most or all new light-duty vehicles sold must be zero-emission vehicles in order to meet
the 2050 timeline. While the auto industry is well prepared to transition from ICEs to EVs,
it will involve a major overhaul, with some companies and countries further ahead. The
financial markets are embracing this transformation, with EV-leader Tesla the highest-
valued automobile manufacturer in the world today, ahead of General Motors, Ford, and
Toyota, and a number of EV startups also valued in the billions of dollars, and every major
auto company is now rolling out EVs. Of course consumers are also waiting for charging
stations and other EV-friendly infrastructure. Incentive pricing will also make a difference,
e.g., subsidizing EVs according to the savings on carbon emissions or phasing in taxes of
emissions on ICEs, especially as the infrastructure for EVs is expanded.

Electrification of trucking is lagging, but it is now expected that, because of rapidly
dropping battery costs, most trucks can also be electrified in the coming decades.
California adopted regulations in June 2020 requiring that 75 percent of medium duty
trucks and 40 percent of long-haul trucks sold by 2035 must be electric (including plug-in
hybrid and hydrogen fuel cell electric vehicles).

More energy-dense fuels, similar to petroleum, are needed for aviation and shipping, as
well as some long-haul trucks. These will be the next-generation biofuels and synthetic
liquid fuels (e.g., hydrocarbons synthesized from CO,, and water using renewable energy).
Thus, part of the solution to transport will involve the build-up of a new fuel sector based
on hydrogen, biofuels, and synthetic fuels.

We note that reining in and even reducing vehicle use is a key part of achieving massive
reductions in greenhouse gas emissions via vehicle electrification. First, the energy used
to manufacture EVs and batteries is large (roughly 20 percent of total lifetime emissions
of today’s EVs). Second, the challenge of electrifying vehicles is much easier and less
expensive if fewer vehicles are needed (currently vehicle use is increasing). Third, shifting
travel to few vehicles and low-carbon modes is key to enhancing accessibility and mobility
to mobility-disadvantaged travelers.

In the case of commercial and residential buildings, it will be relatively straightforward

to build highly energy-efficient, zero-emission new buildings by shifting from on-site of
heating oil and natural gas, to onsite electrification, and by using more advanced strategies
for building insulation, heating, and ventilation. Millions of existing buildings that
currently rely on fossil-fuel combustion will also be retrofitted or replaced depending on
costs and context. Retrofitting buildings, including retrofitting for energy efficiency, will
potentially provide hundreds of thousands of jobs per year, given that there are around 140
million housing units and nearly 6 million commercial buildings in the United States.
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The largest challenges will come in a few energy-intensive industries, where fossil-

fuels are used either as feedstocks (as in petrochemicals) or for process heating (as in
metallurgy), or where CO, is emitted as part of material transformation (as in cement).
These sectors will require sector-by-sector, and even product-by-product solutions. Some
parts of industry, such as niches in metals production, can be electrified. Some part of the
petrochemical industry will shift from processing petroleum to synthesizing alternative
fuels including hydrogen. Some parts of the industry will close down in a post-fossil-

fuel era, and one that has shifted away from single-use plastics. Yet across the industrial
sector, alternative materials, new fuels (hydrogen or synthetic fuels), and new production
processes will be needed. Perhaps half of the CO, emissions from industry, or about

10 percent of current total CO, emissions , will require innovative solutions from new
technologies.

The ZCAP calls for rapid scale-up of investments in the known areas, including

renewable energy generation and transmission, electric vehicles, and zero-emission
buildings and retrofits. It also calls for a massive increase of public-private efforts to
achieve zero emissions by 2050 in the hard sectors, notably heavy trucking, shipping,
aviation, and selected industries. For these sectors, we recommend a mix of industrial
policies including: public-private partnerships on advanced technologies; border taxes

on embedded CO, to protect the use of low-emission technologies in the U.S.; public
procurement policies to incentivize zero-emission technologies; and gradually rising taxes
on CO, emission to incentive the shift from fossil fuels to renewable energy sources and
green fuels (e.g., hydrogen, and synthetic fuels).

1.6.1 Job Creation and Just Transition

The Zero Carbon Action Plan will create more than 2.5 million net new jobs per year as
part of the energy transition. The net job creation is described in detail in Chapter 3. Jobs
will be created in installing the new energy systems, in the manufacture of the equipment,
and in the investments to raise energy efficiency such as building retrofits. By comparing
the investment patterns of the main central scenario and baseline reference scenario,

and then using an Input-Output analysis, we can estimate the number of new jobs created
net of the jobs that will be lost in the fossil-fuel-related industries. Our estimates take

into account the direct job creation in the end-use sectors (such as the manufacture

and installation of renewable energy systems) as well as the indirect job creation in the
upstream industries that supply intermediate inputs to the end-use sectors.

Public policy at all levels should commit to ensuring that the jobs created through clean
energy investments are high-quality in terms of wages, benefits and working conditions.

« Strong labor unions and effective job training programs are both necessary to promote
high-quality job opportunities.

« Additional policies are necessary to ensure that women and people of color have equal
access to clean energy jobs. Both groups are currently underrepresented in all areas of
the U.S. energy sector.
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The federal and state governments should enact just transition policies for workers and
communities that are currently dependent on the fossil-fuel economy.

+ Between 2021 - 2030, about 12,000 workers per year in the coal industry will experience
displacement between 2021 - 2030. Between 2031 - 2050, about 34,000 workers in the oil
and gas industry will face displacement.

« All displaced workers should receive pension and re-employment guarantees, as well as
generous income, retraining and relocation support. The combined overall cost of such
a generous program will be modest.

+ Fossil-fuel dependent communities should receive major federal and state-level support
to reclaim and repurpose land and generate new investment projects, including in a
range of clean energy areas.

1.6.2 Federal Financing
Federal financing of the energy transition will involve two main categories of outlays:

+ Direct outlays in the budget

+ Loan guarantees for outlays by others (e.g., investments by private-sector utilities in
clean-power generation and distribution).

Direct outlays by the federal government should include the following:

+ Research, development and demonstration programs by the Department of Energy,
National Science Foundation, Department of Defense, and others;

+ Federal investments in infrastructure, including interstate power transmission, charging
stations along the Interstate Highway System and other federal roads, and other related
investments;

+ Federal outlays for a Just Transition Fund, to cover the needs of workers displaced by
the decline of fossil-fuel-related sectors, and of communities adversely impacted by the
energy transition;

+ Federal procurements of low-carbon vehicles, equipment, and buildings for federal use;
+ Federal grants to state governments for retrofitting buildings;

+ Federal grants to local communities and farmers for reforestation, soil carbon storage,
and other sustainable land use practices.

+ Federal outlays to support global funding for low-income countries in mitigating and
adapting to climate change.

Federal loan guarantees to accelerate private investments in clean-energy systems should
include:

+ Federal financing of private and public utilities for investments in zero-carbon power
generation and distribution;

+ Federal financing to support the sales and leasing of electric vehicles;

« Federal financing to support state and local governments in low-carbon infrastructure
investments in state and local buildings, local transport, and zero-emission vehicles.
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The specific allocations of federal outlays and loan guarantees according to these
categories will depend on the pace by which federal, state, and local programs can be
designed and implemented. It would be reasonable to assume incremental direct outlays
of at least 1 percent of GDP per year during the fiscal years 2021-2025, and incremental
loan guarantees of another 1 percent of GDP per year during the period. This would
amount to roughly $500 billion per year in incremental federal financing during 2021-2025,
or $2 trillion during the four-year period.

1.7 Recommendations for All Levels of
Government

1.7.1 Key Federal Actions in 2021

 Rejoin the Paris Climate Agreement and establish a new and stronger Nationally
Determined Contribution for U.S. greenhouse gas emissions - including the goal of net-
zero GHG emissions by 2050 and an updated interim goal for 2030.

+ Adopt a Zero Carbon Action Plan by legislation committing the nation to net-zero GHG
emissions by no later than 2050.

+ Require a Presidential report to Congress in January 2022 that provides a detailed
roadmap to put the country on the path toward carbon neutrality by 2050.

+ Invite the Department of Energy, Environmental Protection Agency, Department of
Transportation, and other relevant agencies to translate the Zero Carbon Action Plan
into intermediate and sector-specific emissions reduction goals and timelines for power,
transport, industry, buildings, land use and materials, and a process for updating such
goals.

« Establish a White House Office on Climate Change to coordinate federal agency climate-
change activities for both mitigation and adaptation, and to the extent authorized by
law, direct the development of plans, establish program metrics, track progress, and
otherwise oversee these activities.

+ Provide funding for the first four years of the ZCAP at a minimum of $2 trillion and
provide long-term mechanisms for adequate future funding, including federal support
for state and local actions.

+ Enact a national clean energy standard for electricity to reduce emissions compared to
the present by at least 60 percent by 2030, 80 percent by 2040, and >95 percent by 2050.

« Accelerate the transition to electric cars, trucks, buses, and other vehicles through the
implementation of new vehicle performance standards, expansion of the incentives for
zero-emissions vehicle purchases, and investments in electric vehicle charging station
infrastructure.

+ Establish a mechanism by which states, territories, and tribes specify how they will
achieve their specific Zero Carbon Action Plan milestones.

« Make operational through procedural and substantive commitments the principle that
environmental and jobs benefits of the energy transition are to be shared equitably in
terms of geography, race, gender, and ethnicity - thereby ensuring that disadvantaged
communities benefit fully.
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Invest directly in key parts of the national energy system, including inter-state power
transmission, public land use for power generation, and supporting infrastructure.

Launch innovative green financing mechanisms, such as government guarantees for
green bonds, tax incentives on utility bonds for renewable energy, direct equity, and
funding of state-level green banks.

Promulgate new Securities and Exchange Commission (SEC) reporting requirements
that require disclosure of climate-change-related risks and broader Environmental/
Social/Governance impacts.

Accelerate, intensify, and fully fund research and development for zero-greenhouse-gas
emitting technologies, energy efficiency technologies, and carbon removal technologies.

Clarify the National Environmental Policy Act (NEPA) requirement that all federal action
should be undertaken with an eye toward environmental impacts with a directive to each
federal agency to exercise its existing powers and duties in a manner that will contribute
to the fullest possible extent to the ZCAP agenda and goals.

Specify a Social Cost of Carbon or shadow cost of carbon to guide policy formulation and
regulatory decision-making as well as to serve as the basis for market mechanisms such
as clean-energy subsidies, carbon taxes, feed-in tariffs and auctions, and other market-
based instruments that will vary by sector and over time.

1.7.2 Key State Actions in 2021

In line with the National Clean Energy Standard and the associated goal of net-zero
emissions by 2050, all states should prepare Renewable Portfolio Standards (RPS) or
equivalent Zero Carbon Energy Standards for the goal of zero-carbon power by 2050.
Currently 31 states have RPS of which 8 have the goal of 100 percent renewable energy
on or before 2050.

All states should prepare a comprehensive plan for net-zero GHG emissions by 2050
covering transport, buildings, and industry.

All states should prepare financing strategies to align with new federal funding
programs

States and cities should implement land use policies that promote densification, transit-
oriented development, and complete streets.

1.7.3 Key Local Actions in 2021

Local governments, working in tandem with state and federal agencies, should prepare
local plans for net-zero greenhouse emissions by 2050 covering all local sectors.

Cities and local governments should adopt building codes and practices that encourage
or require zero-emission, all-electric buildings so that all new buildings are 100 percent
electric and retrofits for existing buildings are actively underway.

Cities should align incentives and programs for building retrofits with state climate goals
and begin efficient retrofit of existing buildings.
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2.1 Introduction

The Paris Climate Agreement calls for “holding the increase in the global average
temperature to well below 2°C above pre-industrial levels.” A recent IPCC report has
catalyzed a new consensus that even a 2°C increase is too high and that warming should
be kept below 1.5°C to avoid dangerous climate change. This will require reaching zero net
emissions of CO, globally by mid-century (Figure 2.1a).' Some scientists further assert that
a return to 1°C by the end of the century will be necessary to avoid irreversible changes

to the climate system, requiring not only decarbonization of the economy but negative

net emissions that draw CO, out the atmosphere (Figure 2.1b).? Following the scientific
evidence, jurisdictions around the world have begun adopting the goal of reaching carbon
neutrality, or “net-zero,” by mid-century.
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Figure 2.1. (a) Global CO, emissions trajectories consistent with limiting warming to 1.5°C or less. (IPCC, 2018)
(b) Trajectories for returning warming to less than 1°C by 2100 (Hansen et. al, 2017).

Below we describe technology pathways by which the United States can achieve carbon
neutrality by 2050. The descriptions are based on an in-depth modeling study of the
decarbonization of the U.S. energy system currently under review at a scientific journal,
which will be attached to this report as a technical reference upon publication. We draw
here on the main results of that study. This chapter addresses technical and cost aspects
of reaching carbon neutrality, leaving policy and societal aspects to other chapters.

We modeled the infrastructure changes required in each year from 2020 to 2050 to keep net
CO, emissions decreasing in a straight line path from the current level of 5.2 billion metric
tons to zero at mid-century (Figure 2.2). This is a four percent per year rate of reduction in
net emissions, and a reduction in cumulative emissions of more than 60 billion metric tons
of CO, compared to business-as-usual.

Figure 2.2. Emissions trajectories for the reference scenario and carbon neutral central scenario. In the latter,
residual gross emissions of 316 MMT (million metric tons) CO, in 2050 are offset by sequestration.
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This analysis focuses on how to eliminate CO, from the use of fossil fuel for energy

and industrial feedstocks, which constitutes more than 80 percent of current U.S. GHG
emissions.® The scope of the analysis does not include negative CO2 emissions from the
“land carbon sink” or the emissions of non-CO, GHGs such as methane and nitrous oxide.
Combined, these currently have net emissions of about +500 MMT CO,e. Mitigation in
these areas, from a combination of increasing the land sink and reducing non-CO, GHG
emissions, will be needed for total U.S. GHG emissions to reach net-zero or below, even if
the energy system by itself is carbon neutral.

We developed six scenarios for meeting the net-zero target, following the approach in

our previous work, Pathways to Deep Decarbonization in the United States (2014) and Policy
Implications of Deep Decarbonization in the United States (2015).* A baseline reference
scenario is based on the Department of Energy’s long-term forecast, the Annual

Energy Outlook (AEO). For comparability, decarbonized scenarios used the same AEO
assumptions for population, GDP, and industrial production, and were required to meet
the same demand for energy services as the reference case. Only commercial or near-
commercial technologies were assumed to be available options for reaching the emissions
target.

Among the carbon-neutral scenarios, the central scenario was the one that reached zero net
emissions in 2050 at the lowest net cost. Other carbon-neutral scenarios were developed to
test the robustness of the central scenario against assumptions about future costs, and limits
on what decarbonization options were available. The constraints include limits on land use
for building electricity supply infrastructure; limits on biomass use; limits on the use of
any non-renewable form of primary energy, including fossil fuel and nuclear power; and
delayed adoption by consumers of critical low-carbon technologies such as EVs and heat
pumps. One scenario requires going well beyond carbon neutrality to meet net negative
emissions of -500 Mt CO, in 2050. Finally, one scenario explores the effects of a high level
of behavior-based conservation (but for this reason is not comparable to the reference
scenario in terms of energy services provided).

The scenarios were modeled using two sophisticated analysis tools, EnergyPATHWAYS

(EP) and RIO, which provide a high level of detail in sector (more than 100 subsectors),
time (annual turnover of equipment stocks plus an hourly electricity dispatch), and
geography (14 different regions of the U.S., modeled separately). Demand for energy was
developed bottom-up in EP and fed into RIO, which then developed the least-cost supply of
energy to satisfy this demand while meeting emissions, policy, and reliability constraints.
These modeling tools allowed us to rigorously analyze technical feasibility and the cost of
supplying and using energy.
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2.2 Pathways to Carbon Neutrality

There is no doubt that moving from an economy based primarily on fossil fuel use

to one based primarily on decarbonized energy sources within thirty years involves

a monumental transformation. Yet, as our analysis shows, from a technical and cost
standpoint, carbon neutrality is an achievable outcome if the right policies are in place.

The sections below describe:

+ the main strategies of decarbonization (“the four pillars”)

+ the energy system transition

+ the pace and scale of infrastructure transformation needed

+ the cost and reliability of a high-renewables electricity system

+ the production of low-carbon fuels for use in hard-to-electrify applications in industry,
aviation, and freight transport

+ the integration of carbon capture, utilization, and storage (CCUS) within the energy
system

+ the effects of resource constraints and societal tradeoffs
« priority actions for the next decade

2.2.1 Four Pillars of Deep Decarbonization

The transition from a high-carbon to a low-carbon energy system in general is based

on three main strategies: (1) using energy more efficiently (2) decarbonizing electricity;
and (3) switching from fuel combustion in end uses to electricity.® Reaching net-zero or
net-negative emissions requires an additional strategy: (4) carbon capture.! Mid-century
benchmarks for each of the strategies are shown in Figure 2.3 for the central scenario.
Carbon intensity of electricity was reduced by 95 percent. The share of electricity in
meeting final energy demand tripled, from 20 percent to 60 percent, including fuels
derived from electricity. Per capita energy use was reduced 40 percent, and energy
intensity of GDP reduced by two-thirds, as a result of increased efficiency. Carbon capture
reached 800 Mt CO, per year, up from negligible levels today. The emissions reduction
impacts of these strategies are multiplicative, so they must be simultaneously applied to
achieve their full potential (for example, electrification is much less effective in reducing
emissions if electricity still has a high carbon intensity). Thus, successful implementation
requires economy-wide coordination of the four foundational strategies across all sectors.
Note that these strategies are the common elements across all scenarios that reach net-
zero; additional measures may be required.

i Carbon capture is not identical to carbon capture and storage (CCS), in which the captured carbon is
geologically sequestered. Much of the captured carbon in these scenarios is not sequestered but utilized in
the production of fuels and feedstocks. Even the 100% primary renewable energy pathway requires captured
carbon for producing renewable fuels, but there is no sequestration in this case. See Fig. 2.15.
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Figure 2.3. Four main strategies of carbon neutrality, comparing current values to 2050 central scenario.

2.2.2 The Energy Transition

The “Sankey diagrams” in Figure 2.4 illustrate the energy system transformation resulting
from applying the strategies described above. The diagrams show the forms of primary
energy used in the U.S. economy on the left side of the figure, with energy conversion
processes in the middle, and final energy consumption on the right side. The upper
diagram shows the current system in 2020 and the lower diagram shows the 2050 central
scenario. Illustrating the importance of greater energy efficiency, in the central scenario
both primary energy supply and final energy consumption are substantially lower (30
percent and 20 percent lower, respectively) than today’s level despite 30 years of rising
energy service demand that comes with population and GDP growth.

The shares of fossil fuel in the primary energy supply decrease dramatically from today’s
level, replaced mainly by wind, solar, and biomass. Coal, which has a very high carbon
content per unit of energy it provides, is eliminated entirely. Natural gas (~75 percent
reduction) and petroleum (~90 percent reduction) are reduced to niche roles including
industrial feedstocks, certain forms of transportation, and a limited amount of natural
gas power generation needed to maintain reliability in an electricity system composed
primarily of wind and solar generation. Electricity increases to meet 50 percent of end-
used demand, with zero-carbon drop-in fuels providing most of the rest. Conversion
processes that play a minimal role today - advanced biofuel refining, and the production
of hydrogen and synthetic fuels from electricity - become key components of a carbon-
neutral energy system. Not shown in the figure, CO, emissions from the small remaining
fossil fuel use in energy and industry are captured directly or offset using CCUS.
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Figure 2.4. Sankey diagrams for the U.S. energy system: (a) current system in 2020 (b) central scenario in 2050.
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2.2.3 Transforming the Infrastructure

Decarbonizing the U.S. energy system requires an infrastructure transition over the next
three decades that implements the four pillars (Figure 2.3). This transition is methodical
in pace, following the natural turnover of infrastructure stocks, but thoroughly changes
the underlying technologies. At the end of its normal economic lifetime, high-emitting,
low-efficiency, and fossil-fuel consuming infrastructure is replaced by low-emitting, high-
efficiency, and electricity-consuming infrastructure; only coal and certain petroleum-
burning power plants need to be retired early to stay on the net-zero emissions path.
Figure 2.5 and Figure 2.6 illustrate the infrastructure transition in three sectors that
comprise about two-thirds of current U.S. CO, emissions: electric power generation, on-
road vehicles, and space and water heating in buildings.

Figure 2.5 Electric generation capacity, central scenario.

Electric generating capacity increases dramatically as required to simultaneously
decarbonize the electricity supply and meet growing demand from newly electrified
end uses. By 2050, generation capacity increases by 3000 GW, with virtually all of the
net increase coming from wind and solar, an average rate of about 100 GW per year.
Meanwhile, coal generating capacity is fully retired by 2030.
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Figure 2.6 Infrastructure transition on the demand side, central scenario. (Top left) Residential space heating.
(Bottom left) Residential water heating. (Top right) Cars and light trucks. (Bottom right) Medium and heavy
duty trucks.

Efficiency and electrification produce similar changes in demand-side infrastructure that
complement the decarbonization of energy supplies. By 2050, more than 260 million out
of 280 million cars and light trucks are battery electric vehicles, almost entirely replacing
internal combustion vehicles with more efficient electric alternatives. Eighty percent of
medium- and heavy-duty trucks are battery-electric or hydrogen-powered vehicles. In
residential buildings, electric heat pumps constitute 110 million out of 140 million space
heating units, and 80 million out of 150 million water heating units, with electric resistance
heaters comprising most of the remainder. This enables residential buildings to heat with
the lowest-cost source of decarbonized energy, which is renewables-based electricity.
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2.2.4 Low-Carbon Electricity

There is no longer uncertainty regarding what is the lowest cost form of decarbonized
electricity supply: renewables, nuclear, or fossil generation with CCS. Ongoing declines

in the cost of wind and solar have made renewable energy not only the least-cost form of
electricity generation in a decarbonized system, but in many cases the least-cost form of
decarbonized primary energy supply economy-wide. As a result, carbon-neutral electricity
systems are organized around very high levels of renewable generation, even when that
requires investment in complementary technologies and new operational strategies.

In the central scenario, the optimal electricity generation mix is 90 percent wind and solar.
Reliable operation of such a system requires an approach to balancing supply and demand
in real-time that is different from conventional power systems, with a suite of solutions
that are deployed based on the time scale of the imbalance (e.g., hours, days, weeks) and
whether there is an energy deficit or an energy surplus. The most cost-effective approach
to balancing combines thermal generation to provide reliable capacity during times of
deficit with transmission, energy storage, and flexible loads that move surplus energy in
time or space, plus curtailment.

Figure 2.7 illustrates the problem of balancing in a high renewables system for the specific
case of a northeastern state that relies primarily on wind for decarbonized electricity. On
a high wind day, wind and solar production exceed load in most hours of the day, with the
over-generation being partly exported to other states, partly converted to hydrogen by
means of electrolysis, partly used to heat water in industrial boilers, and partly shifted in
time with storage and flexible loads. Thermal generation is not required. On a low-wind
day, by contrast, to meet load a combination of high levels of thermal generation and high
transmission imports is required. In general, extended periods of low renewables output
combined with high loads determine the amount of thermal capacity required for reliably
meeting demand.

Figure 2.7 Generation and load for a northeastern state in 2050 for (L) a low wind day, and (R) a high wind day.
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The form of thermal capacity that pairs best with a high renewables system is gas-fired
capacity without carbon capture, due to its low capital cost. Figure 2.8 shows dispatchable
capacity in 2020 and 2050. The gas fleet in the central scenario is about 600 GW in 2050,
somewhat larger than the roughly 500 GW of gas capacity in the U.S. today. This provides
the bulk of the dispatchable capacity required by the system in 2050. These plants, while
essential for reliability, are operated less frequently as the share of renewable generation
grows, reaching an average capacity factor of about 10 percent in 2050. Because there are
relatively few operating hours in which to recover fixed costs, plants with low capital cost
are preferred. The high capital cost of nuclear plants and gas plants with CCS makes them
uneconomic given such low utilization rates. At the same time, nuclear and gas with CCS
are not competitive with wind and solar for supplying energy in bulk. To remain within
carbon constraints, gas plants without carbon capture either burn natural gas and those
emissions are offset elsewhere in the energy system, or they burn zero-carbon fuels such
as renewable gas produced from biomass or electricity.

Figure 2.8 The role of gas-fired capacity in a reliable net-zero electricity system.

Non-thermal balancing resources are employed to address the oversupply of renewable
energy. Some curtailment of wind and solar is economic, but below 5 percent in all
scenarios. Batteries economically time-shift renewable generation from surplus to deficit
periods over the period of a day; battery capacity in the central scenario is about 200 GW
with an average duration of about 7 hours. However, batteries are not economic for
balancing on longer time scales and cannot replace thermal generation for reliability.
Flexible consumer loads (e.g., EV charging and water heating) are similarly valuable

for short-term balancing but not over longer durations. Large, industrial-scale flexible
loads, such as electrolysis and dual-fuel industrial boilers, can address energy surpluses
lasting periods of days to months, producing useful products from generation that would
otherwise be curtailed and support integration of very high levels of renewables.

Transmission enables high renewables electricity systems to take advantage of
geographically diverse load and generation profiles. In the central scenario, high voltage
transmission capacity between different regions increases from 80 GW to 200 GW, a 150
percent increase. Most transmission is built to connect wind-rich and wind-poor regions,
generally from the wind belt in the center of the U.S. toward the Southeast and Mid-
Atlantic.
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2.2.5 Low-Carbon Fuels

Based on current technology forecasts, electricity can meet about 50 percent of final
energy demand in a carbon-neutral system. The remaining 50 percent must be met with
fuels, especially where the weight or volume of batteries makes electrification difficult, as
in aviation; where high process temperatures are needed; in thermal power generation;
and in industrial processes and feedstocks that require hydrocarbons. Fuels for these
essential applications are the source of residual CO, in a system otherwise powered by
decarbonized electricity, so different strategies are employed to minimize the need for
fuels and to decarbonize fuel supply. Figure 2.9 shows the effect of energy efficiency,
including the energy efficiency that results from electrification in the case of electric
vehicles and heat pumps. In the central scenario, primary energy requirements are reduced
by 30 percent from today’s level in 2050. Fuel use of all kinds is reduced by 60 percent, with
fossil fuels being reduced by 85 percent.

Figure 2.9. Primary energy sources for the reference and central scenarios.

The remaining fuel demand is met with a combination of “drop-in” carbon-neutral fuels
that directly replace fossil fuels without significant changes in the end-use technology
(e.g., jet engines), or fuels whose CO, is captured post-combustion or offset by negative
emissions elsewhere in the energy system, for example by sequestering carbon released in
biofuel refining. There are three primary energy sources for carbon-neutral fuels:

* Biomass. Biomass is refined using pyrolysis and the Fischer-Tropsch process to
synthesize a variety of necessary fuel types; conventional corn ethanol disappears as
internal combustion engines are replaced by EVs.

* Wind and solar electricity. Hydrogen is produced by electrolysis, and used either
directly in end use technologies or combined with carbon in the synthesis of
hydrocarbon fuels.

* Fossil fuels, especially natural gas, are either used directly in limited quantities with
carbon capture or offsetting, or in the production of carbon-neutral fuels, starting with
the production of hydrogen by steam methane reforming (SMR) with carbon capture.
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Many different types of fuels are needed - fuel for jet engines, diesel engines, steam
production, pipeline gas, etc. — and the blends of each will depend on economic and
resource considerations, such as relative prices and ecological limits. The fuel blends for
the central scenario are shown in Figure 2.10.

Figure 2.10. Fuel blends for diesel, jet fuel, gasoline, pipeline gas, hydrogen, and steam today and in 2050
central scenario.

All three fuel sources have potential resource constraints. For biomass, there is the
question of how much biomass feedstock can be produced sustainably. In this analysis,
the maximum amount is the resource potential identified in the DOE Billion Ton Study
Update, which in energy terms is about 21 EJ.® In the central scenario, about 60 percent of
the resource potential is used. For electricity-derived fuels, there is the question of how
much land is available for renewable generation and transmission. Some fuel production
can be done with overgeneration, but the greater the quantity of electricity-derived fuels
required, the more dedicated generation and land is required. For the CCS needed to
accompany fossil fuel use, there is a limit on the rate that CO, can be injected into geologic
formations for sequestration. For this study, an upper limit of 2 Gt CO,/year was assumed.
In the central scenario, about 0.3 Gt CO,/year was sequestered in 2050, and in all cases the
maximum rate was less than half of the injection limit.

In addition to these resource limits, there are also cost considerations. Fuels from all these
sources have increasing costs with volume, depending on primary energy cost, transport
cost, end-use efficiency, and carbon content. Among fossil fuels, natural gas is the last
fossil fuel to be replaced in a cost-minimizing system because it is the least expensive on
an energy basis and has the lowest carbon content. The way carbon is captured depends
on the end use. Post-combustion “end-of-pipe” capture is cost-effective for concentrated,
high volume CO, streams from sources like cement, while offsetting is used for small and
widely dispersed sources for which it is not economic to build carbon capture. Offsetting
is accomplished by bioenergy with CCS (BECCS) or direct air capture (DAC). The level of
residual fossil fuel use depends in part on relative prices. With high fossil fuel prices, fossil
fuels tend to be replaced by drop-in carbon-neutral alternatives; with low fossil fuel prices,
emissions offsetting is more cost-effective for some applications.
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2.3 Robust Findings Across Scenarios

2.3.1 Alternative Pathways

The central scenario is the least-cost carbon-neutral system, based on our assumptions
about future costs, with the least constraints on decarbonization options. In the future,
resource limitations or societal preferences may place constraints on economically
preferred options that require other, higher-cost alternatives to be used. Accordingly,
we developed alternative scenarios to explore the impact of potential constraints on
technology choices and costs:

Limited land: Biomass supply was limited to 50 percent of the technical potential, and the
land area available for onshore wind and utility-scale solar was limited to 50 percent of
central scenario value. The effect of these constraints was to improve the competitiveness
of nuclear, offshore wind, and CCS power generation, plus leading to higher residual fossil
fuel use which in turn increased carbon sequestration.

Delayed electrification: Consumer adoption of electrified end-use technologies such as
electric vehicles and heat pumps was assumed to be delayed by 15 years relative to the
central scenario. The effect of this constraint was to require more electricity-derived fuels,
biofuels, fossil fuels, and carbon sequestration. It also required more electricity generation
to meet the demand for electric fuels, and with that higher land use.

100 percent renewable primary energy: This scenario was constrained to have no
remaining fossil fuel or nuclear energy by 2050, including for feedstocks. The effect of this
constraint was to require more electricity, solar and wind generating capacity, electricity-
derived fuels, biofuels, and land. Gas generation for electric reliability used synthetic
carbon-neutral fuels. Perhaps surprisingly, carbon capture technology was still needed in
order to provide the carbon for synthesizing hydrocarbon fuels and feedstocks.

Low demand: To explore the effects of aggressive energy conservation, energy service
demand in key end-uses was reduced 20-40 percent below reference scenario levels. The
effect of this constraint was to require less primary and final energy, infrastructure, and
land.

Net negative: This scenario was the least-cost cost case that produced net negative
emissions of -500 Mt CO, in 2050, consistent with a 350 ppm or 1°C global trajectory in
2100 if continued at that level. The result of this constraint was to require greater use of
negative emissions technologies and higher carbon sequestration. Perhaps surprisingly,
net-negative is a feasible scenario with a relatively small increase in incremental cost, but
is more difficult to achieve than net-zero if decarbonization options are limited.

Since future costs may diverge from those assumed in the central scenario, we also
assessed the sensitivity of our results to changes in the main drivers of those costs, namely
renewable technology costs and oil prices.
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2.3.2 Cost of Carbon Neutrality

The cost of reaching carbon neutrality in the central scenario was $145 billion in 2050,
representing 0.4 percent of forecast GDP for that year (Figure 2.11). This is the net energy
system cost, which is the difference between the costs of supplying and using energy in
the central scenario versus that for the reference scenario, including fuels used for industrial
processes and feedstocks. The net cost is a result of a large swing in gross costs, with
roughly $950 billion in spending on efficient and low-carbon technologies such as wind
generators and EVs, which enable savings of $800 billion in fossil fuel costs. Put another
way, deep decarbonization represents a shift from an energy system that is dominated by
variable costs to a system with much higher capital expenditures and much lower variable
costs. At 0.4 percent of 2050 GDP, the incremental cost of decarbonization for the central
scenario is a remarkable decline, given that a few years ago, analysts were calculating a
net cost of about 2 percent of GDP for less aggressive emission reductions (80 percent by
2050). Ongoing cost decreases in solar, wind, and EV batteries have driven these lower cost
estimates. Sensitivity analysis produced a range of 0.2 percent to 1.2 percent of GDP. Note
that our analysis only evaluated the energy costs of the transition to carbon neutrality and
did not count the potentially very large economic benefits of avoiding climate change and
other energy-related environmental and public health impacts.

Figure 2.11 Net energy system cost of central scenario, 2020-2050 in 2018 USD. The black line shows net cost,
and the colored bars show the incremental costs of the central scenario relative to the reference scenario.

ii See, for example, Risky Business: The Economic Risks of Climate Change in the United States.
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For the alternative scenarios, limiting decarbonization options resulted in higher costs
than the central scenario. The range of net cost across scenarios was 0.4 percent to

0.9 percent of GDP in 2050, with the 100 percent renewable primary energy case being
the highest at 0.9 percent. The net negative case, with a considerably higher emissions
reduction ambition, was 0.6 percent.

To put these costs in context, historical U.S. spending on energy has ranged from six
percent to 13 percent of GDP during the half-century from 1970 to the present (Figure
2.12). In the reference scenario, this is projected to decline to 3.8 percent in 2050. In the
carbon-neutral central scenario, energy spending is also predicted to decline over time,
but not as quickly as the reference scenario, reaching 4.2 percent of GDP in 2050. Thus the
results are compelling; a decarbonized energy system based on our central scenario will
only cost 0.4 percent more than the reference scenario.

In terms of financing decarbonization, incremental capital investment in the central
scenario averaged $600 billion per year. This is about ten percent of current U.S. total
capital investment of $6 trillion per year in all sectors, a relatively small share that
indicates that finance per se is unlikely to present a barrier if policies to limit risk and
allow cost recovery are in place. The more likely barriers are political-economic, from
opposition to the shift in money flows within the energy economy away from fossil
fuels and toward technology, and the effects on fossil fuel extraction industries and the
communities that currently depend on them.

Figure 2.12. Total U.S. spending on energy, historical and modeled.
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2.3.3 AHigh Renewables Electricity System is Robust
Across Cases

A common result across the alternative pathways is that the lowest cost approach to
decarbonization is by organizing the energy system around deploying high levels of
renewable energy. The left-hand panel of Figure 2.13 shows the 2050 generation mix is 90
percent or more wind and solar for all cases except in the limited land case, which despite
land constraints that make new nuclear generation economic in some parts of the country
with limited wind resources, still has an 80 percent renewable system. As with the central
scenario, across scenarios the most cost-effective approach to maintaining reliability was
a combination of flexible loads, storage, and a large fleet of gas-fired thermal capacity
that operates infrequently. The right-hand panel of Figure 2.13 illustrates this is even true
in the 100 percent renewable primary energy case, in which the gas-fleet runs even less
frequently and burns drop-in zero-carbon fuels, but is still a necessary part of the least-
cost supply portfolio.

Figure 2.13. Generation and dispatchable capacity in 2050.
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2.3.4 The Pathway to Fuel Decarbonization is Varied and
Less Certain

While electricity generation mixes were very similar across cases, fuel mixes differed
widely as a function of resource constraints and price sensitivities (Figure 2.14). The 100
percent renewable energy case was the only scenario with significant decarbonization

of pipeline gas. The delayed electrification case had significantly higher biomass use to
supply decarbonized fuels, which because of lower electrification constituted a greater
share of final energy demand. The limited land case, having less biofuel and less electric-
fuel production capacity, used more fossil fuels with CCUS, including for production

of hydrogen and synthetic hydrocarbons; in other words, fossil fuels were used as the
feedstocks for carbon-neutral fuels. The net negative case followed the same basic
approach as the central scenario, but with greater use of biomass and renewable electricity
to produce zero-carbon drop-in fuels. The net negative scenario depended more heavily on
carbon capture for both fuel production and managing emissions.

Our results demonstrate that there are many technically feasible fuel pathways for

carbon neutrality, but the optimal pathway will be uncertain until future fossil fuel

price trajectories, levels of electrification, cost and potential of biomass and geologic
sequestration, land available for renewable energy and transmission siting, are better
known. Fortunately, if electricity decarbonization and electrification are conducted at

the scale and pace needed during the 2020s, to stay on the carbon neutral straight line
emissions path decarbonized fuels will not be required in bulk until the late 2030s, so there
is time to determine optimal strategies.

Figure 2.14. Primary energy and fuel blend shares across scenarios.
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2.3.5 Carbon Capture Plays a Critical Role in Net-Zero
Systems

All carbon neutral and net negative scenarios require carbon capture, which can occur

at three points in the fuel lifecycle: in making the fuel, in the exhaust stream from
combusting the fuel, or from the air once it is released to the atmosphere (energy &
infrastructure capture does not include photosynthetic capture in the land sink or
biofuels). Once captured, the CO, can be geologically sequestered or used to make zero-
carbon fuels (Figure 2.15). Even the 100 percent renewable primary energy case, which
uses no fossil fuels, requires about 650 Mt/y of carbon capture in 2050 to capture industrial
process emissions (e.g., from cement manufacturing) and to provide the carbon for
renewable fuel production. All captured carbon in this case is utilized and none is stored.
The central scenario captures 800 Mt/y from industrial processes, biofuel refining, and
hydrogen production from natural gas. Of this, 40 percent is used to make liquid fuels, and
60 percent is geologically sequestered.

Figure 2.15. Carbon capture, utilization, and sequestration across cases.

BECCS and DAC are used as negative emissions technologies (NETs) to offset uncaptured
CO, emissions from small and distributed point sources for which CCS and low-carbon
fuels are uneconomic. In contrast to some modeling studies, we find that the most
economic form of BECCS is not in power plants but in biorefineries, as solar and wind

are a lower-cost alternative in electric generation, but biofuels are competitive for fuel
production. The delayed electrification case relies heavily on BECCS, utilizing the captured
carbon to support synthetic fuel production to support high residual fuel demand. The net
negative case has a comparable level of BECCS, but geologically sequesters a greater share
of carbon. A low fuel price sensitivity on the central scenario captures almost 20 percent
more carbon, as it becomes economic to offset more fuel use. In this sensitivity, nearly
more than 80 percent of captured carbon is sequestered to support offsetting.
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Bioenergy and DAC are most economical when tightly coupled to the energy and industry
(E&I) system, where they can be flexibly used for fuels and products (e.g., plastics) or
sequestration as circumstances warrant. DAC costs are strongly dependent on energy
costs, which can be minimized by flexible operation in locations with high capacity-factor
renewable generation. BECCS is resource-limited both in sequestration potential and
biomass feedstocks. DAC also faces sequestration injection limits as well as high costs in
general, especially where its input energy has not been decarbonized. For these reasons,
NETs remain complementary components of a low-cost decarbonization strategy, and it
is highly uneconomic to achieve carbon neutrality through a strategy of continuing high
levels of gross CO, emissions from burning fossil fuels that are offset by NETSs.

2.3.6 Potential Tradeoffs

The scale and pace of infrastructure buildout and demands on the land potentially entail
competition among social, environmental, and economic priorities. Our scenarios
illustrate the effect of these tradeoffs, as limiting technology choices in one area requires
compensating changes in other areas to reach the same carbon goal. If consumer adoption
of electric end-use technologies is delayed, more decarbonized fuels are required,
resulting in higher land requirements for biomass feedstocks and the siting of renewable
generation to produce electric fuels. The 100 percent renewable primary energy case

has the highest land requirements for these purposes, as well as the highest cost of any
scenario. The low demand case has the lowest land requirements and cost but requires

a high level of societal commitment to conservation. When siting and biomass were
constrained in the low land case, nuclear power, natural gas use, and carbon sequestration
all grew substantially, raising different social acceptance issues. Given that such tradeoffs
can be anticipated in a transition to carbon neutrality, it is important for the public and
decision-makers to engage with the choices and understand their consequences. High-
quality analysis is essential for informed decision-making, and supporting it while
ensuring that it meets high standards for analytical rigor and clarity of communications
needs to be a policy priority.

2.4 From Pathways to Policies

2.4.1 Decarbonization Benchmarks by Decade

The modeling results described here provide a clear set of targets and timelines to guide
policy making and implementation. These are summarized in Table 2.1, in which the key
outcomes for each sector in each decade are highlighted. The list is not exhaustive, it does
not describe the upstream manufacturing and construction changes required to enable
these outcomes, and it does not prescribe the policy mechanisms by which the outcomes
are to be achieved. It does, however, describe the minimum physical results that must be
reached by certain points in time for the U.S. to be on a carbon neutral trajectory.
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Table 2.1. Key benchmarks by decade and sector for achieving carbon neutrality in the
United States by 2050, with quantitative indicators.
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Sector Indicator 2030 2040 2050
Light duty Electric vehicle >50% of sales 100% of sales 100% of fleet
vehicles share
Medium duty Electric and fuel cell | >40% of sales >80% of sales
vehicles vehicle share
Heavy duty Electric and fuel cell | >30% of sales >60% of sales
vehicles vehicle share
Residential Electric space/water | >50% of sales 100% of sales -
buildings heating share
Commercial Electric space/water = >50% of sales 100% of sales -
buildings heating share
Electricity Generation to meet >2x current level
generation new electric loads (~8000 TWh/y)
Electricity Carbon intensity 60% below 80% below >95% below current
emissions current current
Coal power Share of total <1% of total all coal retired all coal retired
generation generation
Renewable Wind and solar 3.5x current (~500 | 10x current (~1500 @ >2500 GW total
power capacity GW) GW) capacity
Natural gas Capacity current capacity current capacity increased capacity
power (~500 GW) (~500 GW) (~600 GW)
Nuclear power Generation current
generation (~800
TWh/y)
Electricity Capacity (diurnal >20 GW >100 GW
storage storage)
Transmission Inter-regional 2-3x current
capacity (200-300 GW)
Electrolysis Capacity >20 GW >100 GW
Biofuels Million bbls per day >2 MBD
zero-carbon biofuel
Fossil fuels Infrastructure to no new oil & gas
transport fossil fuels = pipelines
Carbon capture ~ CCS capacity large >250 MMT/year >500 MMT/year CO,
& storage industrial facilities CO, sequestered sequestered
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2.4.2 Key Actions in the Next Ten Years

The key actions over the next decade are robust across different technology pathways and
cost assumptions. They form the basis of a common set of near to medium term policy
priorities for all proponents of decarbonization, regardless of what long-term pathways
are preferred.

Electricity. Electricity must be rapidly decarbonized while generation expands to
accommodate new electric end uses. This requires parallel action on several different
fronts in this decade.

* Reduce the carbon intensity of electricity to 60 percent below its current level by 2030.

* Ramp up the construction of wind and solar generation to reach 3.5 times the current
capacity by 2030, which means adding on average at least 20 GW of wind and 25 GW of
solar (including rooftop) per year.

 Reinforce the transmission system to accommodate delivery of renewable generation
from areas with high resource quality to distant load centers.

« Increase storage capacity. Add at least 20 GW of diurnal storage to help accommodate
renewable intermittency, especially solar.

 Switch from coal to gas in electricity system dispatch. Reduce coal generation to less
than 1 percent of the generation mix.

+ Allow new natural gas power plants to be built to replace retiring plants. The current
capacity of natural gas generation needs to be maintained for reliability.

» Maintain the existing nuclear fleet to the extent circumstances allow, in order to limit
the rate of new renewable and transmission construction required.

« Initiate electricity wholesale market reforms to prepare for a changing mix of electric
loads and resources and address emerging issues in operations and cost allocation.

Fuels. Begin a concerted move away from fossil fuels, replacing these with electricity
where possible and otherwise with biofuels and electric fuels.

 Begin large-scale shift from fossil fuels to electricity. The key fuels policy is replacing
fossil fuel end-use technologies in transportation and buildings (see below).

« Stop developing new infrastructure to transport fossil fuels, for example oil and gas
pipelines, LNG terminals, and coal terminals, as these will rapidly become stranded
assets.

+ Pilot and further develop new fuel technologies that need to be deployed at large scale
after 2030, including electrolysis, power to gas, power to liquids, and advanced biofuels.

Transportation. Begin large-scale electrification of transportation, replacing gasoline and
diesel use in vehicles of all kinds (personal, commercial, and freight) with low-carbon
electricity.

 Rapidly increase the electric vehicle share of new light duty vehicle sales (e.g., cars,
SUVs, light trucks) to at least 50 percent by 2030.

 Rapidly increase the electric and fuel cell vehicle share of new medium duty vehicle
sales (e.g., buses, delivery trucks) to at least 40 percent by 2030.

 Rapidly increase the electric and fuel cell vehicle share of new heavy duty vehicle sales
(e.g., long-haul freight trucks) to at least 30 percent by 2030.
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Buildings. Begin large-scale electrification of fossil fuel end uses in buildings, replacing oil
and natural gas with electricity.

» Increase the electric heat pump share of space and water heating equipment in
residential buildings to at least 60 percent of sales.

» Increase the electric heat pump share of space and water heating equipment in
commercial buildings to at least 60 percent of sales.

+ Adopt best-available efficiency standards for lighting and appliances in all buildings.
» Improve residential building shell efficiency for new construction.

Industry. Electrify industrial end uses where possible, and develop decarbonization
strategies for end uses that are difficult to electrify.

* Begin building carbon capture on a large pilot or limited commercial scale for large
industrial facilities with concentrated CO, streams.

 Begin development of low-carbon feedstocks and processes for industrial products
based on biomass, electric fuels, or carbon capture.
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3.1 Introduction

This chapter of the Zero Carbon Action Plan focuses on achieving an equitable and just
transition as an integral component of the overall U.S. decarbonization project. Of course,
this decarbonization project will completely transform the ways that energy is produced
and consumed in the United States. It will also initiate major changes more broadly
throughout the U.S. economy and society.

The critical considerations that are examined in this chapter include the following.

First, investments to build a clean energy economy will be a source of new job creation.
But how many jobs are likely to be created? And what policies can be enacted to raise

the proportion of good-quality jobs resulting from clean energy investments in terms

of wages, benefits and workplace conditions? How can we also ensure that these new

job opportunities are fully open to women and people of color? To date, women and
communities of color are underrepresented in the existing U.S. energy sector as well as in
the areas of employment that will expand through the clean energy investment project.

The contraction of the fossil fuel-dominant energy system will entail job losses. It will

also produce hardships for communities whose well-being is currently dependent on the
vibrancy of the fossil fuel industries. These negatively impacted workers and communities
will require significant transitional support. Just transition policies are certainly justified
according to any standard of fairness. But they are also a matter of strategic politics.
Without such adjustment assistance programs operating at a major scale, the workers

and communities facing retrenchment from the clean energy transition project will,
predictably and understandably, fight to defend their communities and livelihoods. This in
turn could create unacceptable obstacles in proceeding with effective climate stabilization
policies.

The other major focus of this chapter examines the importance of narratives and other
forms of public education and on-the-ground programs that will be needed to strengthen
support for the clean energy transition. In fact, according to polling evidence, a large
majority of the U.S. public already strongly supports a clean energy transition.
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Yet, despite this widespread support, it remains the case that, to date, far too little

has been accomplished in terms of moving the U.S. economy onto a viable climate
stabilization path. It is therefore imperative to strengthen the extent of support around a
transformative climate stabilization agenda.

The structure of this chapter is as follows. Following this introduction, Section 2 is titled
“Job Creation through Clean Energy Investments”. We estimate here that the number

of jobs that will be generated between 2020 and 2050 by the central scenario developed

in Chapter 2 of this plan, through which the U.S. economy will achieve net-zero CO,
emissions by 2050. We estimate that the full set of clean energy supply investments and
energy demand expenditures will generate an average of between about 4.2 - 4.6 million
jobs per year between 2020 - 2050, depending on the extent to which the U.S. can reduce
its reliance on imports in building its clean energy infrastructure. This level of job creation
will equal between 2.4 - 2.6 percent of the projected labor force as of 2035—the midpoint
between 2020 - 2050. The range, again, depends on the share of imports required in
building out the clean energy economy. However, even with the low-end employment
figure, the result will be that through the transition to a clean energy economy—and
assuming all else remained equal—the average unemployment rate would fall from,

say 5 percent to 2.6 percent, thereby injecting a major long-term boost to overall job
opportunities.

Still in Section 2, we then present a range of job quality indicators for the clean energy
sectors in the current U.S. economy. It becomes clear that improving job quality standards
in these new areas of employment needs to be established as a major priority. As will be
discussed in Section 5, two major institutions for achieving higher job quality will be labor
unions and effective job training programs. We also discuss in this section the importance
of affirmative action programs to ensure that women and people and communities of
color have equal access to these job opportunities.

Section 3 focuses on the contraction of the U.S. fossil fuel sectors and what will be needed
to establish a just transition for the workers facing job losses. Here we estimate that the
extent of job losses that will take place in two phases of the transition, 2020 - 2030 and
2031- 2050 respectively. For both phases, we estimate the number of jobs that will be lost
and compare those figures with the number of workers who are likely to voluntarily retire
at age 65. When considering these two sets of figures, the analysis shows that the net
figure for job displacements - people who will not be retiring, but have lost their jobs and
will need to be re-employed - is relatively modest year-to-year. Over 2021 - 2030, the total
number of displaced workers will average about 12,000. Between 2031 - 2050, the figure
does rise to an average of about 34,000 workers per year

For all of these workers, we propose a just transition policy package that includes five
components: pension and reemployment guarantees, along with income, retraining and
relocation support. Over 2021 - 2030, we estimate the total costs of the program to be
about $1.2 billion per year. For the 2031 - 2050 period, we estimate the total average cost of
these just transition policy measures at about $3.8 billion per year.

i To be clear, we are not stating that these job creation figures are cumulative year-by-year—that, for example,
the zero carbon program generates 4 million additional jobs in 2020, 8 million in 2021, 12 million in 2022 and
so forth. Measuring job creation through clean energy investments in such a cumulative pattern produces
figures that are out of scale with the size of the U.S. labor market and the level of annual overall economic
activity (GDP). We discuss the distinction between measuring jobs-per-year’ versus cumulative job years in
Section 3.2.2.
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Thus, even over the more costly phase of the fossil fuel industry contraction between
2031 - 2050, the total costs of the just transition program will amount to less than one
one-hundredth of 1 percent of average U.S. GDP over these years. It is also important to
compare this figure of approximately 34,000 fossil fuel industry workers being displaced
annually per year over 2031 - 2050 with the average level of increased employment of
roughly 4 million jobs that will result through the U.S. clean energy transition.

Section 4 focuses on communities that are presently heavily dependent on fossil fuel-
based industries. We first show that fossil fuel production in the U.S., both coal as well as
oil and gas, is highly concentrated geographically in a small number of states, and even
a small number of communities within these relatively few states. The long-term phase-
down in the fossil fuel industry will be felt most acutely in these states and communities.
Most of the rest of the country is likely to experience negative effects to a much lesser
degree, if at all. Focusing therefore on the heavily impacted communities, we discuss
experiences and policy proposals in two main areas—land reclamation and repurposing
of what are now sites of fossil fuel production activity. We draw on a range of experiences
in the U.S. as well as the successful repurposing initiatives that have been operating for
decades in Germany’s Ruhr Valley, what had been the country’s primary coal-producing
region.

Section 5, “Good Quality and Equal Access to Clean Energy Jobs” discusses the role of labor
unions and job training programs for raising the job-quality level in the expanding clean
energy sectors. It also discusses the importance of effective affirmative action programs

to ensure that women and people and communities of color have equal access to these
expanding employment opportunities. Evidence shows how important these policy tools
have been in different settings and under a variety of circumstances. A review of evidence
from surveys of clean energy business managers report that, to a significant degree, firms
are facing difficulties in finding well-qualified people to fill their job openings. Providing
effective training opportunities is therefore critical for successfully expanding the clean
energy sectors at the scale required.

Section 6 is titled “Building Support for Clean Energy Transition through Narratives,
Education and Community Engagement.” To begin with, as of 2019, over two-thirds of
adults think that the Federal Government is doing “too little to reduce the effects of global
climate change,” and 77 percent think that “developing alternative energy” is a more
important priority than “expanding fossil fuels.” Yet it is clear that this level of support
still needs to be broadened and strengthened. In this section a range of approaches and
activities are discussed at the level of individual narratives, educational projects and
practical support programs for households and communities. A macro-level narrative will
animate this chapter as well as the Zero Carbon Action Plan more generally.

One model of how to advance just transition policies at the state level is currently
underway in Colorado. To date, it is focused on the state’s coal industry, but the framework
could be readily generalized to its much larger oil and gas industry as well. The
preliminary draft of the coal transition program was published in August 2020, with the
final draft due by the end of 2020.

The program focuses on three areas: the transition for coal workers and coal communities
respectively, and the fiscal requirements to support generous support for both the workers
and communities that will experience displacement.



3. INDUSTRIAL POLICY, EMPLOYMENT, AND JUST TRANSITION 53

The main features of each of these areas include the following':

Workers transition. It develops a package of training, job search, and relocation support
services. It also provides temporary income and benefit assistance, including a wage and
health differential benefit for most workers.

Community transition. It will assist affected communities with the creation of local
transition plans that pivot from resource extraction to new industry sectors that provide
living wages and an adequate tax base. It will include investments in local physical and
community infrastructure to maintain and improve quality of life and critical services,
and a state-wide investment fund focused on making investments in coal transition
communities.

Fiscal issues. Commit to continue support for essential services and infrastructure, and
support efforts to reinvest in these communities to produce utility-scale renewable energy
projects.

Hansen, Bazilian, and Medlock (2019) summarize the approach being developed in the
Colorado program as:

Setting a precedent and model for other labor transitions as it includes specific
requirements for utility workforce transition plans to be put in place. In addition,
benefits to workers (such as wage differential benefits and training programs) and
community grants form two pillars that are essential in recognizing the implications of
removing jobs from communities that are dealing with economic malaise.

As it proceeds, the Colorado just transition project should provide important lessons for
how to advance this agenda more broadly throughout the United States.

3.2 Job Creation through Clean Energy
Investments

This section estimates the employment effects of advancing the clean energy investment
program developed by Jim Williams and Ryan Jones, as summarized in Chapter 2 of this
volume. Their model includes seven different U.S. energy system scenarios between 2020
- 2050. The baseline reference scenario is based on the Department of Energy’s long-term
forecast, the Annual Energy Outlook. According to the model specification under this
scenario, CO, emissions in the United States will decline by only 23 percent between 2020
and 2050, from 5.20 to 4.02 billion tons. Working off of this reference scenario, the model
then develops six alternative U.S. energy system scenarios between 2020 - 2050. Through
each of these alternative scenarios, CO, emissions in the U.S. will fall to zero by 2050.

In this chapter, we focus on what Williams and Jones term their central scenario through
which the U.S. achieves zero CO, emission in 2050 at the lowest net cost.

ii Two more general recent studies on just transitions are, Henry, Bazilian and Markusen (2020) “Just
Transitions: Histories and Futures in a post-COVID World,” and Carley and Konisky (2020) “The Justice and
Equity Implications of the Clean Energy Transition.” Pollin et al. (2019) presents a detailed just transition
program for Colorado that incorporates the state’s oil and gas as well as its coal industries.
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For estimating the total level spending on both the supply and demand sides of the U.S.
energy system, we therefore calculate the difference in spending levels between the central
scenario and the reference scenario. This difference in spending between the central and
reference scenarios represents the net increase in spending required to bring CO, emissions
in the U.S. economy down from 4 billion tons to zero as of 2050. On average over 2020

- 2050, total net expenditures within the central scenario includes $389 billion per year

on investments to expand the supply of both clean renewable energy sources, including
solar, wind, geothermal, and hydro power, as well as other low- to zero CO,-emitting
technologies, including nuclear power, biomass, and carbon sequestration. It also includes
$160 billion per year to purchase a wide range of products that operate through consuming
energy or “energy demand expenditures”. These include electric vehicles, heating and
cooling systems, and refrigeration equipment.i The average overall spending total for
both energy supply investments and energy demand expenditures therefore comes to

$551 billion per year between 2020 - 2050. This is equal to about 1.7 percent of U.S. GDP

at its midpoint between 2020 - 2050, assuming that the U.S. economy grows at an average
annual rate of 2.2 percent over this 30-year period.

Working from these budgetary figures, the amount of jobs is estimated that will be created
as a result of the spending amounts that the model in Chapter 2 allocates to all categories
in the areas of both energy supply and demand.

After estimating the number of jobs that these energy supply and demand expenditures
will generate, we then consider indicators of the quality of these jobs. These quality
indicators include average compensation levels, health care coverage, retirement plans,
and union membership. We also provide data profiling the types of workers who are
employed at present in the job areas that will be created by the energy supply and demand
expenditures, including evidence on both educational credentials of these workers as well
as their racial and gender composition. We then report on the prevalent types of jobs that
will be generated by these energy efficiency and clean renewable energy investments.

Before proceeding with presenting job creation estimates, the following section will first
briefly describe the methodology used to generate the results.” A fuller discussion of our
methodology is provided in Appendix 6.2.*

3.2.1 Methodological Issues in Estimating Employment
Creation

Our employment estimates are figures are generated directly with data from national
surveys of public and private economic enterprises within the U.S. and organized
systematically within the official U.S. input-output (I-O) model. The “inputs” within this
model are all the employees, materials, land, energy and other products that are utilized in
public and private enterprises within the U.S. to create goods and services. The “outputs”
are the goods and services themselves that result from these activities that are then made
available to households, private businesses and governments as consumers within both
domestic and global markets.

iii We provide a full listing of all of the Williams, Jones and Farbes model spending categories in the Appendix.
iv The October 2020 SDSN paper, “Conceptualizing Employment Pathways to Decarbonize the U.S. Economy,’
presents another methodological perspective on analyzing the employment issues associated with a U.S. clean
energy transition project. The approach developed by SDSN is largely complementary to that utilized here.
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Within the given structure of the U.S. economy, these figures from the input-output model
provide the most accurate evidence available as to what happens within private and public
enterprises when they produce the economy’s goods and services. In particular, these data
enable researchers to observe how many workers were hired to produce a given set of
products or services, and what kinds of materials were purchased in the process.

Here is one specific example of how our methodology works. If we invest an additional $1
billion in building electric vehicles, what will be all the activities undertaken to produce
these vehicles? How much of the $1 billion will be spent on hiring workers, how much will
be spent on non-labor inputs, including materials, energy costs, and maintaining factory
buildings, and how much will be left over for business profits? Moreover, when businesses
spend on non-labor inputs, what are the employment effects through giving orders to
suppliers, such as glass manufacturers or trucking companies?

We also ask this same set of questions about investment projects in renewable energy as
well as spending on operations within the non-renewable energy sectors. For example, to
produce $1 billion worth of wind energy productive capacity, how many workers will need
to be employed, and how much money will need to be spent on non-labor inputs? Through
this approach, the analysis is able to provide observations as to the potential job effects

of alternative energy investment and spending strategies at a level of detail that is not
available through any alternative approach.

3.2.2 Direct, Indirect and Induced Job Creation

Spending money in any area of any economy, including the U.S. economy, will create jobs,
since people are needed to produce any good or service that the economy supplies. This
is true regardless of whether the spending is done by private businesses, households,

or government entities. At the same time, for a given amount of spending within the
economy, for example, $1 billion, there are differences in the relative levels of job
creation through spending that $1 billion in alternative ways. Again, this is true regardless
of whether the spending is done by households, private businesses or public sector
enterprises.

There are three sources of job creation associated with any expansion of spending—direct,
indirect, and induced effects. For purposes of illustration, consider these categories in
terms of investments in manufacturing electric cars or building wind turbines:

* Direct effects—the jobs created, for example, by manufacturing electric vehicles or
building wind turbines;

+ Indirect effects—the jobs associated with industries that supply intermediate goods for
the electric vehicles or wind turbines, such as glass, steel, and transportation;

* Induced effects—the expansion of employment that results when peop