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Chapter 6

Accelerating the Clean Energy Transition

The clean energy transition is under way. Its end goal is an innovative, 

cutting-edge U.S. economy powered by cheap, reliable, and secure clean 

energy sources and technologies. In this future, various aspects of the 

economy—the electricity that powers it, the cars and planes that move 

people and goods, the products and foods we consume—will be provided 

without the harm of air pollution and climate change. The production of 

clean energy will also create new sources of economic growth, employment, 

and prosperity, furthering American competitiveness throughout the 21st 

century to meet global demand for clean energy technologies.  

Contrast this future with the Nation’s past reliance on fossil fuels, a depen-

dence that has come at significant costs. The use of fossil fuels—responsible 

for 68 percent of total historical human-induced carbon dioxide emissions—

has given rise to climate change (Friedlingstein et al. 2020). The global aver-

age temperature has already risen more than 1 degree Celsius (1.8 degrees 

Fahrenheit) since the preindustrial period, and is projected to reach 2.4 to 5 

degrees Celsius (4.3 to 9 degrees Fahrenheit) by 2100 if no further action is 

taken (Kriegler et al. 2017; IEA 2023a). 

The cost of inaction is high, with damage from climate change already 

starting to mount. In 2023, the United States experienced an unprecedented 

28 weather- and climate-related disasters with losses of at least $1 billion 

each (NOAA 2024). Some insurers are starting to pull out of home insurance 

markets due to the high costs of covering climate-related disasters (CEA 

2023a). Additional warming is expected to further damage human health, 

productivity, living standards, and food security, driving mass migration and 

https://essd.copernicus.org/articles/12/3269/2020/
https://www.sciencedirect.com/science/article/pii/S0959378016300711?via%3Dihub
https://www.iea.org/reports/world-energy-outlook-2023
https://www.ncei.noaa.gov/access/billions/overview
https://www.whitehouse.gov/wp-content/uploads/2023/03/erp-2023.pdf
https://www.whitehouse.gov/wp-content/uploads/2023/03/erp-2023.pdf
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worsening social and political instability, among other social and economic 

outcomes, and inequities therein (Carleton et al. 2022; Burke, Hsiang, and 

Miguel 2015; Schlenker and Roberts 2009; Hsiang et al. 2013, 2023; Marvel 

et al. 2023). This is further compounded by the harmful health consequences 

of local air pollution due to continued burning of fossil fuels (Lelieveld et 

al. 2019). To avoid these costs, policymakers must induce a rapid energy 

transition from fossil fuels to clean energy sources. 

Decarbonizing the U.S. economy is an immense undertaking. A combina-

tion of private and public investments triggered by Federal, State, and local 

climate policies are already moving in this direction (CEA 2023a; White 

House 2022; OMB 2023; California Legislature 2023; NYC Department 

of Buildings 2023). Between 2005 and 2021, U.S. greenhouse gas (GHG) 

emissions fell by 17 percent, as shown in figure 6-1 (UNFCCC 2023), a 

remarkable annualized rate for a major industrial economy during a period 

of economic growth (OECD 2023).1 Yet this pace is still not fast enough 

1 GHG emissions also fell across the European Union during this period, but under a regulated 
declining cap on emissions (UNFCCC 2024b; European Environment Agency 2023).
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Figure 6-1. U.S. Net Total Greenhouse Gas Emissions, with Emissions 
Reduction Goals
Millions of metric tons of CO2 equivalent 2030 goal 2050 goal

Council of Economic Advisers
Sources: U.S. Environmental Protection Agency; CEA calculations.
Note: Dotted segments represent pathways to achieving 2030 and 2050 emissions reduction goals. The measure 
"millions of metric tons of CO2 equivalent" scales each gas by its global warming potential relative to CO2.
2024 Economic Report of the President

https://academic.oup.com/qje/article/137/4/2037/6571943
https://www.nature.com/articles/nature15725
https://www.nature.com/articles/nature15725
https://www.pnas.org/doi/10.1073/pnas.0906865106
https://www.science.org/doi/10.1126/science.1235367
https://nca2023.globalchange.gov/chapter/19/
https://nca2023.globalchange.gov/chapter/2/
https://nca2023.globalchange.gov/chapter/2/
https://www.pnas.org/doi/10.1073/pnas.1819989116
https://www.pnas.org/doi/10.1073/pnas.1819989116
https://www.whitehouse.gov/wp-content/uploads/2023/03/erp-2023.pdf
https://www.whitehouse.gov/wp-content/uploads/2022/04/ap_21_climate_risk_fy2023.pdf
https://www.whitehouse.gov/wp-content/uploads/2022/04/ap_21_climate_risk_fy2023.pdf
https://www.whitehouse.gov/wp-content/uploads/2023/03/climate_budget_exposure_fy2024.pdf
https://leginfo.legislature.ca.gov/faces/billNavClient.xhtml?bill_id=202320240SB101
https://nyc-business.nyc.gov/nycbusiness/description/solar-electric-generating-systems-tax-abatement-program
https://nyc-business.nyc.gov/nycbusiness/description/solar-electric-generating-systems-tax-abatement-program
https://unfccc.int/sites/default/files/resource/US_BR_Voluntary_Suplement_2023.pdf
https://stats.oecd.org/Index.aspx?DataSetCode=air_ghg
https://unfccc.int/kyoto_protocol
https://www.eea.europa.eu/en/analysis/indicators/total-greenhouse-gas-emission-trends?activeAccordion=546a7c35-9188-4d23-94ee-005d97c26f2b
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to meet Paris Agreement commitments seeking to limit global warming to 

1.5 degrees Celsius (UNFCCC 2024a). To achieve the midway goal of a 50 

percent emissions reduction relative to 2005, the United States must lower 

its annual emissions by 6 percent on average between 2021 and 2030, and 

must further accelerate emissions reductions after 2030.2 

Achieving decarbonization rapidly enough to avoid growing physical dam-

age from climate change will require deploying commercially available 

clean energy technologies—like solar and wind power, electric vehicles, 

and heat pumps—at even faster rates (IEA 2023b). To reach net zero emis-

sions by 2050, the United States will need to act across all sectors of the 

economy. For example, the United States may need to double its share of 

electricity generated by non-carbon-emitting sources to roughly 75 percent 

by 2030 (National Academies 2021). Furthermore, more than half of global 

emissions reductions by 2050 will need to come from technologies that are 

yet to be invented or commercialized (IEA 2023b).

Faster decarbonization can be achieved in part by accelerating two comple-

mentary recent developments. First, the electricity sector needs to shift 

away from fossil fuels. Much of recent U.S. GHG reduction comes from 

the electricity sector (dark teal line, figure 6-2). A large share of emissions 

reductions in the electricity sector to date have been the result of displacing 

coal-fired generation with clean energy and natural gas (figure 6-3). The 

electricity sector must now accelerate its transition from using fossil fuels, 

including natural gas, to clean energy. At the same time, given a cleaner 

source of electricity, a shift toward electrification in other sectors—such as 

the transportation, industrial, commercial, and residential sectors—would be 

an effective way to help lower emissions across the economy. Both tasks are 

long-term shifts in the type of energy that powers the U.S. economy. 

2 This CEA calculation assumes a constant-percentage annual GHG emissions decline between 
observed 2021 U.S. GHG emissions and the Administration’s 2030 U.S. GHG emissions target. 

https://unfccc.int/process-and-meetings/the-paris-agreement
https://www.iea.org/reports/net-zero-roadmap-a-global-pathway-to-keep-the-15-0c-goal-in-reach/a-renewed-pathway-to-net-zero-emissions
https://nap.nationalacademies.org/catalog/25932/accelerating-decarbonization-of-the-us-energy-system
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
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Figure 6-2. U.S. Emissions per Sector, 1990–2021

Council of Economic Advisers
Source: U.S. Environmental Protection Agency (2023).
2024 Economic Report of the President
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Figure 6-3. U.S. Electricity Generation by Energy Source, 1990–2021
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Economists characterize such broad transitions as structural change: long-

term evolutions in an economy’s composition, whether through inputs or 

outputs, from an established set of economic activities to a set of emerg-

ing ones. Structural change underlies many major moments in economic 

development; past examples include the transition from agriculture to 

manufacturing during the Industrial Revolution and the more recent shift 

from manufacturing to services in advanced economies. The clean energy 

transition—moving an economy primarily based on fossil fuels to one 

powered by clean energy sources and technologies—can also be viewed 

through this lens.

The structural change perspective provides a foundation for understanding 

the forces that will determine the direction, pace, and endpoint in the transi-

tion from one energy system to another. It also offers a lens for identifying 

the specific investments needed for accelerating the transition from an 

energy system based on fossil fuels to one based on clean energy. For 

example, in the electricity sector, the decline in capital costs for clean energy 

has increasingly made it competitive with fossil-based electricity, yet some 

new electricity capacity still uses natural gas (Lazard 2023; EIA 2023a). 

This is in part because some types of clean electricity, such as solar, require 

complementary technologies, like batteries, to be available during all parts 

of the day. A structural change perspective highlights how the transition can 

be accelerated through complementary investments in battery storage, along 

with lowering siting and transmission costs, enabling renewable energy to 

better substitute for fossil fuels by supplying electricity throughout the day.

Also embedded in a structural change perspective is the notion of path 

dependence. Fossil fuels dominate today’s market not only because they 

have historically been cheaper, due in part to Federal policies and subsidies 

implemented in the past, but also because they have accumulated historical 

economic advantages that are difficult for emerging clean energy technolo-

gies to surmount. However, this path dependence cuts both ways. Policies 

https://www.lazard.com/media/2ozoovyg/lazards-lcoeplus-april-2023.pdf
https://www.eia.gov/electricity/monthly/update/archive/february2023/
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that provide a sufficient push for clean energy technologies to overcome 

fossil fuels’ historically accumulated advantage can alter the need for future 

government intervention. That is, putting the economy on a clean energy 

path will make it easier to achieve long-term decarbonization. As that 

happens, policy interventions need not be permanent: Once an economy 

has built up sufficient economic advantage in clean energy, private market 

incentives can sustain the clean energy transition.

By considering a subset of clean energy sources and technologies—including 

wind, solar, electric vehicles (EVs), and batteries—through the economics 

of structural change, this chapter provides a framework for understanding 

the clean energy transition and the policies that can accelerate it.3 However, 

this framework, like any, is not comprehensive, and does not address 

every element of the Biden-Harris Administration’s whole-of-government 

approach to climate policy. It is also an incomplete account of the benefits 

of the clean energy transition, such as avoiding climate damage, lowering 

air pollution and energy prices, creating high-quality jobs, and fostering 

economic competitiveness. Instead, the narrower task of this chapter is to 

offer an economic lens for understanding the path toward the clean energy 

transition and how it can be achieved.

The chapter’s first section provides an overview of structural change and 

how economists have applied the framework to explain important moments 

in economic development. It then provides a taxonomy of the various 

factors that can push or pull against structural change and thus determine 

the direction, rate, and end point of long-term transitions. The section then 

discusses market failures and economic frictions under which government 

intervention may be needed when the direction and pace of market-driven 

structural change are not in line with society’s goals. 

3 This framework also applies to nuclear, hydropower, and technologies such as carbon capture and 
storage and direct air capture that lower net GHG emissions.  
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The second section applies the structural change framework to the clean 

energy transition, discussing various ways in which the transition represents 

a distinct case of structural change—and the ensuing set of unique chal-

lenges and opportunities. The push-and-pull factors discussed in the first 

section are then mapped onto specific issues in the clean energy transition.

The third section describes how specific policies enacted by the Biden-

Harris Administration are strategically targeting these push-and-pull factors 

to accelerate the clean energy transition. These and other efforts can build a 

U.S. clean energy economy that benefits workers and communities, avoiding 

the worst economic consequences of climate inaction.

The Economics of Structural Change

This section introduces structural change as a broad economic concept and 
delineates the various push-and-pull forces that determine the direction and 
speed of structural change. Market failures and other economic frictions 
may inhibit the socially optimal direction and rate of structural change, justi-
fying government intervention. The structural change lens shows how policy 
interventions, if successful, need not be permanent; once properly directed, 
an economy has the momentum to carry forward that transition on its own. 

What Is Structural Change? 
The transition to a net zero economy requires structural change. Structural 
change refers to long-term (as opposed to short-term, cyclical) changes in 
the composition of an economy, from an established activity to an emerging 
one. Of particular interest are the direction and the pace of this change, as 
well as the final composition of the economy. Embedded in a structural 
change perspective is the notion of path dependence: that historical eco-
nomic dependence continues to exert influence today (Nelson and Winter 
1985). Once the process of structural change begins, it can gather momen-
tum on its own without much further impetus.  

History is rich with examples of structural change, many of which 
were considered important turning points in economic development. For 
instance, structural change in the allocation of labor from agricultural to 
industrial activity characterized the Industrial Revolution (Nurkse 1952; Rao 
1952; Lewis 1954; Ranis and Fei 1961). Similarly, much attention has been 
given to the shift in labor shares from industrial to service-oriented activities 

https://www.hup.harvard.edu/books/9780674272286
https://www.hup.harvard.edu/books/9780674272286
https://www.jstor.org/stable/1910629
https://www.jstor.org/stable/45149597
https://www.jstor.org/stable/45149597
https://la.utexas.edu/users/hcleaver/368/368lewistable.pdf
https://www.jstor.org/stable/1812785
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during the latter half of the 20th century (Autor, Levy, and Murnane 2003; 
Acemoglu and Autor 2011). 

Redirection of capital—both physical and financial—also character-
izes major historical transitions. During World War II, economies around 
the world redirected domestic production from consumer durables—such as 
automobiles and home appliances—to tanks, airplanes, and artillery. From 
February 1942 until the end of the war, U.S. commercial auto production 
ceased, and auto assembly lines were repurposed to produce 80 percent of 
U.S. tanks and more than half of all aircraft engines (Gropman 1996). From 
1940 to 1943, U.S. national defense gross investment rose from $13.2 billion 
to $517.9 billion (in 2022 dollars), representing an enormous financial real-
location.4 Such redirection of resources transformed the trajectory of U.S. 
innovation for decades thereafter (see box 6-1). 

These and other historical examples have led to a rich intellectual 
tradition in economics examining the drivers and consequences of structural 
change (Johnston 1970; McMillan and Rodrik 2011; Autor, Dorn, and 
Hanson 2013; Herrendorf, Rogerson, and Valentinyi 2014). Unlike more 
static frameworks, this literature focuses on transitional dynamics and their 
drivers. In doing so, it builds on macroeconomic models, but with an added 
focus on understanding the composition of an economy and how it changes. 

Determinants of Structural Change 
The structural change framework focuses on understanding the forces that 
shape—or reshape—the composition of an economy, whether through 
inputs, outputs, or both. These forces can push or pull against structural 
change, the balance of which determines the direction, speed, and end point 
of an economy’s transition from an established activity to an emerging one. 
This section details such push-and-pull forces.

Productivity spillovers arise under many circumstances. Spillovers 
within a sector can occur at the individual level in the form of learning-by-
doing (Arrow 1962; Lucas 1988) or at the sectoral level through technologi-
cal or knowledge spillovers (Romer 1990; Acemoglu 2002; Acemoglu et 
al. 2012). Regardless of the mechanism, productivity spillovers within a 
sector favor the established economic activity and allow that advantage to 
strengthen over time, making the emerging economic activity increasingly 
unlikely to replace the established activity. Spillovers across sectors can, 
however, accelerate structural change, particularly when knowledge and 
technologies developed for an established sector can be applied to an emerg-
ing sector (Bloom, Schankerman, and Van Reenen 2013). Government-
supported research efforts during the World War II mobilization effort, 
for example, had spillovers onto postwar innovation that enabled the 

4 This is from CEA calculations using data from the Bureau of Economic Analysis.

https://academic.oup.com/qje/article/118/4/1279/1925105
https://www.sciencedirect.com/science/article/abs/pii/S0169721811024105
https://apps.dtic.mil/sti/tr/pdf/ADA316780.pdf
https://www.jstor.org/stable/2720471?seq=1
https://www.nber.org/papers/w17143
https://www.aeaweb.org/articles?id=10.1257/aer.103.6.2121
https://www.aeaweb.org/articles?id=10.1257/aer.103.6.2121
https://www.sciencedirect.com/science/article/abs/pii/B9780444535405000069
https://www.jstor.org/stable/2295952
https://www.sciencedirect.com/science/article/abs/pii/0304393288901687
https://www.jstor.org/stable/2937632
https://academic.oup.com/restud/article-abstract/69/4/781/1551628
https://pubs.aeaweb.org/doi/pdfplus/10.1257/aer.102.1.131
https://pubs.aeaweb.org/doi/pdfplus/10.1257/aer.102.1.131
https://onlinelibrary.wiley.com/doi/abs/10.3982/ECTA9466
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Box 6-1. World War II and Technological Change
The U.S. government has played a critical role in enabling past periods 
of rapid technological change, including during World War II, when 
the Federal Government established the Office of Scientific Research 
and Development (OSRD), an expansion of the then–recently created 
National Research Defense Committee and a predecessor to the National 
Science Foundation. This new office would eventually invest more than 
$9 billion (in 2022 dollars) in research and development (R&D) between 
1940 and 1945 to develop innovations in radar technology, military 
weapons, and pharmaceuticals, among other sectors. Unlike previous 
models of public investment in R&D, the OSRD’s novel approach 
channeled investments to hubs of applied research while facilitating 
partnerships and collaborations between public, private, and academic 
researchers (Gross and Sampat 2023a). Despite its brief existence, the 
OSRD bent the path of U.S. technical innovation for decades to follow, 
as a potential template for the clean energy transition. 

Many of the technological advancements generated by OSRD 
support had direct civilian applications despite originally being intended 
for military use. For example, while penicillin cells were discovered 
in 1928, neither industry nor government had pursued their use as an 
antibiotic until the OSRD began investigating them for military applica-
tions in the early 1940s. After demonstrating its success in the military, 
the government released penicillin for commercial use in 1945 (Quinn 
2013). 

Recent evidence on the large-scale shock to research activity dur-
ing World War II from the OSRD program suggests that public invest-
ment can have a sustained, long-term impact on subsequent innovation. 
Technology hubs that received the greatest R&D investment from the 
program during World War II realized 40–50 percent more patent-based 
innovation activity per year by 1970 (Gross and Sampat 2023a). World 
War II–era Federal investment in industrial activity and the ensuing 
mobilization also led to a sectoral shift in the composition of manufac-
turing activity toward industries like lumber, chemicals, rubber, stone, 
metals, machinery, and transportation equipment (Jaworski 2017).

These effects on future innovation were primarily driven by 
spillovers and agglomeration economies, in which co-located firms 
mutually benefit from the sharing of ideas, infrastructure, and other 
assets (Duranton and Puga 2004). Gross and Sampat (2023a) find that 
these effects were approximately double in clusters centered on a highly 
ranked university. That firms and other research institutions (including 
government labs) later located in these hubs also suggests spillover 
benefits from regionalized innovation activity. Roughly 40 years after 
World War II, industrial clusters that received the OSRD’s R&D 
investment saw 90 percent higher employment in those manufacturing 

https://www.aeaweb.org/articles?id=10.1257/aer.20221365&&from=f
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3673487/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3673487/
https://www.aeaweb.org/articles?id=10.1257/aer.20221365&&from=f
https://www.cambridge.org/core/journals/journal-of-economic-history/article/world-war-ii-and-the-industrialization-of-the-american-south/B02C45F9CB7CBE9F6568EAC33F2EF0C1
https://www.sciencedirect.com/science/article/abs/pii/S1574008004800051
https://www.aeaweb.org/articles?id=10.1257/aer.20221365&&from=f
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development of information technologies and biomedical advances (see box 
6-1). 

An economy’s composition may reflect relative input prices between 
established and emerging inputs. These include both the price of the input 
itself and any complementary capital, land, or other material inputs associ-
ated with the input of interest. Relative adoption tilts toward the input with 
lower contemporaneous prices. But in the presence of within-sector pro-
ductivity spillovers, that tilt may be muted. For a new input, technology, or 
sector to become dominant, lower relative contemporaneous prices may not 
fully overcome the productivity advantage the established activity has built 
up over time. For example, high efficiencies in some forms of fossil fuel 
use from decades of experience would lead to lower adoption of renewables 
even if electricity from renewables were cheaper today than from fossil 
fuels. 

Factor mobility can also accelerate structural change. Factor mobility 
refers to the ease with which factors of production—labor, capital equip-
ment, or materials—can be allocated across different economic activities. 
For example, when workers in established sectors have skills that are attrac-
tive in emerging sectors, these workers can switch jobs across sectors—and 
relocate geographically if moving costs are low—without acquiring much 
additional education or retraining. Likewise, capital that can be redeployed 
readily across established and emerging sectors—for example, if a factory 
can shift from being powered by fossil fuels to clean energy—can help 
accelerate structural change. But when factors of production cannot be easily 
reallocated, the rate of structural change may be slow.

industries as well as additional manufacturing business formation (Gross 
and Sampat 2023a). 

The research demands necessitated by World War II are similar 
in scope to those required to address climate change. Gross and 
Sampat (2023b) argue that unlike the Manhattan Project or the Apollo 
Program—which were focused on singular technological goals for sin-
gular customers—World War II demanded a portfolio-based approach 
to technological innovations for a variety of end users. In this regard, 
the authors note a parallel between the R&D investment approach of the 
OSRD and the scope of today’s energy transition needs. But while the 
challenges are similar in scope, the broad-based structural transforma-
tion necessary to address climate change may require investment at an 
even greater scale.

https://www.aeaweb.org/articles?id=10.1257/aer.20221365&&from=f
https://www.aeaweb.org/articles?id=10.1257/aer.20221365&&from=f
https://www.sciencedirect.com/science/article/abs/pii/S0048733323001294
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Structural change is often shaped by the degree of substitutability 
between existing technologies and those replacing them. Emerging eco-
nomic activity must compete for consumers with existing activity. When 
an emerging sector’s output perfectly substitutes for that of an established 
sector, consumers will more readily adopt goods from the new sector 
(Acemoglu 2002). However, when the new product is not a direct substi-
tute, complementary investments are necessary to ensure the new good has 
similar—if not better—attributes than the established good. For example, 
complementary investments in battery storage alongside clean energy 
sources for electricity will enable electricity supplied from clean sources at 
all hours of the day, as is currently provided by the established electricity 
generation mix (IRENA 2019). 

New goods can also offer quality or attribute improvements that 
induce added demand. In many sectors, the adoption of new product catego-
ries is hastened in part by consumer demand for improved attributes, new 
use cases, or simply novelty.

Market Failures and Policy Implications 
Policymakers and the public may in some cases decide that structural change 
is occurring in the wrong direction or too slowly. This is justified in the pres-
ence of canonical market failures. Externalities, for instance—whereby eco-
nomic activity imposes costs and benefits onto others without consequences 
for the actor generating the activity—can lead markets to underprovide a 
public good (e.g., innovation) or overprovide a public bad (e.g., pollution 
or GHG emissions). Sector-level economies of scale that require coordina-
tion across complementary inputs may also prevent emerging sectors from 
overcoming the initial hurdle of competing with established sectors. 

Policymakers can address these market failures with familiar economic 
policy tools, including input and output taxes designed to “internalize” the 
externality, along with subsidies and public research-and-development 
(R&D) investments. But government interventions differ in one fundamen-
tal way when structural change dynamics are at play: They can create lasting 
change via path dependence. As such, to the extent that these interventions 
are successful, they need not be permanent. Provided that an intervention 
is sufficiently large to redirect an economy toward a more socially desir-
able composition, the intervention may no longer be needed once enough 
momentum has been built (Acemoglu 2002; Acemoglu et al. 2012, 2016; 
Meng 2023). 

Structural change’s key implication—the ability to use policy inter-
ventions to permanently alter the direction of change toward a different 
composition of the economy—may be attractive from a political economy 
perspective. But because path dependence cuts both ways, it also places 

https://academic.oup.com/restud/article-abstract/69/4/781/1551628
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Sep/IRENA_Utility-scale-batteries_2019.pdf
https://academic.oup.com/restud/article-abstract/69/4/781/1551628
https://www.aeaweb.org/articles?id=10.1257/aer.102.1.131
https://www.journals.uchicago.edu/doi/10.1086/684511
https://www.nber.org/system/files/working_papers/w22536/w22536.pdf
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added importance on well-targeted policy interventions that direct the econ-
omy toward an efficient use of cost-effective inputs. Policies that promote 
costly technologies may lead to a locking in of those technologies, making a 
future redirection toward more cost-effective alternatives harder to accom-
plish. The momentum inherent in economies undergoing structural change 
amplifies the importance of correctly promoting cost-effective technologies.  

Structural Change and the Clean Energy Transition

The structural change framework and the push-and-pull forces articulated in 
the first section provide a lens to understand opportunities and challenges 
for accelerating the clean energy transition. Energy is an essential input 
for nearly every form of economic activity, and it has undergone various 
transitions over the past few centuries. As society invents new technologies, 
energy sources—and the form energy takes—change. Before the Industrial 
Revolution, labor—both human and animal—was the primary energy 
input for the production of goods and services. The Industrial Revolution 
unleashed a new and disembodied source of energy: fossil fuels. And the 
introduction of steam-powered, and then electricity-powered energy brought 
a transition in how the economy utilized fossil fuels (Devine 1982).

To lay out how the clean energy transition can be viewed through 
a structural change lens, this section examines the various push-and-pull 
forces that can accelerate or delay the clean energy transition. While these 
forces are explored in isolation, policies must target these economic forces 
simultaneously to achieve the required speed and scale of an economy-wide 
clean energy transition, as discussed in the third section.

The Costs of Fossil Fuels
Fossil fuels—coal, oil, and natural gas—provide energy through combus-
tion, and in doing so release air pollutants, toxins, and climate-damaging 
greenhouse gases such as carbon dioxide (CO2) and methane. In 2021, 92 
percent of U.S. anthropogenic CO2 emissions could be attributed to the 
combustion of fossil fuels (EIA 2023b). 

Understanding the economic challenges of transitioning from fossil 
fuels to clean energy sources begins with understanding how fossil fuels 
came to be dominant and deeply embedded in the global and U.S. econo-
mies. Because energy is central to both national and economic security, 
fossil fuel providers benefited from government subsidies to secure strategic 
geopolitical alliances beginning in the late 19th century. U.S. government 
support, itself the result of political lobbying, aided fossil fuels in becoming 
the primary sources of American energy (Victor 2009) (see box 6-2). This 
is not a uniquely American phenomenon: Fossil fuels became a relatively 

https://www.osti.gov/servlets/purl/6774921
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cheap source of energy globally in part because they have been heavily 
subsidized.

In addition to government support, the technical characteristics of fos-
sil fuels and their availability further shaped the energy system that emerged 
in the global economy. Fossil fuels are abundant, energy-dense, and found 
in many parts of the world. They are also transportable carriers of energy: A 
piece of coal can be mined in one location and shipped elsewhere to readily 
meet that location’s energy demand, leading to global markets for many 
fossil fuels and associated infrastructure as well as competitive price pres-
sures. Additional technical qualities aid fossil fuels’ competitiveness even 
when they are not the final energy carrier. For instance, use of some fossil 
fuels, like natural gas, can be readily ramped up and down for electricity 
generation, helping balance aggregate electricity supply and demand nearly 
instantaneously (EIA 2012). 

Clean Energy Opportunities and Challenges
Fossil fuels are not the only energy source, and they are far from the most 
abundant one; sunlight and wind are freely available around the planet. 
Aside from their critical role in mitigating GHG emissions and air pollution, 
clean energy technologies have many economic and national security ben-
efits. Because they do not rely on costly fuel inputs, these technologies have 

Box 6-2. Fossil Fuel Subsidies
A key challenge for the clean energy transition is the cost competitive-
ness of renewable energy sources compared with the fossil fuel sources 
they are replacing—a challenge made particularly difficult because the 
U.S. government has long subsidized fossil fuel production. These subsi-
dies have largely been enacted through the tax code. Since the introduc-
tion of the modern Federal income tax in 1913, fossil fuel producers have 
received unique deductions, effectively shifting risk and losses from oil 
and gas producers to taxpayers. 

The largest fossil fuel subsidies focus on defraying the risks of 
investment for producers. One major provision involves the deduction 
of intangible drilling costs—which include wages and preparatory work 
conducted to drill an oil well—amounting to 60–80 percent of total 
drilling costs, according to one estimate. Oil producers may deduct 
70 percent of these costs immediately, rather than over the lifetime of 
the well, as is common with standard business expenditures (CRFB 
2013). Also subsidized are the costs to explore new wells, despite novel 
technologies that significantly reduce the risks of drilling unprofitable 
or nonproducing wells. As recently as 2004, the Federal Government 

https://www.eia.gov/todayinenergy/detail.php?id=7590
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near-zero marginal costs of generation and can, in the long run with contin-
ued technological advances, lower energy prices. Due to its cost advantages, 
solar is already the fastest growing source of energy in the United States 
and in the world (EIA 2024a; IEA 2023c). Clean energy technologies can 
also reduce volatility in energy markets and enhance energy security (Cox, 
Beshilas, and Hotchkiss 2019). Studies have also shown clean energy to be 

introduced new tax instruments to support investment in drilling capac-
ity (U.S. Congress 2004).

Production is also subsidized, for instance, in the form of a percent-
age depletion. Independent oil producers are permitted to write off 15 
percent of gross income on the first 1,000 barrels they produce a day, 
and this deduction rises to 25 percent for marginal wells during periods 
of low prices. Because this deduction is based on gross income, its 
value can exceed the total value of the producer’s investment in the well 
(CRS 2021). While these provisions target independent producers (those 
without integrated refining capacity), this represents over 80 percent of 
U.S. crude oil production (Golding and Kilian 2022).

While estimates vary, one valuation assesses the total producer 
benefit from the Federal Government’s fossil fuel subsidies at $62 bil-
lion, on average, annually (Kotchen 2021). This benefit substantially 
incentivizes production and the entry of new fossil fuel producers at 
the margin, particularly when oil prices are low, and the subsidies’ total 
contributions to domestic production are estimated to be substantial 
(Erickson et al. 2017). Over the past 20 years, these subsidies have 
fueled the development of unconventional projects through the shale 
boom, with potential benefits to oil producers of up to $4 a barrel 
(Erickson and Achakulwisut 2021). One study estimates that at oil prices 
of $50 per barrel, fossil fuel subsidies could be responsible for up to 20 
percent of U.S. crude oil production through 2050, while contributing 6 
billion metric tons of CO2 emissions (Erickson et al. 2017). 

These subsidies to fossil fuels, both direct and indirect, have 
greatly promoted domestic production of natural gas and oil for more 
than a century. Their scope and longevity demonstrate both the Federal 
Government’s ability to support energy production and the extent to 
which the oil and gas sectors have benefited from such support. As the 
country looks to accelerate the adoption of nonemitting energy sources, 
fossil fuel subsidies are also an obstacle to a rapid clean energy transi-
tion. As such, President Biden has repeatedly urged Congress to remove 
these subsidies, most recently in his 2024 budget proposal, in order to 
recover billions for taxpayers while winding down policy interventions 
that slow the clean energy transition (OMB 2023).   

https://www.eia.gov/todayinenergy/detail.php?id=61242
https://www.iea.org/energy-system/renewables/solar-pv
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more resilient than fossil fuels in the event of a natural disaster (Chang 2023; 
Esposito 2021). 

And yet, despite the benefits of clean energy and the need to transition 
away from fossil fuels to address climate change, many parts of the world 
have been slow in adopting clean energy technologies that produce energy 
from these abundant and free resources—or have not adopted them at all 
(IRENA 2023). In some cases, this may be because clean energy technolo-
gies require inputs that are costly or exhibit low mobility. In other settings, 
complementary technologies are needed for clean energy to serve as a better 
substitute for fossil fuels. To understand what may accelerate or delay the 
clean energy transition, this section maps the push-and-pull forces—produc-
tivity spillovers, input prices, factor mobility, and substitutability—articu-
lated abstractly in the chapter’s first section, onto specific features of the 
clean energy transition. 

Productivity spillovers and declining capital cost curves. Technologies 
tend to become cheaper as experience with their production increases, 
consistent with the presence of productivity spillovers. This dynamic likely 
characterizes the clean energy sector. Despite high initial costs, increased 
manufacturing capacity and deployment of clean energy technologies have 
been associated with lowering costs as a result of learning and investments 
in process innovation (Nemet 2019).

The role of path dependence in productivity spillovers and declining 
capital cost curves can be illustrated through the history of clean energy 
technologies over the past century. In a number of cases, despite having 
near-zero marginal costs, high capital costs—alongside ongoing govern-
ment subsidies for fossil fuels—made clean energy more expensive than 
energy derived from fossil fuels. For example, while in the early 20th 
century, electric wind turbines were common across rural America, in 
the two decades after President Roosevelt’s rural electrification programs 
brought cheaper fossil-fuel-based electricity to rural areas, every American 
wind power company went out of business (Pasqualetti, Righter, and Gipe 
2004). Solar photovoltaic (PV) panels, first developed in the 1950s to power 
space satellites, were unable to compete commercially for decades, and 
were restricted to niche applications such as calculators and solar-powered 
radios (Nemet 2019). Electric vehicles enjoyed an early boom around the 
turn of the 20th century, after the discovery of electromagnetism and the 
invention of the rechargeable battery allowed them to capture 38 percent of 
the (albeit very small) U.S. automotive market. However, advances in the 
combustion engine and the growing cost-competitiveness of fossil fuels—a 
result partially of public subsidies—quickly led to the dominance of internal 
combustion engine vehicles (Guarnieri 2012). 

In the future, as clean energy technologies develop and dissemi-
nate, costs are likely to decline as a result of economies of scale and 
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learning-by-doing. Economies of scale will move clean technologies down 
the average cost curve while learning-by-doing will shift down the average 
cost curve itself as productivity increases. Together, these forces should 
lead to lower costs at higher levels of output. However, if new technologies 
cannot compete with existing energy technologies, they will be unable to 
advance to mass production and experience the cost declines associated 
with scale economies and learning effects (Hart 2020). This could result 
from a lack of policies to spur demand, the competitiveness of established 
technologies, or some combination of both. Indeed, as shown in figure 6-4, it 
was not until the start of this century that clean energy’s capital costs began 
declining dramatically, coinciding with when many governments around the 
world began supporting its deployment (Nemet 2019).  

Land, transmission, and supply chain costs. Capital costs of clean 
energy for electricity have fallen dramatically over recent decades and are 
now often lower than those of fossil fuels (Lazard 2023). These cost advan-
tages notwithstanding, there are other inputs incurred when changing from 
a fossil-fuel-based to a clean-energy-based system. Electricity from renew-
able energy has different land use requirements, necessitates investments 
in transmission infrastructure, and relies on different raw materials than 
fossil-fuel-based electricity. This implies that the total input cost of clean 
energy relative to fossil fuels may still not be low enough for markets on 
their own to deliver a structural transition.
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Clean energy electricity generation can be more land-intensive than 
fossil fuel generation, even after accounting for land used in fossil fuel 
extraction and distribution (Gross 2020; Van Zalk and Behrens 2018). 
Utility-scale solar and land-based wind power generation requires large 
quantities of contiguous land. By one estimate, the capacity necessary to 
complete the U.S. net zero transition with current technologies could take 
over 250,000 square miles, roughly the area of Texas (Nature Conservancy 
2023). While some of this renewable capacity can be installed on existing 
land uses—as in the case of rooftop solar—replacing the fossil-fuel-based 
energy system will likely require repurposing land specifically for clean 
energy. Siting, the process of picking locations for projects, can also incur 
political risks. Local interest groups have sued and taken political action 
against renewable projects, with opposition rising rapidly in recent years, 
raising the cost of installation (Bryce 2023; Brooks and Liscow 2023). 

Siting clean energy installations on cheaper land away from population 
centers can mitigate these concerns, but may prompt an additional cost: the 
need to transmit renewable energy generation to load centers. Current trans-
mission regulations also create an externality: The cost of adding a marginal 
transmission line is often borne by the marginal generator connecting onto 
the grid—even though the extra transmission line benefits all connected 
generators (Sankaran, Parmar, and Collison 2021). One recent analysis 
argues that inadequacies in the current U.S. transmission system—which in 
some parts of the country fails to connect regions with high solar and wind 
potential—may lower renewable energy adoption by 65 percent by 2030 
(Jenkins et al. 2022). And for planned renewable generation that can connect 
to existing transmission lines, the average wait time for grid connection is 
currently 3.5 years (RMI 2022). 

Clean energy technologies require different inputs than do fossil fuel 
technologies, which may be less raw-material-intensive in the construction 
of generation facilities but require ongoing fuel supplies (IEA 2023b). Wind 
generation uses over 5 metric tons of zinc per new megawatt of generation 
capacity, while solar PV uses about 4 metric tons of rare earth metals. By 
contrast, a new megawatt of natural gas generation capacity uses only about 
1 metric ton of metal. Similarly, EV production requires over six times the 
critical minerals compared with what is needed for producing internal com-
bustion engines, owing primarily to the large quantities of graphite, cobalt, 
nickel, and lithium used in batteries, though that difference will narrow as 
battery recycling programs ramp up (IEA 2023b; Riofrancos et al. 2023). 
Global supply chains can drive down input costs for clean energy tech-
nologies, but that may require government intervention. While the United 
States is currently developing domestic capacity in this area, mining these 
materials and transporting them requires, in some cases, creating new supply 
chains and forming new trade relationships (IEA 2023b).
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Labor mobility. The clean energy transition will require a shift in the 
labor market, with workers leaving fossil fuel jobs and entering clean energy 
jobs. The extent to which labor is mobile across locations and sectors will 
play an important role in the clean energy transition. These frictions are not 
unique to the clean energy transition; they affect any process of structural 
change.  

The clean energy sector will require more highly skilled workers (IEA 
2022). Globally, about 45 percent of energy workers were in occupations 
requiring tertiary education as of 2019, compared with only about one-
quarter across the U.S. economy. In 2022, more than 80 percent of U.S. 
clean energy employers reported at least “some difficulty” finding qualified 
workers (DOE 2023a), compared with about 75 percent of firms across 
the economy (Manpower Group 2022). In an industry survey, 89 percent 
of U.S. solar companies  reported difficulties finding skilled labor, citing 
competition, small applicant pools, and applicants’ lack of training, experi-
ence, and technical skills (IREC 2022). Demand for workers in clean energy 
sectors continues to increase (DOE 2023a). Indeed, in some sectors, such as 
transportation, manufacturing clean energy technologies may be more labor-
intensive than manufacturing fossil-fuel-based counterparts (Cotterman, 
Fuchs, and Whitefoot 2022), but that may not apply in all cases. 

Geographic immobility may also slow transitions from fossil fuel to 
clean energy jobs (Lim, Aklin, and Frank 2023). While some fossil fuel and 
clean energy skills overlap (IEA 2022), fossil fuel and clean energy jobs 
are often not in the same places. For instance, approximately one-third of 
recently laid-off coal miners in Appalachia—some of them third-generation 
employees—have not moved since job displacement, despite the lack of 
clean energy job opportunities nearby (Greenspon and Raimi 2022; Weber 
2020). 

This clean energy labor demand presents an economic opportunity, 
but also requires overcoming skill mismatch with the current workforce. 
Some of this demand may be met by workers currently employed in fos-
sil fuel sectors. But so long as these workers are able to find employment 
more generally in an economy as large as the United States’, a one-to-one 
match between fossil and clean industries’ labor pools may not be needed 
(Curtis, O’Kane, and Park 2023). The likelihood of working at a clean firm 
conditional on having worked for a fossil fuel firm in the previous year was 
extremely low as of 2019, suggesting an important potential role for work-
force development programs and place-based incentives (Colmer, Lyubich, 
and Voorheis 2023).

Finally, fossil fuel extraction also has local fiscal effects (Raimi et al. 
2023). Excise and royalty taxes on fossil fuel extraction provide a major 
source of local tax revenue, supporting employment in local schools, hos-
pitals, and other public services. An important consideration is whether and 
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how revenue from local fossil fuel taxes can be replaced by proceeds from 
investments in clean energy or other industrial sectors. 

Substitutability. Electricity from clean energy sources like wind and 
solar is not available at all times of the day, unlike electricity from fossil 
fuels. This variability of renewable energy can be solved through comple-
mentary investments in battery storage and other solutions—including 
nuclear and hydropower—which makes electricity from clean energy a 
better substitute for electricity from fossil fuels. For example, to make clean 
energy dispatchable at all hours of the day, battery storage can be deployed 
in a manner that incentivizes batteries to be charged when renewables are 
abundant and discharged when they are not. 

Likewise, electric vehicle range—though it is improving rapidly—can 
present a barrier to EV adoption. To date, most EVs have a lesser range than 
cars powered by internal combustion engines. Recent surveys show that the 
majority of EV owners have a second, nonelectric vehicle—and drive that 
second vehicle more (Davis 2023). As a result, actual EV usage is less than 
half of what State regulators typically assume (Burlig et al. 2021). While 
there remain challenges for the substitution of EVs for internal combus-
tion engine vehicles, solutions already exist and more are emerging. These 
include carmakers installing larger battery packs, improvements in battery 
technology, and progress on the building out of a robust EV charging net-
work, which is currently under way.

In the extreme case of no substitutability between energy technologies, 
demand can fail to materialize. Solar PV cells present an early case study 
of missing demand. When silicon solar cells were first developed by Bell 
Labs in 1954, they were too expensive for many commercial applications. 
The U.S. government long remained their main buyer for use in satellites 
and defense applications (Nemet 2019). Today, hydrogen as an energy 
feedstock faces similar challenges in industrial settings, where some existing 
equipment and processes for using fossil fuels cannot be used for hydrogen. 
Complementary capital investments will be needed to generate demand for 
hydrogen as an energy feedstock (CEA 2023b). 

Financing the Speed and Scale of the Clean Energy Transition
While past structural changes have tended to move on their own timelines, 
the biggest challenges for the clean energy transition are the required speed 
and scale. As noted above, global temperatures are already rising and the 
economic damage is growing. The United States and other countries need to 
decarbonize across their economies through the rapid deployment of existing 
clean energy technologies and investments in new technological solutions. 

The energy transition has significant financing needs that require 
accelerating private sector investments. Private investments in clean energy 
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technologies have grown in recent years (White House 2023). However, as 
a result of impediments common to structural change, they can be riskier 
and less profitable than alternative investments. Removing such obstacles to 
rapid structural change in the energy sector can accelerate the pace at which 
financial markets fund the energy transition on their own. Conceptually, 
this financing issue is not distinct from other challenges for the clean energy 
transition discussed above; rather, it is a consequence of many of these 
impediments existing simultaneously.

On the supply side, novel clean energy technologies can have difficulty 
accessing traditional capital markets relative to other industries because of 
greater perceived credit risk (Armitage, Bakhtian, and Jaffe 2023). Novel 
technologies may experience large cost uncertainties as a result of construc-
tion timing and delays, uncertainty about future revenue streams, and manu-
facturing cost overruns due to a lack of production experience. Traditional 
financial institutions may also have less capacity to assess risk for nascent 
technologies, making them reluctant to underwrite projects (IEA 2021c). 

Clean energy projects confront an additional set of challenges: They 
must demonstrate initial commercial viability before being widely adopted. 
Early-stage financiers are often unable or unwilling to provide the substan-
tial initial capital this demonstration requires (Ghosh and Nanda 2010). 
Financing risks can further limit early-stage investment. Nanda, Younge, 
and Fleming (2015) document how energy projects’ financing needs and 
profiles are riskier and more capital-intensive than those in other high-
growth industries, such as software and information technology. Potential 
early-stage investors may refrain from investing in clean energy companies 
if they anticipate that the technology will likely not receive mid-stage 
financing in the “valley of death,” whereby market demand is insufficient 
for large-scale deployment (Nanda and Rhodes-Kropf 2016).

Demand-side factors can also slow financing for the energy transition. 
For example, investors in venture-financed energy start-ups have histori-
cally realized fewer exit opportunities compared with those in industries like 
biotechnology, semiconductors, and information technology, where estab-
lished markets exist for start-up firms even before they have demonstrated 
commercial viability for their products (Ghosh and Nanda 2010). Energy 
companies and utilities have in the past often been reluctant to acquire 
start-ups with unproven technologies (Nanda, Younge, and Fleming 2015). 
Even as venture capital investment in clean energy has increased over time 
(CTVC 2023), venture capital firms may remain hesitant to invest in capital-
intensive energy projects when the exit opportunities are limited in the short 
run, because such investments may require repeated capital injections over 
long periods of time to see a product through to market (Van den Heuvel 
and Popp 2022; Fontana and Nanda 2023). Creating a more favorable exit 

https://www.whitehouse.gov/briefing-room/blog/2023/08/16/the-economics-of-public-investment-crowding-in-private-investment/
https://conference.nber.org/conf_papers/f176376.pdf
https://www.iea.org/articles/the-cost-of-capital-in-clean-energy-transitions
https://www.hbs.edu/ris/Publication%20Files/11-020_0a1b5d16-c966-4403-888f-96d03bbab461.pdf
https://www.nber.org/system/files/chapters/c13048/c13048.pdf
https://pubsonline.informs.org/doi/abs/10.1287/mnsc.2015.2350
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environment for start-ups can help mobilize private sector investment in 
these sectors. 

In the transition to a new energy system, uncertainty about the broader 
market for clean energy can inhibit private sector investment, creating an 
opportunity for the public sector to send a durable demand signal. Lerner 
and Nanda (2020) argue that understanding market demand is an important 
prerequisite for early-stage companies to succeed. According to the authors, 
software and service-based businesses have shorter development timelines, 
and technological advancements allow these types of companies to ascer-
tain market demand faster. Compared with software- and service-based 
businesses, clean energy companies may have more difficulty forecasting 
or demonstrating the demand certainty that would make them attractive to 
investors.

In summary, the balance of the economic push-and-pull forces affect-
ing the clean energy transition today may limit private sector investment 
from reaching the necessary scale required to meet decarbonization goals, 
even as progress has been made. The next section turns to the role that gov-
ernment can play in catalyzing a faster transition to the net zero economy.

The Role of the Public Sector

Due to the market failures and economic frictions discussed in the first 
section, government intervention is necessary to reach net zero emissions. 
Governments have long made investments in developing clean energy 
technologies, though not always with the intent of reducing GHG emissions. 
In the 1970s, large-scale public investments in wind and solar R&D, which 
came about primarily in reaction to shortages and high prices in the oil 
market, were major forays into this space (Pirani 2018; CRS 2018; Nahm 
2021). Since then, governments around the world have amplified support for 
clean energy, increasingly to accelerate the transition to a net zero economy. 

Government intervention is critical to solving classic market failures, 
such as pollution and knowledge externalities. When it comes to structural 
change, such interventions are fundamentally about changing the direc-
tion and pace of transitions. Because economic incentives do not yet fully 
encourage replacing the existing, fossil-fuel-based energy system with one 
based on clean energy, government intervention can alter such incentives. 
But importantly, from a structural change lens, those interventions need not 
be permanent; once sufficient momentum builds in favor of the clean energy 
transition, the private sector could continue the transition, even without 
continued government involvement (see box 6-3).

Figure 6-5 illustrates this argument. Emissions in the absence of a 
policy intervention are shown as the dashed green line, declining—as in 
the case of recent U.S. GHG emissions—albeit not fast enough to meet net 

https://pubs.aeaweb.org/doi/pdfplus/10.1257/jep.34.3.237
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zero goals. Consider first an economy without structural change dynamics. 
A temporary policy intervention lowers the level of GHG emissions over 
time but not the growth rate, as illustrated by the solid teal line. As a conse-
quence, emissions continue changing at the same pace as before the policy. 
For such an economy, achieving net zero emissions requires permanent 
policy intervention. This trajectory contrasts with an economy featuring 
structural change dynamics, as shown by the solid blue lines in the figure. A 
policy under this scenario can permanently lower emissions’ growth rate by 
building path dependence into clean energy sources, generating momentum 
that maintains the clean energy transition even after the policy is lifted. That 
is, under structural change, long-term decarbonization can be achieved with 
policy interventions that eventually allow private market incentives to sus-
tain the clean energy transition without continued government intervention.

The rate at which emissions decline depends on how well the policy 
targets cost-effective technologies and GHG reduction options that can com-
pete with fossil-fuel-based technologies to become self-sustaining. Policies 
that target poorly (the solid light blue line in the figure) may lead to lock-in 
of more costly technologies, ultimately making the economy’s redirection 
toward the adoption of clean energy technologies more difficult and expen-
sive than with better targeting (solid navy line). 

This path dependence can emerge from economic conditions, but 
can also have political origins. A growing literature has documented that 
climate policies can help strengthen economic and consumer interest groups 

Time

Baseline

No structural change

Structural change with poor targeting

Structural change with correct targeting

Council of Economic Advisers
Source: CEA calculations.
Note: GHG = greenhouse gas. In the absence of structural change dynamics, a temporary policy intervention would lower GHG emissions 
but not their growth rate (solid teal line) relative to the no-policy trajectory (dashed green baseline). In the presence of structural change, 
a temporary policy would lower the growth rate of GHG emissions. The added decline in GHG emissions is faster when the policy correctly 
targets technologies (solid dark navy line) than when targeting is poor (solid lighter blue line). 
2024 Economic Report of the President

Greenhouse gas emissions

Figure 6-5. Schematic: GHG Emissions with and without Structural Change 
Dynamics
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Box 6-3. The Public Sector’s Role in Accelerating 
Structural Change: The Case of South Korea

The transformation of South Korea’s heavy and chemical industries (HCI) 
sector since the 1970s is an example of export-led structural change. After 
the devastation of the Korean War of the early 1950s, South Korea turned 
to a broad export-based economic strategy in the 1960s and early 1970s, 
giving preferential trade policy treatment to any exporting firm. In 1973, 
in response to defense concerns, the South Korean government restricted 
this policy to HCI firms, providing extensive loan subsidies from domes-
tic financial institutions. The state additionally instituted performance 
standards for subsidy recipients, relying on export targets and eschewing 
financial indicators of firm performance. Although this policy system was 
short-lived, lasting only until 1979, it had a sharp effect on South Korean 
industrial production in the decades that followed (Lane 2022).

This sector-specific public intervention resulted in a steep increase 
in the productivity of HCI firms, both during the 1973–79 period of direct 
industrial strategy and afterward (Lane 2022). The share of HCI exports 
remained above pre-1973 levels well after 1979, and remains above those 
levels today (Lane 2022; Choi and Levchenko 2021; OEC 2023). Major 
present-day South Korean exports—such as Samsung semiconductors and 
Hyundai cars—were first produced between 1973 and 1979, and produc-
tion grew sharply through the 1980s.

Government policies during this period helped spur structural 
change, which had previously stalled due to frictions and market failures. 
Before the intervention, South Korea’s HCI sector suffered from a financ-
ing problem: Western financial institutions were reluctant to provide loans 
to Korean plants (Amsden 1992). The South Korean government spurred 
investment with subsidized loans that resemble the investment tax credits 
underlying modern clean energy investment. And because local demand 
was not sufficient to sustain growth in the targeted industries, the South 
Korean government then supported exports, allowing cheaper capital and 
privileged regulatory status for exporting firms. The government’s last 
intervention was to build human capital—essential due to the complex-
ity of HCI manufacturing—by developing and promoting an extensive 
engineering education pipeline (Amsden 1992).

The success of South Korea’s HCI sector can be linked to the 
country’s industrial strategy during this period. The government’s tem-
porary intervention was sufficient to shift the direction of investment and 
establish comparative advantage over the long term in a previously undis-
tinguished industry. Today, many of the component industries of the HCI 
drive, such as motor vehicles and shipbuilding, remain pillars of the South 
Korean economy. The program’s success suggests that public intervention 
can be critical to overcoming obstacles to rapid structural change.

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3890311
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https://academic.oup.com/book/10201
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that make policies more difficult to reverse. For instance, policies that yield 
widespread economic benefits, such as by creating new industrial sectors 
and sources of employment, can be politically costly to reverse and therefore 
are more likely to stay in place across administrations (Meckling and Nahm 
2021; Meckling et al. 2015). Conversely, the absence of policy certainty will 
lead to underinvestment if potential entrants become unsure of the subsidies 
or taxes they may encounter years down the road (Noailly, Nowzohour, and 
van den Heuvel 2022). Studies have documented that frequent expirations of 
renewable energy production and investment tax credits—as well as short-
term extensions—have a negative impact on the development of a domestic 
wind industry (Lewis and Wiser 2007; DOE 2022a). 

Finally, public sector interventions work best when governments 
directly support desired outcomes rather than require firms to adopt specific 
processes or market behaviors (Rodrik 2014). For example, to increase 
renewable energy adoption in the power sector, government interventions 
would ideally either subsidize renewable energy or tax fossil fuel emis-
sions—without mandating where, how, or what type of renewable energy is 
built, as in the case of technology-neutral tax credits. Furthermore, to meet 
research and development goals—which may otherwise face private financ-
ing challenges—governments could invest in well-diversified portfolios 
covering large suites of potential new technologies rather than pick a handful 
of firms and products, anticipating that some technologies may ultimately 
fail while others succeed. These interventions can provide certainty to the 
private sector while allowing flexibility for new innovations. They can help 
mitigate the potential effects of incomplete information, particularly during 
a transition to emerging technologies, and address the difficulty of acquiring 
accurate information in the face of rent-seeking by firms.

In order to accelerate the clean energy transition, the supply- and 
demand-side policies highlighted below take account of these consider-
ations. These interventions must also be coordinated because they are part 
of a broader, multipolicy approach that simultaneously enhances the push 
forces and removes the pull forces behind the clean energy transition. 

Supply-Side Policies 
Enhancing productivity spillovers. Government can induce the creation of 
new technologies. Basic research can lead to breakthrough technologies 
that generate high economic returns (National Research Council 2001), but 
because private returns are significantly smaller than public returns, private 
investors tend to underinvest in basic research (Lucking, Bloom, and Van 
Reenen 2020). This pattern is particularly pronounced in the energy sector, 
where the private sector has historically underinvested in basic R&D (Nemet 
and Kammen 2007). 

https://journals.sagepub.com/doi/10.1177/00104140211024308
https://journals.sagepub.com/doi/10.1177/00104140211024308
https://www.science.org/doi/pdf/10.1126/science.aab1336
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https://www.nber.org/papers/w30361
https://www.sciencedirect.com/science/article/pii/S0301421506002606
https://www.energy.gov/sites/default/files/2022-02/Wind%20Supply%20Chain%20Report%20-%20Final%202.25.22.pdf
https://www.jstor.org/stable/43664659
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The U.S. government has therefore long supported basic research, 
and remains the world’s largest funder of energy research (IEA 2023d; 
Sandalow et al. 2022). The Bipartisan Infrastructure Law (BIL)—enacted as 
the Infrastructure Investment and Jobs Act (Public Law 117-58), along with 
the 2020 Energy Act (Public Law 116-260, div. Z)—more than triples the 
Department of Energy’s annual funding for energy programs and includes a 
significant expansion of funds for R&D (DOE 2022b). Such public invest-
ments in research will yield global knowledge and productivity spillovers 
that can accelerate the energy transition (Berkes, Manysheva, and Mestieri 
2022). Nonetheless, current public investments in energy R&D still fall 
short of the levels required to meet climate targets, given that key technolo-
gies needed to reduce costs and decarbonize industrial sectors have yet to 
become commercialized (see box 6-4). Current U.S. public energy R&D 
spending remains below the amount spent in the aftermath of the oil crises 
of the 1970s (Gallagher and Anadon 2022). 

Lowering capital, land, and transmission costs. Certain clean energy 
technologies, like solar PV cells, have already seen significant declines in 
capital costs. However, newer technologies—such as grid-scale battery stor-
age, hydrogen electrolyzers, carbon capture and storage, direct air capture, 
and advanced modular nuclear reactors—still face high capital costs (DOE 
2023c).

Public sector interventions, including loan guarantees, can lower 
capital costs for clean energy technologies. The Department of Energy’s 
Clean Energy Financing Program, which provides loan guarantees for inno-
vative clean energy technologies—and which was recently scaled up under 
the Inflation Reduction Act (IRA) of 2022 (Public Law 117-169)—is an 
example of such a public sector intervention. Such programs can lower the 
future cost of renewable technologies through learning-by-doing (Arkolakis 
and Walsh 2023) and by encouraging complementary private investments 
required to achieve the net zero economy (Heintz 2010; Juhász, Lane, and 
Rodrik 2023). Loan guarantees can lower the risks inherent in financing 
clean energy projects, thereby increasing the availability of capital (Bachas, 
Kim, and Yannelis 2021; CRS 2012). They can also provide an information 
signal to private financiers to further de-risk projects and “crowd in” private 
capital—shortening the time frame by which clean energy technologies 
become bankable (DOE 2023e). One analysis of the Department of Energy’s 
early-stage grants to high-tech clean energy start-up firms finds a positive 
effect on future financing from the private sector (Howell 2017). Another 
study finds that young firms in Germany that received public investment 
were more likely to access bank loans, and that this effect was particularly 
pronounced in sectors that were “information-opaque” (Hottenrott, Lins, and 
Lutz 2017). 
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Box 6-4. The Need for Global Climate Collaboration
Solving climate change is an inherently global challenge, for which the 
United States’ clean energy transition is only one part of the solution. The 
world will avoid dangerous climate change only if other countries also 
undertake similar structural transformations. In 2022, the United States 
accounted for 14 percent of global GHG emissions; China’s share was 31 
percent. Collectively, major powers have the potential to substantially curb 
emissions: The United States, China, the EU-27, Brazil, Russia, and India 
together accounted for more than 60 percent of global emissions in 2022 
(Friedlingstein 2023). 

U.S. investments in clean energy technologies could drive down 
global production costs (Way et al. 2022; Larsen et al. 2023) and encourage 
innovation worldwide (Berkes, Manysheva, and Mestieri 2022). But even 
accounting for these investments and their global spillovers, the world 
is projected to fall short of the manufacturing and deployment capacity 
necessary to meet global climate goals. For example, while the world is 
expected to develop sufficient or near-sufficient manufacturing capacity for 
EV batteries and solar modules by 2030 to stay on track for global net zero 
emissions by 2050 (IEA 2021a), global manufacturing capacity of wind 
turbines, heat pumps, and other key technologies is likely lagging behind the 
necessary pace to meet decarbonization goals (figure 6-i). 

There is an urgent need for other governments to join the United States 
in rapidly accelerating their clean energy transitions. In the United States 
and elsewhere, strategic public sector intervention to remove impediments 
to structural change in the energy transition can generate the necessary 
buy-in from the private sector to yield clean energy technologies that will be 
cheaper than their carbon-emitting counterparts. 
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However, lowered capital costs for clean technologies may be insuf-
ficient if other input costs remain high. The land requirements of some clean 
energy technologies imply added costs—and often this demand occurs in 
agriculturally productive areas (van de Ven et al. 2021). Governments can 
help navigate this trade-off, especially in the case of wind farms. Each tur-
bine has a relatively small footprint (Denholm et al. 2009), and incentivizing 
the use of arable space between wind turbines for agriculture dramatically 
lessens a wind farm’s land requirements. Likewise, policies can encourage 
solar co-location with agriculture. While growing crops under solar PV is 
still a nascent practice, tax breaks and direct subsidies could scale it up 
(Boyd 2023), potentially through the resources provided by the IRA for the 
U.S. Department of Agriculture’s Rural Energy for America Program.

High land prices can also be mitigated by building renewable energy 
generation away from agriculturally productive areas. But these locations 
tend to be far from population centers where electricity demand is highest, 
and new renewables projects are limited by the transmission capacity of the 
section of the grid to which they are connected. Expanding transmission is 
therefore an important complement to building new clean energy generation 
capacity. New transmission is needed both within and across regions of the 
country (DOE 2023d). The BIL allocates $2.5 billion to specific projects to 
this end. Absent such investment in transmission as well as in distribution, 
increased electrification will strain the existing grid.

Increasing labor mobility. Governments can play a central role in 
removing labor market frictions that could otherwise impede the clean 
energy transition (CEA 2021). Initiatives that address both skill needs and 
mismatch in the labor market, along with geographic immobility, are par-
ticularly necessary to accelerate the energy transition.

Workforce development programs are needed to train the next genera-
tion of workers in the clean energy sector and to retrain workers transition-
ing from the fossil fuel industry. Government initiatives that standardize 
education to include training on clean energy technologies are critically 
important—particularly for multicraft work like rooftop solar installation, 
which requires knowledge of carpentry, roofing, metal work, electrical, 
and information technology (IREC 2023). Programs that create pathways 
between education, training, entry-level jobs, and long-term careers are 
necessary to ensure long-term job quality and retention. Recent Federal poli-
cies reflect the importance of establishing a pipeline from apprenticeships to 
entry-level jobs. The IRA, for instance, introduced a bonus adder on top of 
a wide range of tax credits in the power, manufacturing, and transportation 
sectors for eligible firms that provide prevailing wages and employ qualified 
apprentices for certain construction, alteration, and repair work. Moreover, 
the creation of new apprenticeship programs provides an opportunity to 
accelerate economic growth by ensuring that workers—and in particular 
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women—who have been historically underrepresented in the energy sector 
have access to the jobs of the future. Women represent less than 20 percent 
of employed workers in both the clean and fossil fuel sectors (Colmer, 
Lyubich, and Voorheis 2023).

Government interventions in retraining programs can support workers 
currently in the fossil fuel sector, retraining them for either the clean energy 
sector or other industries (Katz et al. 2022; Hanson 2023). Hyman (2022) 
provides evidence that deliberately targeting labor immobility during market 
disruptions can increase the likelihood that workers will switch indus-
tries—and improve workers’ outcomes. In the context of the clean energy 
transition, estimates for the costs of retraining programs vary (Louie and 
Pearce 2016), but may be minor relative to the overall costs of the transition 
(Vanatta et al. 2022). 

Government programs addressing geographic immobility can comple-
ment workforce development programs. Such programs can provide funding 
to construct clean energy manufacturing facilities close to their fossil-fuel-
based counterparts, or provide moving allowances to help workers relocate 
(Vanatta et al. 2022; Pollin and Callaci 2016). The Department of Energy, 
for instance, announced $15.5 billion in funding for the conversion of 
existing automotive manufacturing facilities to support the EV supply 
chain (DOE 2023b). Policies can also support communities where local tax 
revenues have historically depended on fossil fuel industries (International 
Renewable Energy Age 2023).

Demand-Side Policies
Boosting demand over longer horizons. Because private investors are reluc-
tant to fund the commercialization of new energy technologies, government 
interventions can create a long-term demand signal. Such interventions can 
prevent novel clean energy technologies from being stranded in the “valley 
of death” (Nemet 2019). 

Production and investment tax credits for clean energy installations 
can boost demand for these technologies. The United States has employed 
some form of a production tax credit since 1992 to generate demand for a 
wide variety of renewable energy technologies, all without favoring specific 
firms (CRS 2020). Under the IRA, production and investment tax credits for 
clean energy will be technology-neutral by 2025—production of any type 
of energy with sufficiently low emissions will receive the same tax breaks. 
Both subsidies are available without a total tax expenditure limit until 2032, 
or when U.S. GHG emissions from electricity reach a certain threshold, 
creating a durable market signal incentivizing the use of renewable energy 
for electricity. 
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Such policies have proven effective in mobilizing private sec-
tor financing in other contexts. One paper finds that such demand-side 
policies shore up durable market demand and help mobilize private sector 
investments—particularly venture capital—toward clean energy innova-
tion (van den Heuvel and Popp 2022). And in the pharmaceutical industry, 
demand-side policies (also known as “demand-pull” policies) have helped 
to mobilize biomedical R&D when market incentives to do so are weak 
(Glennerster and Kremer 2000; Global Trade Funding n.d.). Likewise, 
advance market commitments have enabled greater production of pharma-
ceutical products—such as vaccines—in markets without mature market 
demand (Kremer, Levin, and Snyder 2020; Berndt et al. 2006). 

Improving substitutability. In the power sector, battery storage tech-
nologies provide one avenue for alleviating variability concerns and making 
renewable energy a better substitute for fossil fuels. Grid-connected bat-
tery storage is rapidly increasing in the United States. In 2023, the United 
States deployed 16 gigawatts (GW) of grid-connected battery capacity, with 
another 15 GW planned for 2024 (EIA 2024b). To meet net zero goals, the 
United States needs about 131 GW of grid-scale storage by 2050, according 
to models (Narich et al. 2021). Policies encouraging additional deployment 
are likely to lower costs further (NREL 2023). These policies include invest-
ment tax credits for battery adoption and production tax credits for battery 
manufacturing—both of which are provided under the IRA. 

Batteries installed on electricity grids should be charged when 
wholesale electricity prices are low and discharged when these prices rise. 
Assuming the marginal electricity generator uses renewable energy when 
prices are low and fossil fuels when prices are high, tax incentives for bat-
teries will result in reduced GHG emissions by replacing electricity from 
fossil fuels with electricity from renewables. If low electricity prices instead 
coincide with deriving marginal electricity from fossil fuels, battery incen-
tives could lead to increased GHG emissions (Hittinger and Azevedo 2015; 
Pimm et al. 2019; Beuse et al. 2021). Policies that tie investment tax credits 
for batteries only to grids with a positive within-day correlation between 
wholesale prices and marginal emissions would ensure that battery expan-
sion coincides with GHG reductions. 

Better substitutability between clean energy and fossil fuels also 
ensures that clean energy subsidies deliver both lower electricity prices and 
GHG reductions. This is because clean energy subsidies have composition 
and scale effects (Baumol and Oates 1988). They make clean energy cheaper 
relative to fossil fuels, tilting the composition of electricity toward clean 
energy and lowering GHG emissions, all else remaining equal. Clean energy 
subsidies also increase the overall scale of electricity consumption by mak-
ing electricity cheaper, increasing all energy inputs, including fossil fuels, 
and thus possibly GHG emissions, all else remaining equal (Casey, Jeon, 
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and Traeger 2023). When clean energy and fossil fuels are better substitutes, 
as with greater battery deployment, the composition effect dominates over 
the scale effect and clean energy subsidies both reduce emissions and lower 
electricity prices (Hassler et al. 2020; Casey, Jeon, and Traeger 2023).   

Likewise, policies that make EVs more substitutable with internal 
combustion engines—either by improving range or increasing charging con-
venience—can accelerate their adoption. The IRA’s production tax credit 
for battery manufacturing is aimed at driving down the cost of production, 
which can improve range. The investment tax credit for household adoption 
of battery storage under the IRA and the $7.5 billion allocated for building 
a national high-speed EV charger network under the BIL are designed to 
increase charging convenience.    

Coordinating Supply and Demand 
The necessary scale and speed of the clean energy transition requires coor-
dinating supply and demand policies. Demand for clean energy technologies 
often requires complementary and simultaneous supply-side investments in 
different technologies and supporting infrastructure. As noted above, EVs 
are dependent on a charging infrastructure. Some consumers are reluctant 
to invest in EVs before an adequately convenient supply of chargers is 
installed, while investments in chargers are unprofitable before consumers 
collectively purchase a sufficient fleet of EVs (Li et al. 2017). Prior research 
has suggested that supply-side investments—such as subsidies for the EV 
charging infrastructure—should be developed in tandem with direct EV 
subsidies (Cole et al. 2023; Rapson and Muehlegger 2022; Dimanchev et 
al. 2023).

Similar network effects and coordination problems exist in the switch 
to new fuels, like clean hydrogen, which require investments in the tech-
nologies for both production and demand (Armitage, Bakhtian, and Jaffe 
2023). In addition to retrofitting facilities to use hydrogen as a feedstock, 
midstream infrastructure, including pipelines and storage, will be essential 
for maturing the clean hydrogen industry—in addition to investments in 
the technology used for hydrogen production (U.S. Department of Energy 
2023c). The current short-term availability of infrastructure to transport, 
store, and distribute hydrogen is often cited as a constraint on industry 
growth, especially given the challenges of co-locating production and end 
use (Zacarias and Nakano 2023). 

The public sector can play a significant coordinating role, incentiv-
izing demand while ensuring adequate supply to establish new markets. 
When future demand is uncertain, firms may find investing in the necessary 
production technology or infrastructure more challenging, in part because 
financing is more difficult to obtain under such conditions. However, in the 
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absence of adequate supply, investments in technologies and infrastructure 
to create demand are often also difficult to justify. Policy interventions can 
resolve such coordination challenges. For example, offtake contracts—to 
purchase an agreed-upon quantity at a price often determined ahead of 
production—are often a prerequisite for project financing. Loan underwrit-
ers therefore commonly ask to see offtake contracts before approving debt 
financing (Global Trade Funding n.d.). The Department of Energy is cur-
rently establishing a demand-side support program that provides offtake 
certainty—through contracts with, for instance, hydrogen producers and 
buyers—for projects in the Regional Clean Hydrogen Hubs program funded 
by the BIL (U.S. Department of Energy 2023). 

Conclusion

Decarbonizing the global economy—in addition to mitigating the effects of 
climate change—provides new economic opportunities. The shift to clean 
energy can lower energy prices, offer greater energy security, reduce volatil-
ity in energy markets, mitigate local air pollution, and create new sources 
of employment in emerging sectors. Switching to clean energy also offers 
a generational opportunity for the United States to further its economic 
competitiveness in the innovative sectors of the 21st century. This chapter 
has explained in detail how to achieve these objectives through structural 
change, presenting an economic framework for understanding the factors 
that can accelerate the clean energy transition. It has further highlighted 
specific government interventions that can remove obstacles to the transition 
and create opportunities for the private sector to drive new sources of green 
growth. 

The Biden-Harris Administration is strategically targeting these high-
return investments. On the supply side, examples of this approach include 
the Department of Energy’s expanded funding for energy programs and 
R&D through the BIL, which serves to accelerate innovation spillovers and 
drive down capital costs for emerging technologies where private sector 
investments are still insufficient. Similarly, the IRA includes loan guar-
antees for innovative clean energy technologies to mitigate risk for clean 
energy projects and to unlock new private financing. Both the BIL and the 
IRA support the construction of new clean energy manufacturing facilities 
in communities with preexisting fossil fuel industry presence, thereby reduc-
ing labor market frictions by helping workers transition to the clean energy 
sector (U.S. Department of the Treasury 2023). 

On the demand side, the IRA, among many other of its provisions, 
employs tax credits for renewable energy installation and for household 
adoption of electric vehicles, renewable energy generation, and heat 
pumps. The duration of these tax credits boosts demand for clean energy 
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technologies over longer time horizons sufficient for enabling scale econo-
mies and learning-by-doing. Battery incentives under the IRA can also 
accelerate the clean energy transition in the power sector by making renew-
able energy sources less variable and thus a better substitute for fossil fuels. 
By simultaneously pursuing these interventions, the clean energy agenda 
of the Biden-Harris Administration is jointly addressing the supply- and 
demand-side challenges needed to ensure a rapid clean energy transition. 

Although the scale and urgency of the clean energy transition present 
unique challenges, this transition ultimately shares many features with prior 
government- and market-led transformations. In the process of reaching net 
zero emissions, both governments and private actors will need to grapple 
with how to transform an economy powered by fossil fuels to one powered 
by clean energy. A structural change framework helps illuminate how to 
achieve this shift, through targeted government investments that lower the 
cost of clean energy and their complementary inputs and technologies, as 
well as through programs that enable the transition to help both workers and 
their communities. Such successful interventions could pay large dividends 
for decades to come, putting the U.S. economy on a path toward a future 
where energy is clean, cheap, reliable, and secure.  
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