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EXECUTIVE SUMMARY
Highlights
 ▪ The increasing effects of climate change highlight 

the need to rapidly transform the global economy to 
achieve the Paris Agreement goals and limit global 
warming this century to well below 2°C, while aiming 
for 1.5°C. 

 ▪ Deeply decarbonizing the U.S. energy system by 
2050 will require rapidly increasing energy efficiency, 
decarbonizing electricity supply, and electrifying 
energy end uses, including buildings, transportation, 
and industry. 

 ▪ A carbon price is needed to incorporate climate 
change costs into economic decision-making to 
significantly reduce U.S. greenhouse gas emissions, 
particularly in the electricity sector; however, a price 
is not a silver bullet for addressing climate change.  

 ▪ Policies and programs that address externalities 
other than the cost of climate change and that 
provide incentives to develop and deploy long lead 
time mitigation options are needed in addition to a 
price on carbon so that deep emission reductions can 
be achieved in the longer term.

 ▪ Measures are needed to bend the cost curve and 
remove the market barriers that hinder long-term 
emission reductions. Such measures should be 
evaluated based on their ability to minimize the 
cost of achieving long-term emission targets rather 
than on their cost in achieving near-term emission 
reductions. 
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Introduction
Climate science increasingly shows the need for 
rapid transformation to a low-carbon economy. 
The recent Intergovernmental Panel on Climate Change 
(IPCC) special report, Global Warming of 1.5°C (IPCC 
2018), shows the difference in expected impacts between 
warming limited to 1.5°C and warming limited to 
2°C. This has helped shift the focus on achieving the 
more ambitious side of the Paris Agreement’s goal of 
“keeping warming well below 2 degrees Celsius above 
pre-industrial levels and to pursue efforts to limit the 
temperature increase even further to 1.5 degrees Celsius.” 
The IPCC report also highlights the rapid action needed 
to reduce global emissions to keep 2°C warming within 
reach, with even faster action required for 1.5°C pathways. 

As the climate debate in the United States begins 
to rekindle, understanding the potential and the 
limits of carbon pricing is crucial. Carbon pricing is 
a necessary but not sufficient approach to achieve long-
term climate goals in an economically efficient manner. 
A carbon price is necessary to embed climate change 
costs into economic decision-making while providing 
clear incentives for the development and deployment 
of low-carbon technologies and shifts in operations to 
reduce carbon emissions. In some cases, a carbon price 
may result in greater emission reductions than suggested 
by the modeling. Complementary measures will be 
necessary, however, for those market barriers and sector 
characteristics not addressed by a carbon price that could 
limit the adoption of mitigation measures. 

In evaluating what is the most economically 
efficient approach to address climate change, 
policy makers should keep in mind the long-term 
nature of the climate issue. Most proposals for a 
carbon price gradually increase in stringency, either with 
an increase in tax or a decline in the cap in a cap-and-
trade program. This approach operates on the underlying 
assumption that the most economically efficient approach 
is to work sequentially from the least expensive emission 
reduction opportunities to the most expensive until the 
emissions target is met. If this approach is implemented 
by taking into consideration only current and near-term 
costs and emission reductions, it may miss opportunities 
to take actions that can lead to cost reductions in the 
longer term and make it easier to meet long-term targets. 

Meeting the goals of the Paris Agreement calls for 
complementary policies that will contribute to 
changing cost curves to ensure the prospect for 
and relevant cost reduction of further rounds of 
emission reductions in 10 or 20 years. Such policies 
may not be the least expensive in terms of emission 
reductions achieved in the next 5 or 10 years.  

This paper also compares what recent empirical 
evidence and modeling efforts tell us about 
the effectiveness of a carbon price in reducing 
emissions and shifting to low-carbon technologies 
with what deep decarbonization studies state 
regarding the pathways for meeting climate goals. 
This comparison better illustrates why a carbon price is 
necessary but is not sufficient to shift the United States 
and the world to a low-carbon future. 

Carbon Pricing and Deep Transformation
The recent IPCC special report, Global Warming 
of 1.5°C (IPCC 2018), shows the need for rapid 
transformation of the global economy to meet 
Paris Agreement climate goals. Recent deep 
decarbonization studies focused on the United States 
show various technological pathways to achieve this, 
although the policy levers in those studies are not  
always clear. 

A carbon price is an essential tool to proceed onto 
a pathway that is consistent with 1.5°C. Economic 
literature claims a carbon price is the most efficient 
approach to reduce emissions. Most economists also 
recognize that other policies are essential. For example, 
they recommend spurring research and development in 
low-carbon technologies or addressing market barriers or 
sectoral characteristics, such as high up-front costs or a 
mismatch between who pays for equipment and who pays 
for operating costs (principal/agent problem). Among 
the policies that can complement the direct effects of the 
carbon price are regulations, standards, infrastructure 
investments, research and development spending, 
and incentive programs. These may be a continuation, 
expansion, or extension of existing policies or new ones 
that are designed for specific market barriers or sectors. 
Carbon pricing also provides an important source of 
revenue for some complementary policies. 
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 ▪ Recent deep decarbonization studies to understand the 
types of near-term changes needed to transform the 
economy, consistent with 1.5°C- and 2°C-degree pathways, 
and how carbon price emission pathways measure against 
those. 

As discussions about different carbon tax proposals are re-
energized in the United States, a key question in the debate is 
whether other regulations and policies should be pre-empted. 
This issue brief aims to inform all sides in the debate about 
the ways in which additional policies and programs should 
supplement a carbon price to achieve deep decarbonization, 
consistent with the Paris Agreement. It does not take the 
next step, however, to identify specific existing policies and 
programs that either should be kept in place or new ones that 
should be implemented. 

While this paper focuses on the United States, the underlying 
issues broadly apply globally. Applying a price on carbon 
helps reflect the costs of climate change in everyday 
economic decision-making, thus shifting economic incentives 
toward low-carbon technologies and goods. Other market 
failures and the importance of developing emission reduction 
options for sectors that are harder to address, however, imply 
that a price is not a silver bullet. The specifics of what types 
of complementary policies are necessary and appropriate will 
differ from country to country. The framework discussed in 
this paper, however, provides a useful guide to think through 
the issues and plan a research agenda that will build the 
necessary evidence base to guide decision-makers. 

BO
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This issue brief is part of a series, Putting a Price on Carbon, 
of the World Resources Institute. The series began with A 
Handbook for U.S. Policymakers that provides an overview 
of carbon pricing, including a discussion of the types of 
decisions necessary to design a program—including the 
political decisions on the use of revenue—and the expected 
economic impacts of alternative approaches. Since then, three 
issue briefs have been published on the ways in which a 
national price on carbon would reduce emissions across key 
sectors of the economy; how revenues from a carbon price 
can be used to address regional disparities and ensure that 
unfair burdens are not imposed on households that cannot 
afford them; and how incorporating an emissions target 
mechanism into a strong national carbon tax can contribute 
to ensuring intended emission cuts.

In this issue brief, we seek to understand the role that a 
carbon price can play in reaching the type of economic 
transformation necessary to achieve Paris Agreement goals 
in order to maintain global warming well below 2°C and to 
pursue efforts to limit warming to 1.5°C. It examines three lines 
of evidence to comprehend the opportunities and limits of 
carbon pricing to achieve a low-carbon future, as follows: 

 ▪ Recent economic literature that examines the role of a 
carbon price to reduce greenhouse gas emissions, includ-
ing studies of how current investments can affect the cost 
of future emission reduction options that are needed to 
pursue deep decarbonization.  

 ▪ Recent studies that model a carbon price to make clear 
where and how the price can be effective.

ABOUT THIS ISSUE BRIEF

Evaluating emission reduction options based 
on whether they are the least-cost approach—if 
viewed through a too simplistic, short-term 
lens—may fail to adequately consider the need 
for rapid and sustained emission reductions to 
minimize the effects of climate change. Studies of 
the types of transformation to meet long-term climate 
goals offer an overview of the temporal path that the low-
carbon economic shift needs to follow to meet cumulative 
emission targets.

The transportation sector provides one clear 
example of the need to invest in currently 
higher-cost or price-insensitive emission 
reduction options, such as electric vehicles and 
charging infrastructure, to ensure that options 
are available for deep reductions in the future. 
While abatement options in other sectors today may be 
less expensive in achieving emission reductions, if the 
tools to decarbonize the transportation sector and other 
hard-to-abate sectors are not put in place soon, it will 
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become more expensive to achieve deep reductions in the 
decades ahead. A carbon price alone is unlikely to provide 
sufficient incentives for deployment of these options. 

Conclusions 
A carbon price is a necessary and effective  
tool for reducing emissions, particularly in the 
electric sector.

A carbon price helps embed the external costs 
of climate change throughout the economy, thus 
providing incentives for shifting to existing lower-
carbon options as well as for the development 
and deployment of new low-carbon technologies, 
processes, and business models. The extent of these 
shifts may be difficult to capture in economic models, so 
a carbon price may have broader and deeper effects than 
the modeling demonstrates. At the same time, a carbon 
price will not address all market barriers, thus calling  
for some complementary policies to meet long-term 
emission targets. 

A gradually increasing carbon price is built on the 
logic of seeking the least expensive way, today, to 
reduce emissions, with more expensive options 
becoming cost effective as the price increases 
over time. This approach fails to fully account for the 
need to develop emission reduction options in harder-to-
abate sectors, such as transportation and industry, which 
may be aided by pursuing some abatement options while 
they remain relatively expensive.  

Government policies can play a role in changing 
cost curves and ensure the prospect of a further 
round of emission reductions in 10 or 20 years. 
Furthermore, not all of these policies will be the least 
expensive in terms of emission reductions achieved in  
the next 5 or 10 years. 

Policies and programs to complement a carbon 
price should be designed for an uncertain future, 
and evaluated on their potential to contribute 
to minimizing the costs of achieving long-term 
emission targets and not only on their near-term 
cost effectiveness. These policies should incorporate 
mechanisms to evaluate effectiveness over time, and to 
enable the adjustment or abandonment of policies that do 
not deliver results. 

1. LONG-TERM EMISSION REDUCTIONS
1.1 The Need for Rapid Transformation
In 2015, the countries of the world came together in the 
Paris Agreement and committed to strengthen the global 
response to climate change with the goal of keeping 
warming well below 2°C, and to pursue efforts to keep it 
to 1.5°C. The Intergovernmental Panel on Climate Change 
(IPCC) special report, Global Warming of 1.5°C (IPCC 
2018), demonstrates the need for a rapid transformation 
of the global economy to avoid the worst effects of climate 
change. This report highlights the significant additional 
impacts that 2°C of warming would have beyond those 
that would already appear with 1.5°C of warming. The 
report also highlights various illustrative emission 
pathways that would limit warming to 1.5°C with little or 
no overshoot,1 as well as pathways for a 2°C world.

Figure 1 illustrates that a common feature of these 1.5°C 
pathways is for global anthropogenic CO2 emissions 
to reach net zero (i.e., for sequestration of greenhouse 
gases to at least equal remaining emissions) around 
2050. In addition, these pathways show a need to 
achieve net negative emissions (i.e., sequestration to 
exceed remaining emissions) by the latter part of the 
century. These pathways do not require each sector of 
the economy to reach zero CO2 emissions; rather, they 
rely on a combination of reducing emissions through 
shifts to low- or no-carbon energy sources, increased 
resource efficiency, and removing CO2 from the 
atmosphere through improved land use practices and new 
technologies. In addition, global non-CO2 emissions also 
must show significant reductions. 

Most emission pathways that maintain warming below 
2°C reach net-zero global CO2 emissions by around 
2070. These emission reductions must start quickly: to 
keep on a 2°C trajectory, most pathways project global 
CO2 emissions to fall 10–30 percent below 2010 levels 
by 2030, and the pathways for a 1.5°C trajectory call for 
reductions of 40–60 percent by 2030.

The IPCC notes that moving onto the pathways that limit 
warming to 1.5°C “would require rapid and far-reaching 
transitions in energy, land, urban and infrastructure 
(including transport and buildings), and industrial 
systems” (IPCC 2018, 17). The types of shifts required 
have been explored in a variety of deep decarbonization 
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These emission reductions 
must start quickly: to keep on  
a 2°C trajectory, most pathways 
project global CO2 emissions  
to fall 10–30 percent below 
2010 levels by 2030, and the 
pathways for a 1.5°C trajectory 
call for reductions of 40–60 
percent by 2030. 

studies and similar explorations of long-term climate 
strategies, including several focused on the United States 
(e.g., Risky Business Project 2016; The White House 
2016). The Global Commission on the Economy and 
Climate reviewed the global implications of the shifts 
needed to address climate and broader sustainability. In 
Unlocking the Inclusive Growth Story of the 21st Century 
(GCEC 2018, 10), the Commission found that the world 
is on the cusp of a possible “new era of economic growth 
. . . driven by the interaction between rapid technological 
innovation, sustainable infrastructure investment, and 
increased resource productivity.” The report estimates 
that cumulative global net economic benefits of US$26 
trillion could be unlocked through 2030 through bold 
actions in the next few years (Westphal et al. 2019). The 
transition to a low-carbon economy, consistent with 
achieving the Paris Agreement goals, provides a major 
opportunity for those willing to take the bold steps. 

1.2 Pathways to Decarbonize the United States
The United States Mid-century Strategy for Deep 
Decarbonization (The White House 2016), conducted 
by the Obama Administration, focuses on the changes 

that would be essential for the U.S. economy to reduce 
greenhouse gas (GHG) emissions by at least 80 percent 
from 2005 levels by 2050. Achieving this goal would 
require action in three key areas: decarbonizing the 
energy system; sequestering carbon in forests, soils, and 
wetlands, as well as through CO2 removal technologies; 
and reducing non-CO2 GHG emissions. Within the energy 
system, the mid-century strategy further focuses on three 
approaches: increasing energy efficiency; decarbonizing 
electricity supply; and switching to electricity and low-
carbon fuels for transportation, buildings, and industry. 
Risky Business Project (2016) and Williams et al. (2014) 
reached similar conclusions about the technical and 
economic pathways that the United States would need to 
follow to meet ambitious mid-century emission targets. 
While these studies do not focus on a net-zero emissions 
target, the perspective they provide on the types and 
speed of changes in the economy to achieve deep 
decarbonization in the long term offers a useful contrast 
to studies more focused on near-term targets. 

Risky Business Project (2016) finds that achieving  
long-term GHG emission targets is economically as  
well as technically feasible by using commercial and  
near-commercial technologies. The authors note, 
however, that 

businesses must also start now to factor climate 
risks into their investment decisions. Whenever 
capital assets reach the end of their produc-
tive lives, they should be replaced with energy 
efficient and low-carbon alternatives wherever 
possible and prudent (Risky Business Project 
2016, 8). 

Replacement of equipment with low-carbon alternatives 
typically implies a shift of costs from low-upfront but 
high-ongoing costs for fossil-fuel-dependent technologies, 
to high-upfront but low-ongoing costs for renewables 
and many other low-carbon alternatives. While there is 
a strong economic case to be made for this shift, Risky 
Business Project (2016, 7) notes, “The private sector 
will take action at the necessary speed and scale only if 
it is given a clear and consistent policy and regulatory 
framework.”2 The U.S. mid-century strategy highlights  
the following five policy priorities: 

 ▪ “Expanding local/state policies and sectoral 
regulations and shifting to economy-wide GHG 
emission pricing over time. . .
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Global total net CO2 emissions

Pathways limiting global warming to 1.5oC with no or limited overshoot
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Four illustrative model pathways

In pathways limiting global warming to 1.5oC 
with no or limited overshoot as well as in 
pathways with a higher overshoot, CO2 
emissions are reduced to net zero globally 
around 2050.

Timing of net zero CO2 Line widths depict 
the 5th–95th percentile and the 25th–75th 
percentile of scenarios

Pathways limiting global warming below 2oC (Not shown above)
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GLOBAL EMISSION PATHWAY CHARACTERISTICS 

Notes: The figure shows the general characteristics of the evolution of global net anthropogenic CO2 emissions in pathways that limit global warming to 1.5°C with no or limited 
(less than 0.1°C) overshoot and in pathways with higher overshoot. The shaded area represents the full range of pathways analyzed in this report. Box and whiskers at the bottom 
of the figure illustrate the timing of pathways reaching global net zero CO2 emission levels, and a comparison with pathways limiting global warming to 2°C with at least 66 percent 
probability. Four illustrative model pathways are highlighted in the main panel and are labeled P1, P2, P3, and P4, corresponding to the LED, S1, S2, and S5 pathways assessed in IPCC 
(2018) Chapter 2. For more information on these pathways, see Figure SPM.3b in the original report.

Source: Reproduced from Figure SPM.3a in IPCC (2018, 15). 

 ▪ “Increased support for public and private RDD&D. . .

 ▪ “Support for energy efficiency. . .

 ▪ “Infrastructure and regulatory support for low-GHG 
technologies. . .

 ▪ “Incentives for negative emission technologies or 
strategies. . .” (The White House 2016, 34–35)

Williams et al. (2015) explore the implications for policy 
design and an evaluation of the need for real economic 
transformation in the coming decades if the world is to 
meet ambitious emission reduction targets. They identify 
a series of goals for designing policies aimed at the type  
of deep transformation of the economy and energy 
systems in the United States. These policy goals reflect  
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the complexity of the policy landscape in terms of 
enabling underlying changes in the U.S. economy in the 
coming decades—and achieving them will not be easy. 

Because the transition will rely on consistent and 
sustained investments in low-carbon technology and 
equipment over a period of decades, policies should aim 
to shape public and private sector investments alike 
in ways that take into account the long-term carbon 
implications of those investment decisions. Furthermore, 
since the transition will involve cross-sectoral effects 
(e.g., the degree of electrification of buildings and 
transportation will have significant effects on the amount 
of investment in electricity generation), policies should 
consider these effects not only in the targeted sector 
but also across the broader economy. Policies also 
should encourage the early adoption of technologies to 
drive down costs through increased production. The 
effectiveness and cost of the policies must be monitored 
over time, and the policies adjusted as needed. Finally, 
it should be recognized that the ability to sustain these 
policies over time will require paying attention to 
consumer costs and potential distributional effects.

These studies offer a roadmap for deep emission 
reductions in the United States. They will require  
a significant policy push to achieve. 

1.3 The Economics of Transformation
While deep decarbonization studies may offer long-term 
pathways, they also highlight the challenges that arise 
across the various sectors. These include the speed and 
depth of economic transformation to achieve net-zero 
emissions by mid-century; development of significant 
infrastructure to support low-carbon options; shift of 
supply chains for some approaches to decarbonization; 
a range of market barriers; support for continued 
investment in research, development, demonstration, and 
deployment (RDD&D) of low-carbon technologies and 
processes; and ability and willingness to adjust policies as 
conditions on the ground shift and evidence emerges with 
regard to what is and is not working. 

Carbon pricing proposals often begin with a relatively 
low (and therefore politically more feasible) carbon price 
that increases over time. With long-lived equipment, 
economically rational decision-makers with full foresight 
will take the increasing price into account and avoid 
investments that will become uneconomical with the 
rising carbon price. In the real economy, the time 
horizon on financing and investment decisions may 
not encompass a 20-year (or longer) life; furthermore, 
decisions may not fully account for an increasing carbon 
price over time. When the decision-making time frame is 
shorter than the equipment and infrastructure lifecycle, 
an initially low but rising price, alone, may not be 
sufficient to tip the scales for near-term investments  
from high- to low-carbon. Continued high-carbon 
investments will add to cumulative GHG emissions 
and, without early retirement, will make achieving 
net-zero emissions by the middle of the century difficult. 
Additional research is required to better understand when 
and where such short-term thinking prevails and how 
policymakers can best address it. 

Gillingham and Stock (2018, 53–54) pose a key question 
for designing climate policies that aim to achieve long-
term goals. They offer two responses, as follows: 

What is the most economically efficient way to 
reduce greenhouse gas emissions? The principles 
of economics deliver a crisp answer: reduce 
emissions to the point that the marginal benefits 

Complementary policies are 
likely to be needed to help spur 
early investment in low-carbon 
equipment, together with a 
continuing evaluation of the 
effectiveness of those policies 
to allow for course adjustments 
over time. 
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of the reduction equal its marginal costs. . . . 
These estimates of static costs help to inform 
discussions about climate policy, but they miss 
the critical consideration that climate change 
is a long-term problem. As a result, the proper 
answer to our opening question is not necessar-
ily what is least expensive mitigation strategy 
among options available today, but what are the 
actions if, taken today, will minimize the cost of 
mitigation both today and into the future, rec-
ognizing that actions taken today can influence 
future costs. We refer to such costs as dynamic, 
because they outlive the life of a specific project. 

An important consideration in this context is what 
abatement capital (i.e., options available to reduce 
emissions) are available at different points in time.  
Vogt-Schilb et al. (2018, 221) note that

the carbon price does not provide a direct 
indication of the optimal distribution of emis-
sion reductions over time and across sectors; 
one must also take into account the future value 
of abatement capital when assessing abatement 
investment. 

Complementary policies are likely to be needed to help 
spur early investment in low-carbon equipment, together 
with a continuing evaluation of the effectiveness of those 
policies to allow for course adjustments over time. 

While new and improved technologies can help  
address climate change, the innovation and adoption  
of new technologies face their own set of market barriers. 
These barriers interact with environmental market 
obstacles, such as the externality of climate damages, 
and add to the challenge of developing an effective suite 
of climate policies. Jaffe et al. (2005, 173) explore this 
interaction and identify two approaches that would help 
provide solutions. 

One approach is to foster the development  
and diffusion of new technology by designing 
environmental policies to increase the per-
ceived market payoff and maximize flexibility 
in compliance. The other approach is to imple-
ment policies aimed directly at encouraging the 
development and diffusion of environmentally 
friendly technologies. 

"One approach is to foster the 
development and diffusion of 
new technology by designing 

environmental policies to 
increase the perceived market 
payoff and maximize flexibility 

in compliance." 

These types of policies can be controversial, with 
concerns that early intervention on behalf of particular 
technologies that later prove ill-advised could lead to a 
technological lock-in that is hard to unravel. Jaffe et al. 
argue that while government should remain involved in 
environmental technology policy, it should do so in ways 
that reduce known policy problems, such as through a 
combination of policy experimentation and systematic 
policy evaluation. 

Another factor is the need to now shift to low-carbon 
alternatives as long-lived assets are replaced. Slow 
turnover of equipment and vehicles means that 
decarbonizing many sectors (including industry, 
buildings, and transportation) will take place only over 
time, implying that today’s investments in fossil-based 
and low-carbon infrastructure and equipment will 
have long-term effects on emissions. Power plants and 
industrial equipment, put into service in the next few 
years, will continue to be sources of emissions for decades 
to come. Unless they are replaced before the end of 
their useful lives or retrofitted, they will help shape the 
emission profile into the 2040s or longer. Only a limited 
number of replacement opportunities are available 
between today and 2050, as illustrated in Figure 2. 

As the IPCC 1.5°C report highlights, significant global 
emission reductions will be needed by 2030 to stay on  
a trajectory that keeps 1.5°C, or even 2°C, within reach.  
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The pathways for net-zero GHG emissions by mid-century 
will be shaped significantly by interventions made in the 
present day for three reasons. 

First, equipment with a 10-year and longer life expectancy 
that is put in service in the next few years will, absent its 
early replacement, continue to emit in 2030 or beyond. 
Equipment ranging from space heaters to industrial 
boilers to cars that are put into use over the next five  
years will be still operating—and emitting GHG—in 2030 
and beyond. Achieving significant emission reductions  

FI
GU

RE
 2

STOCK LIFETIMES AND REPLACEMENT OPPORTUNITIES

Source: Reproduced from Williams et al. (2014, xv).

2015 2030 2050

Equipment/Infrastructure Lifetime (Years)

Electric lighting

Hot water heater

Space heater

Light duty vehicle

Heavy duty vehicle

Industrial boiler

Electricity power plant

Residential building

4 replacements

3 replacements

2 replacements

2 replacements

1 replacement

1 replacement

1 replacement

0 replacements
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by the early 2030s means that investment decisions  
today need to be made with GHG emissions as a key 
decision criterion.

Second, near-term deployment of new technologies 
can help drive down costs through economies of scale, 
learning by doing, and the prospect of a growing market 
offering stronger incentives for innovation in production. 
This cost-reduction dynamic has played out with 
significant cost reductions for wind, solar, and, more 
recently, batteries. 
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Finally, some emission reduction opportunities require 
supporting infrastructure and end-user familiarity before 
they will be widely adopted. For example, electric vehicles 
(EV) require charging infrastructure; however, getting 
these in place becomes a chicken-and-egg issue, since it 
can be difficult to justify public or private spending on 
charging stations before significant numbers of EVs are 
on the road. Customers will be less willing to purchase 
EVs if infrastructure is not in place. Similarly, most 
drivers today are unsure of EV performance, although this 
will be less of an issue as more EVs are put on the road. 

For these three reasons, actions in slow-to-respond 
sectors with large GHG reduction potential, such as 
industry and transportation, should begin soon. Some 
actions that are not the lowest-cost option in the near 
term—even under a modest carbon price—may be 
essential to take now if they provide a path to making 
deeper emission reductions cheaper in the long term. 

The shift to a low-carbon economy requires not only a 
change in specific investments in power plants, cement 
kilns, and steel factories, among others; it requires a 
broader shift in supporting infrastructure and supply 
chains. These additional changes range from investment 
in fueling infrastructure for alternative vehicles; electric 
transmission lines; CO2 pipelines to support carbon 
sequestration; and facilities to manufacture hydrogen and 
synthetic natural gas, as pipeline fuels, from zero-carbon 
electricity. Regulatory and market infrastructure also 
is essential, including developing the market structures 
necessary to operate a more flexible electric grid,  
powered by zero emission resources; reworking waste 
management and supply chains to support a circular 
economy; and more. 

While a carbon price, alone, cannot achieve this level 
of transformation, the design and implementation of 
complementary policies to take on these additional 
challenges will not be easy. Policy innovation will be 
needed to spur innovations in technology, industrial 
processes, supply chains, and ways to satisfy customer 
needs. Monitoring and evaluation should inform policy 
adjustments over time. 

In the following sections, we will explore recent modeling 
exercises that suggest the role that a carbon price plays 
in economy-wide and sector-specific GHG emission 
reductions, as well as the implications of seeking 

transformational rather than marginal changes in the 
economy. In addition to the deep decarbonization studies 
discussed above, this discussion will draw heavily on 
the work done as part of Stanford University’s Energy 
Modeling Forum 32 (EMF 32) exercise.3 EMF 32 brought 
together 11 teams, using different models to explore the 
environmental, energy, and economic effects of a number 
of carbon price policies. The discussion also will make 
use of publicly available modeling results from the carbon 
price scenarios in Annual Energy Outlook 2018 with 
Projections to 2050 (USEIA 2018a),4 as well as published 
analyses of carbon price legislative proposals that were 
introduced in the U.S. Congress in 2018. 

2. THE ROLE OF A CARBON PRICE
2.1 The Rationale for a Carbon Price
The economic rationale behind a carbon price begins 
from recognizing that the impacts of climate change 
impose costs on society that are not included in the 
prices for fossil fuels and other GHG-emitting resources. 
These costs are, therefore, not borne by the producers 
and consumers of these resources. The absence of these 
external costs (“externalities” to economists) leaves the 
price artificially low, leading to greater use of high-carbon 
resources than is optimum for society. Box 1 provides a 
basic discussion on the pricing of carbon. 

Adding a carbon price, such as a tax based on GHG 
emissions, internalizes these external costs. When a 
carbon price sufficiently increases the relative cost of 
high-carbon resources and products, producers and 
consumers will reduce their demand for them and shift 
to lower-carbon alternatives. A carbon price becomes 
embedded into purchase and production decisions 
throughout the economy and takes advantage of market 
forces already at work. Because of this, economists view  
a carbon price as the most economically efficient 
approach to reduce GHG emissions and cause long-term 
behavioral shifts when underlying markets are working 
efficiently while, at the same time, acknowledging the 
need for additional policies to address various market 
failures and barriers. 

While a carbon price addresses one key market failure— 
that is, the externality of climate change impacts—other 
market inefficiencies that the price by itself would not 
address would remain. These include barriers  
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Most carbon price proposals and programs increase in 
stringency over time, with either the cap on emissions 
declining or the carbon tax increasing. This is, in part, 
due to economic and political reasons, since starting at a 
relatively low stringency will provide a more gradual shift in 
the economy as the program begins, allowing more time for 
companies, workers, and consumers to adjust. Easing the 
economic transition in this way would make the politics of 
implementing a carbon price easier. 

The underlying logic of a gradually increasing carbon price 
also builds on the assumption of a stepwise approach to 
reducing GHG emissions: start with the lowest-cost emission 
reductions and, as the carbon price increases over time, 
it becomes more economical to implement higher-cost 
reductions from harder-to-abate sectors. If this framework 
were to be applied in a static manner, it would fail to account 
for how measures undertaken in the near term can affect the 
cost and availability of emission reduction options  
in the future. 

In discussing the effect of a carbon price in this issue brief, 
we focus on the direct impact the price has on economic 
decision-making. A second important element of a carbon 
price is the issue of what is done with the revenue that is 
raised. This revenue could be used in a variety of ways, such 
as dividends paid to households, reduction of other taxes, 
investment in increasing community resilience, infrastructure 
spending, or projects to further reduce greenhouse gas 
emissions. In the context of this issue brief, the use of  
revenue is one of the types of complementary policies that 
could be used to facilitate a more rapid transformation to a 
low-carbon economy. 

BO
X 1

Greenhouse gas emissions impose costs on the global 
community via climate change. A carbon price shifts some 
of these costs from society to the entities responsible for 
the emissions, providing an incentive for them to decrease 
carbon emissions. Pricing carbon increases the price of goods 
across the economy in proportion to their carbon content 
and, thus, in proportion to their effect on climate change. 
By raising the relative price of carbon-intensive goods (e.g., 
fossil fuels, cement, and steel), a carbon price encourages 
individuals and businesses to invest in and purchase less 
carbon-intensive alternatives. Because of its ability to build 
climate considerations directly into the economic decisions 
of businesses and consumers throughout the economy, a 
carbon price is generally seen as a necessary (although not 
sufficient) element of a comprehensive climate policy. 

A carbon price can be put in place through a carbon tax or 
a cap-and-trade program. A carbon tax is a fee assessed on 
carbon pollution, often applied indirectly on the fossil fuels 
whose use will result in pollution. A cap-and-trade program 
sets a maximum level of carbon emissions, with emission 
permits (typically referred to as allowances) issued by 
regulators up to this cap that can be bought or sold. Under 
a cap-and-trade program, the carbon price is equal to the 
market price of the emission allowances. In both cases, the 
price will work its way through the economy, since those 
who pay the price will generally pass part of the cost along 
in the goods they sell. If properly designed and implemented, 
carbon taxes and cap-and-trade programs alike will provide 
the incentive to reduce emissions through actions that are 
less expensive than paying the carbon price, as well as an 
incentive to consumers to buy less carbon-intensive goods 
that are less affected by the price. In recent years, there has 
been an increasing emphasis on a mix of the two, with price 
ceilings (or floors) to limit the price fluctuation in cap-and-
trade programs, as well as emission assurance mechanisms 
to adjust the level of a carbon tax if emission goals are  
not met. 

THE BASICS OF PUTTING A PRICE ON CARBON
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to adoption of energy efficiency measures that include 
lack of knowledge about differences in efficiency and its 
effects on future costs; failure to take future operating 
costs fully into account; and principal/agent problems 
that arise when one party (e.g., a landlord or builder) 
pays the upfront costs of appliances or building upgrades 
while someone else (e.g., the renter or purchaser of a 
new home) pays the operating costs. In the construction 
industry, the prevalence of smaller firms without 
resources for research—and which are slow to take up 
new technologies—compounds the issue (Ryan et al. 
2011). In addition, Rydge (2015, 6) notes that

additional policy instruments are needed to 
tackle barriers that are commonly faced by 
industry, such as short investment payback 
periods and capital constraints, prescriptive 
standards, entrenched customer preferences  
and other factors.

These types of market failures justify keeping or adding 
climate and clean energy policies and programs alongside 
a carbon price. Gundlach et al. (2019) recently reviewed 
the potential interaction between a carbon price and other 
U.S. federal policies that affect GHG emissions, rating 
those policies along a continuum from “complementary” 
to “redundant.” They define, on the one hand, 
complementary policies as those that either achieve  
GHG emission reductions, with less expense to society 
than the carbon price alone would, or reduce GHG 
emissions while achieving other policy goals cost 
effectively. These policies are commonly used to solve 
other market failures (e.g., RDD&D underinvestment) 
that are not addressed by a carbon price, or to address 
other pollutants in ways that also reduce GHG emissions. 
On the other hand, they define redundant policies as ones 
that tend to increase costs without achieving additional 
emission reductions. Most policies fall on a spectrum 
between the two. 

Hood (2013) takes a similar view but includes an explicit 
consideration of the cost and availability of long-term 
emission reduction options that is critical when designing 
a package of climate and clean energy policies aimed at 
net-zero emissions by mid-century.  Hood notes: 

A carbon price is generally considered necessary 
for enabling least-cost emissions reductions, and 
should be [a] cornerstone element of a climate-

energy policy package. However, it alone is not 
usually sufficient. The costs to society as a whole 
of decarbonisation over the short and long term 
can be reduced by implementing a package of 
policies including energy efficiency, technology 
development and deployment, and support to 
overcome underlying infrastructure or financ-
ing barriers [Figure 3]. A key question to ask in 
developing this package is what each policy is 
intended to achieve (Matthes, 2010). Multiple 
policy objectives can justify multiple policies. 
(Hood 2013, 4; emphasis and citation in original).

Figure 3 illustrates these ideas, overlaid on a schematic of 
a “marginal abatement cost (MAC) curve.” A MAC curve 
ranks emission reduction measures according to their 
marginal abatement cost; that is, the cost of reducing 
the next ton of emissions using that measure. The height 
of each bar in the curve shows the cost of that measure, 
while the width shows how many tons could be reduced 

"...additional policy  
instruments are needed 

to tackle barriers that are 
commonly faced by industry, 

such as short investment 
payback periods and capital 

constraints, prescriptive 
standards, entrenched 
customer preferences  

and other factors."
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by that measure for that cost. Negative cost options at 
the left end of the curve are those that would save money 
if implemented, and primarily include different energy 
efficiency options that payback the upfront costs relatively 
quickly through reduced energy expenditures. 

Figure 3 highlights three types of policies that are needed 
for deep, long-term emission reductions. The first is a 
carbon price that affects the relative cost of low- and high-
carbon options across the entire spectrum of measures, 

making low-carbon alternatives more economically 
attractive to investors, producers, and consumers. 
Second, at the left end of the curve, where cost-savings 
measures are not being undertaken without a carbon 
price, due to a variety of market barriers (e.g., those 
discussed above), policies are needed to address those 
barriers. Finally, the options at the right end of the curve 
are costlier in terms of the marginal cost of near-term 
emission reductions. For some of these options, current 
policies and programs can be designed and implemented 
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Source: Adapted from Hood (2013).
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to help reduce those costs over time, making these 
measures less expensive in the future than they would be 
today.  It is essential to take into account all three types 
of actions to most cost effectively achieve deep emission 
reductions in the coming decades. 

Successful deployment of new technologies that can 
support a low-carbon economy often presents a chicken-
and-egg issue. It makes little economic or technical  
sense to widely deploy a new technology (e.g., EVs) until 
the supporting infrastructure is in place; it also makes 
little economic and technical sense to develop  
the infrastructure until the demand for the technology  
has been demonstrated. While a carbon price can  
provide economic incentives to help both sides of the 
equation, additional policy pushes are often necessary to 
assure the demand and the infrastructure will move ahead 
in tandem. 

While some of the deep decarbonization studies focus on 
the ability to meet 2050 emission targets while relying 
on currently available or close-to-market technologies, 
technological innovation will make this transition 
easier, faster, and less expensive. A carbon price will 
offer a signal to innovators that low-carbon technologies 
and systems will pay off; the private sector does not 
provide, however, sufficient support for RDD&D. In 
addition, significant market barriers exist for innovation 
and adoption of new technologies (Jaffe et al. 2005). 
Significant public sector support for RD&D, including 
targeted programs and policies to bring new low-carbon 
technologies to market, will be essential to help prime the 
pump for technological innovation. Jaffe et al. (2005, 21) 
note that 

[t]echnology policy that goes beyond basic 
scientific research, toward the development and 
diffusion of specific technologies is politically 
controversial. There are good reasons for this 
controversy, including the question of whether 
the government is the appropriate arbiter for 
determining which aspects of technology should 
be supported, as well as concern over the effect 
of political momentum forming behind ill-
advised initiatives, which then became difficult to 
stop. But problems such as global climate change 
are too important—and the potential positive 
technological externalities are too clear—to 
abandon policy efforts simply because they are 
difficult. Government must remain engaged in 

technology policy, but it should try a variety of 
ways to structure policy in this area to minimize 
the known policy problems.

2.2 Experience with a Carbon Price in the United 
States
The two primary examples of carbon pricing in the 
United States are the Regional Greenhouse Gas Initiative 
(RGGI) and California’s Greenhouse Gas Cap-and-Trade 
Program. RGGI is a regional program that caps CO2 
emissions from large electric generation plants in nine 
northeastern states.5 Electric sector CO2 emissions in the 
nine currently participating states declined 33 percent 
between the program’s start in 2009 and 2018. While 
many factors have contributed to these reductions, 
Murray and Maniloff (2015) found that the emissions 
decline in the program’s initial years (2009 through 
2012) resulted more from RGGI itself than the 2008/09 
economic recession, the significant reduction in the price 

...the options at the right end of 
the curve are costlier in terms 

of the marginal cost of near-
term emission reductions. For 
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policies and programs can be 
designed and implemented to 
help reduce those costs over 
time, making these measures 

less expensive in the future 
than they would be today.
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of natural gas, and the presence of renewable portfolio 
standard policies in all RGGI states. They note that their 
analysis could not separate the effect of the carbon price 
established by RGGI and other aspects of the program, 
including investment of much of the auction revenue in 
energy efficiency programs.6 CO2 emissions covered by 
RGGI have been well below the cap levels through the 
program’s first compliance periods, which left auction 
prices near the price floor until RGGI states took steps 
to increase the stringency of the program. The Analysis 
Group found that RGGI has had a positive economic effect 
in the region during each of its first three compliance 
periods: 2009 to 2011 (Hibbard et al. 2011); 2012 to 2014 
(Hibbard et al. 2015); and 2015 to 2017 (Hibbard et al. 
2018a). They estimate $4.7 billion in economic benefits 
for the nine current RGGI states over the 2009–28 study 
period (Hibbard et al. 2018b).7 

California established its economy-wide Cap-and-Trade 
Program in 2013 and linked it to a similar system in 
Quebec in 2014. The program covers approximately 85 
percent of California’s total GHG emissions.8 This trading 
system is part of a larger climate program that includes 
a variety of other measures, including a renewable 
portfolio standard, a low-carbon fuel standard, energy 
efficiency standards, and vehicle emission standards. This 
combination of measures was designed with recognition 
that the cap-and-trade price signal provides an incentive 
not only for companies to seek ways to reduce emissions 
but also to innovate. Recognition also includes the fact 
that additional policies are necessary to “target activities 
and stages in the long-run decision-making process that 
may not be responsive to modest carbon prices” (Burtraw 
2016, 3). This suite of complementary measures includes 
some with quick emission reduction returns and others 
that will reduce emissions over the longer term. Together, 
these measures have helped keep the emissions covered 
by the Cap-and-Trade Program well below the cap level, 
resulting in allowance prices that have been at or close to 
the program’s price floor, which was set at $10 per ton in 
2012 and rises at 5 percent above inflation each year, in 
most auctions, so far. 

Estimates developed by California Air Resources Board 
(CARB) staff while the program was being designed 
reflect that 80 percent of emission reductions in 2020 
would result from other policies and the remaining 20 
percent would derive from the Cap-and-Trade Program 
(CARB 2008). The combination of the trading system and 
complementary policies helped California reduce its GHG 

emissions back to 1990 levels by 2016, the most recent 
year for California’s emissions inventory as of June 2019 
(CARB 2018). This was four years ahead of the 2020 goal 
set in its 2006 legislation. CARB estimates that the Cap-
and-Trade Program will be responsible for 38 percent of 
cumulative emission reductions between 2020 and 2030 
from the overall climate program, although this estimate 
has large uncertainties associated with it (CARB 2017). 

2.3 Modeling the Effects of a Carbon Price
Economic models provide the ability to compare the 
same system with and without a carbon price, although 
the models are not perfect representations of the real 
world economy. EMF 32 provides a robust exploration of 
several carbon tax scenarios, using a variety of different 
models. It considers four main carbon tax scenarios with 
two starting tax rates ($25 or $50 per ton, beginning in 
2020) and two rates of increase for the tax (1 percent or 
5 percent annual increase above the rate of inflation). In 
all four scenarios, the tax was applied to CO2 emissions 
from fossil-fuel energy sources. These price trajectories 
are similar to two bipartisan carbon price proposals 
introduced in the U.S. Congress in July 2019—the 
Stemming Warming and Augmenting Pay (SWAP) Act 
that would start at $30 per ton and increase at 5 percent, 
and the Raise Wages, Cut Carbon Act that would start at 
$40 per ton and increase at 2.5 percent (Rooney 2019; 
Lipinski 2019). 

One of the strengths of the EMF process is that it relies 
on a variety of models to explore how their different 
representations of the economy affect the results they 
show for the different scenarios. Particularly as we 
consider the long-term economic and emissions effects of 
a carbon price or other climate and clean energy policies, 
a degree of caution in interpreting modeling results is 
warranted. McFarland et al. (2018) describe the main 
factors that drive differences in the results across the 
models that participated in EMF 32. Two of the main 
factors are as follows: 

 ▪ Differences in assumptions about how responsive 
electric generators and electricity users are to 
differences in prices. If generators are assumed 
to be responsive, the model shows significant fuel 
switching in response to a carbon price. If users are 
assumed to be responsive, electricity demand  
is reduced. 
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BO
X 2 LESSONS FROM THE FIELD AND FROM MODELING

Models have the advantage of the ability to test different 
policies and policy designs and to compare the results. They 
also allow testing of a policy under different conditions, such 
as looking at how a policy performs given different energy 
price trajectories or different assumptions about changes in 
technology costs. They can do this only, however, because 
they offer a simplified version of how the world really works. 
Because models necessarily rely on assumptions about key 
variables, such as the willingness of consumers or industry 
to shift to new technologies and the speed of technological 
change, their results are only as good as the underlying 
assumptions. Those assumptions are generally grounded 
in real-world evidence to the extent possible. Modeling a 
shift to a low-carbon economy, however, can be particularly 
challenging since that evidence base for the assumptions is 
largely based on experience to date with our current high-
carbon economy. Whether and how key factors will change 
over time is fundamental to correctly modeling the transition 
to a low-carbon economy.

Using both approaches in tandem allows pulling from the 
strengths of each. Models allow testing of a policy against 
different conditions or against other policies, with the caveat 
that they are not a perfect depiction of the world. Real-
world experience provides lessons about implementation 
challenges and the ability to evaluate the actual outcomes 
of the policy, although it can be challenging to determine 
the relative effect of the policy versus other changes in the 
economy and environment. Using each as a test against the 
other offers a path to a better understanding of how to design 
and implement effective policies.

When deciding among various approaches to achieve 
different policy goals, it is useful to consider lessons from not 
only previous applications of a policy (when it has been tried 
previously) but also from modeling exercises designed to 
evaluate the impacts of the policies. Real-world and modeling 
lessons are both valuable, although they also have limitations. 

When a policy, such as a carbon price, has been implemented 
in a jurisdiction, that experience provides valuable information 
about how it works in practice. This includes providing 
information about implementation challenges as well as the 
economic and environmental effects of the policy. Extracting 
principles for application in other places or at different times, 
however, can be challenging for several reasons. First, as 
with most policies, there are many choices that must be 
made during design and implementation. For a carbon tax, 
this would include what emissions are covered by the tax, 
where the tax is applied (e.g., “upstream,” where fossil fuels 
are produced or imported; or “downstream,” where the fuels 
are combusted and the emissions occur), what the starting 
level of the tax is, and how rapidly it increases over time. 
Experience with one set of choices provides only incomplete 
information about what would have happened if different 
design or implementation choices had been made. A second 
problem arises in evaluating the effects a policy had on the 
economy or on emissions, since both are affected by the 
interaction of a wide variety of factors, including those that 
are within the policymaker’s control (particularly the policy 
in question) and others that are not (e.g., energy prices). 
Researchers can inform the decision-making process by 
teasing out the relative effects of a policy versus other 
variables, although their answers are often less definitive than 
policymakers hope for. 

 ▪ Differences in the assumptions about the degree of 
foresight that actors have. When a model assumes 
foresight, it tends to show greater short-term 
response to a carbon price, since the actors within 
the model anticipate that the price will increase over 
time. Without foresight, the actors only respond to 
increasing carbon prices as they occur. 

These types of differences highlight the fact that models 
are, necessarily, simplified depictions of the actual 
economy, and rely on making key assumptions about 

how consumers, utilities, manufacturers, and others will 
respond to changing conditions. Box 2 provides more 
discussion on these issues.

Figure 4 shows the range of emission effects from the 
different models for the reference case with no carbon 
tax and the four carbon tax scenarios for the period 
from 2015 to 2030 from the EMF 32 analyses. While the 
details vary greatly across the results from the different 
models, reflecting the degree of uncertainty in projecting 
how emissions will shift out to 2030, a very consistent 
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pattern emerges—a significant decrease in emissions 
in 2020 when the tax takes effect, with a continued but 
more gradual decrease in emissions from 2020 to 2030 
for most models, with the rate of decrease after 2020 
dependent on the rate of increase in the tax. 

While these results show substantial emission reductions 
through 2030, the various models consistently illustrate 
a significant asymmetrical response, with the reductions 
predominantly coming from the electric sector.  
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Figure 5 shows the share of emission reductions from 
the reference case in 2030 for the $25 per ton, 5 percent 
annual increase case across the eight EMF 32 models 
that provide sectoral emission results. While the electric 
sector currently accounts for approximately one-third of 
total U.S. emissions, it represents between 72 percent and 
91 percent of total reductions in 2030. This dominance 
reflects a combination of real-world and modeling 
constraints. 
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The near immediate significant emission reductions from 
the electric sector in these model runs results from the 
models capturing the ability of electric system operators 
to change the dispatch of existing power plants to reflect 
changing operating costs, which is particularly true in 
competitive electricity markets. A carbon price of $25 or 
$50 per ton of CO2 will substantially increase the relative 
cost of coal generation compared to natural gas, nuclear, 
or renewables,9 and the use of coal will decline rapidly. 
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Notes: Illustrative results for the US$25/ton tax rising at 5 percent/year in 2025 from EMF 32. Eight models report sectoral breakdowns. These are (i) a linked version of the National 
Renewable Energy Laboratory’s Regional Energy Deployment System Model and the U.S. Regional Energy Policy Model (ReEDS-USREP); (ii) the U.S. Department of Agriculture’s Future 
Agricultural Resources Model (FARM); (iii) Environment and Climate Change Canada’s multi-sector, multi-region (EC-MSMR) model; (iv) a model developed by Sebastian Rausch from the 
Centre for Energy Policy and Economics (CEPE); (v) NERA's proprietary NewERA model; (vi) the Dynamic Integrated Economy/Energy/Emissions Model (DIEM) developed at the Nicholas 
Institute for Environmental Policy Solutions at Duke University; (vii) RTI International’s U.S. regional version of the Applied Dynamic Analysis of the Global Economy (RTI-ADAGE-US) 
model; and (viii) the version of the National Energy Modeling System used for the Annual Energy Outlook 2016 (NEMS_AEO2016).

Source: Reproduced from Barron et al. (2018, 28) 
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This dynamic has been at play in the United States over 
the last decade in the context of low-cost natural gas and 
decreasing costs for building renewable generation. These 
cost shifts have contributed to the change in the balance 
of generation over the last decade from coal representing 
48 percent of utility-scale generation in 2008, with 
natural gas at 21 percent and all renewables at 9 percent, 
to a 2018 mix with coal at 27 percent, natural gas at 35 
percent, and all renewables at 17 percent  
(USEIA 2019b).10
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The relative lack of responsiveness of emissions to a 
carbon price in other sectors also is likely due to a mix of 
real-world factors and model limitations. One real-world 
factor that plays an important role is stock turnover 
(e.g., how quickly buildings, machines, or vehicles are 
replaced). Housing stock and much industrial equipment 
has a lifecycle of many decades, limiting the opportunities 
to put new, more efficient and lower-emitting buildings 
and equipment into service without retiring existing 
buildings and equipment before the end of their useful 
lives. Similarly, the average age of light-duty vehicles is 
over 10 years, so any efficiency gains or shifts to low- or 
zero-emission vehicles will take time to be reflected in 
overall transportation emissions. In addition to being 
a real-world issue, stock turnover is a modeling issue, 
because the models must make many key assumptions 
about the turnover rate, how sensitive consumers and 
businesses are to changing prices, the availability of 
lower-emission alternatives, and the rate of technological 
change. Together, this suggests that the slow response 
to a carbon price seen in models outside the electricity 
sector is due to model assumptions that necessarily offer a 
simplified view of the real issues relating to stock turnover 
and customer choice. 

In this context, it can be difficult to know to what 
extent model results are due to a model artifact or to 
the underlying real-world issue. On the one hand, for 
example, industry is difficult to model because it is very 
heterogeneous, and what is an effective strategy in one 
sector might not apply in another, and what works in 
one factory in a given sector might not work in another. 
For this reason, models generally simplify the industrial 
sector and may miss identifying real opportunities to 
reduce carbon pollution or energy intensity. On the other 
hand, the heterogeneity of industry can also be a real-
world barrier to implementation. Emission reduction 
strategies need to be tailored to specific sectors and 
factories, which can make many options difficult to 
take to scale easily. While models may underestimate 
industrial sector response, they also may overestimate 
response because these real-world barriers to action likely 
mean less action in the sector than would be expected 
in an idealized world of economically rational and well-
informed actors. 

Similarly, most models assume a limited shift from 
internal combustion engine (ICE) vehicles to electric  
or fuel-cell vehicles, in part based on empirical evidence 

on consumer choice in recent decades. This experience 
was during a period where there were limited options 
in terms of alternative fuel vehicles, and those that were 
available had functional disadvantages, such as limited 
range between charges for EVs. As EVs improve their 
range and become more broadly competitive with ICE 
vehicles, however, consumers are likely to be more 
willing to purchase them than past evidence (and model 
assumptions) suggest. In making assumptions about how 
readily car buyers will shift from ICE vehicles to EVs or 
other alternative vehicles, modelers—and those evaluating 
model results—should recognize that past performance is 
not necessarily predictive of future performance. 

The next section will explore the economic transformation 
needed in different sectors to achieve net-zero GHG 
emissions by mid-century, and the ways in which a 
significant carbon price can aid that transformation 
and how it will need to be supplemented by additional 
policies and programs.  This discussion is not intended 
to be comprehensive, and will focus on the electricity, 
passenger vehicle transportation, and industrial sectors—
the three largest sectors in terms of direct U.S. CO2 
emissions from fossil-fuel combustion in 2017 (USEPA 
2019). Similar issues play out more broadly, including 
in the building sector, air transportation, and freight 
transport. 

3. A CARBON PRICE AND  
SECTORAL TRANSFORMATION
3.1 Electric Sector
The electric sector is the second largest source of CO2 
emissions in the United States, representing 35 percent 
of energy CO2 emissions in 2017 (USEPA 2019). It also is 
the segment of the economy most responsive to a carbon 
price in the short term (Kaufman et al. 2016). Electricity 
supply and demand must be balanced on the grid on a 
moment-to-moment basis. This has required the system 
to have more generation available than is expected to be 
needed at any time in case demand increases. System 
operators also need to have procedures in place to turn 
generation on and off, based on relative operating costs 
while taking into consideration the need to keep the 
transmission system stable. Because a carbon price 
directly affects the relative operating costs of different 
generators, based on their CO2 emissions, it can have 
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an almost immediate effect on what resources are 
dispatched into the system, particularly in competitive 
electricity markets. As discussed in the previous chapter, 
this dynamic is reflected in the immediate emission 
reductions seen in modeling of a carbon price, almost  
all of which results from significant decreases in the 
amount of coal generation dispatched once a carbon  
price is applied.

One element of the deep decarbonization studies that 
is missing from carbon pricing modeling is the reliance 
on significant electrification across the economy, which 
would require a large increase in generation. The mixed 
case scenario in the U.S. Deep Decarbonization study, for 
example, shows a doubling of net electricity generation 
in 2050 from 2014 levels and a 64 percent increase in 
electricity delivered to final consumers (Williams et al. 
2014).11 By 2030, this scenario shows an increase of 
approximately 30 percent in net electricity generation 
from 2014 levels. On the other hand, the $25 carbon price 
scenario, included in the Annual Energy Outlook 2018  
(AEO2018)  (USEIA 2018a), only shows a total electricity 
generation increase of 7 percent by 2030 and 27 percent 
by 2050, both from 2016 levels. In the AEO2018 $25 
case, the amount of delivered electricity in 2050 is only 
14 percent higher than in 2016 and 8 percent lower than 
in the AEO2018 reference case. While the AEO2018 
shows significant decarbonization of the electric sector 
with a carbon price starting at $25, it does not reflect the 
level of growth in electric generation needed for deep 
decarbonization across the economy by mid-century. 

A carbon price with a long-term rising price trajectory is 
likely to drive significant emission reductions in the power 
sector, since it will trigger the immediate shifts in the 
dispatch of existing power plants noted above as well as 
provide a long-term price signal to utilities, independent 
power producers, system operators, and regulators to put 
a greater value on zero and near-zero emission generation 
options (Kaufman et al. 2016). By itself, however, a 
carbon price that starts low and increases over time is 
likely to focus on the lowest-cost emission reduction 
opportunities first, which may not provide adequate 
incentives to develop and begin to deploy technologies 
that may be needed to reach near-zero emissions in the 
electric sector. Gillingham and Stock (2018) illustrate this 
point by examining the cost and deployment trajectories 
for solar photovoltaics (PV) in recent decades. Policies 
supporting solar PV installations, such as the feed-in tariff 

in Germany and the California Solar Initiative were put 
in place in the early 2000s. This led to rapid growth in 
demand for PVs while prices remained relatively high. 
The increased demand helped trigger major investment 
in new PV production facilities, particularly in China, 
driving down prices. This sequence of increased demand 
predating the price drops suggests that these policies 
helped lead to significant cost reductions in the late 
2000s and early 2010s. A carbon price that started low 
would not have led the move of PVs toward cost parity, 
since they would have remained a more expensive option 
until the carbon price had increased substantially. 
The experience with the feed-in tariff in Germany also 
highlights the importance of monitoring and adjusting 
policies that are put in place. Increased production helped 
reduce PV module prices by 50 percent between 2006 and 
2011, which further increased installations and the overall 
cost of the program, resulting in the need to significantly 
adjust the subsidy levels (Bergek and Berggren 2014).

A related concern is the potential for technology lock- 
in. The pathways toward net-zero emissions require 
emissions in the electric sector to drop as close to zero 

The electric sector is the 
second largest source of CO2 

emissions in the United States, 
representing 35 percent of 

energy CO2 emissions in 2017. 
It also is the segment of the 

economy most responsive to a 
carbon price in the short term.
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as possible. While natural gas power plants represent 
a significant improvement in CO2 emissions relative to 
coal power plants if methane leaks in the production and 
distribution of the natural gas are minimized, they do 
not provide a path toward near-zero emissions. Current 
technologies with no CO2 emissions from generation are 
nuclear power and most renewable energy sources. In 
addition, carbon capture and storage (CCS) can reduce 
emissions from coal and natural gas power plants by 90 
percent or more. CCS applied to natural gas generation is 
seen as a potential path toward near-zero electric sector 
emissions. The various net-zero pathways all come with 
implementation and policy challenges that a carbon price 
signal alone will not address. These challenges include 
integration of storage and demand-side resources, as 
well as the development of market rules that provide 
proper incentives in the face of resources with low or zero 
operating costs. 

Significantly increasing the share of electric generation 
from zero-emission sources (e.g., nuclear, wind, and 
solar) makes balancing electric supply and demand 
more challenging. It requires a degree of flexibility in 

the market and grid operational structures that are not 
currently present. Wind and solar are variable, generating 
power only when the wind blows and the sun shines.  
A number of studies have shown that while high levels of 
renewables penetration can be readily accommodated in 
the electric generation mix, the cost of the overall system 
increases dramatically as wind and solar approach 100 
percent of generation, calling for additional seasonal 
storage to maintain system reliability throughout the year 
(Frew et al. 2016; Platt et al. 2017).  

Nuclear plants are most easily operated at steady levels of 
power and can help with seasonal variations in renewable 
generation. However, nuclear plants are not designed to 
rapidly or frequently shift their power levels, although 
some newer designs allow for increased flexibility. With 
significant deployment of renewables already underway, 
driven by a combination of policies such as state-level 
renewable portfolio standards and declining technology 
costs, nuclear power does less to balance the minute-to-
minute and hour-to-hour shifts in renewable generation, 
although storage, load shifting, and other measures 
could meet that need. The inclusion of natural gas power 
plants with CCS offers significant flexibility that could 
complement renewables and nuclear by offering greater 
short-term and seasonal flexibility; however, most CCS 
is not 100 percent effective at removing CO2, resulting in 
residual emissions. The U.S. Midcentury Strategy report 
and the U.S. Deep Decarbonization study both reflect a 
continued role for fossil generation in 2050, although 
neither study aims at a net-zero emissions target by then.

A carbon price is likely to provide strong incentives 
for near-zero and zero-emission generation options 
although, as these sources become more widespread, 
enabling technologies such as storage will be needed 
to an increasing degree. As these additional resources 
come online, however, grid operation will likely require 
increased regional integration and reliance on flexible 
loads to help balance generation and demand. Williams  
et al. (2015, 66) note that 

[t]he capability to provide demand-side flex-
ibility at the required capacity, spatial, and time 
scales must be planned and procured in tandem 
with supply-side resources, and on the opera-
tional side wholesale electricity markets and reli-
ability standards must be re-designed to work 
on both sides. 

To move to a (near-)zero 
carbon U.S. electricity sector, 
a variety of federal, regional, 
state, and local policies and 
programs will be needed to 
complement a carbon price to 
ensure the smooth deployment 
and operation of the revamped 
electric grid.   
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To move to a (near-)zero carbon U.S. electricity sector, a 
variety of federal, regional, state, and local policies and 
programs will be needed to complement a carbon price 
to ensure the smooth deployment and operation of the 
revamped electric grid. These measures, which might 
include support for research and development, incentives 
for deployment of advanced technologies, reform of 
electricity markets, and regulatory measures, should be 
designed to

 ▪ deploy significant energy storage, and continue 
research and development on improved storage 
options that address the range of storage needs, 
helping to bring down costs;

 ▪ improve transmission links between regions with 
abundant renewable energy potential and those with 
high demand for electricity; 

 ▪ facilitate the development and deployment of smart 
grids that allow better integration of distributed 
generation and flexible load; 

 ▪ support deployment of and continue research and 
development for carbon capture, utilization, and 
storage while addressing relevant environmental 
concerns; 

 ▪ support continued operation of existing nuclear 
power plants, consistent with environmental and 
public health safeguards, and continue research and 
development for advanced nuclear reactors while 
addressing relevant environmental, safety, and waste 
disposal concerns; 

 ▪ support continued research, development, and 
deployment of technologies for using electricity to 
produce fuels such as hydrogen; and

 ▪ improve wholesale market design to make it easier to 
integrate storage and flexible demand that can help 
provide balancing for variable renewable generation.  

3.2 Transportation Sector
The transportation sector is the largest source of U.S. 
CO2 emissions, representing 37 percent of energy CO2 
emissions, with cars and light duty trucks accounting 
for over 60 percent of that total (USEPA 2019). 
Transportation offers fewer near-term alternatives 
for emission reductions than does the electric sector 
(Kaufman et al. 2016). This section focuses on passenger 
travel, although similar issues arise for freight transport. 
The aviation and shipping subsectors are beyond the 
scope of this discussion.

The existing passenger vehicle fleet is dominated by 
gasoline-powered vehicles, which represent almost 90 
percent of cars and light duty trucks currently on the 
road in the United States (USEIA 2018b).12 The current 
dominance of gasoline vehicles limits the response of the 
transport sector to a carbon price for a number of reasons. 
First, the price signal to drivers is relatively weak, with 
every $1 per ton carbon price roughly translating to a 
$0.01 per gallon increase in the price of gasoline. 

Second, drivers do not often replace their vehicles, with 
the average age of passenger vehicles in the United States 
currently over 11 years (IHS Market 2016). While a driver 
may have more than one car to choose from, the options 
for substituting vehicles are very limited in the near term. 
Even when replacing a vehicle, performance, comfort, 
and style often outweigh fuel economy and future fuel 
costs in purchasing decisions, and the small increment 
in the cost of gasoline from a carbon price may do little 
to lead to a significant shift. In addition, consumers may 
hesitate to purchase an alternative fuel vehicle due to real 
or perceived concerns about electric vehicle range, higher 
up-front costs, or assumptions about vehicle performance 
(Macedonia 2017). 

In addition, many drivers have limited access to 
alternative transportation options for trips that they 
need to make. Even in areas well served by mass transit, 
drivers in the United States often prefer the convenience 
of using their own vehicle. Because low-income 
households are more likely to own less efficient vehicles 
and be less financially able to buy a newer, more efficient 
car, the limited ability to shift to a more efficient vehicle 
or other transportation alternatives has serious equity 
implications as well.13 These factors combine to limit any 
response to a carbon price in the near term, and as noted 
above, most models show small emission reductions in 
the transportation sector from a carbon price, particularly 
in the short term.

Current models may underestimate the responsiveness of 
the transportation sector to a future carbon price to some 
degree, as zero- and near-zero emission vehicles become 
more common due to greater affordability and improved 
performance. In addition, some studies show that 
consumers respond more strongly to a carbon or gasoline 
tax that is expected to remain in place or increase over 
time than to more transient changes based on the volatile 
global oil price (Kaufman 2018). Even so, as Kaufman 
notes therein, “a carbon price by itself will not rapidly 
decarbonize the transportation sector.” 
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While a substantial carbon price will provide a signal to 
consumers and manufacturers alike that will encourage 
a shift toward lower-emitting vehicles in the longer term, 
studies show the need for a rapid shift away from internal 
combustion engines to achieve deep decarbonization. 
For example, as seen in Figure 6, the mixed case in the 
U.S. Deep Decarbonization study shows sales of electric, 
plug-in hybrid, and fuel-cell vehicles, together, exceed 
those of gasoline and diesel vehicles by 2030 (Williams et 
al. 2014).14 In this scenario, sales of internal combustion 
engine vehicles would peak by 2020 and go to zero by 
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2040. As can be seen in the slower change in vehicle 
stocks, this speed of transition away from internal 
combustion engine vehicles is needed if the economy is 
going to phase out fossil fuel-powered vehicles by 2050. 

A carbon price is expected to have a more incremental 
effect on the transportation sector than the rapid shift 
depicted in deep decarbonization studies. A key reason 
for this is the relatively small effect a carbon price has on 
the overall cost of operating a vehicle. As noted above, 
a carbon tax has a relatively small effect on the price of 
gasoline. In addition, fuel costs are in the order of only 
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LIGHT DUTY VEHICLE SALES AND STOCKS IN LOW CARBON TRANSITION, U.S. DEEP 
DECARBONIZATION MIXED CASE

Source: Reproduced from Williams et al. (2014, 64).
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15 percent of the total per-mile cost of driving, and a $30 
per ton carbon tax would represent about 2 percent of the 
total cost of driving (Macedonia 2017).15 Recent modeling 
shows that a $50 per ton carbon tax would reduce 
transportation sector emissions only by about 2 percent in 
2030 compared to a “current policy” scenario that would 
include the vehicle regulations put in place by the Obama 
Administration (Larsen et al. 2018). As Larsen et al. note 
therein, 

These results suggest that if achieving deep econ-
omy-wide GHG reductions is one of the policy 
goals for a carbon tax, then either a much higher 
carbon tax rate or policy interventions targeting 
transportation demand, vehicle technology, and 
decarbonization of fuels may be necessary.

In recent years, EVs have undergone significant 
improvements in cost and performance. In terms of 
the current cost to reduce GHG emissions, however, 
EVs have been a high-cost option, although this is 
beginning to change as costs decline. As the electric 
sector decarbonizes (reducing the carbon content of the 
“fuel” for EVs) and the economy needs to shift toward 
net-zero emissions, EVs are likely to play an increasing 
role. Policies that provide incentives for research and 
development for batteries and the purchase and use of 
EVs will have the ability to help drive continued cost 
reductions. Federal- and state-level tax incentives  
have helped increase deployment of EVs in the United 
States, and 

[t]he general pattern of demand-pull policies 
combined with subsequent sharp declines in 
costs is similar to that found for solar panels 
(Gillingham and Stock 2018, 67).

Gillingham and Stock also note another important effect 
of increased deployment for EVs: increased EV purchases 
increase public and private sector incentives for deploying 
charging infrastructure, which reduces one of the barriers 
to EV purchasing. These effects are critical for increasing 
the emission reduction options in the longer term; 
however, they cannot be achieved easily through policies 
that rely only on picking approaches and technologies 
based on current costs. 

The ability of a carbon price to shift vehicle purchase 
decisions is likely to increase to some degree as low- and 
zero-emission vehicle options continue to improve in 
performance and decline in price, thus providing a clearer 

alternative to paying the carbon price to fuel an internal 
combustion car. In the meantime, however, a variety of 
policies and programs are essential to support increased 
demand for EVs and to boost other alternatives to driving 
gasoline-powered vehicles. These measures could include 
regulations, incentives, and infrastructure investment 
designed to

 ▪ increase demand for EVs, including in public and 
private fleets, to help drive cost reductions; 

 ▪ increase deployment of charging and fueling 
infrastructure for EVs and other alternative fuel 
vehicles; and 

 ▪ increase the fuel efficiency and reduce the CO2 
emissions of internal combustion vehicles.

While the discussion in this section has focused primarily 
on the vehicle side of the passenger transport sector, 
achieving deep reductions also will require measures 
to address the other two legs of the “three-legged stool” 

"...if achieving deep economy-
wide GHG reductions is one of 

the policy goals for a carbon 
tax, then either a much 

higher carbon tax rate or 
policy interven tions targeting 

transportation demand, 
vehicle technology, and 

decarbonization of fuels may  
be necessary."
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of transportation policy; that is, fuels and vehicle miles 
traveled. Policies designed to increase demand for electric 
cars and other zero-emission vehicles, together with 
a carbon price, will provide some degree of incentive 
to increase the availability of the lower-carbon fuels 
needed for those vehicles. A more targeted push through 
regulations or incentives, however, is likely needed to 
ensure adequate availability of appropriate fueling and 
charging infrastructure. Given its relatively low effect on 
the per-mile cost of driving, a carbon price is unlikely 
to influence significantly the vehicle miles traveled, so 
an additional policy and incentive push will be required 
on this front as well, with an emphasis on providing 
incentives for improved local land-use planning. 

3.3 Industrial Sector
The manufacture of many of the key building blocks of the 
modern economy, including steel, cement, and chemicals, 
results in significant carbon emissions. The industrial 
sector is responsible for almost 27 percent of U.S. 
energy CO2 emissions, including both direct combustion 
emissions and emissions associated with industrial use of 
electricity (USEPA 2019). Achieving a net-zero emissions 
target for the whole economy will require finding ways 
to meet the underlying economic needs these materials 
fill with a greatly reduced carbon footprint. Methods 
might include reducing the carbon intensity of their 
manufacture, substituting lower carbon products, or 
reducing demand. Process emissions and the need for 
high-temperature heat in some industrial subsectors, 
however, are particularly difficult to abate. McKinsey & 
Company estimates that for cement, steel, ammonia, and 
ethylene production globally, approximately 45 percent 
of GHG emissions are process emissions and another 35 
percent result from fuel combustion for high-temperature 
heat (de Pee et al. 2018). 

In addition, the long lifetime of industrial equipment 
and facilities creates an urgency for shifting investment 
into low-carbon approaches in the near term. Reducing 
industrial emissions by 2030 and beyond will depend, 
in large part, on shifting investments for new equipment 
and upgrades in the near term toward low-carbon 
alternatives, since much equipment put into operation in 
the next few years will remain in place for decades unless 
they are retired early. 

Several strategies for reducing carbon intensity are 
broadly applicable across key industrial subsectors, 
although the details of how and how widely they can be 
applied vary significantly by subsector (Fischedick et al. 
2014; de Pee et al. 2018; ETC 2018). These include

 ▪ increased energy efficiency; 

 ▪ direct decarbonization through low- or no-carbon 
electrification, hydrogen, and biomass and through 
carbon capture and storage; 

 ▪ innovative processes; and 

 ▪ product shifts, including recycling and reuse,  
product redesign, product substitution, and  
extended product life. 

Some of these approaches, such as increasing energy 
efficiency or use of biomass, can often be applied within 
existing facilities and equipment and a carbon price will 
improve the economics of these types of modifications. 
For example, de Pee et al. (2018) estimate that industrial 
energy efficiency improvements may save up to 15–20 
percent of energy use, although they acknowledge that 
implementation could be more limited for companies that 
look for short payback periods for the initial investment. 
A carbon price would help reduce the time needed for 
reduced operating costs to pay for the upfront costs, 
making efficiency improvements more attractive to 
implement. The use of biomass as an effective climate 
strategy will be limited by the availability of waste-derived 
biomass and biofuels (Searchinger and Heimlich 2015). 
These types of upgrades to existing facilities can be 
important steps, but do not provide a path on their own 
toward near-zero emissions in the sector. 

Other approaches are more difficult to implement. 
Significant changes in the manufacturing process, such as 
electrification, use of hydrogen, and increased recycling, 
can require major capital investments in new plants, 
equipment, and infrastructure or significant shifts from 
established supply chains. A carbon price will help shift 
the economics for these investments, although other 
barriers may still limit their adoption. 

Other strategies rely on actions outside of the industrial 
sector itself, such as reducing demand through changes 
in construction practices to allow buildings, bridges, and 
roads to be built with less cement and steel by optimizing 
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the designs to reduce material use. For example, a recent 
evaluation of 23 steel-framed buildings in the United 
Kingdom found that on average, beams in those buildings 
used less than half their capacity (Moynihan and  
Allwood 2014).  

Changes in customer preferences can also help shift 
production processes if the relevant information is 
available to consumers. For example, the State of Oregon 
has adopted an Environmental Product Declaration 
tool, originally developed by the Cement Sustainability 
Initiative of the World Business Council on Sustainable 
Development. In the Oregon program, participating 
companies can use this tool to certify the quantifiable 
environmental impacts of their cement mixes, including 
CO2 emissions, to make it easier for green building 
developers to find providers of more environmentally 
friendly cement (OCAPA n.d.). 

Applying a carbon price to industry and manufacturing 
can have a significant effect on the cost of high-carbon 
intermediate products such as steel, cement, and 
ethylene. For example, a price of $100 per ton of CO2 
would increase the cost of a ton of cement by 100 percent 
and a ton of steel made with a blast furnace by 50 percent. 
This would put meaningful pressure on companies 
making these products to find ways to reduce their 
carbon intensity, and on those using the products to find 
lower-carbon alternatives or to reduce the use of these 
materials. 

One concern relating to a carbon price applied to industry 
is the danger that a price only applied in one locality (e.g., 
the United States) also would impact the competitiveness 
of the affected sectors. Such a change could result in local 
economic losses and little or no environmental benefit if 
production of the high-carbon materials shifts to locales 
without such a price. Most proposals for a carbon tax or 
cap-and-trade program include measures to address the 
potential competitive imbalance, such as applying the tax 
to high-carbon goods that are imported and rebating the 
tax on high-carbon exports. 

While the prospect of a substantial carbon price that 
increases over time will make low-carbon investments 
easier to justify from a long-term cost perspective, 
additional policies and incentives may be needed to help 
overcome other barriers. These barriers can include high 

initial investment costs, access to capital, competition 
with alternative investments with shorter payback times, 
difficulty and cost in retrofitting existing facilities and 
processes, and limited real-world experience with some 
of the technologies (Fischedick et al. 2014). Most carbon 
pricing proposals are designed to start at a relatively 
low level and increase over time; such proposals can 
provide a meaningful incentive to industry to shift toward 
lower-carbon manufacturing and goods. However, given 
the relatively short-term time horizon of investment 
decisions and the lack of focus on carbon intensity in 
those decisions (Carney 2015), it is not clear that a carbon 
price alone will drive near-term industrial investment as 
strongly in the direction of low-carbon alternatives that 
should move to a deep decarbonization pathway. 

A carbon price would shift the economic calculus in 
business investment, production, and purchase decisions, 
and make low-carbon options more attractive. Additional 
policies and programs can help spur faster action in the 
sector by addressing some of the key barriers discussed 
above. Such measures should aim to

 ▪ support research and development for and 
deployment of innovative low-carbon technologies 
in subsectors with high carbon emissions, including 
steel, cement, ammonia, and ethylene;

 ▪ provide technical support and financial incentives for 
early adopters of advanced low-carbon technologies, 
including electrification; 

 ▪ strengthen standards on environmental and energy 
performance for manufacturing companies, while 
providing those companies with the information 
and technical support needed to improve their 
performance;

 ▪ reduce cement and steel use in construction by 
optimizing designs for reduced material use while 
maintaining safety; and

 ▪ provide incentives for increasing recycling and reuse 
of materials, decreasing material use in products, and 
increasing product lifetime. 
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4. CONCLUSIONS
Deep decarbonization studies highlight the need for 
rapid shifts across all sectors of the economy. While not 
every sector needs to achieve zero emissions on its own 
to achieve net-zero emission, significant progress toward 
low-carbon options should be made across the board. 
Sectors where zero or negative emissions are possible 
should achieve that, so as to leave space for remaining 
emissions in the harder-to-abate areas (e.g., aviation and 
some parts of industry). 

A carbon price is a necessary and effective tool to reduce 
GHG emissions by bringing climate damage costs into 
everyday economic decision-making. By changing the 
relative cost of high- and low-carbon goods, it provides an 
incentive for businesses and consumers alike to choose 
lower carbon energy, supplies, and products. 

A price by itself, however, will not address all market 
barriers that slow the adoption of cost-effective 
low-carbon strategies. Complementary policies and 
programs are needed, for example, to spur research and 
development in low-carbon technologies or to address 
mismatches between who pays for equipment and who 
pays for operating costs. Such complementary policies 
also may make carbon prices more effective over time, 
since reducing market barriers will assist the underlying 
markets to work more efficiently. Existing policies may 
help, but new policies and approaches will be also likely 
needed to encourage innovation and deployment of low-
carbon technologies. Revenue from carbon pricing itself 
may provide a means to pay for some of these types of 
policies and programs.

Achieving the transformational changes called for 
in the IPCC report and in the deep decarbonization 
studies will require designing and evaluating policies 
and programs with a long-time horizon. These policies 
should be designed to bend the cost curve to make the 
necessary emission reductions and carbon removals in 
the coming decades more affordable. Evaluating climate 
policies based on cost effectiveness can be short-sighted 
if it only considers the costs and emission reduction 
potential of different options over the near term. The long 
time horizon also means that policymakers will need to 
monitor and evaluate the effectiveness of these policies 
and be ready to adjust them as required.

A least-cost, long-term path toward deep decarbonization 
will require advances in technology that may be best 
achieved through near-term investments that are not 
the near-term, least-cost emission reductions. This 
path will also require infrastructure investment; for 
example, in EV charging stations or CO2 pipelines for 
carbon sequestration. Other broader changes also may be 
essential, such as reforming electricity markets to provide 
better incentives for incorporating storage and demand-
side resources, or improving construction practices to 

Achieving the transformational 
changes called for in the 
IPCC report and in the deep 
decarbonization studies 
will require designing and 
evaluating policies and 
programs with a long time 
horizon. These policies should 
be designed to bend the cost 
curve to make the necessary 
emission reductions and 
carbon removals in the coming 
decades more affordable. 
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focus on minimizing the use of concrete and steel, or 
using new materials, while maintaining safety. Many such 
steps that should be taken now to ensure the availability 
of the next round of emission reductions in 10 or 20 years 
may not be those that appear least expensive in terms of 
emission reductions achieved in the next 5 or 10 years. 

This issue brief is intended to contribute to the current 
debate in the United States about what complementary 
policies are needed along with an ambitious carbon 
price. The brief emphasizes the importance of a long-
term decarbonization perspective in that evaluation, 
and it offers some initial suggestions for the goals of 
such complementary policies. Achieving these goals will 
require a degree of innovation and experimentation in 
policy design, implementation, and evaluation. More 
work is needed to address the dual challenges  
of systematically evaluating both the potential for climate 
policies to drive technological improvements and cost 
reductions and the potential for early deployment of 
technologies to create lock-in relative to improved future 
technologies. 

A broad policy portfolio is likely to be the long-term  
least-cost approach. The portfolio should include a  
carbon price, which will affect the relative cost of  
low- and high-carbon options and make low-carbon 
alternatives more economically attractive to investors, 
producers, and consumers. Additional policies and 
programs should be included that can address a range 
of other market barriers. This combination can drive 
low-cost emission reductions today while supporting 
innovation and deployment of new and emerging 
approaches for achieving deep emission reductions  
across the economy in the long term. 
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ENDNOTES
1. Many of the emission pathways that limit long-term warming to 1.5°C 

allow warming to temporally exceed that level. These pathways assume 
that net negative emissions in the late 21st century will reduce green-
house gas concentrations in the atmosphere, allowing global tempera-
tures to return to 1.5°C of warming. This is referred to in the literature as 
“overshoot.” 

2. Some in the private sector are taking note of the IPCC’s special report, 
Global Warming of 1.5°C (IPCC 2018), and looking to increase their own 
ambition. The Science Based Targets initiative (SBTi) provides com-
panies the resources and tools to set and track ambitious corporate 
GHG reduction targets. The initiative offers businesses the opportunity 
to be part of the transition to a low-carbon economy and to signal to 
policymakers their desire for climate and clean energy policies. Follow-
ing the IPCC report, SBTi updated its target validation criteria to remain 
consistent with Paris Agreement goals. As of October 2019, the SBTi 
will require new targets to be consistent with limiting warming to well 
below 2°C or 1.5°C above pre-industrial levels (SBTi 2019).

3. The Energy Modeling Forum was established at Stanford University in 
1976 to improve energy and environmental models for decision-making. 
The Forum brings together multiple modeling teams from government, 
industry, academia, and other research institutes to examine specific 
research questions. They aim to improve the understanding of impor-
tant energy and environmental problems; explore the strengths and 
weaknesses of different models and modeling approaches; and offer 
guidance for future research.  

4. Annual Energy Outlook 2019 (USEIA 2019a) does not include carbon 
price scenarios. 

5. As of early August 2019, the nine states in RGGI are Connecticut, 
Delaware, Maine, Maryland, Massachusetts, New Hampshire, New York, 
Rhode Island, and Vermont. New Jersey, which was an initial member 
but withdrew in 2012, will rejoin in January 2020. Virginia has adopted 
a regulation to cap its power sector emissions and link to RGGI, but the 
current budget restricts the state’s ability to participate in the program. 
The Governor of Virginia has directed the Virginia Department of Envi-
ronmental Quality to explore ways to implement the regulation. 

6. As discussed above, in the context of this paper, we consider the use 
of revenue a complementary policy to the direct effects of the carbon 
price itself. Therefore, the environmental effectiveness of the program 
indicated in the Murray and Maniloff analysis is, in our terms, a result of 
not only the carbon price but also the complementary policy of revenue 
use for energy efficiency programs. 

7. This reflects the net present value of costs and benefits over the study 
period (2009‒28) resulting from increased electricity prices, reduced 
revenues to electric generators from reduced demand, and the positive 
impacts of energy efficiency, renewables, and other programs funded 
through RGGI auction proceeds. 

ABBREVIATIONS
AEO2018  Annual Energy Outlook 2018

CCS   carbon capture and storage

EMF 32   Stanford University’s Energy  
   Modeling Forum 32

EV   electric vehicles

GHG   greenhouse gas

ICE   internal combustion engine

IPCC   Intergovernmental Panel on  
   Climate Change

PV   photovoltaic

RDD&D  research, design, demonstration,  
   and development

RGGI   Regional Greenhouse  
   Gas Initiative

SBTi   Science Based Targets initiative
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8. California includes in its cap-and-trade program and its calculation of 
total state GHG emissions those emissions associated with electricity 
generated outside the state and imported into California. 

9. For example, Macedonia estimates that a $30 per ton carbon price 
would add 16% to the cost of electricity from a new advanced natural 
gas combined cycle power plant and 44% to the cost of electricity from 
an existing bituminous coal power plant. See Macedonia (2017) for 
details on the underlying assumptions. A carbon price would not affect 
the cost of generating power from nuclear or renewable facilities. 

10. The responsiveness of the electricity sector to a carbon tax is likely 
somewhat overstated in the EMF 32 results compared to what would 
happen today because of the decline in coal generation to 27% in 2018 
from 33% in 2015, the base year for the EMF 32 modeling effort.

11. In addition to the direct electrification of buildings and industry, which 
increases delivered electricity, this scenario also includes significant 
use of electricity for the creation of hydrogen and synthetic natural gas. 
The increase in delivered electricity is the same across all four of this 
study’s scenarios, while net generation is higher in the high renewables 
and high nuclear cases (just under a 115% increase for both) and lower 
in the high carbon capture and storage case (an increase of 60%). 

12. Including ethanol flex-fuel vehicles, which primarily operate on gasoline 
in the United States due to limited availability of ethanol fuel, the total is 
over 97% of current vehicle stock. 

13. The “yellow vest” protests that began in France in late 2018 were trig-
gered, in part, by the impacts of increased fuel taxes on rural popula-
tions significantly dependent on personal vehicles and a sense of ineq-
uity in the effects those policies could have (Bouyé and Dagnet 2018). 
While revenues from a carbon tax can be used in ways that address 
such concerns and ensure that low-income households are no worse 
off than before, concerns about equity can affect support for pricing 
policies. See Kaufman and Krause (2016) for a discussion of addressing 
equity concerns in designing a carbon pricing program.

14. Since this study was published in 2014, the focus on alternative vehicles 
in the auto industry has largely shifted from hybrids and plug-in hybrids 
to battery electric vehicles. 

15. Such estimates are highly sensitive to assumptions about the vehicle, 
miles driven, and gasoline prices. This calculation was based on the 
cost of ownership of a large sedan, driven 15,000 miles a year, which 
gets 20.6 miles per gallon at a gasoline cost of $2.14 per gallon. For 
more details, see Macedonia (2017).
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