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Executive Summary
Sharply reducing carbon emissions is imperative to prevent the worst effects of climate change. Yet even
in the power sector—often viewed as the lynchpin to economy-wide decarbonization, and where lowcarbon solutions are increasingly plentiful and cost-effective—the pace and scale of the required
transformation can be daunting. A review of historical trends, however, shows the progress the power
sector has already made in reducing emissions. Fifteen years ago, many business-as-usual projections
anticipated that annual carbon dioxide (CO 2 ) emissions from power supply in the United States would
reach 3,000 million metric tons (MMT) in 2020. In fact, direct power-sector CO 2 emissions in 2020 were
1,450 MMT—roughly 50% below the earlier projections. By this metric, in only 15 years the country’s
power sector has gone halfway to zero emissions. Other metrics also evolved differently than projected:
total consumer electricity costs (i.e., bills) were 18% lower; costs to human health and the climate were
92% and 52% lower, respectively; and the number of jobs in electricity generation was 29% higher.
Economic, technical, and policy factors contributed to this success, including sectoral changes, energy
efficiency, wind and solar, continued operations of the nuclear fleet, and coal-to-gas fuel switching.

This historical record demonstrates the ability of technological and policy changes to set the power
sector on a dramatically different emissions trajectory. Past success, however, does not trivialize the
challenges that remain for further decarbonization in the power sector and beyond. Nor does it offer a
specific roadmap for how best to achieve additional power-sector emissions reductions. Numerous
challenges confront a zero-emissions pathway, and future strategies will likely differ from those of the
past. Many recent studies have assessed how to make further progress in decarbonizing the power
sector on the pathway to decarbonizing the economy as a whole, including a report from the National
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Academies (2021a). We summarize the core results of those studies, but the primary goal of this report
is to highlight the progress that has already been made in reducing power-sector emissions. As the
country maps out a plan for further decarbonization, experience from the past 15 years offers two
central lessons. First, policy and technology advancement are imperative to achieving significant
emissions reductions. Second, our ability to predict the future is limited, and so it will be crucial to adapt
as we gain policy experience and as technologies advance in unexpected ways.

Key findings on emissions reductions to date
•

Lower Emissions: The U.S. power sector, in 2020, looks radically different from projections made 15
years earlier. Compared to a range of past business-as-usual projections from the government,
private sector, and research communities, in just 15 years the country’s power sector has marched
halfway to zero emissions. For example, the U.S. Energy Information Administration’s (EIA’s) 2005
Annual Energy Outlook (AEO) projected that CO 2 emissions from power supply would be 3,008 MMT
in 2020. In fact, direct power-sector CO 2 emissions in 2020 were 1,450 MMT, 52% lower than
projected. The results for 2020 reflect
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- 40%
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1,000
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0
33%—on this latter metric, the United
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States is one third of the way towards zero emissions.

•

Drivers for Progress: The emissions reductions stem from a diverse array of policy, market, and
technology drivers. Electricity demand was 24% lower in 2020 than projected by EIA owing to
sectoral and economic changes, and to greater energy efficiency driven by policies and technology
advancement. Wind and solar outperformed expectations, delivering 13 times more generation in
2020 than projected, also a result of technology development and state and federal policies. Total
renewable electricity supply, also
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6,000
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Other
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the shale gas revolution and the
0
difference between projected and actual
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fuel prices.

•

Limited National Consumer Electricity-Cost Impacts: Retail electricity prices in 2020 (10.7 cents per
kilowatt-hour [¢/kWh]) were similar to those in 2005 (10.6 ¢/kWh, in real 2020$), but higher than
projected for 2020 (9.9 ¢/kWh). Total sales in 2020 were lower than anticipated. Consequently, total
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customer electricity bills (i.e., costs) in 2005 and 2020 were similar, and 2020 bills—at $391 billion—
were 18% lower than the projected $477 billion. These comparisons do not directly capture the cost
of carbon reduction and—given the growth of natural gas—are greatly impacted by the decline in
gas prices. However, they indicate that national average electricity expenditures are roughly the
same today as in 2005, and they are well below previously projected values.
•

Lower Health and Climate Burdens: The
impacts of electricity supply go well beyond
consumer electricity bills to include climate
damages caused by carbon emissions and
human health damages from other
pollutants. Climate damages from powersector carbon emissions in 2020, estimated
at $110 billion, were less than half the
$229 billion that would have been incurred
under the EIA projection. Health costs, at
$34 billion, were reduced by more than
90% relative to the $419 billion projected
for 2020, owing to reduced coal
generation and stronger emissions
regulations. Premature deaths from
power-sector air pollution in 2020 (3,100
lives lost) were just 8% of what might have
been under the business-as-usual
trajectory (38,000 lives lost). In total, the
calculated social cost of power supply—
considering electricity bills, climate
damages, and health impacts—in 2020 of
$535 billion was 44% lower than in 2005
($948 billion) and 52% lower than
projected for 2020 ($1,124 billion).
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•

Electricity Supply Employment
National Power-Supply Job Gains:
(number of jobs)
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1,000,000
+ 29%
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coal. As a result, though jobs in the coal
0
sector are considerably lower than might
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have been the case, natural gas and
especially renewable energy jobs boost the overall total to 920,000. Jobs in the nuclear sector
largely held steady. Naturally, the regional distribution, required skills, and compensation associated
with the employment shifts are also crucial, and these differ across scenarios.

•

Slower Progress in Other Energy Sectors: Decarbonization in other energy sectors has been slower
than in the power sector, which accounts for 53% of total energy-sector emissions reductions.
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Nonetheless, trends since 2005 and comparisons to projections for 2020 show broad progress. Total
energy-related carbon emissions in 2020 were 39% lower than projected under the EIA’s businessas-usual scenario. Relative to emissions in 2005, actual 2020 emissions were 24% lower. These
figures drop to 32% and 14%, respectively, if pre-COVID 2019 data are used.

Future pathways and remaining challenges

It is significant that the nation has cut power-sector carbon emissions over the last 15 years. However, if
the United States is to progress on a deep-decarbonization pathway, it must absorb the likely near-term
rebound in emissions post-COVID, and then once again beat business-as-usual emissions projections.
Many challenges confront a zero-emissions pathway, and the strategies of the future will differ from
those of the past. Recent literature suggests the following future pathways and challenges:
•

Deep Additional Reductions at Relatively Low Incremental Cost: Recent literature suggests that
solar, wind, and energy storage—along with existing low-carbon resources and energy efficiency—
are likely to play important roles in near-term power-sector decarbonization. Given advancements
in wind, solar, and battery technologies, decarbonizing the power sector now appears to be more
cost-effective than expected just a few years ago. Moreover, more than half of the additional wind
and solar capacity needed to approach a zero-carbon power-sector target is already in the
development pipeline: about 660 gigawatts (GW) of wind and solar are seeking transmission access
(along with about 200 GW of storage), 570 GW of which has requested to come online before the
end of 2025. These figures can be compared to the approximately 1,100 GW of new wind and solar
capacity that might be required under a 90% clean power scenario for 2035.

•

Challenges Ahead in Scaling Wind, Solar, and Storage: Dramatically expanding wind, solar, and
storage to become major contributors to power supply is not trivial. It would require extensive
efforts to ensure electricity delivery and power-system reliability and resilience, significant new
transmission infrastructure, enhanced and integrated planning and operations, revised siting
processes, focused attention on workforce and supply chain issues, and heightened responsiveness
to impacted communities. Aggressive pursuit of energy efficiency and demand response—in part
through grid-interactive efficient buildings—can address some of these challenges, but it may create
new challenges in system coordination given the increasingly complicated operating environment.

•

Striving for Zero Emissions: For power systems relying on increasing volumes of wind, solar, and
batteries, the incremental cost of carbon reduction begins to rise more steeply as emissions decline
and eventually approach zero. Further research, development, and demonstration for the numerous
technologies that can fill this gap in the puzzle is needed, to enable technology portfolios that
minimize incremental costs. Options include longer-duration storage, hydrogen or synthetic fuels,
biofuels, fossil or biomass with carbon capture, nuclear, geothermal, and solar-thermal with storage.
Were these additional technology solutions to become available at attractive costs, even faster and
more aggressive decarbonization would be feasible, at still-lower power-sector costs and with evengreater health and climate benefits.

•

Moving Beyond the Power Sector: The power sector is widely viewed as a cornerstone for
economy-wide decarbonization, through electrification of other energy end uses. Of course,
electrification alone will not yield a zero-carbon economy; many applications cannot be electrified at
reasonable cost, given current technology. Though the focus of this report is on the power sector,
tackling carbon emissions through other solutions where electrification is not realistic and reducing
other greenhouse gases will be essential—in addition to accelerating electrification—if economywide net-zero targets are to be achieved. These additional emissions sources are sizable and may
prove more challenging to decarbonize, requiring a different set of technologies and policies.
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1. Introduction
This report contrasts power-sector carbon dioxide (CO 2 ) emissions in 2020 with emissions in 2005 as
well as projections of 2020 emissions made in the U.S. Energy Information Administration’s (EIA’s) 2005
Annual Energy Outlook (AEO). We highlight key differences between each actual and projected period
along with drivers for those differences. We quantify a subset of costs and benefits, speaking to
electricity-consumer cost impacts, climate damages, human health, and jobs. We then examine trends in
CO 2 emissions more broadly, outside just the power sector. Finally, leveraging insight from the extensive
literature, we discuss possible implications for further power-sector decarbonization efforts.
For the analysis, we principally draw on data from EIA, and we emphasize EIA’s reference-case
(business-as-usual) projection from the 2005 AEO (EIA 2005). The comparisons are not intended as a
critique of EIA projections but as a means of highlighting progress over the last 15 years. Projecting
future outcomes is difficult, and—as has long been known—predictive accuracy is rare (EIA 2020; Craig,
Gadgil, and Koomey 2002; Fischer, Herrnstadt, and Morgenstern 2009).
In addition, EIA is explicit about the underlying uncertainties and the fact that its reference case does
not assume future policy changes. EIA (2005) expresses this as follows:
The projections in the Annual Energy Outlook 2005 are not statements of what will happen but of what might
happen, given the assumptions and methodologies used. The projections are business-as-usual trend
forecasts, given known technology, technological and demographic trends, and current laws and regulations.
Thus, they provide a policy-neutral reference case that can be used to analyze policy initiatives. EIA does not
propose, advocate, or speculate on future legislative and regulatory changes. All laws are assumed to remain
as currently enacted; however, the impacts of emerging regulatory changes, when defined, are reflected.
Because energy markets are complex, models are simplified representations of energy production and
consumption, regulations, and producer and consumer behavior. Projections are highly dependent on the
data, methodologies, model structures, and assumptions used in their development. Behavioral
characteristics are indicative of real-world tendencies rather than representations of specific outcomes.
Energy market projections are subject to much uncertainty. Many of the events that shape energy markets
are random and cannot be anticipated, including severe weather, political disruptions, strikes, and
technological breakthroughs. In addition, future developments in technologies, demographics, and resources
cannot be foreseen with any degree of precision. Many key uncertainties in the AEO2005 projections are
addressed through alternative cases.
EIA has endeavored to make these projections as objective, reliable, and useful as possible; however, they
should serve as an adjunct to, not a substitute for, a complete and focused analysis of public policy initiatives.

Our goal is to convey progress in power-sector decarbonization relative to a “business as usual”
projection from 15 years earlier—to highlight headway compared to what might have happened absent
new policies and unexpected developments. This approach benefits from a no-new-policy projection,
and the EIA reference case is reasonably unique in this respect. Many forecasts do not have that frame,
but instead include predictions about future policies. As an official product of the U.S. Government and
as a scenario that does not consider new policies, the EIA AEO’s reference case offers a useful baseline
comparison point from which to judge the combined effect of policy, market, and technological trends.
EIA’s reference case from 2005 is also consistent with other business-as-usual projections published at
the time (even those that did forecast future policies), both in the amount and mix of electricity
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generation and in carbon emissions. As shown in Appendix A, EIA’s 2005 power-sector projection for
carbon emissions is lower than the reference case employed in DOE (2008) and is lower than a simple
extrapolation of historical emissions trends from the previous 10 years. The EIA projection for carbon
emissions is similar to or slightly higher than five private-sector forecasts from the time (Global Insight,
Inc. 2004; Energy Ventures Analysis, Inc. 2004; PIRA Energy Group 2004; Strategic Energy and Economic
Research, Inc. 2004; Energy and Environmental Analysis, Inc. 2004). Across all seven of these
projections, the maximum deviation from EIA’s projection over the 2015–2025 period is +6% to -10%.
The general findings presented in this report are therefore robust across a number of past projections.
Similarly, the findings would not substantially vary were we to use other EIA business-as-usual forecasts
from years surrounding 2005. EIA’s 2000 AEO, for example, projected power-sector CO 2 emissions in
2020 to be 2,922 million metric tons (MMT), only slightly below the 3,008 MMT projected in the 2005
AEO. EIA’s 2007 AEO projected 2020 emissions at 2,832 MMT, only 5.9% lower than the 2005 AEO.
We also judge progress relative to actual power-sector supply, demand, and emissions in 2005, for those
uncomfortable with comparisons to business-as-usual projections. The advantage of this approach is
that it aligns with actual (as opposed to projected) emissions. The disadvantage is that it fails to fully
capture the effects of policy and technology change in bending the carbon-emissions curve away from
its expected business-as-usual trajectory. In both comparisons, we select 2005 as the comparison year,
in terms of actual emissions and the vintage of the EIA forecast. This is because 2005 is the year to which
emissions reductions are linked under the Paris Climate Agreement.
Finally, 2020 was—to put it mildly—a unique year. The impacts of the COVID-19 pandemic were felt in
every aspect of human endeavor, including in the energy sector. Within the power sector, however, the
impacts of COVID-19 were somewhat less dramatic. Electricity demand in 2020 was 4% lower than in
2019. The 52% reduction in emissions relative to EIA’s earlier business-as-usual projection drops to 46%
if 2019 data are used. Though the analysis in this report emphasizes 2020, we also report many results
for 2019. Broadly, the findings are not substantively different when pre-COVID 2019 data are used.
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2. Power-Sector Transformation
2.1 Halfway to Zero in 15 Years
The U.S. power sector in 2020 looked radically different from projections made 15 years earlier. Trends
in direct, power-sector CO 2 emissions reflect that transformation (Figure 1).
The EIA business-as-usual projection from 2005 anticipated that CO 2 emissions from power supply
would grow to 3,008 MMT in 2020, an increase of 27% over 15 years (EIA 2005). Other business-as-usual
projections also showed the long-term historical growth of power-sector emissions continuing largely
unabated, due to a predicted increase in electricity demand and the relatively low cost of coal-powered
generation relative to other sources.
In fact, direct power-sector CO 2 emissions in 2020 were less than half these predicted amounts, at 1,450
MMT. 1,2 On this metric, in just 15 years, the country’s power sector marched halfway to zero emissions.

Electricity-Related CO2 Emissions (MMT/yr)
3,000

Projected CO2 Emissions from 2005

- 52%
2,000

Actual CO2 Emissions

1,000

0
2005

2008

2011

2014

2017

2020

Figure 1. Power-sector CO 2 emissions: business-as-usual projection vs. actual

Using other metrics, the scale of the emissions reductions is more modest yet still notable:
• First, with respect to COVID-19, electricity demand in 2020 was 4% lower than in 2019, a significant
decline but not suggestive of an enormous COVID-19 impact. Other work has demonstrated larger
energy-related impacts outside the power sector (BloombergNEF 2021; Graves et al. 2020). The 52%
emissions reduction in Figure 1 drops to 46% if pre-COVID 2019 data are used.

Recent data from EIA largely come from EIA’s Monthly Energy Review
(https://www.eia.gov/totalenergy/data/monthly/) and Electric Power Monthly
(https://www.eia.gov/electricity/monthly/).
2
These data only consider direct, “stack” emissions and do not include upstream carbon emissions or other
greenhouse gases (e.g., from natural gas leaks, materials, manufacturing, and construction) (EPA 2020).
1
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•

•

Second, using actual power-sector emissions in 2005 as the comparison point, the reduction
through 2020 is 40%. Using pre-COVID 2019 data, the reduction is 33%—on this latter metric, the
United States is one third of the way towards zero emissions.
Third, as presented later, across all energy sectors (not just the power sector, but considering all
energy used in the transportation, residential, commercial, and industrial sectors), actual emissions
in 2020 were 39% lower than projected under the business-as-usual scenario; this figure falls to 32%
if 2019 data are used. Relative to emissions in 2005, actual 2020 emissions were 24% lower, and
actual emissions in 2019 were 14% lower.

These comparisons demonstrate that the degree of progress depends on perspective. Nonetheless, it is
evident that the United States has made less progress outside the power sector. Within the power
sector, emissions reductions calculated relative to past projections are greater than when calculated
relative to historical emissions. The results also illustrate the effects of COVID-19 and suggest that a
rebound in emissions is possible—perhaps likely—in the very near term. As shown in Figure 1, this
occurred around the 2008 financial crisis; a short-term emissions decline was followed by a short-term
rebound before reductions continued.
Across all comparison points, the pace and scale of power-sector carbon reductions over the last 15
years remain significant. As discussed below, the reductions stem from a diverse array of policy, market,
and technology drivers and actions. With respect to policy, federal and state efforts have played crucial
roles, benefiting from experimentation and learning over time. However, these efforts have not been
comprehensive and have varied considerably across sectors and states. A concerted, consistent, and
comprehensive countrywide effort has been lacking, making progress to date even more notable.

2.2 Drivers for Carbon Reductions
Sectoral changes, energy efficiency, wind and solar deployment, operation of the existing nuclear fleet,
and coal-to-gas fuel switching contributed to reducing CO 2 emissions over the past 15 years.
Retail electricity sales in 2020 were 24% lower than projected and nearly unchanged from 2005—
despite an increase in GDP and population since 2005 (Figure 2). Reflective of sectoral changes that
reduced manufacturing output relative to projections, industrial demand was 25% lower than
anticipated. Significant reductions also occurred in the commercial (31% lower than anticipated) and
residential (14% lower than anticipated) sectors, in part due to energy efficiency.
Over this timeframe, the country faced two economic crises: the 2008 financial crisis and the COVID-19
pandemic. However, the lower electricity demand was not merely a result of slower population or GDP
growth or COVID-19. Actual GDP in 2019 (i.e., pre-COVID) was 13% lower than EIA’s reference-case
projection—a significant variation but also considerably smaller than the overall reduction in electricity
demand. Population in the United States was 1% lower in 2020 than EIA had projected. Finally, the 24%
lower sales in 2020 relative to the EIA projection drop to 21% lower if pre-COVID 2019 data are used. As
such, in addition to economic and sectoral changes, the demand reductions reflect greater energy
efficiency than projected—impacted by equipment, appliance and lighting efficiency standards, building
codes, state and utility efficiency policies and programs, and technological advancements such as lowcost efficient lighting (DOE 2017a; Belzer, Bender, and Cort 2017; Goldman, Hoffman, et al. 2020).
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Electricity Sales: 2005 vs. Projected and Actual 2020 (billion kWh)
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Figure 2. Retail electricity sales: 2005, 2020 projected, and 2020 actual

Trends in the generation mix—related to wind, solar, and nuclear power as well as coal-to-gas fuel
switching—also contributed to reduced CO 2 emissions in 2020 relative to the business-as-usual
projection and to 2005 (Figure 3).
Wind and solar widely outperformed business-as-usual expectations. Wind and solar combined were
projected to deliver 35 billion kilowatt-hours (kWh) in 2020. Actual generation was more than 13 times
greater, at 470 billion kWh. Considering all forms of renewable electricity, supply in 2020 was 834 billion
kWh, much higher than projected (465 billion kWh) and much higher than in 2005 (358 billion kWh). 3 In
part, these developments reflect the rapid cost reductions experienced by wind (Wiser et al. 2020) and
solar (Bolinger et al. 2020). EIA’s projected capital cost for utility-scale solar in 2025 was more than
twice as high as the capital cost of actual plants built in 2019. In addition, state renewable energy
standards, federal tax incentives, regional transmission infrastructure, and other policies have
undergirded wind and solar growth (DOE 2017a; Mohlin et al. 2019; Barbose 2021; Carley et al. 2018).
Because the earlier projection did not seek to predict policy changes, it naturally excluded many of these
policies. Moreover, cost and policy drivers are related, because policies can unleash deploymentoriented learning that helps drive costs lower (Samadi 2018; Junginger and Louwen 2020).

Renewable electricity supply other than wind and solar—inclusive of hydropower, biomass and waste, and
geothermal—totaled 364 billion kWh in 2020 (291 billion kWh of hydropower, 56 billion kWh of biomass and
waste, and 17 billion kWh of geothermal), lower than the 430 billion kWh projected by EIA (307 billion kWh of
hydropower, 101 billion kWh of biomass and waste, and 23 billion kWh of geothermal).

3
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Electric Generation: 2005 vs. Projected and Actual 2020 (billion kWh)
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Figure 3. Electricity generation mix: 2005, 2020 projected, and 2020 actual

Nuclear energy has played a longstanding role in reducing carbon emissions. The business-as-usual
projection for nuclear power proved to be relatively accurate—actual generation in 2020 was similar to
the level in 2005 and only 5% lower than the projected value. The projection from 2005 assumed no
retirements or additions through 2020, and it projected that facility upgrades would boost nuclear
capacity by 3 gigawatts (GW), to 102.7 GW. Actual nuclear capacity was impacted by retirements, and it
totaled 96.6 GW at the end of 2020. On the other hand, operational improvements increased nuclear
capacity factors. Earlier, in its AEO 2000, EIA projected that over 40% of nuclear capacity would go out of
service by 2020 as operating licenses expired or units were retired early (EIA 1999). Instead, licenses
were generally extended. Though some plants retired or announced impending retirement dates (DOE
2017b), most of the nuclear fleet has so far remained online, consistent with the 2005 projection and in
part benefiting from recent policy support in a few states. The existing nuclear fleet provided 20% of the
nation’s electricity supply in 2020, and a sizable fraction of total clean power supply.
Finally, coal-to-gas fuel switching played a crucial role in emissions reductions, driven by the shale gas
revolution and the difference between projected and actual fuel prices (DOE 2017a; 2017b; Lu,
Salovaara, and McElroy 2012; Mohlin et al. 2019; Fell and Kaffine 2018). Actual 2020 natural gas prices
were 67% lower than projected. For coal, prices were 12% higher than projected. As a result, natural gas
generation expanded rapidly relative to 2005 and, to a lesser extent, relative to the 2020 projection.
Natural gas generation grew from 761 billion kWh in 2005 to 1,617 billion kWh in 2020. Assuming this
growth only displaced coal and considering the relative emissions rates of gas and coal, we estimate that
increased natural gas supply reduced 2020 CO 2 emissions by 470 MMT, or 48% of the total emissions
reduction since 2005. This value only considers stack emissions; it would be lower were upstream
natural gas leaks considered. However, based on stack emissions alone, coal-to-gas fuel switching was a
large contributor to power-sector CO 2 emissions reductions from 2005 to 2020.
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Though natural gas became a much larger source of electricity supply between 2005 and 2020, the
business-as-usual projection only moderately underestimated that growth (1,617 billion kWh in 2020 vs.
1,376 billion kWh projected 4). Assuming this difference in natural gas generation displaced coal and
again considering the relative emissions rates of gas and coal, we estimate that increased natural gas
generation relative to the 2020 forecast reduced 2020 CO 2 emissions by 132 MMT, 8% of the total
emissions reduction. As such, the degree of contribution varies considerably depending on perspective.
Regardless of the precise attribution of power-sector emissions reductions to various underlying causes,
coal generation dropped significantly: the 774 billion kWh delivered in 2020 was well below the 2005
figure (2,013 billion kWh) and the 2020 projection (2,494 billion kWh). Coal-to-gas fuel switching played
a prominent role in reducing CO 2 emissions over this period (Mohlin et al. 2019). However, the decline
in coal was also a consequence of lower electricity demand, higher wind and solar generation, and the
continued operation of most of the nation’s nuclear fleet.
Figure 4 summarizes some of these results. It compares actual nationwide supply and demand in 2020
with projections for the same year. It also compares actual 2020 supply and demand with actual supply
and demand in 2005. While the relative contribution of the various drivers depends greatly on
perspective, all have played important roles in historical power-sector decarbonization.

The level of underestimation is greater if presented in percentage-of-total-generation terms, given that total
generation in 2020 was well below projected levels. Specifically, natural gas was projected to provide 26% of
electricity supply in 2020; in fact, it contributed 40%.
4
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Figure 4. Summary of 2020 supply and demand relative to projected 2020 and actual 2005 values

2.3 Estimating Costs and Benefits
Numerous factors influence consumer electricity costs (i.e., bills): generation capital and operation
costs, fuel prices, transmission and distribution expenditures, and policy incentives and mandates.
Figure 5 presents data on average retail electricity prices and total customer electricity bills (i.e.,
consumer costs)—in 2005, projected for 2020, and actual in 2020. 5 Retail electricity prices in 2020 were
similar to those in 2005, but higher than projected. Total retail sales in 2020 were considerably lower
than anticipated. Consequently, total customer bills in 2005 and 2020 were similar, and 2020 bills (at
$391 billion) were far lower than projected ($477 billion). Electricity consumer costs in 2020 were
5

All monetary figures are adjusted for inflation and presented in real 2020 U.S. dollars.
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impacted by COVID-19. In 2019, the nation’s total electricity bill was $406 billion—5% higher than in
2005, but still 15% lower than projected for 2020. Because numerous factors influence electricity costs,
these comparisons do not directly capture the cost of CO 2 emissions reductions. However, they highlight
that, at least on a national basis, the historical decline in emissions was not accompanied by an obvious,
outsized consumer electricity cost burden.
Average Retail Price (2020¢/kWh)

Total Electricity Bill (billion 2020$)
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Figure 5. Retail electricity prices and total electricity bills: 2005, 2020 projected, and 2020 actual

More-detailed analyses support the argument that CO 2 emissions reductions have not yet been
associated with outsized, nationwide consumer electricity cost impacts. In part this is because natural
gas prices have plummeted. The rise of natural gas generation is largely an economic phenomenon,
resulting in lower electricity costs (Joskow 2013; Wang et al. 2014; DOE 2017b). Related to renewable
energy, one study estimates that compliance costs for state renewables portfolio standards (RPS) may
have increased retail rates by 2.6% in 2019, on average across RPS states, albeit with considerably higher
impacts in some states and acknowledging that other studies sometimes find larger impacts (Barbose
2021; Upton and Snyder 2017; Tra 2016). Impacts of lower magnitude have generally been estimated for
net metering at current penetrations of distributed solar generation, but these are highly dependent on
assumptions (Barbose 2017; ICF 2018; Cappers et al. 2019). Energy-efficiency policies and programs may
increase retail rates and/or product prices, but they generally are expected to save consumers money
over the long term by reducing electricity demand (Goldman, Hoffman, et al. 2020; Brucal and Roberts
2019; Gillingham, Newell, and Palmer 2006; Buskirk et al. 2014; Satchwell, Cappers, and Goldman 2018;
Cappers et al. 2020). Others have shown that declining power production costs due to decreasing prices
for natural gas, wind, and solar have been offset by increases in sector-wide transmission and
distribution costs—a primary reason that retail electricity prices have not declined in recent years
(Cappers and Murphy 2019; EIA 2017; CPUC 2021).
To be sure, some costs of CO 2 emissions reductions accrue outside consumer electricity bills. For
example, EIA estimated that renewable electricity received $14.4 billion in federal incentives in 2013
and $4.3 billion in 2016 (2020$) (EIA 2018). We do not provide a full accounting of federal incentives
here, but such an accounting would ideally be updated to more recent years and include changes in
incentives over time for all generation sources and related fuel supply. Regardless, considering just the
cost of the renewable energy incentives to the U.S. Treasury, the total cost of electricity (inclusive of tax
expenditure) remains broadly similar to 2005, and well below the earlier projection for 2020.
The impacts of electricity supply go well beyond electricity bills and the direct cost of various incentives.
Figure 6 estimates the social cost of electricity supply in 2005, projected for 2020, and actual in 2020.
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These social costs comprise just three elements and are not all-inclusive. 6 The first is an estimate of total
customer electricity bills, presented earlier and derived by multiplying average retail rates by total sales.
The second is an estimate of climate damages, calculated by multiplying projected and actual powersector CO 2 emissions by an estimate of the social cost of carbon emissions (Federal Register 2021; IWG
2016; Stern and Stiglitz 2021; National Academies 2017; IWG 2021). 7 The third is an estimate of human
health costs—specifically, the cost of premature death—associated with criteria air pollution, taking
data on projected and actual emissions levels and then applying marginal air-quality health impact
factors from a reduced-form air-quality impact model (Heo, Adams, and Gao 2016). 8
Total electricity bills were projected to increase between 2005 and 2020 due in large measure to
increased electricity sales—from $387 billion to $477 billion. Climate damages under that trajectory
would have also increased ($134 billion to $229 billion), while health costs would have modestly
declined but remained sizable ($427 billion to $419 billion). Total social costs, considering just these
three factors, would have risen from $948 billion to $1,124 billion, an increase of 19%.
In reality, total electricity bills in 2020 were similar to those from 2005, at $391 billion, and well below
the projected $477 billion. Climate damages, at $110 billion, were lower than those in 2005 and less
than half the projected $229 billion. Health costs, at $34 billion in 2020, were more than 90% below
those in 2005 and also more than 90% lower than projected for 2020; this dramatic improvement was
due to reduced coal generation and stronger emissions regulations. Premature deaths from powerExcluded are subsidies and tax incentives offered by federal, state, and local governments to all forms of
generation; other environmental, health, and human impacts associated with electricity supply; and many others.
7
We use the IWG (2021) estimate for the social cost of carbon under a 2.5% discount rate: $76/MT CO2 in 2020$,
in 2020. The IWG does not provide an estimate for 2005. We back-calculate a $55/MT estimate for 2005, based on
annual social cost estimates for 2010 to 2020 (IWG 2016). We use the 2.5% discount rate case because experts—
including the IWG—have questioned the use of higher discount rates (National Academies 2017; Stern and Stiglitz
2021; IWG 2021).
8
We use the EASIUR model to determine premature mortalities associated with power-sector emissions of sulfur
dioxide (SO2) and nitrogen oxides (NOx). EASIUR generally performs well compared to other reduced-form models,
e.g., AP2, COBRA, and InMAP (Industrial Economics 2019). EASIUR also has similar, but slightly lower, damage
estimates than the U.S. Environmental Protection Agency (EPA) has used in regulatory proceedings; see a
comparison in Millstein et al. (2017). Another benefit of EASIUR, in comparison to some other reduced-form
models, is a relatively high degree of geographic resolution and a stronger connection to full-scale air-quality
models. EASIUR provides marginal damages (in dollars and in premature mortalities) per metric ton of emissions,
based on the location of the emissions. The marginal damages are based only on increased population exposure to
particulate matter, of which SO2 and NOx are precursors. Other emissions (e.g., primary particulate matter or
mercury) were not evaluated, because SO2 and NOx emissions make up the vast majority of air-quality damages
from power plants. Two seminal epidemiological studies underpin the damage estimate (Krewski et al. 2009;
Lepeule et al. 2012). Results presented here represent an average between these two studies, which fall ±38% on
each side of the average. Emissions from EIA’s AEOs are provided on a regional basis, and were distributed to
specific locations within each region following recorded power-plant emissions in 2005 and 2019 (2020 plant
emissions were not available at the time of writing). Estimated 2005 and 2019 emissions from EIA’s AEO, and
associated damage estimates, roughly match recorded emissions and associated damage estimates. As such, we
are comfortable using EIA AEO estimates of emissions for 2005, 2020 (projected from AEO 2005), and 2020
(actual). The dollar value of premature mortality is based on a standard value of mortality risk reduction (often
called the value of statistical life). The value used by EASIUR is 8.6 million 2010$ and follows EPA
recommendations. This value was adjusted to the population level and income (with a 50% elasticity) of each year
in question, and was set to a 2020 dollar year.
6
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sector air pollution in 2020 (3,100 lives lost) were substantially lower than estimated 2005 impacts
(43,000 lives lost) and what might have been under the projected 2020 emissions trajectory (38,000
lives lost).
In total, the calculated social cost of power supply in 2020 of $535 billion was 44% lower than in 2005
($948 billion) and 52% lower than had been projected for 2020 ($1,124 billion).
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Note: Climate damages and human health costs are calculated by the authors using EIA data on air pollutant
emissions and literature-based estimates of the damage cost of those emissions.
Figure 6. Social cost of electricity supply: 2005, 2020 projected, and 2020 actual

Finally, we estimate differences in employment related to electricity supply under the projected 2020
outcome and the actual mix in 2019 (Figure 7). We only estimate employment related to electricity
generation and the relevant proportion of fuel production needed to feed the electricity sector. We use
resource-specific jobs per megawatt (MW, for generation jobs) and jobs/kWh (for fuel-supply jobs)
estimates for 2019, derived from NASEO & EFI (2020) (and EIA), and we apply those to the projected
2020 supply mix. We assume the resource-specific jobs/MW and jobs/kWh estimates derived from 2019
data can be applied, in rough approximation, to the projected mix. 9 For actual jobs, we focus on 2019 as
those are the most recent available data from NASEO & EFI (2020). 10 The estimates are inclusive of
In effect, this approach assumes power-supply jobs scale linearly with total installed capacity in MW for each
generation type, and that fuel-supply jobs related to the power sector scale linearly with electricity supply in kWh.
In practice, power-supply jobs may scale not only in proportion to total installed capacity, but also in proportion to
yearly additions, reflecting construction jobs (or even in proportion to kWh). Additionally, jobs may not scale
linearly, especially given the significant differences in supply mix between the projection for 2020 and actual
supply in 2019. Given these caveats, we consider the estimates presented for the 2020 projection as first-order
approximations.
10
Though full 2020 data are not yet published, COVID-19 has impacted employment in the power sector. For
example, the United States entered 2021 having lost 67,600 renewable energy jobs since the beginning of 2020
(Jordan 2020).
9
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power-supply jobs and the relevant proportion of fuels used in the power system. Owing to
methodological challenges, we exclude jobs related to transmission, distribution, and storage, as well as
energy efficiency. 11
With those important caveats in mind, and thereby in recognition that these are rough first-order
approximations, we estimate that electricity-supply related employment in 2019 was 29% higher than
might have been the case under the business-as-usual projection for 2020. This is because, based on
NASEO & EFI (2020), the renewable energy sector is job-intensive, requiring more jobs per unit output
than natural gas and coal. As a result, though jobs in the coal sector are considerably lower than might
have been the case, natural gas and especially renewable energy jobs boost the overall total to 920,000.
Naturally, the regional distribution, required skills, and compensation associated with these
employment shifts are also crucial, and they differ by scenario; we do not analyze those details here. In
addition, the job totals depicted in Figure 7 for 2019 relative to earlier projections would likely be higher
still if jobs related to electricity distribution, transmission, and energy efficiency were included. NASEO &
EFI (2020), for example, estimate that energy-efficiency jobs in 2019 totaled 2.38 million.

Electricity Supply Jobs: 2020 Projection vs. Actual in 2019 (jobs)
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Note: Jobs estimates are calculated by the authors using the methods described in the report text.
Figure 7. Employment related to electricity supply: 2020 projected and 2019 actual

NASEO & EFI (2020) present data on transmission, distribution, storage, and energy-efficiency jobs, but we were
unable to develop a simple method to estimate employment in these sectors under the EIA projection for 2020. As
such, we leave those estimates for possible future research.
11
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3. Headway Across All Energy Sectors
Decarbonization in other U.S. energy sectors has been slower than in the power sector, though trends
since 2005 and comparisons to projections for 2020 show progress.
Total energy-related CO 2 emissions consider energy use in transportation, residential and commercial
buildings, and industry, and are inclusive of power-sector carbon emissions. In 2020, total energyrelated CO 2 emissions were 39% lower than projected under the business-as-usual scenario (Figure 8).
Relative to emissions in 2005, actual 2020 emissions were 24% lower. Excluding electricity, all other
sources of energy-related CO 2 emissions were 31% lower in 2020 than in the earlier projection. Powersector emissions reductions represent 53% of total energy-sector emissions reductions.
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Figure 8. Total energy-sector CO 2 emissions: business as usual vs. actual trajectory

These reductions were magnified in 2020 as a result of COVID-19 (BloombergNEF 2021), but progress is
also apparent if 2019 data are used. The 39% reduction shown in Figure 8 falls to 32% if 2019 data are
used. Relative to emissions in 2005, the 24% reduction in 2020 falls to 14% if 2019 data are used.
Figure 9 depicts similar comparisons across the various energy subsectors, including both 2020 and 2019
data. The residential, commercial, industrial, and transportation subsectors include emissions related to
all energy used, including electricity. Regardless of how the data are sliced, however, it is clear that
electricity has outperformed in terms of decarbonization—differentially benefiting the end-use sectors
that rely on electricity to a greater extent relative to other fuels.
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Figure 9. Sector-specific energy-related CO 2 emissions reductions

Beyond energy and considering total economy-wide greenhouse gas emissions, EPA estimates that net
emissions declined from 6,577 MMT CO 2 equivalent (CO 2-Eq ) in 2005 to 5,903 MMT CO 2-Eq in 2018, a
10% reduction (EPA 2020). Others have estimated that emissions in 2020 fell to 5,160 MMT CO 2-Eq ,
partly due to COVID-19, 22% below 2005 levels (Larsen, Pitt, and Rivera 2021). As it relates to economywide emissions, we are unable to contrast the 2020 result with an earlier projection, because EIA does
not offer an independent projection of economy-wide net greenhouse gas emissions. Clearly, however,
accelerated decarbonization is needed to meet a midcentury, economy-wide net-zero emissions target.
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4. The Next Half: Review of the Scientific Literature
Notwithstanding the slower pace of U.S. decarbonization outside the power sector, the nation has cut
power-sector CO 2 emissions in half in 15 years, relative to earlier expectations—which has played a
large role in reducing economy-wide emissions. Using other comparison points, the degree of reduction
is more modest. Relative to power-sector CO 2 emissions in 2005, the decline through 2020 was 40% and
through 2019 was 33%—on this latter metric, the United States is one third of the way towards zero
emissions. Across all comparisons, however, the reductions are notable.
Past success does not trivialize the challenges that remain for further decarbonization in the power
sector and beyond. Nor does it offer a specific roadmap for how best to achieve those additional
reductions. Many challenges confront a zero-emissions pathway, and future strategies will likely differ
from those of the past. For example, perhaps the United States has already picked the low-hanging
fruit—the cheapest mitigation options. Coal-to-gas fuel switching cannot be part of the long-term
solution set in a zero-carbon future absent carbon capture and storage. On the other hand, a variety of
low-carbon technologies have advanced over the last 15 years, with costs dropping at a pace that few
anticipated. Research, development, and demonstration may yield even more options in the future. In
addition, the historical reductions have occurred without a consistent, comprehensive, and coordinated
state and federal policy impetus. This is not to minimize the role of past or present policies—efficiency
standards, building codes, ratepayer-funded efficiency programs, federal tax incentives, state renewable
energy standards, and myriad other policies have been vital. However, these efforts have not been
comprehensive and have varied considerably across sectors and states. A comprehensive array of
coordinated national and state efforts would presumably have yielded even further reductions.
One thing is clear: If the United States is to complete the remaining power-sector decarbonization
puzzle, it must once again beat business-as-usual projections. Figure 10 contrasts EIA’s latest projection
for power-sector emissions out to 2035 (EIA 2021) with a 2035 carbon-free target—in the latter case,
presuming a linear trajectory for emissions reductions. EIA’s reference-case scenario no longer features
increased emissions, at least after a near-term post-COVID expected uptick, but neither does it approach
deep decarbonization—reaching 1,180 MMT of CO 2 emissions in 2035. Other recent forecasts bracket
the EIA projection: the latest National Renewable Energy Laboratory mid-case forecast shows higher
emissions in 2035 (1,350 MMT), whereas a BloombergNEF forecast shows lower emissions (930 MMT)
(Cole et al. 2020; BloombergNEF 2020). Achieving further deep reductions in power-sector emissions
therefore means, first, absorbing the likely near-term rebound in emissions post-COVID, and then
beating projected business-as-usual trajectories.
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Figure 10. Projected power-sector CO 2 emissions vs. a zero-carbon target

Progress over the last 15 years suggests that concerted efforts could enable further deep emissions
reductions—consistent with the scientific imperative (IPCC 2018; USGCRP 2018) and the growing
number of state, municipal, utility, and corporate clean energy and carbon-reduction targets. 12
Meanwhile, the burgeoning literature on power-sector decarbonization, clean power growth, and netzero emissions provides a possible roadmap for the remaining journey towards decarbonizing the power
sector on a pathway to decarbonizing the economy as a whole.
To start, with the declining cost of solar, wind, and battery storage (Wiser et al. 2020; Bolinger et al.
2020; Schmidt et al. 2017; Mongird et al. 2020), the most recent analyses suggest that all three
technologies are likely to play important roles in near-term efforts towards power-sector
decarbonization (Jayadev, Leibowicz, and Kutanoglu 2020; Larsen et al. 2020; Phadke, Paliwal, et al.
2020; National Academies 2021a; Bistline et al. 2018; Williams et al. 2021; Jacobson 2020; IEA 2020;
DNV GL 2020; E3 2020; DOE 2017a; Luderer et al. 2017; Pietzcker et al. 2017; Cole et al. 2020). More
specifically, recent studies show that the combination of rapid deployment of these three resources
along with existing low-carbon resources (nuclear, hydropower, geothermal, and other renewables) and
energy efficiency can yield deep and relatively low-cost reductions in power-sector emissions (Jayadev,
Leibowicz, and Kutanoglu 2020; Larsen et al. 2020; Phadke, Paliwal, et al. 2020; Williams et al. 2021;
National Academies 2021a; E3 2020). Given advancements in wind, solar, and battery technologies,
decarbonizing the power sector now appears to be more cost-effective than expected just a few years
ago. The studies also find that electric grid reliability need not be sacrificed, assuming the myriad
significant challenges noted below are overcome. Many of the studies suggest that, collectively, these
low-carbon resources could reliably meet as much as 70%–90% of power supply needs at low
See, for example: https://www.ncsl.org/research/energy/greenhouse-gas-emissions-reduction-targets-andmarket-based-policies.aspx; https://www.c2es.org/document/greenhouse-gas-emissions-targets/;
https://www.cesa.org/projects/100-clean-energy-collaborative/; https://www.brookings.edu/research/pledgesand-progress-steps-toward-greenhouse-gas-emissions-reductions-in-the-100-largest-cities-across-the-unitedstates/; https://sepapower.org/utility-transformation-challenge/utility-carbon-reduction-tracker;
https://rebuyers.org/deal-tracker/.
12
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incremental cost. The expected incremental costs can also be viewed within the context of the offsetting
benefits of reduced climate damages and reduced premature deaths and sickness from air pollution
(Phadke, Paliwal, et al. 2020; Millstein et al. 2017; Buonocore et al. 2019).
Queued Up: Can Renewables Deploy at the Pace Suggested by Recent Research?
Research focused on a 90% clean electricity scenario calls for the addition of 1,100 GW of wind and solar by 2035,
along with 150 GW of 4-hour batteries (Phadke, Paliwal, et al. 2020). Other recent research exploring net-zero
economy-wide emissions pathways by mid-century identifies similar levels of wind and solar buildout by 2035, with
deployment expanding even faster through 2050 as the electrification of other energy uses proliferates (Williams et
al. 2021; Larsen et al. 2020).
These figures imply an average combined wind-plus-solar build rate over the next 15 years of about 70 GW/year.
This is roughly double the 34 GW brought online in 2020 (BloombergNEF 2021) and would require careful land-use
planning, supply-chain management, expanded transmission infrastructure, and more. However, past experience
and current commercial interest suggests a buildout of this magnitude may be feasible. From 2017 to 2019, for
example, wind and solar were added to the U.S. grid at an average pace of 17 GW per year. In 2020, that figure
doubled—to 34 GW. From that narrow historical perspective, another doubling seems plausible.
In addition, at the end of 2020, about 660 GW of
proposed wind (207 GW) and solar (454 GW) projects
were seeking transmission interconnection, more than
half of what would be needed to meet the 2035
deployment figures reported above. Approximately 570
GW of this proposed capacity has requested to
interconnect and come online before the end of 2025.
Storage capacity in the queues—both standalone and as
part of hybrid projects in which storage is combined with
other generation sources such as solar—totaled about
200 GW, consistent with what might be needed under a
power-sector deep-decarbonization pathway.
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As such, more than half of the clean energy resources needed to approach a zero-carbon power-sector target for
2035 are already in the development pipeline. To be fair, many of these specific projects are unlikely to move
forward, because cancellation rates are high under current transmission interconnection procedures. Revised
interconnection and transmission planning approaches are likely needed to cost-effectively deploy a sizable fraction
of the wind and solar in the queues (Caspary et al. 2021). At a minimum, however, these data demonstrate the high
level of current commercial interest among solar and wind developers, and they illustrate how rapidly these
industries have been able to scale historically in the United Sates.

Quickly and dramatically expanding wind, solar, and storage to become major contributors in the power
system requires significant upscaling of past deployment levels. This effort will not be easy, and entails
numerous challenges and potential solutions, such as the following:
• As weather-dependent, inverter-based resources including solar and wind progressively deploy,
extensive attention to grid infrastructure and operations is required to ensure power system
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flexibility, reliability, resilience, stability, and security (DOE 2017a; 2017b; Holttinen et al. 2020; Frew
et al. 2019; National Academies 2021b).
Battery storage is likely to be a core response to these concerns in the near term, but many forms of
flexibility can be leveraged—not only other forms of storage, but also load responsiveness and
supply flexibility (Williams et al. 2021; Jenkins, Luke, and Thernstrom 2018; Jacobson 2020; Gorman
et al. 2020; Strbac et al. 2020).
Significant new transmission infrastructure (and more-efficient use of existing assets) may be
needed to integrate growing shares of wind and solar; interconnection processes may need to be
reformed (Williams et al. 2021; Joskow 2020; Brown and Botterud 2020; MacDonald et al. 2016;
Bloom et al. 2020; National Academies 2021b; ESIG 2021; Caspary et al. 2021).
Wholesale power markets may need to transform to accommodate the changing supply and
demand conditions; new technology standards and capabilities as well as planning and operating
models and procedures would be needed (Ela et al. 2021; Holttinen et al. 2020; Frew et al. 2019;
DOE 2017a; EPRI 2021).
Siting and permitting innovation, streamlining, and procedures—at the local, state, and national
levels—will be needed to manage a step-change increase in new supply and delivery infrastructure
(Williams et al. 2021; Larsen et al. 2020; Mai et al. 2021). Human use and ecological conflicts must
be mitigated and managed (National Academies 2021a; Rand and Hoen 2017).
Challenging issues related to energy and environmental justice, the workforce, and supply-chain
development must be managed (Carley and Konisky 2020; Hertwich et al. 2015; Eisen and Welton
2019; National Academies 2021a; Larsen et al. 2020; National Academies 2021b; Brown et al. 2020).
Aggressively pursuing energy efficiency and demand flexibility—in part through grid-interactive
efficient buildings—can address some of these challenges by reducing the need for new supply and
delivery infrastructure and providing another form of flexibility (Williams et al. 2021; DOE 2017a;
Langevin, Harris, and Reyna 2019; Goldman, Murphy, et al. 2020; Neukomm, Nubbe, and Fares
2019).

Even if these challenges are overcome, for power systems relying on increasing volumes of wind, solar,
and batteries, the incremental cost of carbon reduction begins to rise more steeply as emissions decline
and eventually approach zero (Jayadev, Leibowicz, and Kutanoglu 2020; Dowling et al. 2020; Williams et
al. 2021; Larsen et al. 2020; Jenkins, Luke, and Thernstrom 2018; Sepulveda et al. 2018). 13 The precise
point at which the cost inflection occurs varies based on study assumptions and context. Transmission
and demand flexibility can delay increases in the cost of carbon reduction, as can over-building
renewable energy and maximizing inter-sectoral energy linkages (Williams et al. 2021). However, the
condition remains: As weather-dependent resources, wind and solar require complementary flexible
resources that are available on demand during prolonged periods of low wind and solar output.
That residual need is not fully served by current battery technology, but it could in principle be met with
any number of technologies—such as longer-duration storage, hydrogen or synthetic fuels, biofuels,
fossil or biomass with CO 2 capture and sequestration or use, nuclear, geothermal, and concentrating
solar-thermal power with storage (Dowling et al. 2020; Williams et al. 2021; Jenkins, Luke, and
Thernstrom 2018; Jacobson 2020; Larsen et al. 2020; E3 2020; Sepulveda et al. 2018; J. Guerra et al.
To be fair, this concept of rising marginal costs as emissions approach zero is not solely applicable to power
systems that rely heavily on wind and solar.
13

Halfway to Zero │18

2020; Quarton et al. 2019; Sepulveda et al. 2021). Many of these options have a relatively high cost,
especially if run infrequently and primarily to fill in for periods of low solar and wind output. However, if
used to serve only a portion of electricity demand, even high per-unit-output costs need not
dramatically raise customer bills (Phadke, Aggarwal, et al. 2020; Larsen et al. 2020; Williams et al. 2021).
Moreover, depending on how these technologies advance, direct-air capture of CO 2 , other net-negativeemissions options, or even decarbonization options outside the power sector may serve as a backstop
for jurisdictions seeking zero-carbon power systems (Williams et al. 2021; Larsen et al. 2020; National
Academies 2021a). Further research, development, and demonstration are needed in relation to the
numerous technologies that might provide on-demand zero-carbon power as well as negative-emissions
technologies, to enable technology portfolios that minimize incremental costs (Jenkins, Luke, and
Thernstrom 2018; Sepulveda et al. 2018; National Academies 2021a; 2021b). Were these additional
technology solutions to become available at attractive costs, even faster and more aggressive
decarbonization would be feasible, at still-lower power-sector costs and with even-greater health and
climate benefits (Dowling et al. 2020; Bistline and Blanford 2020; Budinis et al. 2018; Bui et al. 2018; NEI
2020; Sepulveda et al. 2021).
The critical role of the electricity delivery system also should not be overlooked. The electric grid is
undergoing its own transformation, from a passive, more-centralized traditional system to one that is
increasingly dynamic, flexible, and able to integrate a large number of inverter-based resources.
Without investments in new grid technologies, infrastructure improvements, and operational changes
that will facilitate this transition, the grid itself could constrain the potential for future carbon reductions
(DOE 2017a; National Academies 2021b; 2021a).
The power sector is widely viewed as the cornerstone for economy-wide decarbonization, in part
because key technologies for power-sector decarbonization are already available at increasingly low cost
(DOE 2017a; Wiser et al. 2020; Bolinger et al. 2020; Mongird et al. 2020). It is also because low-carbon
power systems can enable broader carbon reductions though electrification of other energy end uses,
most prominently through electrified transport, residential and commercial heating, and industry
(National Academies 2021a; Larsen et al. 2020; Williams et al. 2021; Murphy et al. 2020; Jacobson 2020;
IEA 2020). Of course, electrification alone will not yield a zero-carbon economy; many applications
simply cannot be electrified at reasonable cost, given current technology. Though the focus of this
report is on the power sector, tackling carbon emissions through other solutions where electrification is
not realistic and reducing other greenhouse gases will be essential—in addition to accelerating
electrification—if economy-wide net-zero targets are to be achieved (Williams et al. 2021; Larsen et al.
2020; National Academies 2021a; E3 2020; Clack et al. 2020). These additional emissions sources are
sizable and may prove more challenging to decarbonize. They will require a different set of technologies,
policies, and conditions than those covered in this report.
To conclude, though this basic literature-informed roadmap for the power sector appears clear, at least
in broad terms and in the very near term, the devil is in the details and the challenges are substantial.
Moreover, if the past 15 years of power-sector decarbonization provide a guide, then two central
lessons emerge. First, policy and technology advancement are imperative to achieving significant
emissions reductions. Second, our ability to predict the future is limited, and so it will be crucial to adapt
as we gain policy experience and as technologies advance in unexpected ways.

Halfway to Zero │19

Acknowledgments
Funding to support this work was provided by the Office of Energy Efficiency and Renewable Energy of
the U.S. Department of Energy under Contract No. DE-AC02-05CH11231. For providing useful feedback
on and/or contributions to earlier versions of the manuscript, we thank: Alejandro Moreno, Robert
Marlay, Kelly Speakes-Backman, David Nemtzow, Susan Hamm, Sean Porse, Sam Baldwin, Marc Melaina,
Joe Paladino, Ben Shrager, Kathryn Jackson, and Liz Hartman (U.S. Department of Energy); Christopher
Namovicz (U.S. Energy Information Administration); Charles Goldman, Andy Satchwell, Jeff Deason,
Peters Cappers, Natalie Mims Frick, Thomas Kirchstetter, Galen Barbose, and Seongeun Jeong
(Lawrence Berkeley National Laboratory); Ben Paulos (Paulos Analysis); David Keyser (National
Renewable Energy Laboratory); Rob Gramlich (Grid Strategies); and Charlie Smith (Energy Systems
Integration Group). For formatting support and technical editing, we thank Alexsandra Lemke (National
Renewable Energy Laboratory) and Jarett Zuboy (independent contractor).

Halfway to Zero │20

References
Barbose, Galen. 2017. “Putting the Potential Rate Impacts of Distributed Solar into Context.” Berkeley,
California: Lawrence Berkeley National Laboratory.
———. 2021. “U.S. Renewables Portfolio Standards: 2021 Status Update, Early Release.” Berkeley,
California: Lawrence Berkeley National Laboratory.
Belzer, DB, SR Bender, and KA Cort. 2017. “A Comprehensive System of Energy Intensity Indicators for
the U.S.: Methods, Data and Key Trends.” Richland, Washington: Pacific Northwest National
Laboratory.
Bistline, John, and Geoffrey J. Blanford. 2020. “Value of Technology in the U.S. Electric Power Sector:
Impacts of Full Portfolios and Technological Change on the Costs of Meeting Decarbonization
Goals.” Energy Economics 86 (February): 104694.
Bistline, John, Elke Hodson, Charles G. Rossmann, Jared Creason, Brian Murray, and Alexander R. Barron.
2018. “Electric Sector Policy, Technological Change, and U.S. Emissions Reductions Goals:
Results from the EMF 32 Model Intercomparison Project.” Energy Economics 73 (June): 307–25.
Bloom, Aaron, Josh Novacheck, Greg Brinkman, James McCalley, Armando L. Figueroa-Acevedo, Ali
Jahanbani-Ardakani, Hussam Nosair, et al. 2020. “The Value of Increased HVDC Capacity
Between Eastern and Western U.S. Grids: The Interconnections Seam Study: Preprint.” Golden,
Colorado: National Renewable Energy Laboratory.
BloombergNEF. 2020. “New Energy Outlook 2020.” Bloomberg New Energy Finance.
———. 2021. “Sustainable Energy in America 2021 Factbook.” BloombergNEF and The Business Council
for Sustainable Energy.
Bolinger, Mark, Joachim Seel, Dana Robson, and Cody Warner. 2020. “Utility-Scale Solar Data Update:
2020 Edition.” Berkeley, California: Lawrence Berkeley National Laboratory.
Brown, Marilyn A., Anmol Soni, Melissa V. Lapsa, Katie Southworth, and Matt Cox. 2020. “High Energy
Burden and Low-Income Energy Affordability: Conclusions from a Literature Review.” Progress in
Energy 2 (4): 042003.
Brown, Patrick R., and Audun Botterud. 2020. “The Value of Inter-Regional Coordination and
Transmission in Decarbonizing the US Electricity System.” Joule, December.
Brucal, Arlan, and Michael J. Roberts. 2019. “Do Energy Efficiency Standards Hurt Consumers? Evidence
from Household Appliance Sales.” Journal of Environmental Economics and Management 96
(July): 88–107.
Budinis, Sara, Samuel Krevor, Niall Mac Dowell, Nigel Brandon, and Adam Hawkes. 2018. “An
Assessment of CCS Costs, Barriers and Potential.” Energy Strategy Reviews 22 (November): 61–
81.
Bui, Mai, Claire S. Adjiman, André Bardow, Edward J. Anthony, Andy Boston, Solomon Brown, Paul
S. Fennell, et al. 2018. “Carbon Capture and Storage (CCS): The Way Forward.” Energy &
Environmental Science 11 (5): 1062–1176.
Buonocore, Jonathan J., Ethan J. Hughes, Drew R. Michanowicz, Jinhyok Heo, Joseph G. Allen, and
Augusta Williams. 2019. “Climate and Health Benefits of Increasing Renewable Energy
Deployment in the United States.” Environmental Research Letters 14 (11): 114010.
Buskirk, R. D. Van, C. L. S. Kantner, B. F. Gerke, and S. Chu. 2014. “A Retrospective Investigation of
Energy Efficiency Standards: Policies May Have Accelerated Long Term Declines in Appliance
Costs.” Environmental Research Letters 9 (11): 114010.
Cappers, Peter, and Sean Murphy. 2019. “Unpacking the Disconnect Between Wholesale and Retail
Electric Rates.” Berkeley, California: Lawrence Berkeley National Laboratory.

Halfway to Zero │21

Cappers, Peter, Andrew Satchwell, Max Dupuy, and Carl Linvill. 2020. “The Distribution of U.S. Electric
Utility Revenue Decoupling Rate Impacts from 2005 to 2017.” The Electricity Journal 33 (10):
106858.
Cappers, Peter, Andrew Satchwell, Will Gorman, and Javier Reneses. 2019. “Financial Impacts of NetMetered Distributed PV on a Prototypical Western Utility’s Shareholders and Ratepayers.”
Energies 12 (24): 4794.
Carley, Sanya, Lincoln L. Davies, David B. Spence, and Nikolaos Zirogiannis. 2018. “Empirical Evaluation
of the Stringency and Design of Renewable Portfolio Standards.” Nature Energy 3 (9): 754–63.
Carley, Sanya, and David M. Konisky. 2020. “The Justice and Equity Implications of the Clean Energy
Transition.” Nature Energy 5 (8): 569–77.
Caspary, Jay, Michael Goggin, Rob Gramlich, and Jesse Schneider. 2021. “Disconnected: The Need for a
New Generator Interconnection Policy.”
Clack, Christopher T M, Aditya Choukulkar, Brianna Cotè, and Sarah A McKee. 2020. “Why Local Solar
For All Costs Less: A New Roadmap for the Lowest Cost Grid.” Boulder, Colorado: Vibrant Clean
Energy.
Cole, Wesley, Sean Corcoran, Nathaniel Gates, Trieu Mai, and Paritosh Das. 2020. “2020 Standard
Scenarios Report: A U.S. Electricity Sector Outlook.” Golden, Colorado: National Renewable
Energy Laboratory.
CPUC. 2021. “Utility Costs and Affordability of the Grid of the Future: An Evaluation of Electric Costs,
Rates, and Equity Issues Pursuant to P.U. Code Section 913.1.” San Francisco, California:
California Public Utilities Commission.
Craig, Paul P., Ashok Gadgil, and Jonathan G. Koomey. 2002. “What Can History Teach Us? A
Retrospective Examination of Long-Term Energy Forecasts for the United States.” Annual Review
of Energy and the Environment 27 (1): 83–118.
DNV GL. 2020. “Energy Transition Outlook 2020.” Hovik, Norway: DNV GL.
DOE. 2008. “20% Wind Energy by 2030: Increasing Wind Energy’s Contribution to U.S. Electricity
Supply.” Washington, D.C.: U.S. Department of Energy.
———. 2017a. “Quadrennial Energy Review. Transforming the Nation’s Electricity System: The Second
Installment of the QER.” Washington, D.C.: U.S. Department of Energy.
———. 2017b. “Staff Report to the Secretary on Electricity Markets and Reliability.” Washington D.C.:
U.S. Department of Energy.
Dowling, Jacqueline A., Katherine Z. Rinaldi, Tyler H. Ruggles, Steven J. Davis, Mengyao Yuan, Fan Tong,
Nathan S. Lewis, and Ken Caldeira. 2020. “Role of Long-Duration Energy Storage in Variable
Renewable Electricity Systems.” Joule 4 (9): 1907–28.
E3. 2020. “Achieving Carbon Neutrality in California: PATHWAYS Scenarios Developed for the California
Air Resources Board.” San Francisco, California: Energy and Environmental Economics, Inc.
EIA. 1999. “Annual Energy Outlook 2000, with Projections to 2020.” Washington, D.C: Energy
Information Administration.
———. 2005. “Annual Energy Outlook 2005, with Projections to 2025.” Washington, D.C: Energy
Information Administration.
———. 2017. “Electricity Prices Reflect Rising Delivery Costs, Declining Power Production Costs.” Today
in Energy, 2017.
———. 2018. “Direct Federal Financial Interventions and Subsidies in Energy in Fiscal Year 2016.”
Washington, D.C.: U.S. Energy Information Administration.
———. 2020. “Annual Energy Outlook (AEO) Retrospective Review: Evaluation of AEO2020 and Previous
Reference Case Projections.” Washington, D.C: Energy Information Administration.
———. 2021. “Annual Energy Outlook 2021, with Projections to 2050.” Washington, D.C.: U.S. Energy
Information Administration.

Halfway to Zero │22

Eisen, Joel, and Shelley Welton. 2019. “Clean Energy Justice: Charting an Emerging Agenda.” Harvard
Environmental Law Review 43 (2): 307–72.
Ela, E., A. Mills, E. Gimon, M. Hogan, N. Bouchez, A. Giacomoni, H. Ng, J. Gonzalez, and M. DeSocio.
2021. “Electricity Market of the Future: Potential North American Designs Without Fuel Costs.”
IEEE Power and Energy Magazine 19 (1): 41–52.
Energy and Environmental Analysis, Inc. 2004. “EEA’s Compass Service Base Case.” Energy and
Environmental Analysis, Inc.
Energy Ventures Analysis, Inc. 2004. “FUELCAST: Long-Term Outlook.” Energy Ventures Analysis, Inc.
EPA. 2020. “Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2018.” Washington, D.C.: U.S.
Environmental Protection Agency.
EPRI. 2021. “Exploring the Impacts of Extreme Events, Natural Gas Fuel and Other Contingencies on
Resource Adequacy.” Palo Alto, California: Electric Power Research Institute.
ESIG. 2021. “Transmission Planning for 100% Clean Electricity.” Energy Systems Integration Group.
Federal Register. 2021. “National Environmental Policy Act Guidance on Consideration of Greenhouse
Gas Emissions.” 86 FR 10252.
Fell, Harrison, and Daniel T. Kaffine. 2018. “The Fall of Coal: Joint Impacts of Fuel Prices and Renewables
on Generation and Emissions.” American Economic Journal: Economic Policy 10 (2): 90–116.
Fischer, Carolyn, Evan Herrnstadt, and Richard Morgenstern. 2009. “Understanding Errors in EIA
Projections of Energy Demand.” Resource and Energy Economics 31 (3): 198–209.
Frew, Bethany, Wesley Cole, Paul Denholm, A. Will Frazier, Nina Vincent, and Robert Margolis. 2019.
“Sunny with a Chance of Curtailment: Operating the US Grid with Very High Levels of Solar
Photovoltaics.” IScience 21 (November): 436–47.
Gillingham, Kenneth, Richard Newell, and Karen Palmer. 2006. “Energy Efficiency Policies: A
Retrospective Examination.” Annual Review of Environment and Resources 31 (1): 161–92.
Global Insight, Inc. 2004. “U.S. Energy Outlook.” Global Insight, Inc.
Goldman, Charles A., Ian Hoffman, Sean Murphy, Natalie Mims Frick, Greg Leventis, and Lisa Schwartz.
2020. “The Cost of Saving Electricity: A Multi-Program Cost Curve for Programs Funded by U.S.
Utility Customers.” Energies 13 (9): 2369.
Goldman, Charles A., Sean Murphy, Ian Hoffman, Natalie Mims Frick, Greg Leventis, and Lisa Schwartz.
2020. “What Does the Future Hold for Utility Electricity Efficiency Programs?” The Electricity
Journal 33 (4): 106728.
Gorman, Will, Andrew Mills, Mark Bolinger, Ryan Wiser, Nikita G. Singhal, Erik Ela, and Eric
O’Shaughnessy. 2020. “Motivations and Options for Deploying Hybrid Generator-plus-Battery
Projects within the Bulk Power System.” The Electricity Journal 33 (5): 106739.
Graves, Frank, Robert Mudge, Josh Figueroa, Lily Mwalenga, Tess Counts, Katie Mansur, and Shivangi
Pant. 2020. “Impacts and Implications of COVID-19 for the Energy Industry.” Brattle.
Heo, Jinhyok, Peter J. Adams, and H. Oliver Gao. 2016. “Reduced-Form Modeling of Public Health
Impacts of Inorganic PM2.5 and Precursor Emissions.” Atmospheric Environment 137: 80–89.
Hertwich, Edgar G., Thomas Gibon, Evert A. Bouman, Anders Arvesen, Sangwon Suh, Garvin A. Heath,
Joseph D. Bergesen, Andrea Ramirez, Mabel I. Vega, and Lei Shi. 2015. “Integrated Life-Cycle
Assessment of Electricity-Supply Scenarios Confirms Global Environmental Benefit of LowCarbon Technologies.” Proceedings of the National Academy of Sciences 112 (20): 6277–82.
Holttinen, H., J. Kiviluoma, D. Flynn, C. Smith, A. Orths, P. B. Eriksen, N. A. Cutululis, et al. 2020. “System
Impact Studies for near 100% Renewable Energy Systems Dominated by Inverter Based Variable
Generation.” IEEE Transactions on Power Systems, 1–1.
ICF. 2018. “Review of Recent Cost-Benefit Studies Related to Net Metering and Distributed Solar.”
Prepared for the U.S. Department of Energy.
IEA. 2020. “World Energy Outlook.” Paris, France: International Energy Agency.

Halfway to Zero │23

Industrial Economics. 2019. “Evaluating Reduced-Form Tools for Estimating Air Quality Benefits.”
Durham, North Carolina: Industrial Economics, Incorporated. Prepared for the U.S.
Environmental Protection Agency.
IPCC. 2018. “Global Warming of 1.5°C. An IPCC Special Report on the Impacts of Global Warming of
1.5°C above Pre-Industrial Levels and Related Global Greenhouse Gas Emission Pathways, in the
Context of Strengthening the Global Response to the Threat of Climate Change, Sustainable
Development, and Efforts to Eradicate Poverty.” Intergovernmental Panel on Climate Change.
IWG. 2016. “Technical Support Document: Technical Update of the Social Cost of Carbon for Regulatory
Impact Analysis Under Executive Order 12866.” Washington D.C.: Interagency Working Group on
Social Cost of Greenhouse Gases, United States Government.
———. 2021. “Technical Support Document: Social Cost of Carbon, Methane, and Nitrous Oxide, Interim
Estimates under Executive Order 13990.” Washington D.C.: Interagency Working Group on
Social Cost of Greenhouse Gases, United States Government.
Jacobson, Mark Z. 2020. 100% Clean, Renewable Energy and Storage for Everything. Cambridge:
Cambridge University Press.
Jayadev, Gopika, Benjamin D. Leibowicz, and Erhan Kutanoglu. 2020. “U.S. Electricity Infrastructure of
the Future: Generation and Transmission Pathways through 2050.” Applied Energy 260
(February): 114267.
Jenkins, Jesse D., Max Luke, and Samuel Thernstrom. 2018. “Getting to Zero Carbon Emissions in the
Electric Power Sector.” Joule 2 (12): 2498–2510.
J. Guerra, Omar, Jiazi Zhang, Joshua Eichman, Paul Denholm, Jennifer Kurtz, and Bri-Mathias Hodge.
2020. “The Value of Seasonal Energy Storage Technologies for the Integration of Wind and Solar
Power.” Energy & Environmental Science 13 (7): 1909–22.
Jordan, Philip. 2020. “Clean Energy Employment Initial Impacts from the COVID-19 Economic Crisis,
December 2020.” BW Research Partnership, Memoradum to E2, E4 TheFuture, and ACORE.
Joskow, Paul L. 2013. “Natural Gas: From Shortages to Abundance in the United States.” American
Economic Review 103 (3): 338–43.
———. 2020. “Transmission Capacity Expansion Is Needed to Decarbonize the Electricity Sector
Efficiently.” Joule 4 (1): 1–3.
Junginger, Martin, and Atse Louwen, eds. 2020. Technological Learning in the Transition to a LowCarbon Energy System. London, UK: Academic Press.
Krewski, Daniel, Michael Jerrett, Richard T. Burnett, Renjun Ma, Edward Hughes, Yuanli Shi, Michelle C.
Turner, et al. 2009. “Extended Follow-Up and Spatial Analysis of the American Cancer Society
Study Linking Particulate Air Pollution and Mortality.” Boston, Massachusetts: Health Effects
Institute.
Langevin, Jared, Chioke B. Harris, and Janet L. Reyna. 2019. “Assessing the Potential to Reduce U.S.
Building CO2 Emissions 80% by 2050.” Joule 3 (10): 2403–24.
Larsen, Eric, Chris Greig, Jesse Jenkins, Erin Mayfield, Andrew Pascale, Chuan Zhang, Joshua Drossman,
et al. 2020. “Net Zero America: Potential Pathways, Infrastructure, and Impacts, Interim Report.”
Princeton, New Jersey: Princeton.
Larsen, Kate, Hannah Pitt, and Alfredo Rivera. 2021. “Preliminary US Greenhouse Gas Emissions
Estimates for 2020.” New York, N.Y.: Rhodium Group.
Lepeule, Johanna, Francine Laden, Douglas Dockery, and Joel Schwartz. 2012. “Chronic Exposure to Fine
Particles and Mortality: An Extended Follow-up of the Harvard Six Cities Study from 1974 to
2009.” Environmental Health Perspectives 120 (7): 965–70.
Lu, Xi, Jackson Salovaara, and Michael B. McElroy. 2012. “Implications of the Recent Reductions in
Natural Gas Prices for Emissions of CO2 from the US Power Sector.” Environmental Science &
Technology 46 (5): 3014–21.

Halfway to Zero │24

Luderer, Gunnar, Robert C. Pietzcker, Samuel Carrara, Harmen Sytze de Boer, Shinichiro Fujimori, Nils
Johnson, Silvana Mima, and Douglas Arent. 2017. “Assessment of Wind and Solar Power in
Global Low-Carbon Energy Scenarios: An Introduction.” Energy Economics 64 (May): 542–51.
MacDonald, Alexander E., Christopher T. M. Clack, Anneliese Alexander, Adam Dunbar, James Wilczak,
and Yuanfu Xie. 2016. “Future Cost-Competitive Electricity Systems and Their Impact on US CO2
Emissions.” Nature Climate Change 6 (5): 526–31.
Mai, Trieu, Anthony Lopez, Matthew Mowers, and Eric Lantz. 2021. “Interactions of Wind Energy Project
Siting, Wind Resource Potential, and the Evolution of the U.S. Power System.” Energy, January,
119998.
Millstein, Dev, Galen Barbose, Mark Bolinger, and Ryan Wiser. 2017. “The Climate and Air-Quality
Benefits of Wind and Solar Power in the United States.” Nature Energy 2 (9): 17134.
Mohlin, Kristina, Alex Bi, Susanne Brooks, Jonathan Camuzeaux, and Thomas Stoerk. 2019. “Turning the
Corner on US Power Sector CO2 Emissions—a 1990–2015 State Level Analysis.” Environmental
Research Letters 14 (8): 084049.
Mongird, Kendall, Vilayanur Viswanathan, Jan Alam, Charlie Vartanian, Vincent Sprenkle, and Richard
Baxter. 2020. “2020 Grid Energy Storage Technology Cost and Performance Assessment.”
Washington, D.C.: U.S. Department of Energy.
Murphy, Caitlin, Trieu Mai, Yinong Sun, Paige Jadun, Paul Donohoo-Vallett, Matteo Muratori, Ryan
Jones, and Brent Nelson. 2020. “High Electrification Futures: Impacts to the U.S. Bulk Power
System.” The Electricity Journal 33 (10): 106878.
NASEO & EFI. 2020. “2020 U.S. Energy & Employment Report.” Washington, D.C: National Association of
State Energy Official and Energy Futures Initiative.
National Academies. 2017. Valuing Climate Damages: Updating Estimation of the Social Cost of Carbon
Dioxide. Washington, D.C: National Academies of Sciences, Engineering, and Medicine. The
National Academies Press.
———. 2021a. Accelerating Decarbonization of the U.S. Energy System. Washington, D.C.: National
Academies of Sciences, Engineering, and Medicine. The National Academies Press.
———. 2021b. The Future of Electric Power in the United States. National Academies of Sciences,
Engineering, and Medicine. The National Academies Press.
NEI. 2020. “Nuclear Energy in a Low-Carbon Future: Challenges and Opportunities.”
Neukomm, Monica, Valerie Nubbe, and Robert Fares. 2019. “Grid-Interactive Efficient Buildings:
Overview.” Washington, D.C.: U.S. Department of Energy.
Phadke, Amol, Sonia Aggarwal, Mike O’Boyle, Eric Gimon, and Nikit Abhyankar. 2020. “Illustrative
Pathways to 100 Percent Zero Carbon Power by 2035 without Increasing Customer Costs.” San
Francisco, California: Energy Innovation.
Phadke, Amol, Umed Paliwal, Nikit Abhyankar, Taylor McNair, Ben Paulos, David Wooley, and Ric
O’Connell. 2020. “2035 The Report: Plummeting Solar, Wind, and Battery Costs Can Accelerate
Our Clean Electricity Future.” Berkeley, California: Goldman School of Public Policy, University of
California, Berkeley.
Pietzcker, Robert C., Falko Ueckerdt, Samuel Carrara, Harmen Sytze de Boer, Jacques Després, Shinichiro
Fujimori, Nils Johnson, et al. 2017. “System Integration of Wind and Solar Power in Integrated
Assessment Models: A Cross-Model Evaluation of New Approaches.” Energy Economics 64
(May): 583–99.
PIRA Energy Group. 2004. PIRA Energy Group.
Quarton, Christopher J., Olfa Tlili, Lara Welder, Christine Mansilla, Herib Blanco, Heidi Heinrichs,
Jonathan Leaver, et al. 2019. “The Curious Case of the Conflicting Roles of Hydrogen in Global
Energy Scenarios.” Sustainable Energy & Fuels 4 (1): 80–95.

Halfway to Zero │25

Rand, Joseph, and Ben Hoen. 2017. “Thirty Years of North American Wind Energy Acceptance Research:
What Have We Learned?” Energy Research & Social Science 29 (July): 135–48.
Samadi, Sascha. 2018. “The Experience Curve Theory and Its Application in the Field of Electricity
Generation Technologies – A Literature Review.” Renewable and Sustainable Energy Reviews 82
(February): 2346–64.
Satchwell, Andrew, Peter Cappers, and Charles Goldman. 2018. “Customer Bill Impacts of Energy
Efficiency and Net-Metered Photovoltaic System Investments.” Utilities Policy 50: 144–52.
Schmidt, O., A. Hawkes, A. Gambhir, and I. Staffell. 2017. “The Future Cost of Electrical Energy Storage
Based on Experience Rates.” Nature Energy 2 (8): 1–8.
Sepulveda, Nestor A., Jesse D. Jenkins, Aurora Edington, Dharik S. Mallapragada, and Richard K. Lester.
2021. “The Design Space for Long-Duration Energy Storage in Decarbonized Power Systems.”
Nature Energy, March, 1–11.
Sepulveda, Nestor A., Jesse D. Jenkins, Fernando J. de Sisternes, and Richard K. Lester. 2018. “The Role
of Firm Low-Carbon Electricity Resources in Deep Decarbonization of Power Generation.” Joule 2
(11): 2403–20.
Stern, Nicholas, and Joseph E. Stiglitz. 2021. “The Social Cost of Carbon, Risk, Distribution, Market
Failures: An Alternative Approach.” National Bureau of Economic Research.
Strategic Energy and Economic Research, Inc. 2004. “2004 Energy Outlook.” Strategic Energy and
Economic Research, Inc.
Strbac, Goran, Danny Pudjianto, Marko Aunedi, Predrag Djapic, Fei Teng, Xi Zhang, Hossein Ameli,
Roberto Moreira, and Nigel Brandon. 2020. “Role and Value of Flexibility in Facilitating CostEffective Energy System Decarbonisation.” Progress in Energy 2 (4): 042001.
Tra, Constant I. 2016. “Have Renewable Portfolio Standards Raised Electricity Rates? Evidence from U.S.
Electric Utilities.” Contemporary Economic Policy 34 (1): 184–89.
Upton, Gregory B., and Brian F. Snyder. 2017. “Funding Renewable Energy: An Analysis of Renewable
Portfolio Standards.” Energy Economics 66 (August): 205–16.
USGCRP. 2018. “Impacts, Risks, and Adaptation in the United States: Fourth National Climate
Assessment, Volume II.” Washington, D.C: U.S. Global Climate Change Research Program.
Wang, Qiang, Xi Chen, Awadhesh N. Jha, and Howard Rogers. 2014. “Natural Gas from Shale Formation
– The Evolution, Evidences and Challenges of Shale Gas Revolution in United States.” Renewable
and Sustainable Energy Reviews 30 (February): 1–28.
Williams, James H., Ryan A. Jones, Ben Haley, Gabe Kwok, Jeremy Hargreaves, Jamil Farbes, and
Margaret S. Torn. 2021. “Carbon-Neutral Pathways for the United States.” AGU Advances 2 (1):
e2020AV000284.
Wiser, Ryan, Mark Bolinger, Ben Hoen, Dev Millstein, Joseph Rand, Galen Barbose, Naim Darghouth, et
al. 2020. “Wind Energy Technology Data Update: 2020 Edition.” Berkeley, California: Lawrence
Berkeley National Laboratory.

Halfway to Zero │26

Appendix A: Comparison of Past Carbon Emission Projections
Figure A-1 contrasts the EIA AEO 2005 reference-case projection for power-sector CO 2 emissions with
other projections from the same period. For the U.S. Department of Energy, we show the “no new
wind” reference case from DOE (2008). For the historical extrapolation, we estimate the average rate of
growth in power-sector emissions from 1995 to 2005 and use that growth rate to project emissions to
2025. Results for the other five forecasts are summarized in EIA (2005), for 2015 and/or 2025 (Global
Insight, Inc. 2004; Energy Ventures Analysis, Inc. 2004; PIRA Energy Group 2004; Strategic Energy and
Economic Research, Inc. 2004; 2004; Energy and Environmental Analysis, Inc. 2004). That summary does
not include CO 2 emissions but does include projections for generation amounts for coal, petroleum, and
natural gas. We estimate CO 2 emissions by applying emissions rates (MMT per billion kWh) from EIA
(2005) to the generation amounts from each of these five forecasts. We then add a small amount of
“other” emissions as projected by EIA, to enable apples-to-apples comparisons.
Across all seven of these projections, the maximum deviation from the EIA AEO 2005 reference case
over the 2015–2025 period is +6% to -10%.
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Figure A-1. Projected power-sector CO 2 emissions from the mid-2000s
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