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Abstract

This review article provides a synthesis of the most significant transitions taking place in the energy systems of the
USA in 2018. These include the leveling off of the total consumption of primary energy and electricity, a shift away
from coal-fired electricity generation, advances in the efficiency energy conversions and end-uses, as well as the
onshoring and offshoring of some energy applications. Transitions are considered with a long-term,
sociotechnological perspective using data from the past 60 years, recognizing the impacts technological
developments, economics, public policy, cultural preferences, and concerns about environmental impacts such as
climate change. Different transitions are in different phases of development with different scales of impact, with
some likely to only become significant over the next few decades.
Introduction
Energy systems are dynamic and always in transition;
functioning within the laws of nature and the cultural
norms of the societies within which they exist. They are
composed of diverse resources, technologies, and end
uses, connected by infrastructure, and driven by eco-
nomics, resource access, public policies, and social be-
haviors. At the beginning of the twenty-first century,
energy systems are changing in response to (a) the shift-
ing costs and availability of specific energy resources, (b)
technological innovation, (c) public concerns about the
environmental consequences of specific energy practices,
and (d) many billions of people in developing nations
gaining of access to modern forms of energy. The causes
and speed of energy transitions are unsurprisingly
complex.
Historically, systemic changes in energy systems are

not the result of “Eureka” moments of invention or dis-
covery, but of sustained periods of technological, eco-
nomic, and social advancement carried out by many
actors in diverse locations, beginning long before the
“breakthroughs” noted in history books and continued
long after [1]. Energy transitions occur at different
speeds in different places. Large-scale infrastructure re-
quirements slow the rate of change everywhere.
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Energy transitions are socio-technical transitions [2, 3]
which involve innovations in technology and public pol-
icy to fulfill specific societal function met by energy ser-
vices. However, technology and policies are mediated by
infrastructure and economics and adopted in the context
of the social values and culture (or more commonly
“consumer preference”).
In this paper, major energy transitions underway in the

United States in 2018, are viewed in the context of the
past six decades with recognition of sociotechnical
factors and a multi-level perspective that recognizes
three phases or “levels” of transition [4, 5]:

a. Micro-level (or niche-level) transition describes
technological and policy innovation which occurs in
“niches” insulated from external forces that would
normally stifle them. The distribution of political
power between national, state, county, and city
governments has provided for many policy niches in
the United States. In the private sector, opportunities
for significant financial gain also create investment
niches.While scholars often view the micro-level as
describing “technological niches,” here, I take the broad
view of technological and policy niches which address
practices and behaviors as well as technologies.

b. Meso-level (or sociotechnical regime-level)
transition describes the phase where innovation is
large-scale adoption occurs with the assistance of
many public and private actors.
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c. Macro-level (or landscape-level) transition describes
the phase where a technology achieves near-
universal acceptance with the support of policies,
practices, and infrastructure that both endure for
decades and, in turn, create barriers to competition
from new technologies and practices.

The USA is distinct in some ways which make it able
to undertake specific transitions faster than other na-
tions, such as a relative abundance of domestic energy
resources and financial and technological capacities.
However, its large area, distribution of political power,
and cultural affinities with certain types of energy use
such as large vehicles raise distinct challenges too. Simi-
lar energy transitions are occurring in other countries.
Indeed, some transitions are occurring earlier and faster
elsewhere.
Fig. 2 Total Primary Energy (TPE) consumption per capita [6, 7]
Primary energy
Changing consumption
Two macro-scale metrics of energy demand are Total
Primary Energy (TPE) consumption (Fig. 1) [6] and
Total Primary Energy consumption per capita (Fig. 2) [6,
7]. While both are broad metrics, aggregating heteroge-
neous parts of energy systems, both indicate significant
long-term shifts are underway in the United States.
U.S. TPE consumption leveled off at the end of the

twentieth century. Since then, TPE has oscillated with
economic cycles in the range of 100–106 exajoules (EJ).
Fig. 1 Total Primary Energy (TPE) consumption [6]
During this same period (1999–2017), Gross Domestic
Product (GDP) grew by 46% and population by 17% [8].
U.S. TPE consumption per capita peaked before the

two oil crises of the 1970s and declined in response to
them. Irregular growth resumed from a low in 1983 to
reach another peak in 2000 (3% lower than the peak of
1979) before beginning a long but uneven decline of
14% through 2017. The ongoing decline in TPE has oc-
curred through significant variations in economic and
political conditions. The current level of TPE consump-
tion per capita was last seen in 1967.
Other countries that industrialized early, like those of

the European Union (EU), have followed a similar pat-
tern in primary energy use as the U.S. The EU nations
experienced a TPE per capita peak in 2004 [9]. However,
aggregate EU TPE per capita is less than half that in the
United States reflecting significant differences in econ-
omies, population densities, travel behavior, public pol-
icies, culture, and other factors.
Countries which were less industrialized in the

1950s and 60s have undergone rapid TPE consump-
tion growth associated with increases in GDP and
population (Fig. 3 [10]). Industrialization has provided
many billions of people with access to modern forms
of energy and the benefits of the services that they
provide. As should be expected, the relative share of
global energy consumption by long-industrialized
countries has declined (Fig. 4) [11]. The U.S. share of
global energy consumption has dropped from
one-third in 1960 to one-sixth in 2017.



Fig. 3 Total Primary Energy consumption per capita for Canada,
China, European Union, United States and the World. Note that the
data source (International Energy Agency) [10] is different than for
Fig. 2 (U.S. Energy Information Administration) and TPE estimates are
approximately 10% lower
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Projections and predictions
The Energy Information Administration (EIA) within the
U.S. Department of Energy (DOE) uses the National En-
ergy Modeling System to project “the production, imports,
conversion, consumption, and prices of energy” subject to
various assumptions related to macroeconomics, energy
Fig. 4 Share of world energy consumption 1960–2015 [11]
markets, resources, behavior, technology, and demograph-
ics [12]. Projections are part of an Annual Energy Outlook
(AEO) that provide the most widely used vision of the
United States energy system over the coming decades,
typically through 2050.
EIA projections of U.S. primary energy consumption

made in the early 2000s for the period through 2020
proved to be significantly higher than was ultimately
consumed, as shown in Fig. 5 [6, 13]. The NEMS projec-
tion in the 2000 Annual Energy Outlook (AEO2000, re-
leased in late 1999) is used for comparison purposes
later in this paper. AEO2000 projected a 2017 TPE con-
sumption of 125 EJ, 21% higher than actual. Projections
in AEO2002 and AEO2004 for 2017 were 29% and 26%
higher than actual. Thus, during the beginning of the
period when TPE consumption leveled off, the scale of
change occurring was not clear to many thoughtful ana-
lysts of the U.S. energy system.
It is essential to understand that NEMS makes projec-

tions, not predictions. Projections are forecasts based on
specified assumptions about resource availability, eco-
nomics, technologies, and policies. The AEO reference
projection “generally assumes that existing laws and reg-
ulations remain unchanged throughout the projection
period” [14]. Many of the changes in the U.S. energy sys-
tem stem from unexpected events, such as the boom in
unconventional oil and gas production, that did not get
recognized by the assumptions included in modeling for
AEO2000.
The Great Recession of 2007–2009 significantly im-

pacted the economy and energy use of the United States.
Fig. 5 Total Primary Energy use projected in Annual Energy Outlook
(AEO) 2000, 2002, and 2004 compared to actual [6, 13]
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A simple linear correction for economic growth is made
to provide a more appropriate comparison to EIA pro-
jections. Recognizing GDP was 5% lower in 2017 than
projected in AEO2000, reduces the 2017 forecast to 118
EJ, or 15 EJ higher than actual.
Fig. 7 U.S. Dry natural gas production [15]
Three changes in production
The three most noteworthy shifts in U.S. primary energy
production since 2000 were a boom in unconventional
oil and gas production, a rise in biofuel use, and a rise in
variable renewable energy (wind and solar).
The most significant change in U.S. primary energy

production since 2000 is the rapid expansion of uncon-
ventional “tight” oil and “shale” gas production after
2007, which reversed the decline in U.S. oil and gas pro-
duction and produced new record high levels of produc-
tion of both (Figs. 6 and 7) [15]. The United States
became the world’s largest producer of oil in 2014 after
losing that position in 1976 [16]. The U.S. also became
the largest producer of natural gas in 2009 [17]. Shale
gas became the largest source of natural gas in the U.S.
in 2015. The United States was, of course, the largest
consumer of both oil and natural gas throughout the
past six decades and remains so.
Other nations are developing unconventional oil and

gas too. In particular, Canada, China, and Russia have,
or are expected to have, significant unconventional
Fig. 6 Total U.S. field production of petroleum. This includes natural
gas liquids produced in the development of natural gas which
constituted 29% of the total in 2017 [15]
production, albeit at lower volumes than the United
States [18–20].
The rapid expansion of unconventional shale gas pro-

duction in the United States has led to relatively low do-
mestic natural gas prices since 2009 [21] resulting in
greater use, especially in the electric power sector. U.S.
natural gas consumption reached a historic high of 30 EJ
in 2017.
The second primary energy change is the expanded

use of biofuels such as corn ethanol and biodiesel fol-
lowing the adoption of a national Renewable Fuel Stand-
ard (RFS) in 2005 [22]. The RFS requires the blending of
biofuels with hydrocarbon transportation fuels in in-
creasing volumes. In 2017, biofuels provided 1.5% of all
primary energy and 5% of the energy used in the trans-
portation sector (Fig. 8) [23]). Since 2014, most retail
gasoline sold in the United States contains 10%
bio-based ethanol (E10), and there is widespread use of
biodiesel too. The United States is the world’s largest
producer of biofuels, accounting for 44% of global pro-
duction in 2017, followed by Brazil (22%) and the com-
bined countries of the European Union (17%) [24].
The third significant change in primary energy pro-

duction is the rise of variable renewable electricity from
wind and solar energy sources. Wind power increased
from 0.15% of all electricity in 2000 to 6.3% in 2017,
while solar generation increased from 0.01% to 1.9%
over the same period [25]. In 2017, small-scale photovol-
taic systems, such as residential and commercial rooftop
systems, generated approximately 31% of all solar



Fig. 8 Biofuel consumption in the transportation sector [23]
Fig. 9 U.S. Wind and solar primary energy using fossil equivalency
approach. Solar includes both utility-scale and small-scale
generation [25]

Fig. 10 Wind power generation in the European Union, China, and
the United States [26]
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electricity in the USA. Hence, the 1.9% electricity share
of solar electricity in all sectors in 2017 was 1.3%
utility-scale and 0.6% small-scale generation.
In 2017, wind and solar provided the equivalent of 3.2

EJ of primary energy (2.4 EJ from wind and 0.8 EJ from
solar) (Fig. 9). Primary energy from wind and solar are
determined using the “fossil fuel equivalency” approach
as described in the “Generation Efficiency” section. Solar
generation (utility and small-scale combined) in recent
years has been similar to wind power 8-years prior.
In 2017, the European Union (32%), China (25%), and

the United States (22%) accounted for 81% of global
wind power generation (Fig. 10) [26]. Wind power is
expanding more rapidly in the EU and China than in the
U.S. In 2017, the European Union (27%), China (24%),
and the United States (18%) accounted for 69% of global
solar generation (Fig. 11) [27].
Each of the three emergent sources of primary energy

achieved prominence in the U.S. as a result of techno-
logical innovation, economics, and public policy. The
boom in unconventional oil and gas production is a
result of the development of two applied technologies -
hydraulic fracturing, and horizontal drilling. These
technologies were developed over many decades [28]
with significant governmental support for research and
development [29]. Thus, unconventional oil and gas
production can be considered a new technology applied
to (and transforming) an incumbent energy source.
Unconventional oil and gas development also benefits
from specific public policies such as exemptions to
specific environmental laws [30] and access to resources
on public lands [31].
The rise of biofuels in the United States is directly

related to financial incentives from the national govern-
ment as a response to the first oil crisis [32] which
created a micro-level (niche market) transition followed



Fig. 11 Solar power generation in the European Union, China, and
the United States (utility-scale) [27]
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by the adoption of the national Renewable Fuel Standard
nearly three decades later which brought about wider
adoption (a meso-level transition) within an existing
hydrocarbon-based system. Biofuels have also benefited
from public (government) investment in research and
development [33].
Because biofuels require petroleum-based inputs, their

net impact on reducing U.S. petroleum demand is not
straightforward. Energy balance is commonly used to
measure the energy benefits of biofuels - the energy out-
put compared to the energy inputs required to produce,
refine and move the biofuel. The energy balance of corn
ethanol, the most utilized biofuel, is estimated to be
about 1.5 when only the energy output of the corn etha-
nol is considered and between 2.1 and 2.3 when bypro-
ducts are recognized [34]. Thus, nearly half the energy
in corn ethanol is a movement of the energy embedded
in fuels consumed in other parts of the energy system.
Not surprising, the actual energy impact of biofuels in
the U.S. is a topic of controversy [35].
Variable renewable energy (VRE) has benefited from

long-term public support for research and development
[36] and numerous public policies at the national, state
and local levels.
Within the federal system of the U.S., states have con-

siderable political authority over retail electricity sales
within their borders [37]. Many states have used that au-
thority to set policies for renewable sources of energy.
Twenty-nine states, the District of Columbia and 3 Ter-
ritories have adopted Renewable Portfolio Standards
(RPS) [38] that require retail electricity suppliers to
obtain minimum amounts of their electricity from re-
newable sources. Another eight states and one Territory
have adopted goals, rather than mandates, for renewable
electricity. RPSs vary significantly from state to state in
terms of targets, timeframes, obligated parties, markets
for renewable energy credits, compliance rules, eligible
renewable sources, and cost caps. California, for ex-
ample, has a target of 100% “Clean Energy” by 2045 for
its electric power sector (clean energy is defined as not
emitting carbon dioxide as a part of the electricity gener-
ation process) [39]. New York and New Jersey have RPS
targets of 50% by 2030. However, Florida, Georgia and
many other southeastern states have no RPS. Approxi-
mately 56% of U.S. retail electricity sales [40] are subject
to RPS policies which are periodically updated by many
states.
An RPS guarantees a market for renewable power and

facilitates financing for new renewable generation sub-
ject to various requirements specific to each state with
an RPS [41]. It is estimated that from 2000 to 2016, RPS
policies have driven approximately half of all of the
non-hydropower renewable electricity deployed in the
U.S. [40]. Wind power has dominated new renewable
generation projects for RPSs because of its economic ad-
vantages over other forms of renewable electricity [42].
However, in recent years, many RPSs have begun to
prioritize solar generation with dedicated targets (or “car-
ve-outs”) or by multiplying the value of solar generation
over other generation. It is estimated that RPSs were re-
sponsible for 21% of wind deployment in 2016 and 59%
of large-scale utility solar deployment. The cost of com-
pliance with RPSs in 2015 is estimated to be $3 billion or
an average of 1.6% on the average retail electricity bill,
but there are large variations between states [40].
RPSs are associated with states that have one or more

of the following traits: a strong potential for renewable
power; electricity markets that are more open to new
sources of electricity; less natural gas-fired generation
than the national average; and, state legislatures that are
more progressive (Democratic) [43, 44].
At the national level, several federal tax policies such

as investment tax credits and production tax credits
have incentivized investment in renewable projects and
generation. However, tax policies have frequently expired
or come close to expiring before being extended for
short periods of time. This approach has injected signifi-
cant uncertainty into federal tax incentives for renew-
ables, resulting in surges in deployment followed by
reductions [45, 46]. In late 2015, federal tax incentives
were again extended but included a multi-year ramping
down of most incentives starting in 2019 [47].
Central to the adoption of wind and solar is the de-

cline in cost. The Levelized Cost of Electricity (LCOE) of
wind power dropped 67% between 2009 and 2017, while
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the LCOE of solar photovoltaic (PV) dropped 86% [48,
49]. Note that LCOE is a useful, but limited metric of
the economics related to new power production and is
sensitive to location and other conditions. Economic
competitiveness is more usefully captured by comparing
LCOE with the Levelized Avoided Cost of Electricity
(LACE) of existing generation resources. However, all
measures of the economic competitiveness of wind and
solar show rapid improvement [50, 51].
The future production and integration of these three

energy sources will likely define much of the U.S. energy
system over the coming decades. There are several rea-
sons why future domestic unconventional production is
less predictable than traditional oil and gas development.
First, the relatively short experience with unconventional
wells means the amount and timing of future production
is harder to forecast. Second, the rapid evolution of hy-
draulic fracturing technology and practice is reducing
the cost of production. Finally, new unconventional re-
serves are being discovered at a rapid pace [52]. While
these and other factors raise important questions about
the future of unconventional oil and gas development,
continued growth and significant increases in production
are highly likely [53]. The most recent EIA Annual En-
ergy Outlook (AEO2018) projects that U.S. oil produc-
tion will increase in coming decades reaching a new
peak in 2042, 30% higher than in 2017 [54]. AEO2018
also projects natural gas consumption to rise throughout
the next three decades and be 60% higher in 2050 than
in 2017.
While the RFS mandates larger volumes of biofuels

are blended with traditional fuels over time, there are
several difficulties confronting compliance and future
growth in consumption. First, blending more than 10%
bioethanol into motor gasoline requires an adjustment
to the Clean Air Act [55] and the deployment of signifi-
cant infrastructure to accommodate the distribution of
higher blends [56]. As a result, the volumes of biofuels
envisioned by the RFS will likely be constrained by
growth in overall fuel consumption without additional
policy intervention. Second, part of the motivation for
the RFS is reducing emissions of greenhouse gases. Con-
ventional biofuels such as corn ethanol result in only a
modest net reduction in GHG emissions [57]. Commer-
cial scale production of advanced biofuels with better
GHG emissions characteristics has taken longer than an-
ticipated resulting in controversy over the benefits of the
RFS. Advanced biofuels can be considered to still be in
the micro-level (niche) phase of an energy transition.
The rate of growth of wind and solar power over the

next two decades will depend on many factors, including
the rate of cost reduction, federal and state policies, the
building on new transmission lines to connect produc-
tion locations to demand centers, and the cost of energy
storage. Significant public and private investment in re-
search and development and large-scale production
around the world is driving down costs [58] while pol-
icies at the state- [59] and federal-level will, over the
next decade, play a critical role in increasing energy
storage and the rate and scale at which variable
renewable energy is integrated into the electric grid [60].
The 2015 DOE Wind Vision report [61] presents a

“Study Scenario” whereby wind meets 20% of U.S. elec-
tricity demand by 2030 and 35% by 2050. Such as out-
come will require the growth of installed wind capacity
from 89 GW (April 2018 [62]) to 224 GW by 2030 and
404 GW by 2050. Further, the 2014 LCOE of land-based
wind will need to be lowered by 33% by 2030, and 37%
by 2050; and the LCOE of offshore wind reduced 43%
by 2030, and 51% by 2050.
The 2017 DOE SunShot Initiative 2030 study envisions

reducing the LCOE of solar PV electricity by 50% to
$3/MWh for utility-scale systems between 2017 and
2030 [63]. An analysis of the impact of achieving the
Sunshot 2030 goal estimates that PV might provide
17% of U.S. electricity in 2030 and 33% in 2050 [64].
Both the Wind Vision and the SunShot 2030 Initia-

tive recognize that achieving such significant growth
in variable renewable energy generation requires in-
vestments in new transmission infrastructure and the
existence of sufficient dispatchable generation or energy
storage capacity to accommodate variability in wind
and solar generation on many time frames. For example,
the addition of low-cost storage (~$130/kWh by 2030)
might boost PV to 55% of U.S. electricity in 2050 [64].
Low-cost storage (e.g., batteries) is also required to re-
duce curtailment in power from variable generation
sources when they temporarily provide more power
than is demanded.
The dispatchable generation/storage requirements

needed to integrate the largest levels of wind generation
would likely make high penetration by the largest
levels of solar generation impossible, and vice-versa.
The Wind Vision study contemplates a PV penetration
of the electric market of just 9% in 2050, while the
SunShot 2030 study envisions a wind penetration of
just 11% [64].
An analysis combining variable wind and solar power

and allowing for competition between them and with
other sources of electricity based on relative cost pro-
vides more realistic scenarios [65]. A “mid-case scenario”
projects VRE to reach approximately 17% penetration by
2030 and 37% by 2050. For comparison, in 2017 VRE
was 8.2% (6.3% wind and 1.9% PV). Under scenarios of
high natural gas cost, low renewable energy cost or low
wind cost, VRE grows to 48%–55% penetration by 2050.
Under scenarios of low natural gas cost or high renew-
able energy cost, VRE grows to only 17% by 2050.
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AEO2018 projects a more modest rise of VRE
reaching approximately 15% by 2030 (wind 9.2% and
PV 5.5%) and 23% by 2050 (wind 8.3% and PV
14.4%) [66].
Thus, there is significant variation in projections of

variable renewable energy over the coming decades
which have significant implications for the composition
of the electric power sector and emissions of GHGs.

Imports and exports
All three changes noted above, impacted energy markets
and energy imports. However, unconventional oil and
gas production has had the most substantial effect, shift-
ing the U.S. role in global oil and gas markets from be-
ing primarily a large demand center to a one more
balanced between supply and demand roles.
In 2005, the United States imported (net) 16.4% of nat-

ural gas consumption. In 2017, the U.S. became a net
exporter of natural gas (0.5% of consumption) [67]. In
2017, net imports of petroleum were 19% of consump-
tion compared to 61% in 2005 [15].
As noted above, AEO2018 projects further increase in

oil and gas production with the United States becoming
a net exporter of crude oil and petroleum products in
2029 under the reference scenario, but in the early 2020s
in some scenarios [68]. AEO2018 projects that natural
gas exports will be 10% of domestic production by 2020
and 19% by 2050 [69]. Under such a scenario, the United
States will become the world’s third largest exporter of
Liquid Natural Gas (LNG) in 2020, behind Qatar and
Fig. 12 U.S. Net imports of primary energy as a percentage of
consumption [6]
Australia [70]. The United States is reversing its role
in the global LNG market to become a major supplier
to the global market. This has implications for na-
tions, like China, who are seeking to shift their energy
systems away from coal to natural gas to improve
local air quality and reduce emissions of greenhouse
gases [71].
The rise of exports will be facilitated by new LNG

export terminals currently under construction [72]
which will likely narrow the significant price differ-
ence between domestic and international natural gas
markets that have existed in recent years [73]. How-
ever, exports will not eliminate the price spread
because of the inherent costs of liquefaction, trans-
portation, and gasification [74].
Net imports of primary energy peaked in 2005–6 at

30% of consumption before declining to 8% in 2017
(Fig. 12). In comparison, China had net imports of
16% of consumption in 2015; the European Union-28,
57%; India, 36%; Japan, 95%, and Brazil, 8% [75].
AEO2018 projects that the United States will become
a net exporter of energy in 2022 and remain so
through 2050 with exports in the range of 5%–8% of
consumption [54].

Composition
The rise of unconventional oil and gas, biofuels, and re-
newable electricity is reflected in significant shifts in the
sources of U.S. primary energy (Fig. 13).
Fig. 13 Primary energy consumption by energy source [6]



Fig. 14 Decomposition of primary energy use by the electric power
sector, residential and commercial sector, industrial sector, and
transportation sector [81]

Fig. 15 Energy use by end-use sector [81]
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Petroleum remains the most significant source of pri-
mary energy in the United States and the world because
of its near-monopoly status as a transportation fuel. The
U.S. transportation sector gets 92% of its energy from
petroleum and consumes 71% of petroleum [23]. Two
oil crises, sustained periods of high oil prices (2005–14)
[76], a Great Recession (2007–10), and two rounds of
fuel economy standards have only set back a seemingly
inexorable rise in U.S. petroleum consumption. The role
of economics, technology, policy, and the U.S. cultural
disposition toward larger vehicles is addressed in the
“Transportation energy use” section.
The expanded use of biofuels and variable renewable

energy doubled the level of consumption of renewable
energy sources (which also includes hydroelectricity,
wood, waste, and geothermal) from 2001 to 11.6 EJ in
2017 [77].
The increase in natural gas and renewable electricity

has displaced domestic coal use [78] in the electric
power sector which consumes 91% of coal production
[79]. Coal consumption and production declined ap-
proximately 36% from its peak year of 2007 (24 EJ) to
under 15 EJ in 2017 [80].

End-use
The rise of electricity marked the twentieth century be-
cause of its versatility as an end-use energy source, cap-
able of powering myriad machines and devices and
providing most (but not all) energy services. In 1970, the
electric power sector became the largest consumer of
primary energy in the United States (Fig. 14), and it re-
mains so [81].
The displacement of coal by natural gas and renew-

ables led to a 7.8% decline in primary energy use by the
electric power sector from 2007 to 2017 [81] because
the new sources generate electricity more efficiently as
addressed in the “Generation efficiency” section.
The electric power sector is not the ultimate end-user

for the electric energy that it produces. Therefore, when
considering end-use of energy, it is useful to distribute
energy from the electric power sector, including all en-
ergy losses associated with its generation and delivery,
between the end-use sectors (Fig. 15 and Table 1). This
approach makes clear several long-term trends in U.S.
energy-use:

(1) Industrial energy use in the United States has
undergone a long-term transition over the past five
decades marked by leveling off of consumption and
punctuated by sharp drops associated with the two
oil crises of the 1970s and economic recessions.
During that time, the industrial sectors share of U.S.
energy use has declined from 46% to 32%. Aspects of
this transition include gains in efficiency, changes in
composition, and some net offshoring of energy use is
explored in the “Industrial energy use” section.

(2) Residential energy use has been approximately one-
fifth of U.S. energy use throughout the past six de-
cades. The share of residential energy obtained from
electricity has risen from 25% in 1957 to approxi-
mately 70% over the past decade [82]. Natural gas



Table 1 Energy use by end-use sector for 2016 [81]

2017 Energy Use (EJ)

Residential Commercial Industrial Transportation

Coal 1.3 (4%) 0.0

Natural Gas 4.8 (23%) 3.5 (18%) 10.4 (31%) 0.8 (3%)

Petroleum 0.9 (4%) 0.9 (5%) 8.9 (27%) 27.3 (92%)

Direct Renewable 0.6 (3%) 0.1 (1%) 2.7 (8%) 1.5 (5%)

Electricity 14.7 (70%) 14.4 (76%) 10.1 (30%) 0.1 (0.3%)

Total 21.1 19.0 33.2 29.7

Fig. 16 Total primary Energy per dollar of real Gross Domestic
Product (Chained 2009 Dollars) [6, 8]
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accounts for an additional 23% of today’s U.S.
residential energy use (Table 1).

(3) Commercial sector energy use has risen from
one-tenth of U.S. energy use in 1957 to 18–19%
over the past decade. Electricity and natural gas
account for 76% (up from 40% in the late 1950s)
and 18% of commercial sector energy use
respectively (Table 1).

(4) Energy use in the transportation sector follows a
very similar trend to petroleum consumption
(Fig. 13) reflecting its dominance as a
transportation fuel. Transportation’s share of energy
use has risen from 24% to 29%. A more detailed
exploration of energy use in the “Transportation
energy use” section.

Both electricity and natural gas are strongly regulated
at a state level with significant implications for cost and
efficiency of energy use (explored in the “Electricity”
section).

Decomposing total primary energy
A simple approach to TPE is to express it in terms of
the aggregate energy intensity of the country (TPE per
dollar of GDP), economic output per capita, and total
population [83]. Figure 16 shows aggregate U.S. energy
intensity declining an average of 1.5% annually for the
past 60 years and an average of 1.7% from 2008 to 2017.
This long-term trend in the United States is reflected in
nearly every country in the world [84] and is rooted in
both technological advances and a more open global
economic system which facilitates the movement of eco-
nomic activities to locations with (among other factors)
lower energy costs.
While the aggregate energy intensities of different

nations are declining and converging over time, there are
still significant differences between countries (Table 2)
[85]. The aggregate energy intensity of the United States is
approximately 48% higher than the European Union, 5%
higher than the World average, and 10% lower than
China. Again, there are profound differences between
economies and countries, and within countries.
The aggregate energy intensity of the country, how-
ever, is a limited metric because it encompasses all uses
of energy regardless of their relationship to GDP and ob-
scures essential differences in the use of energy in differ-
ent parts of the economy and confuses policymaking
[86]. For example, residential energy use and personal
driving do not measurably add to GDP but are signifi-
cant components of the aggregate energy intensity nu-
merator. Trade “offshores” energy use associated with
imports and “onshores” energy use associated with
exports.
Decomposing or disaggregating energy use can help

quantify the contributions of different types of energy
use [87] to changes in energy intensity associated with
specific activities. There are several methodologies to de-
compose energy use whose details are beyond the scope
of this review [88]. Typically, decomposition studies
recognize three types of effects:

(a) Activity effects which measure the change in the
level of activity in a given area (e.g., the number of
cars produced) assuming that other factors remain
constant.

(b) Structure effects which measure changes in the
composition of activities in a given area (e.g., the
economic balance of activities related to producing
a car or the importation of individual components
of a car, thereby “offshoring” specific energy uses)
assuming that other factors remain constant. On an



Table 2 Aggregate energy intensity of different counties and
regions [85]

Country/Grouping 2015 Aggregate Energy
Intensity (MJ/$2011 PPP GDP)

European Union 3.66

Japan 3.74

India 4.73

World 5.13

United States 5.41

China 6.69

Canada 7.34

Note that the data source is different than for Figs. 5 and 6 using different TPE
estimates, $ year, and Purchasing Power Parity (PPP) and resulting in energy
intensity estimates approximately 12% lower
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economy-wide scale, the structural effect captures
the long-term shift from an economy emphasizing
the production of goods to one more heavily ori-
ented toward producing services.

(c) Intensity effects which measure changes in energy
use for a particular activity (e.g., the energy
required to produce a car) assuming that other
factors remain constant. Intensity effect is close to
the common understanding of energy efficiency.

Often studies are normalized by economic activity so
that just structural and intensity effects are reported.
Metcalf [89] carried out a broad decomposition of en-

ergy intensity by end-use sector (residential, commercial,
industrial, and transportation) to allocate a share of
improvements between efficiency gains (sector-specific
intensity effects) and changes in shifts in economic ac-
tivity (structure effects). Metcalf finds that “roughly
three-quarters of the improvements in U.S. energy inten-
sity” from 1970 to 2003 resulted from efficiency im-
provements and the remainder from structural shifts in
the economy. Looking at variations between states and
controlling for climate and other factors, Metcalf found
that “price plays most of its role in reducing energy in-
tensity through the efficiency channel.” In particular,
Metcalf and other scholars find that the rise in energy
prices triggered by the first oil crisis (1973–4) led to sig-
nificant advances in energy efficiency and declines in en-
ergy intensity. The critical role of price on efficiency will
be returned to in the “Efficiency of electricity use” sec-
tion. While Metcalf also found considerable differences
between states and over time, recent research suggests
that there has been significant convergence in state en-
ergy intensities [90].
Huntington [91] carried out a long-term (1972–2006)

decomposition into five end-use sectors (the industrial
sector was broken into agricultural and non-agricultural
components) and a short-term (1997–2006) granular
decomposition by 65 different economic activities and
excluding residential and personal transport services that
do not produce products sold into markets. Huntington
reports that 61% of aggregate energy intensity decline is
due to intensity (efficiency) gains and 39% due to activity
shifts within the economy. However, if transportation is
excluded from all sectors, structural shifts account for a
much larger 54% of improvements in energy intensity.
Over the past decade, DOE has developed a hierarchical

system of sector-specific energy intensity indicators. This
approach constructs a weighted average of the separate in-
tensity indicators for the four major end-use sectors into an
index for the entire economy of the United States [92, 93].
Studies that disaggregate the economy can also miss

feedbacks between different parts of society. The role of
indirect rebound effects is particularly susceptible to being
lost in disaggregated studies and leads some observers to
assert that efficiency improvements in technologies lead
to little or no reduction in total energy use [94]. Moreover,
reasonable interpretations for changes in energy intensity
during one period may be inappropriate during a different
period. The relationship between energy consumption and
economic growth continues to be a matter of much schol-
arly debate.

Electricity
Fuel shifting
As already noted, the rise in production of natural gas
and renewable electricity has displaced coal-fired gener-
ation over the past decade (Fig. 17). Cheap petroleum
led to a preference in oil-fired power in the 1960s. How-
ever, the oil crisis of 1973 led to a long-term move away
for petroleum in favor (initially) of coal, backed by fed-
eral law and policy [95]. At the same time, the previously
regulated wholesale price of natural gas was deregulated
to encourage higher production [96]. Finally, the Federal
Power Act regulating electric utilities was amended to
mandate utility acceptance of cost-competitive inde-
pendently produced power [97]. Coal-fired power gener-
ation rose for three decades following the first oil crisis,
peaking in 2007 before declining 40% through 2017.
A 2017 study by Houser and colleagues [98] quantified

the drivers of the decline in coal-fired generation from
2007 to 2015. They attribute 49% of the decline to
cheaper natural gas; 26% to lower than expected demand
for electricity (addressed in the “National- and state-level
electricity consumption” section); and, 18% to renewable
power. Some, but not all, of the remaining 7% is attributed
to stricter environmental regulation of coal-fired power
plants like the Mercury and Air Toxics Standards [99].
In 2016, natural gas-fired generation surpassed

coal-fired generation for the first time. The use of nat-
ural gas for electricity is very sensitive to price fluctua-
tions [100], and the scale of future consumption will be
strongly impacted by any price on carbon [101]. There is



Fig. 17 Share of generation in the electric power sector by fuel
source [25, 78]. Note 96% of all electricity is generated in the electric
power sector. Petroleum is included under “other”

Fig. 18 Carbon dioxide emissions from the electric power
sector [105]
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less price sensitivity in other end-user sectors for natural
gas.
While coal has declined in favor of other fuels, nu-

clear power has provided a steady one-fifth of U.S.
electricity for 30 years. The fleet of commercial reac-
tors in the U.S. had an average age of 37 years at the
end of 2017 [102]. While many reactors are receiving
20-year extensions to their original 40-year operating
licenses, many are struggling to compete economic-
ally with other sources of power and retiring before
reaching the end of their operational life. New York
state and Illinois are beginning to compensate nu-
clear power for its low greenhouse gas emissions,
suggesting a policy direction that may sustain nu-
clear power in many parts of the country [103]. Only
two new reactors are under construction in the
United States [104].
The impact of shifting away from coal on GHG emis-

sions from the electric power sector has been significant
(Fig. 18) [105]. Natural gas-fired generation produces
about half the emissions of coal per unit of electric
power, while nuclear and variable renewables have es-
sentially no emissions related to generation. As a result
of fuel-shifting away from coal, emissions of greenhouse
gases from the electric power peaked in 2007 [106] and
declined 28% through 2017.1 The decline in GHG emis-
sions from the electric power sector has contributed the
most significant share of the overall decline in U.S. emis-
sions of greenhouse gases.
Ongoing reductions in coal use in the electric power
sector will further reduce emissions of greenhouse gases.
How much will depend on both the total demand for
electricity and the fuel composition in the electric power
sector.
The reduced use of coal has also benefited air quality

[107]. However, the decline in coal use has reduced em-
ployment in the coal industry and impacted communi-
ties where the industry is the largest single employer,
which became an issue in the national election of 2016.
The continuing closure of coal-fired power plants [108]
shows that changes in national policy will not reverse
the long-term decline in coal use.

Generation efficiency
One consequence of fuel shifting in the electric power
sector is a significant rise in the efficiency of U.S. electri-
city generation.
Fossil and nuclear power plants convert heat en-

ergy into mechanical energy to drive a turbine con-
nected to an electric generator. The efficiency of
such “heat engines” is related to the fractional
change in the absolute (Kelvin) temperature of the
working fluid (typically steam) which is usually small
[109]. Coal-fired power plants, nuclear power plants,
and older natural gas-fired power plants which oper-
ate on a Simple Cycle Combustion Turbine (SCCT)
use a single turbine operating under a single
thermodynamic cycle with an average operating effi-
ciency of approximately 32%.
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Newer natural gas-fired power plants typically use a
more efficient “combined cycle” utilizing two turbines
and two thermodynamic cycles. Combined Cycle Gas
Turbine (CCGT) power plants can reach efficiencies as
high as 63% [110]. The U.S. fleet of natural gas power
plants, which includes both SCCT and CCGT natural
gas plants, had an average operational efficiency of
43.4% in 2017 [111]. The shift from coal-fired generation
to natural gas-fired generation has therefore brought
about a significant increase in the efficiency of power
generation. Figure 19 shows the evolution of efficiency
of power generation from fossil fuel power plants [112].
The rise in efficiency of fossil fuel power plants from

33% in 2000 to 37% in 2017 is an outcome of two fac-
tors. The first is technological - the broad deployment of
a new more efficient CCGT power plants, which have
become a significant share of all-natural gas-fired power
plants. The second factor is economic - the availability
of cheap natural gas as a result of unconventional pro-
duction which allows CCGT power plants to be used
more cheaply than coal-fired power plants.
The main sources of renewable electricity do not have

thermal heat to electricity conversion processes upon
which an equivalent efficiency can be calculated. Because
the energy sources have no economic cost, the treatment
of efficiency is a matter of methodological choice.2 For
purposes of developing a useful measure of primary en-
ergy from renewables, the EIA utilizes a “fossil fuel
equivalency” approach where the efficiency is defined as
Fig. 19 The efficiency of coal, petroleum, natural gas, and fossil fuel
power plants combined [112]
the average efficiency of fossil fuel generation [113]. In
other areas, EIA utilizes the “captured energy” approach
whereby the energy of the electricity produced is consid-
ered the starting point which implies a conversion
process that is 100% efficient. Both approaches have ra-
tional uses.
The EIA’s choice of the fossil fuel equivalency ap-

proach, followed in this paper, leads to a primary energy
equivalency for hydropower, wind, solar and geothermal
electricity of 6.17 EJ in 2017. A captured energy ap-
proach yields 2.24 EJ which lowers the primary energy of
the U.S. by an additional 3.7%. As renewable energy
grows, the different approaches to defining their primary
energy will become increasingly important [114].
Regardless of the approach used, the displacement of

coal-fired generation by renewables brings about add-
itional gains in efficiency of power generation. After an
extended period of generation efficiency in the range
32.0% - 32.7% between 1961 and 1999, the total electric
power generation efficiency (Fig. 20) has risen steadily to
reach 35.4% in 2017 and will continue to rise as the
share of electricity generated from coal declines. The ef-
ficiency gains from 2000 to 2017 (32.6% to 35.4%) corre-
sponds to a savings of 3.3 EJ of primary energy in 2017
(Fig. 21) which is approximately 22% of the observed
reduction below the AEO2000 projection. Future reduc-
tions in coal use in the electric power sector will further
increase the efficiency of electric power generation.
The increase in efficiency of power generation lowers

the aggregate energy intensity of the United States. It is,
therefore, useful to decompose aggregate energy
Fig. 20 The efficiency of the electric power sector in the U.S.
(1986–2016) [112]
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intensity into two terms: [1] the efficiency of conversion
of primary energy conversion of end-use energy; and, [2]
the end-use energy intensity.3 This allows the decom-
position of energy use changes between end-use effi-
ciency gains and structural shifts in the economy
described above to be more accurately be applied to the
end-use energy intensity.
This is particularly important in distinguishing be-

tween end-use sectors where the residential (70%) and
commercial (76%) sectors are dominated by electricity
use compared to the industrial sector (33%) and the
transportation sector (0.3%) (Table 1).
Fig. 22 Total electricity use in all sectors [115]
National- and state-level electricity consumption
Total U.S. consumption of electricity (Fig. 22 [115]) has
also leveled off over the past decade as a result of a
long-term decline in per capita electricity consumption
(Fig. 23). This mirrors similar trends in other highly in-
dustrialized nations (Fig. 24) [116].
The U.S. electricity sector has traditionally been the

most highly regulated component of the energy sector
and subject to significant national, state and regional
rules that vary in their impacts on fuels, competition,
and pricing. While electricity is subject to critical na-
tional laws [117], the most significant regulation of elec-
tric utilities and sales occurs at the state (or equivalent)
level. State regulatory bodies such as public service com-
missions, public utility commissions, and similar organi-
zations, set retail electricity prices in most situations
under state energy policies [118]. States also trade
Fig. 21 Normalized (1967 = 100) generation and primary energy
consumption by the U.S. electric power sector 1967–2017 [112]
significant levels of electricity with some being net ex-
porters and others net importers.
Many, but not all regions of the country participate in

regional wholesale electricity markets [119] operated
under the leadership of Regional Transmission Organi-
zations [120].
Fig. 23 U.S. per capita electricity use [7, 115]



Fig. 24 Electricity consumption per capita for China, France, India,
Japan, United States, United Kingdom, and the World. Note that the
data source (International Energy Agency) [116] is different than for
Figs. 21 and 22 (U.S. Energy Information Administration) and TPE
estimates are approximately 5% lower

Fig. 25 The “Rosenfeld Curve.” The per capita electricity
consumption in California compared to the rest of the United States
[122, 123]
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As a result, serious analysis of electricity consumption
in the U.S. quickly becomes a complicated but necessary
process of state-by-state and regional analysis.
The well-known “Rosenfeld Curve” (Fig. 25) shows

how the state of California slowed the growth of its per
capita electricity consumption as early as the 1970s con-
trasted against the continuing rise of consumption in
the rest of the U.S [121–123]. While advocates of energy
efficiency regulation commonly make a simple
one-to-one correlation between California’s significant
regulations and the relative difference in electricity con-
sumption to the rest of the U.S., the reasons for the dif-
ference are more complicated. California’s temperate
climate, industrial composition, level of urbanization,
building size, household composition, demographics,
and many other factors all help it achieve lower energy
use. Further, many of California’s energy efficiency initia-
tives have led to lower energy consumption in the rest
of the U.S. For example, California policy requirements
may lead a manufacturer to increase the energy effi-
ciency of a product wherever it is sold resulting in a
lower relative difference in electricity consumption and
obscuring the impact of regulation in California.
Determining how much of difference in per capita

electricity consumption between California and the rest
of the U.S. is due to state policies has proven difficult.
Studies by Sudarshan [124] and Levinson [125] attribute
only 10% - 20% of the difference directly to the state’s
energy efficiency policies. Thus, California’s state-level
energy efficiency regulations do not provide a compre-
hensive explanation of the difference between California
and the rest of the U.S. Per capita electricity consump-
tion for five selected states in addition to California
(Fig. 26) [123, 126], illustrates both the dramatic differ-
ences between individual states and a more recent
stabilization and reduction in per capita consumption
across the country.
Comparison of state-level electricity consumption in

Fig. 26 and that of select nations in Fig. 24 shows that
some U.S. states have comparable per capita electricity
consumption to industrialized countries. Massachusetts
is similar to Japan, and California to France. Under-
standing the differences between state policies within
the U.S. federal system is essential to understanding
electricity consumption.

Efficiency of electricity use
Understanding the efficiency of U.S. electricity use is
based upon a recognition of its distribution among
end-use sectors. The residential (36%) and commercial
(37%) sectors account for nearly three-quarters of elec-
tricity consumption in the United States, while industry
takes a 26% share (Fig. 27).
Over six decades, energy use in the residential and

commercial sectors became dominated by electricity
(Fig. 28 and Table 1) with most of the remaining energy
coming from natural gas. Energy use in these two sec-
tors is for activities related to buildings such as space
heating and cooling, water heating, refrigeration, and



Fig. 26 Per capital electricity retail sales in South Carolina (SC), Texas
(TX), Ohio (OH), Colorado (CO), Massachusetts (MA), and California
(CA) [123, 126]

Fig. 28 Electricity sales share of energy use by end-use sector [81].
Note that electricity system losses are included in end-use
electricity energy
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lightning [127]. Building energy intensity (energy use per
unit of space) has declined steadily but been offset sig-
nificantly by other changes.
For example, in the residential sector between 1980

and 2009, energy intensity per square foot dropped by
over 37% [128]. Note that the energy referred to here is
all energy delivery to the building or “site.” This includes
electricity as well as on-site primary energy. However, to
Fig. 27 U.S. retail electricity sales by sector [81]
avoid double counting the efficiency improvement in
generation described above, electricity does not include
losses that occur in the generation, transmission, or dis-
tribution. During this same period, the number of hous-
ing units increased 33%; the area per household rose
20%; more Americans lived in locations requiring less
heating, and other factors impacted total residential en-
ergy use resulting in a net increase in residential energy
use of 9%. Similarly, commercial buildings have experi-
enced space efficiency improvements offset by an expan-
sion in space use [129].
There is significant variation in the price of electricity

between states. As basic economic theory would suggest,
states with higher retail prices have lower consumption
(Fig. 29) [130, 131]. However, the lack of any simple cor-
relation between average monthly bill and price (Fig. 30)
is perhaps surprising.
The impact of climate and weather conditions in

different regions of the United States can be measured
in terms of heating-degree and cooling-degree days
[132] which quantifies the number of degrees that the
daily average temperature is above or below a given
temperature and suggests the demand level for heating
and cooling. While electricity use generally increases
with a larger number of heating-degree and
cooling-degree days, there are significant differences be-
tween regions. New England and Mid-Atlantic states
have lower average electricity consumption per



Fig. 29 2016 electricity consumption per capita in different U.S.
states compared to average price of electricity to for all end-use
sectors (Hawaii, North Dakota and Wyoming excluded) [130, 131]

Fig. 30 Average monthly electricity bill in states compared to
average price of electricity [130, 131]
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combined heating- and cooling degree day than the
South Atlantic and South-Central states [133]. This is
likely because of energy-efficiency policies and practices
described later in this section. As a result, customers
New England and Mid-Atlantic states have lower aver-
age monthly bills even though they have higher average
electricity prices than customers in the South Atlantic
and South-Central states.
State-level Energy Efficiency Resource Standards

(EERSs) set energy savings targets for utilities and com-
pensate those efforts in the setting of rates [134]. EERSs
are measured in a variety of ways including spending on
efficiency as a percentage of utility revenues, or as an
amount per customer, or as savings as a percentage of
sales. EERSs both raise electricity prices and provide dir-
ect investment in efficiency improvements which reduce
monthly bills [135]. Through EERSs, utilities offer cus-
tomers energy efficiency incentives for efficient products
and home performance audits [136]. EERSs for electric
utilities exist in 26 states with two-thirds of the U.S.
population. EERSs are most influential in the New Eng-
land region which explains, in part, the higher efficiency
of electricity usage in that region noted above.
Utility reports to the U.S. Energy Information Admin-

istration indicate that $3.6 billion was spent by utilities
on customer energy efficiency initiatives in 2016, ap-
proximately $24 per customer [137]. This was as high as
$128 per customer in the state of Massachusetts to zero
in other states. However, Berg and colleagues at the
American Council for an Energy-Efficient Economy esti-
mate that “utilities across the United States invested ap-
proximately $7.6 billion in energy efficiency and saved
approximately 25.4 million megawatt-hours (MWh) in
2016” [138] with an estimated $6.3 billion spent on elec-
tricity programs and $1.3 billion on natural gas
programs.
States set standards for building energy efficiency

based on the International Energy Conservation Code
(IECC) standards for residential buildings and ANSI/
ASHRAE/IES Standards for commercial buildings [139].
However, specific applied standards differ from state to
state.
National policies on electricity efficiency include re-

search and development efforts on efficient lighting,
HVAC (Heating, ventilation, and air conditioning), re-
frigeration, windows, standards, and other aspects of
buildings [140]. Research and development in this area
amounted to $200 million in 2017 [141]. The federal
governmental also develops voluntary energy efficiency
standards under the Energy Star Program for a wide
range of products [142].
AEO2018 projects electric power consumption in the

residential and commercial sectors to remain within 4%
of current consumption for the next decade, before
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slowly rising [54], the ongoing trends in efficiency and
state-level policies, these projections should be viewed
as potentially high.

Electricity regulation and markets
In the early twentieth century, the electricity sector took
the form of utilities operating as regulated monopolies
whereby strict state-level regulation in accordance with
the national Federal Power Act (FPA) was exchanged for
guaranteed profits. Utilities, primarily private corpora-
tions, were vertically-integrated, handling generation,
transmission and distribution, and retail sales. The FPA
was amended in 1978 to create a market for non-utility
power generation [97] that could compete with trad-
itional utilities. The success of this first reform has re-
sulted in further amendments to the FPA and changes
to the regulatory framework under which states operate,
including:

(a.) Turning transmission lines into common carriers
for all power producers. This led to the functional
unbundling of generation, transmission, and
ancillary services in 19964 [143].

(b.)Many states restructuring their electricity markets
in areas of competition, wholesale, and choices for
end-use customers (retail). Today, Independent
Power Producers (IPPs, also known as “merchant
generators”) are responsible for 40% of power gen-
eration which is sold into wholesale markets. Power
marketers, who only sell power to end users, sell
20% of U.S. electricity to 4% of customers. Trad-
itional Investor-owned utilities still serve 58% of
customers with 52% of power sold and carry out
39% of generation.

(c.) The formation of regional wholesale electricity
markets that can encompass many states.

(d.)Rules to accommodate the rise of variable sources
of electricity which bid into wholesale markets at
zero (or negative) price5 [144] guaranteeing
acceptance and sale. Additional rules related to
variable generation address dispatch, frequency
control, voltage control, and reliability [145].

(e.) Rules for the compensation of a wide range of
services provided by energy storage in wholesale
markets [146].

(f.) Rules on the compensation of demand response
(i.e., reductions in end-use electricity consumption
at times of high demand or price) in wholesale mar-
kets [147].

Regulations are guided by a principle of “just, reason-
able and non-discriminatory rates” [148] which require
different types of generation and non-generation services
to be treated equally in wholesale markets. The diversity
of generation characteristics and non-generation services
is expanding rapidly, creating new regulatory challenges
[49] and stimulating the continued evolution of electri-
city markets.
The past decade has been marketed by a rise in the

number of electricity customers who generate and put
electricity on to the grid (e.g., with rooftop solar sys-
tems) and participate in demand management systems.
In coming decades, the interactive roles of these “prosu-
mers” in the electric system are expected to expand to
include more participants and more activities such
microgrids and energy storage. While prosumers are
currently part of a micro-level (or niche-level) energy
transition, their number and influence are expected to
be significant and require further reform of the electri-
city system of the United States [149].
Transmission infrastructure has the potential to be a

bottleneck when connecting variable renewable energy
generation sites to demand centers. While FERC pro-
motes regional coordination in transmission planning
[150], states maintain considerable authority over trans-
mission line approval over their territory. States without
significant interest in the power exchange made possible
by new transmission lines that cross their land are fre-
quently a block to such lines [151]. Overcoming such
problems would likely require amending the FPA to give
FERC greater authority.
Industrial energy use
Industrial energy use is more sensitive than other sectors
to economic cycles, energy prices, technological changes,
and structural shifts.
Absolute industrial energy use dropped 10% following

the onset of the first oil crisis in October 1973, recov-
ered, and then dropped 19% following the second oil cri-
sis (1979–80) (Fig. 15). U.S. industrial energy use
ultimately peaked in 1997 just 8% higher than the 1973
peak and 4% higher than the 1979 peak while industrial
output was 78% and 60% higher respectively [152]. In
2017, industrial energy use was 11% lower than the 1997
peak. Industrial end-use of energy has dropped from ap-
proximately one-half of total energy use to one-third
over the past sixty years.
Bulk chemicals (28%), refining (18%), mining (11%),

and iron steel and aluminum (6%) account for nearly
two-thirds of U.S. industrial energy use. The unconven-
tional oil and gas production boom of the past decade
has resulted in increased energy use in the production,
processing, and refining of those commodities. In part
because of a continued increase in petroleum and nat-
ural gas production, AEO2018 projects a 34% (11.4 EJ)
growth in total industrial energy consumption through
2050 [54].



Fig. 32 Natural gas consumption by end-use sector [154]
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Changing composition
Electricity consumption in the industrial sector peaked
in 2000 (34% of industrial energy use) before declining
19% through 2017, reflecting the broader trend toward
more efficient electricity generation and use, including
state policies described above [153].
Direct use of primary energy sources is an intrinsic

part of the operations of many energy-intensive indus-
tries. As a result, petroleum and natural gas are as im-
portant as electricity as industrial energy sources (Fig. 31).
Lower natural gas prices resulting from the production

boom has lifted its use above that of electricity in the in-
dustrial sector but not as significantly as in the electric
power sector. These two sectors now use similar
amounts of natural gas (Fig. 32) [154] and account for
69% of natural gas consumption.
Natural gas use in the industrial sector is concentrated

in a small number of industries such as oil and gas devel-
opment. In particular, lease and plant fuel accounts for
17% of industrial natural gas consumption. This refers to
natural gas used for the production and processing of nat-
ural gas and naturally rises with increasing domestic pro-
duction as does its use for the movement of natural gas
through pipelines (94% of natural gas use in the transpor-
tation sector). Other key industries for natural gas include
combined heat and power systems (13%), refining, paper
and pulp, chemicals, fertilizer, and metals.
The impacts of the changing composition of energy

use in the industrial sector on emissions of carbon diox-
ide are shown in Fig. 33. The declining share of electri-
city and the decarbonization of the electric power sector
has resulted in a 38% decline in industrial GHG emis-
sions related to electricity. In 2016, natural gas became
Fig. 31 Industrial energy use by source [153]
the largest source of industrial GHG emissions for the
first time since 1974. Total industrial carbon dioxide
emissions peaked with energy use in 1997 and declined
27% through 2017 (Fig. 34) [155] compared to an 11%
decline in energy use.

Onshoring and offshoring of industrial energy use
Industrial energy use is more complicated to understand
than residential and commercial energy use because one
Fig. 33 Industrial sector carbon dioxide emissions by energy
source [155]



Table 3 U.S. Industrial sector energy consumption by industry
type, 2016 [156]

Industrial sector The share of Industrial Sector energy use (2017)

Bulk Chemicals 28%

Refining 18%

Mining 11%

Construction 8%

Paper 6%

Iron, Steel, Aluminum 6%

Food processing 5%

Agriculture 5%

Metal-based products 4%

Cement and Glass 2%

Other 8%
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must look at the change in composition or “structure” of
industrial activity and the energy use changes inside each
element of industrial activity (Table 3 [156]). Changes in
the relative importance, or structure, of different industries,
reflects: (a) the evolution in industrialization (e.g., greater
importance of industrial activities with lower energy inten-
sity); (b) efficiency (intensity) gains in industrial activities;
and (c) some net “offshoring” of energy use embodied in
any trade deficit (Fig. 35) [157].
Three industries illustrate this complexity. First, iron

and steel production is 95% of metal production by
weight in the United States. Net imports of steel mill
products (Fig. 36) [158] represent energy offshoring. Ex-
ports of U.S. steel mill products must be viewed in the
same light and set against imports. Net imports of steel
mill products in 2017 were 25% of consumption and
correspond to approximately 0.5 EJ of energy offshoring.
Second, U.S. net imports of petroleum in 2017 were

about 19% of consumption, down from a high of 60% in
2005. The United States exports approximately 16% of
refined products, nearly five times its imports of finished
petroleum products; thus, there is a net “onshoring” of
energy use for refining [159–161]. Refining energy use
was 4.7 EJ in 2017, suggesting a net onshoring of ap-
proximately 0.6 EJ.
Finally, the U.S. exports over 20% of agricultural pro-

duction [162] which represents an estimated onshoring
of 0.3 EJ before food imports are considered. The em-
bodied energy in such exports varies with crop type,
growing region, and level of processing.
Fig. 34 Industrial sector total carbon dioxide emissions [155]
As noted above, decomposition studies of energy typ-
ically attribute 60% or more of the reduction in energy
intensity to efficiency gains and 40% structural changes
[163]. However, the preceding discussion suggests that
such studies have trade complications [164].
While the U.S. trade imbalance has expanded over the

past quarter century, it was still only slightly over 1% of
GDP in late 2017, suggesting net offshoring of energy on
the scale of 1–2 EJ. Proper consideration of energy use
embodied in trade requires the recognition and appro-
priate attribution of both imports and exports over time,
together with careful analysis of industry-by-industry
global trade patterns, energy use, and caveats about in-
dustrial processes.
Fig. 35 Trade Balance: Goods, Balance of Payments Basis, Millions of
Dollars, Monthly, Seasonally Adjusted [157]



Fig. 36 U.S. imports and exports of steel mill products,
1991–2016 [158]

Fig. 37 Total Vehicle Miles Traveled in the United States [166]
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Projecting future of industrial energy use is particu-
larly challenging because of the uncertainties in both
economic growth and economic structure. EIA’s NEMS
projects a 35% increase in total industrial energy de-
mand from 2016 to 2050.

Transportation energy use
Because, highway vehicles account for over 82% of trans-
portation energy use (Table 4) [165], changes in trans-
portation energy use reflect a tension between increases
vehicle miles traveled (Fig. 37) [166] and gains in vehicle
efficiency (Fig. 38) [167].
Table 4 Decomposition of transportation energy use in the
United States in 2015 [165]. Total does not equal 100% because
of rounding

2015 Energy Use

(EJ) Percentage

Highway

Cars 7.2 26.3%

Light Trucks 8.8 32.3%

Buses/Motorcycles 0.3 1.0%

Medium/Heavy Trucks 6.3 23.1%

Non-highway

Air Transport 2.2 8.2%

Water Transport 1.1 4.0%

Pipelines 0.8 3.0%

Rail 0.6 2.2%
The first oil crises led to the adoption of fuel efficiency
standards for light vehicles. The operational efficiency of
new cars increased by 61% between Model Year (MY)
1975 and 1982. However, efficiency standards proved
politically unpopular and were held constant for three
decades. New vehicle efficiency began declining in the
1980s as greater consumer preference for light trucks (a
Fig. 38 Adjusted Fuel Economy (MPG) by Model Year (1975–2017)
[167]. Values are “adjusted” from the fuel economy values used for
compliance with fuel economy standards to represent the U.S.
Environmental Protection Agency’s best estimates of
real-world performance



Fig. 39 Energy use carbon dioxide emissions by end-use
sector [174]
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category which includes Sport Utility Vehicles) asserted
itself.
A second wave of fuel economy standards followed

the 2007 ruling by the Supreme Court of the United
States [168] that emissions of greenhouse gases were
pollutants under the Clean Air Act. This ruling led to
standards for new vehicles of MY2012–2025 for light ve-
hicles and MY2014–2027 for medium and heavy trucks.
Between model years 2004 and 2017, the estimated oper-
ational efficiency of new light vehicles (cars and light
trucks) rose nearly 31%.
While fuel efficiency standards are generally a national

policy, the state of California can, with permission from
the U.S. Environmental Protection Agency, implement
standards that are stricter than national standards [169].
California’s standards can, in turn, be adopted by other
states. Thus, although there is an ongoing move by the
federal government to review and reduce the increases
in fuel economy standards set for MY2022–2025 [170],
many states may sustain the existing higher standards.
Several challenges mediate the impact of vehicle fuel

efficiency standards. First, the median age of cars and
light trucks on the road in the U.S. is 11.6 years, up from
9.6 years in 2002 [171]. Thus, there is a considerable lag
in the impact of the deployment of more fuel-efficient
new vehicles because of this longevity.
Second, many U.S drivers prefer light trucks, with

lower efficiency standards, over smaller cars. The light
truck category of vehicles increased its market share
from about 20% in the late 1970s to approximately 38%
today. This growth is due primarily to the popularity of
Sport Utility Vehicles.
Other societal factors impacting transportation energy

use include driver demographics and behavior, residen-
tial locations relative to work locations, urban versus
rural populations, and mass transit options.
While petroleum possesses a near monopoly as a pri-

mary fuel for transportation, the United States has diver-
sified its transportation fuel supply slightly with biofuels.
The national Renewable Fuel Standard [172] described
above has resulted in most retail gasoline sold in the
United States being 10% bio-based ethanol (E10), and
widespread use of biodiesel. Biofuels provided 5% of the
energy used in the transportation sector in 2017.
Transportation energy use peaked in 2007 at 30 EJ

before declining 9% through 2012 in response to
higher fuel prices and then with the imposition of
new fuel efficiency standards. However, sustained
economic growth coupled with the 2014 drop in oil
and fuel prices has given rise to a recent uptick in
driving and 7% increase in transportation energy use
through 2017.
With decreased energy use in other sectors, the trans-

portation sector’s share of energy use has increased from
23% in 1966 to 29% in 2017 (Fig. 15). AEO2018 projects
relative stability in transportation energy use through
2050 [173]. The NEMS reference case assumes a 2040
petroleum price of $109/barrel. A lower or higher price
would increase or decrease consumption respectively.
Consumption of petroleum for transportation will likely
increase modestly in the coming decade.
The transportation sector has the largest emissions

of greenhouse gases on any end-use sector (Fig. 39)
[174], surpassing the industrial sector in 1999. Trans-
portation emissions exceeded the electric power sec-
tor in 2017. Thus, transportation represents the most
significant challenge to reducing U.S. greenhouse
emissions.
AEO2018 projections for transportation sector

GHG emissions are based on current fuel efficiency
standards and projections of fuel prices, miles
driven, and adoption of electric vehicles. The
AEO2018 projection (Fig. 40) [175] is that emissions
will decline through 2036 as vehicles sold in compli-
ance with current standards for model years through
2025 come to dominate vehicles on the road. This
projection assumes no rollback of current national
standards and no new higher standards in the future.
Thus, declines in transportation emissions level out and
begin to rise again. Under different assumptions about fu-
ture transportation factors, such as additional higher effi-
ciency standards, greater use of biofuels, or high adoption
of electric vehicles, result in lower emissions.



Fig. 40 Projected emissions from energy use by end-use sector
from the Energy information Administration’s 2018 Annual Energy
Outlook [175]
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The future of energy transitions in the United
States
This paper began by noting that energy systems are
always in transition and that transitions are best
viewed with a long-term, socio-technological and
multilevel perspective. Prior sections have shown that
profound shifts have been occurring in many aspects
of U.S. energy use.

Energy Production
The most significant shifts have occurred where
long-term technological and policy efforts have moved
from micro-level (or niche-level) activities to meso-level
to macro-level. For example, unconventional oil and gas
development, wind power and solar electricity were all
micro-level activities until the 1990s. Long-term,
publicly-funded research and development enabled these
technologies to begin to enter the marketplace. Each
technology moved through meso-level transitions with
the assistance of many public and private actors.
While unconventional oil and gas have fed into

existing macro-level energy systems, onshore wind and
solar are still making the transition from meso- to
macro-level with the assistance of:

[i.] State- and national-level policies that provide finan-
cial incentives;

[ii.] technological and manufacturing developments;
[iii.] adaptation of market rules;
[iv.] changing practices by utilities and other actors in
electricity markets; and,

[v.] growing (but not universal) public acceptance.

Electricity
While wind power has gained meaningful market share
(6.3% in 2017), it is not yet sufficiently entrenched to be
considered an “incumbent” technology like coal-fired,
natural gas-fired and nuclear electricity generation and
faces opposition (albeit declining) from many associated
with those technologies [176, 177]. Solar electricity gen-
eration is approximately eight-years behind that of wind
power (i.e., solar generation in all sectors for 2014–2017
was close to that of wind for 2006–2009) [178].
Lower cost for electricity from natural gas, wind, and

solar electricity is steadily driving coal-fired generation
from the market.
Several factors will impact the rate of decline in

coal-fired power generation in the coming decades,
including:

(1) The relative cost of alternatives electricity sources.
In particular, the cost of natural gas (based future
unconventional production); and, the relative cost
of wind, and solar.

(2) Decisions about the closure of existing nuclear
power plants and whether to compensate them for
their carbon emissions characteristics. The ongoing
retirement of aging and non-economic reactors
[179] combined with the construction of just two
new reactors suggests a declining contribution of
nuclear through the coming decades. Whether new
nuclear technologies such as Small Modular Reac-
tors will revive the role of nuclear power in the
2030s is an open question [180, 181].

(3) The evolution public policies such as Renewable
Portfolio Standards in each of the states; national
Clean Air Act regulations; and, reforms to regional
wholesale power markets.

(4) The rate at which infrastructure required to move
energy from production sites to demand centers
can be built or expanded. This includes expansion
of the electric transmission grid for wind and solar
(in particular High Voltage Direct Current
transmission lines) and new pipelines for natural
gas. Large-scale infrastructure projects like these ex-
perience significant challenges under the U.S.’s fed-
eral system where individual states can block
significant projects crossing their territory.

(5) The speed of deployment of electricity storage
capacity is subject to both technological and
economic advances. It is important to note that for
electricity, different storage technologies and
economics are required for different time frames;
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hours to address fluctuations and diurnal cycles;
and, weeks to months to address weather effects
and seasonal variability.

(6) The growth or decline in electricity demand.
AEO2018 projects 24% increase in electricity
demand through 2050 as a result on a 33% increase
in industrial demand, and a sixteen-fold increase in
electricity use for transportation. These correspond
to a 12.2 EJ and a 1.6 EJ increase in primary energy
for generation respectively based on 2017 gener-
ation efficiency. However, electricity efficiency gains
from evolving state-level policies are not captured
in this projection and would likely reduce
consumption.

(7) Alternatives to coal-fired electricity are also in com-
petition with each other. For example, very low nat-
ural gas prices will also slow the deployment of
wind and solar [68].

AEO2018 projects the share of U.S. electricity (from
all sectors) coming from natural gas to rise from 32% to
34% in 2030 and 35% in 2050; coal to decline to from
30% to 26% (2030) and 22% (2050); and nuclear from
20% to 15% (2030) and 12% (2050). Renewable electricity
from all sources (wind, solar, hydropower, biomass and
geothermal) is projected to rise from 17% in 2017 to
23% (2030) and 31% in 2050 [54].
Technological advances which result in low-cost en-

ergy storage will boost wind and solar relative to nat-
ural gas [68]. However, energy storage technologies
are, except for pumped hydroelectricity storage which
is well developed and provides over 95% of global en-
ergy storage [182], undergoing a meso-level transition.
That is, technologies such as batteries, hydrogen fuel
cells, and thermal energy storage devices are begin-
ning to be deployed at scale, often with incentives
from state policies.
The electricity system of the United States is, there-

fore, in “mid-transition” with a decade of significant
change completed, but several decades of change ahead.
While many scholars have explored scenarios of the

future of the U.S. electricity sector with deep
decarbonization of emissions, there is significant debate
about the what energy sources will be used. Jacobson
and colleagues [183, 184] have proposed a transition to
100% renewable hydroelectricity, wind and solar power.
However, Clack and colleagues [185] have noted signifi-
cant challenges to such as transition and proposed
models with an 80% decarbonization relative to 1990
levels and a more diversified set of energy sources, in-
cluding some fossil fuels with carbon capture and se-
questration [186]. The Renewable Portfolio Standard
adopted by the state of California in September 2018 of
100% “clean energy” by 2045 includes both geothermal
power and the option of nuclear power but excludes fos-
sil fuels [39].
The ambitious Renewable Portfolio Standard adopted

by the state of California (12% of U.S. electricity con-
sumption) also illustrates the ongoing importance of the
federal system in the United States. State governments
have considerable power over many kinds of energy use
separate and distinct from the policies (or lack thereof )
adopted by the national government. Some states, like
California, have consistently demonstrated a desire to
promote energy efficiency (through Energy Efficiency
Resource Standards) and specific energy sources (as
through Renewable Portfolio Standards) through state
law; while other states have taken a more hands-off ap-
proach. Such differences result in significantly different
levels of energy use and rates of deployment of specific
energy practices.
It should also be noted that state-level Energy Effi-

ciency Resource Standards (EERSs) described above with
respect to electricity consumption are also applied to
natural gas consumption in 16 states (compared to 26
states for electricity) [130]. As with electricity EERSs,
natural gas EERSs are highest in New England states.
Other state-level policies incentivize specific energy
technologies (e.g., residential rooftop solar panels) and
energy-use practices (e.g., carpooling) that have socially
desirable outcomes.
Federalism in the United States also provides chal-

lenges to the ongoing transition in electricity. Models of
deep decarbonization of the electric power system re-
quire significant sharing (or “averaging”) of power gener-
ation and consumption over large geographic areas,
which will only be possible with significant new trans-
mission infrastructure. However, as noted in “Electricity
regulation and markets” section, individual states can
stop the construction of new transmission lines crossing
their territory which do not directly benefit them. Feder-
alism can thus both enable and slow energy transitions.

Transportation
Energy use in the transportation sector has undergone
two modest transitions in the past decade; the use of
biofuels which accounts for 5% of energy use in the
transportation sector; and, an increase in new vehicle ef-
ficiency as a result of fuel economy standards. However,
two emerging technologies, electric vehicles and autono-
mous driving vehicles may bring about much more pro-
found transitions in the coming decades.
The fundamental impact of electric vehicles will be to

diversify energy sources for transportation to include all
those used to generate electricity.
Plug-in hybrid electric vehicles (PHEVs) and full bat-

tery electric vehicles (BEVs), accounted for slightly over
1% of new light vehicle sales in the United States in
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2017 and 16% of electric vehicle sales worldwide [187].
Electric vehicles are support by federal tax incentives
[188] and state-level incentives [189]. The key metric for
cost-effective electric vehicles is the cost of battery en-
ergy storage which has dropped from over $800/kWh in
2010 to approximately $200/kWh in 2017 [190, 191].
Further cost declines to $100/kWh by 2025 are forecast
[192]. Thus, electric vehicles can be viewed as undergo-
ing a meso-level transition supported by rapid techno-
logical (cost) advances and public policies.
Forecasts of electric vehicle deployment vary widely

based on different assumptions about future cost reduc-
tions in batteries, policies to promote electric vehicles,
and customer acceptance. The AEO2018 projects BEVs
at 14% of total U.S. Vehicle Sales in 2050 and PHEVs to
be 2% [193]. However, other estimates are higher. For
example, Bloomberg New Energy Finance, projects “55%
of new car sales and 33% of the global car fleet will be
electric” by 2040, with the U.S. reaching 11% of new
sales in 2025 [194]. Such wide variations in electric ve-
hicle deployment bring additional uncertainty into pro-
jections of future of energy use [195].
The rate of impact of electric vehicles on energy use

will be slowed because the turnover of vehicles in oper-
ation is less than 10% per year [196]. Depending on the
timing of electric vehicle charging and how electric vehi-
cles are integrated into the grid, electric vehicles may
both accelerate deployment of variable sources of elec-
tricity such as wind and solar and create additional de-
mand for generating capacity using all fuels [197].
Autonomous (self-driving) vehicles represent a

micro-level transition in 2018 with research and devel-
opment and prototype deployments primarily financed
by private investment [198] and policies oriented toward
the future deployment of small fleets [199]. However, au-
tonomous vehicles will move to a meso-scale transition
in the next few years, with the deployment of taxi fleets
in certain cities. At what point autonomous vehicles be-
come a macro-level transition in transportation is a mat-
ter of much speculation and dependent on both
technological and policies advances.
The energy impact of autonomous vehicles is also dif-

ficult to predict. Autonomous vehicles may decrease en-
ergy consumption by increasing energy efficient driving;
“platooning” vehicles to reduce air resistance; allowing
weight reductions because of increased safety; and redu-
cing weight by electrifying the powertrain. Alternatively,
by reducing the cost of travel and increasing safety, au-
tonomous vehicles may increase energy consumption by
increasing travel; allowing higher speeds; increasing
commuting distances; and, providing increased mobility
to low-served communities such as the elderly and dis-
abled [200]. Thus, autonomous vehicles may decrease or
increase transportation energy use, making projections
of future energy use in the transportation sector more
uncertainty than in prior years.

Primary and final energy use
The current National Energy Modeling System projec-
tion (contained in AEO2018) of the total primary energy
consumption of the United States in 2050 under the
reference case of assumptions is 115 EJ, 12% higher than
in 2017. Nearly all of that increase is projected to occur
in the industrial sector with no change in the residential
and transportation sectors and a modest 0.4% growth in
the commercial sector [54].
However, “reference case” assumptions for NEMS in

prior years have projected higher energy use than experi-
enced in most years. Fischer and colleagues, for example,
reviewed NEMS projections from 1994 to 2006 and
found “a fairly modest but persistent tendency to under-
estimate total energy demand by an average of 2% per
year over the one- to five-year projection horizon after
controlling for projection errors in gross domestic prod-
uct, oil prices, and heating/cooling degree days” [201].
The tendency for NEMS projections to be higher than
ultimately seen is rooted in the model’s treatment of sev-
eral factors. Most significant is a business-as-usual policy
assumption. NEMS does not recognize the future lower-
ing of demand as the result of new energy efficiency
policies such as more aggressive state-level Energy
Efficiency Resource Standards (EERSs) and Renewable
Portfolio Standards (which, as shown above impact the
efficiency of electricity generation). The impacts of all
efficiency gains grow in significance with longer-term
projections. Additional factors that impact the accuracy
of NEMS projections include projections of energy
production and prices, fuel composition, and the impact
of new technologies and their rate of deployment. All
projections of future energy use must be understood in
this context.
If we assume that the projections in AEO2018 are 2%

higher per year higher than the actual energy demand
that occurs (that is a year with a projected 1% projected
growth in TPE will have a 1% decline) primary energy
demand in 2050 would be 29% lower than in 2017. This
is not a forecast, but an observation about the consider-
able range of possible energy demand over the coming
decades.

Emissions of greenhouse gases
As part of the 2015 Paris Agreement, the United States
submitted an Intended Nationally Determined Commit-
ment (INDC) “to achieve an economy-wide target of re-
ducing its greenhouse gas emissions by 26-28 percent
below its 2005 level in 2025 and to make best efforts to
reduce its emissions by 28%.. .. This target is consistent
with a straight line emission reduction pathway from 2020
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to deep, economy-wide emission reductions of 80% or
more by 2050. The target is part of a longer range, collect-
ive effort to transition to a low-carbon global economy as
rapidly as possible” [202]. This includes emissions from all
sources and the net absorption of GHGs by land use,
land-use change, and forestry (LULUCF) which reduce
gross U.S. GHG emissions by approximately 10% [106]. In
2016, net emissions of GHGs in the United States were
approximately 12% lower than in 2005.
The EIA tracks carbon dioxide emissions related to energy

use which constitute approximately 95% of all GHG emis-
sions from energy use and 81% of gross GHG emissions in
the United States. In 2016, carbon dioxide emissions from
energy use, and total GHG emissions from energy use were
approximately 13% lower than in 2005 [106].
AEO2018 projects energy-only carbon dioxide emis-

sions in 2025 to be 15% lower than 2005 levels and 12%
lower in 2050 (Fig. 40), with a 2% increase in industrial
sector emissions. The electric power sector emissions,
before allocation to end-use sectors is projected to be
29% lower than 2005 in 2025 and 26% lower in 2050.
Thus, the AEO2018 projection shows the United States
falling short of its INDC. However, as noted several
times in this paper, the AEO2018 projection is based on
certain assumptions about economic growth, technology
improvements, and “business-as-usual” policies.
GHG emissions from energy use can be viewed as a

combination of energy demand and fuel composition.
Factors affecting energy demand include:

(1) Economic growth driving industrial and commercial
energy use modified efficiency gains, economic
structure, and the onshoring/offshoring of energy
use (“Onshoring and offshoring of industrial energy
use” section).

(2) Residential energy demand electricity and natural
gas modified by efficiency gains helped by such
policies as state-level Energy Efficiency Resource
Standards (“Efficiency of electricity use” section).

(3) Transportation energy demand which combines
total miles traveled and vehicle efficiency. The
tension between fuel efficiency standards and
customer preference for larger vehicles will be
significant (“Transportation energy use” section), as
will the potential for autonomous vehicles to
impact both total miles traveled and efficiency of
driving. (“Transportation” section).

On the fuel composition side, two factors dominate
emissions,

(1) The fuel composition of electricity generation,
including the rate of decline of coal, the duration of
high use of natural gas, and the movement through
higher use of natural gas (with about half the CO2

emissions of coal per unit of electric power) to
renewables with no emissions (“Electricity” section).
The role of state-level Renewable Portfolio Stan-
dards may be the most important policy here. Cali-
fornia’s target of 100% clean (i.e., carbon-free
generation) electricity by 2045 will have national
implications, especially if other states follow its lead.
Cleetus and colleagues [203] among others have
developed scenarios of deep decarbonization of
the electricity generation by where carbon diox-
ide emissions are reduced by 90% below 2005
levels in 2050. This would reduce total projected
emissions in 2050 by 29%

(2) The rate of in electrification of vehicles
(“Transportation” section). An estimate by
Keshavarzmohammadian and colleagues [204] finds
that a BEV penetration of the light vehicle new
sales market of 15% and 47% in 2030 and 2050
would reduce economy-wide emissions by 5% and
9% respectively compared to Business as Usual.

The development and large-scale deployment of ad-
vanced biofuels with low (less than 40%) net GHG
emissions compared to petroleum-based fuels may
assist in reducing GHG emissions from the trans-
portation sector during any period of electrification
and be particularly important for certain applica-
tions such as aviation which is challenging to elec-
trify because of battery weight.
(3) The level of natural gas use in all sectors over
coming decades. This represents a “double-edged
sword,” by reducing coal use but slowing renewable
energy deployment. Further, fugitive emissions of
methane from natural gas production and
distribution can potentially offset all climate
benefits of switching from coal. There is significant
disagreement between current estimates of fugitive
emissions [205] particularly from the oil and gas
sector which accounts for 31% of methane
emissions according to the U.S. Environmental
Protection Agency [106] (a leak rate of 1.4%) but
higher (2.3%) by other estimates [206]. This is an
issue important to all users of natural gas in all
sectors. Some have even posited that additional
economic growth from low-cost natural gas may re-
sult in even higher emissions [207]; a full “Jevons
Paradox.”

It is clear that there are many potential paths for GHG
emissions from energy use in the United States which
depend on the full range of socio-technological factors
influencing the many transitions underway. Many im-
portant factors are within the scope of public policy at
the national-level and of the 50 individual states.
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The energy transitions are varied and complex and are
entirely understandable only with the hindsight of many
decades. The ongoing transitions in energy use will also
have significant implications for other areas of public
policy such as local environmental impacts, economics,
global trade, and human development.

Endnotes
1As an interesting aside, it is worth noting that in

2014, the U.S. Environmental Protection Agency pro-
jected that the, then proposed, Clean Power Plan, when
fully implemented by 2030, would result in a reduction
of GHG emissions of 32% below the 2005 level.

2Note that wind turbines have a theoretical efficiency
limit (the Betz limit) and photovoltaic cells have the
Shockley–Queisser limit [109]. In-situ efficiencies fall
well short of such limits.

3Of course, the generation of electricity is just one type
of primary energy conversion to end-use energy, albeit
the largest.

4Ancillary services are defined by FERC at those ser-
vices “necessary to support the transmission of electric
power from seller to purchaser given the obligations of
control areas and transmitting utilities within those con-
trol areas to maintain reliable operations of the intercon-
nected transmission system.”

5Zero price bids are caused by the absence of fuel
costs. Negative price bids are made possible by Produc-
tion Tax Credits. Final market sales occur at the price of
the last bid required to meet demand.
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