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Preface
This report is one in a series of Electrification Futures Study (EFS) publications. The EFS is a
multi-year research project to explore potential widespread electrification in the future energy
system of the United States. Electrification is defined as the substitution of electricity for direct
combustion of non-electricity-based fuels (e.g., gasoline and natural gas) used to provide similar
services.
The EFS is specifically designed to examine electric technology advancement and adoption for
end uses in all major economic sectors as well as electricity consumption growth and load
profiles, future power system infrastructure development and operations, and the economic and
environmental implications of electrification. Because of the expansive scope and the multi-year
duration of the study, research findings and supporting data will be published as a series of
reports, with each report released on its own timeframe. The table below shows the various
research topics planned for examination under the EFS and how this report fits with the other
components of the study.
Topic

Relation to this Report

Electric technology cost and performance
projections

Provides technology data used in this report
(Jadun et al. 2017)

Electrification demand-side adoption scenarios

This report

Electric system supply-side scenarios

Relies on electricity consumption reported in
this report

Electricity consumption patterns

Relies on technology adoption projections
reported in this report

Electric system operations

Relies on the consumption patterns and supplyside scenarios from other reports, which rely on
data from this report

Impacts assessment

Relies on the technology adoption projections in
this report along with data from other reports

This report is the second publication in this series and presents scenarios of electric end-use
technology adoption and resulting electricity consumption in the United States. The scenarios
reflect a wide range of electricity demand growth through 2050 that result from various electric
technology adoption and efficiency projections in the transportation, residential and commercial
buildings, and industrial sectors. The report describes the methodology, assumptions, and
limitations of the analysis. The demand scenarios provided in this report will be used to inform
the supply scenarios and impacts to be presented in future reports under the EFS project. Results
from the current demand-side scenarios can also be used by other researchers who wish to
explore implications of electrification and demand growth in the U.S. economy.
More information, the supporting data associated with this report, links to other reports in the
EFS study, and information about the broader study are available at www.nrel.gov/efs.
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Executive Summary
Motivation
Electrification—the shift from any non-electric source of energy to electricity at the point of final
consumption—is a major emerging trend in energy markets around the world. Driving this trend is a
collection of newly-improved electric end-use technologies, engaged consumers and manufacturers,
and a variety of policy objectives in different jurisdictions. As energy and electricity impact every
other sector of the economy, electrification has the potential to significantly affect actors across the
entire landscape. Many electric utilities are carefully watching the trend toward electrification, as it
has the potential to increase sales and revenues that have stagnated or fallen over the past decade.
Beyond power system planning, other motivations to study electrification include its potential to
impact energy security, emissions, and innovation in electrical end-use technologies and overall
efficient system integration. The impacts of electrification could be far-reaching and have benefits
and costs to various stakeholders.
This report—the second in the multi-year and multi-stakeholder Electrification Futures Study
(EFS)—aims to build an integrated understanding of how the potential for electrification might
impact the demand side in all major sectors of the U.S. energy system: transportation, residential
and commercial buildings, and industry. The demand-side analysis presented in this report is not
intended to be predictive but is instead designed to provide foundational data to enable a thorough
assessment of the isolated impacts of electrification.
Individually, each sector would be impacted by increased electrification, and in aggregate, they
could have notable effects on the future power system. Continued acceleration of electric vehicle
adoption in the transportation sector could dramatically increase total electricity demand, with
concurrent impacts on petroleum trade and tailpipe emissions. Impacts in this sector could
be especially magnified because transportation currently accounts for less than 1% of U.S.
electricity demand but accounts for nearly 30% of primary energy consumption. While energy
consumption in buildings is already highly electrified, adoption of increasingly competitive
commercial and residential high-efficiency electric heat pumps could significantly alter the shape
and timing of peak electricity demand. Even though the broad heterogeneity of industrial uses
limits generalizations, productivity and economic benefits of electrotechnologies for certain lowtemperature energy needs, such as curing and drying, could lead to increased electrification
in the sector.
Electricity provided about 19% of final U.S. energy consumption in 2016, but with a wide range
across sectors: from about 0.1% in transportation to 53% in commercial buildings. The degree by
which electrification might expand beyond this level could have significant implications for the
U.S. and global economies, geopolitics, businesses, population, and the environment. The EFS is
designed to evaluate some of these impacts while this report aims to accomplish two objectives:
1. Characterize changes to end-use sectors under futures with increasing levels
of electrification
2. Quantify how electrification impacts total electricity demand and consumption profiles.
By exploring the impact of electrification on how much, when and where electricity is used, the
demand-side scenarios presented here lay the foundation for future EFS reports on the electricity
system’s supply-side evolution and operations, as well as other impacts of electrification.
ix
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Scenario and Methods
This analysis presents plausible electrification scenarios encompassing end-use technology adoption
across all sectors in the contiguous U.S. energy system through 2050. The end uses considered for
electrification include all on-road transport, most of the buildings sector, and parts of the industrial
sector, which together currently consume three-quarters of total U.S. primary energy and have
market-ready or near market-ready electric technologies available. 1 For the analysis, we developed
three main scenarios that explore the speed and extent of consumer adoption of end-use electric
technologies from today through to 2050:
•
•
•

Reference scenario: the least incremental change in electrification through 2050, which
serves as a baseline of comparison to the other scenarios. 2
Medium scenario: a future with widespread electrification among the “low-hanging fruit”
opportunities in electric vehicles, heat pumps and select industrial applications, but one that
does not result in transformational change.
High scenario: a combination of technology advancements, policy support and consumer
enthusiasm that enables transformational change in electrification.

For each adoption scenario noted above, three scenarios explore the rate of improvement of
key electric technologies from a cost and performance perspective, based on our best current
understanding of how these traits will evolve over time and which a previous report in this series 3
explored. These nine scenarios capture a broad uncertainty range and together, span a considerable
range of electrification futures. The scenarios are designed to assess impacts of potential widespread
electrification and should not be interpreted as forecasts or predictions.
The scenarios were developed through use of an updated version of EnergyPATHWAYS (EP),
a bottom-up stock-taking tool of all infrastructure that consumes, produces, delivers or converts
energy. Annual sales shares in each scenario were developed through expert judgment from the
authors based on analysis of current trends and insights from other studies as well as from consumer
choice models. These sales shares are input to the tool, which tracks service demand changes,
equipment stock turnover to meet those changes and consequential final energy and electricity
use of: vehicle fleets; appliances; heating, ventilation, and air conditioning systems; industrial
machinery; and other types of energy-consuming equipment over time. For this analysis, we focus
only on direct electric technologies and isolate the impacts of electrification; we make no attempt to
compare a broader suite of technology or fuel (e.g., hydrogen- or biomass-based) options, nor do
we model macroeconomic or behavioral changes caused by new technology adoption.
In short, while the bottom-up accounting structure of EP has limitations, it does enable EP to
comprehensively characterize long-term changes in the end-use ecosystem of technologies across
sectors in future scenarios.

1

The one-quarter of total U.S. primary energy demand not considered for electrification in the analysis includes air,
marine, rail and off-road transport; several “other” categories of building energy demand; and select industrial processes
such as blast furnace steelmaking and petroleum refining.
2
The Reference scenario is largely consistent with the U.S. Energy Information Administration’s AEO2017 Reference
scenario, which reflects laws, policies, and regulations as of 2017.
3
The first report in the EFS series, Electrification Futures Study: End-Use Electric Technology Cost and Performance
Projections through 2050 (Jadun et al. 2017), provides data projections for multiple electric vehicle and heat pump
technologies. It also summarizes the literature for industrial electrotechnologies.
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Key Findings
The scale of electrification can be informed by the context of historical energy
transformations. Rapid adoption of refrigerators, air conditioning, and home electronics, for
example—coupled with population and economic growth—led to strong growth in commercial
and residential electrification over the past several decades. In recent years, this overall growth
in electricity share has leveled off but with the potential for future growth driven by technology
adoption. Technology and energy transitions are often represented by S-shaped curves (Figure
ES-1) that show slow initial growth, followed by rapid market uptake and then gradual leveling
off as markets mature and saturate. Historical experiences suggest that technology diffusion,
while notoriously difficult to predict, can occur rapidly and with an extensive reach. For this
report, we use the S-curve behavior to inform the adoption of end-use electric technologies in the
report’s future scenarios. Our findings demonstrate a wide range of potential electrification
levels, with associated impacts, depending on how technology, consumer choice and policy
interventions evolve.

Figure ES-1. Diffusion of various technologies in U.S. households
Data Sources: Du Boff 1964 in Devine 1983 for electric motors; Ritchie and Roser 2018 for all others
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The transportation sector experiences the greatest technology transition toward electric
vehicles in the scenarios from this study. A representative example of scenario results for one
segment of the transportation sector is shown in Figure ES-2, which includes the sales share,
vehicle stock, and miles traveled for the light-duty fleet (cars and trucks) in the three scenarios.
These estimates foresee ranges of stock penetrations of plug-in electric vehicles in the 2050
light-duty fleet from roughly 11% in the Reference scenario to nearly 84% in the High scenario.
More broadly, plug-in hybrid and battery electric vehicles are estimated to grow in all on-road
transportation segments in the Medium and High scenarios. In the Medium scenario, growth in
plug-in electric vehicles occurs most prevalently for transit buses, throughout the light-duty fleet,
and primarily for short-haul applications for medium- and heavy-duty trucks. This expansion is
most pervasive in the High scenario, which is designed to include plug-in electric vehicle sales
shares beyond many existing studies and where over 240 million light-duty electric cars and
trucks, 7 million medium- and heavy-duty electric trucks, and 80,000 electric transit buses are
estimated to be on U.S. roads by 2050. For comparison, there were about 560,000 plug-in
electric vehicles on U.S. roads by the end of 2016. Together, these electric vehicles would
account for up to 76% of vehicle miles traveled in 2050.
The buildings and industrial sectors generally see less potential for transformational
change nationwide, but electrification in these sectors could acutely affect certain regions
and end uses. Still, a significant increase in building appliance manufacturing and adoption
would be needed in our scenarios as the electric devices are found to provide up to 61% of space
heating, 52% of water heating, and 94% of cooking services in the combined commercial and
residential sectors by 2050 in the High scenario, compared with 17%, 26%, and 34%,
respectively, in the Reference scenario. Heat pumps are found to be key technologies for
buildings electrification especially in the High scenario in which over 170 million heat pumps
are modeled to provide water and space heating (and space cooling) services to residential
homes, including those in cold climate regions. The high efficiency and multi-service potential
of heat pumps can support their economic attractiveness; however, barriers to heat pump
adoption, such as buildings retrofits and consumer familiarity, might limit growth in sales.
Aggressive electrification could also lead to adoption of industrial electrotechnologies: 63%
of curing needs, 32% of drying services, 56% of other process heating and a range of other
industrial end-uses by 2050 would be electrified in the High scenario. Electrotechnologies with
productivity benefits have the most potential for industrial electrification, while other
technologies without these benefits might find narrower opportunities for adoption. In the body
of the report, we describe assumptions that go into the development of all scenarios in the
transport, buildings and industrial sectors.
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Figure ES-2. Scenarios of light-duty vehicle sales share, stock, and miles traveled
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Electrification has the potential to significantly increase overall demand for electricity,
although even in the High scenario, compound annual electricity consumption growth rates
are below long-term historical growth rates. The Reference scenario has the most limited
impacts from electrification, but continued growth in both population and the U.S. economy
leads to a compound annual growth rate (from 2016 to 2050) in electricity demand of 0.65% and
4,722 terawatt-hours (TWh) of total consumption by 2050. In the Medium and High scenarios,
total 2050 electricity demand is estimated to be 934 TWh (20%) and 1,782 TWh (38%) greater,
respectively, than in the Reference. Compound annual growth rates are found to be 1.2% and
1.6% in these scenarios, respectively. These growth rates are well below the historical rate from
1950 to 2016 (4%/yr) and fall below the 1.8%/yr growth rate observed over the same duration
(34 years, 1982–2016) as the study future period. However, comparing absolute year-to-year
changes in consumption (rather than compound annual growth rates) in the scenarios shows how
widespread electrification can lead to historically unprecedented growth. In the High scenario,
the average increase (during 2016–2050) in annual electricity consumption is about 80 TWh/yr,
compared with 50–55 TWh/year over the prior 34 years. The vast majority of this increase
occurs in the transportation sector. Buildings electrification leads to more-limited incremental
growth in annual electricity consumption in part because of the high efficiency of heat pumps
and their partial displacement of inefficient electric resistance heaters. Figure ES-3 summarizes
annual electricity consumption results in these scenarios, which use a central Moderate
technology advancement projection. The report and accompanying data include additional
results for other technology projections modeled.

Figure ES-3. Historical and projected annual electricity consumption
Moderate technology advancements are shown. Slight adjustments were made to the modeled industry consumption
estimates (for 2017-–2020) to align them with available historical data.
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In addition to growth in annual electricity consumption—driven to a large degree by
greater adoption of plug-in electric vehicles—electrification has the potential to
significantly shift load shapes, particularly due to increased reliance on electric heat pumps
for space and water heating needs. Figure ES-4 shows how peak demand grows and shifts to
the winter season for a substantial number of states in the High scenario. The size of the pie
charts corresponds to the magnitude of the highest estimated hourly load for each state, and
the pie wedges show how the top 100 load hours are distributed across the four seasons. In
2015, all states excluding those in or near the Pacific Northwest are estimated to be primarily
summer peaking, with a majority of the top 100 load hours falling in June, July, or August.
Under the Medium and High electrification scenarios, growth in winter electricity consumption
outpaces consumption in non-winter months in many regions, in large part because of greater
adoption of electric air source heat pumps in the Midwest and Northeast regions, which have
colder climates. Along with the shift in when peak demand occurs, the size of the peak also
increases. The aggregate and coincident peak national hourly demand in 2050 is estimated to be
19% and 33% greater in the Medium and High scenario, respectively, than in the Reference
scenario, where peak demand is estimated to reach 838 gigawatts (GW) in 2050. While
transportation electrification has an outsized impact on annual electricity consumption compared
with the other sectors, buildings electrification can dramatically change the characteristics of
peak demand. Changes to peak load, and shifts to load shapes more generally, can be sensitive to
the degree of demand-side flexibility, which we include in our modeling but only to a limited
extent. Further research is needed on this important topic. How electrification impacts load
shapes could have significant impact on electric utility planning, grid operations, reliability
assessments, and electricity markets.

Figure ES-4. Estimated peak load magnitude and seasonal timing by state for 2015 (left) and 2050
in the High scenario (right)
The size of the pie charts corresponds with total electricity demand (GW) during the top demand hour. The pie
wedges show the seasonal distribution of the top 100 hours with the highest demand by state. Seasons are defined
along monthly groupings: summer includes June, July, and August; fall includes September, October, and November;
winter includes December, January, and February; and spring includes March, April, and May. Data shown, including
2015 data, are based on modeled estimates.
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Widespread end-use electric technology adoption would result in substantial shifts in fuel,
electricity, and total energy consumption. In 2050, electricity’s share (of total final energy)
increases to 32% in the Medium and 41% in the High scenario—significantly above the 23% in
the Reference scenario and 19% in 2016 (Figure ES-5). The impacts to electricity share vary
significantly by sector, with the largest growth found in transportation for the Medium and High
scenarios and the least change occurring in industry. Consistent with observed trends since 1950
the buildings sectors remain the most electrified in all scenarios and with growing electricity
shares of final energy. For example, the commercial buildings sector is nearly 75% electric under
the High scenario. Electrification would also lead to reduced use of gasoline, diesel, and natural
gas fuel. Demand-side fuel use reductions of 74% gasoline, 35% diesel, and 37% natural gas in
2050 are found in the High scenario, relative to the Reference. It is possible that some of the
reduced on-site natural gas use would be offset by greater gas-fired generation, which will be
studied in a future EFS report. Similarly, reductions in petroleum-based fuels could lead to
greater energy export opportunities and these changes in fuel use could have important impacts
on global energy markets, energy security, and geopolitics. Finally, advanced electric
technologies are often more energy efficient than competing options that provide the same enduse services. This greater energy efficiency resulted in 13% reduction in 2050 final energy
consumption in the Medium scenario, relative to the Reference, and 21% in the High scenario.
This higher overall efficiency of electric technologies is one reason that power demand does not
grow even faster.

Figure ES-5. Electricity share of final energy consumption
Moderate technology advancements are shown. Historical and modeled data have slightly different scope and
therefore are not fully comparable. Notably, modeled data omits fossil fuel extraction and refining. However,
differences amount to only a few percentage points between the 2016 historical data and the 2017 modeled data.
Visual adjustments and interpolations were used for the modeled data (for 2017—2030) in the figure shown.
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Forward-Looking Opportunities
Results from this study point to several follow-on activities that could add further value to our
understanding of electrification potential, challenges, and impacts. These are focused only on the
scope of material covered in this report (the demand side), and do not necessarily represent an
integrated electrification strategy of forward-looking opportunities. Identified key areas that are
ripe for additional research and analysis include:
•

Analysts need improved methods to assess the dynamic world of end-use technologies.
Understanding the technology improvements needed and advancement possibilities for a
comprehensive set of end-use options is critical to both assess future competitiveness as well
as to inform R&D decisions. Furthermore, the potential for disruptive change in batteries and
charging technology, for example, is significant and could have a far-reaching impact
on electrification of the transport sector around the world. Similarly, the potential for
autonomous vehicles, likely electrified, could have a major impact on the number of vehicles
in operation, vehicle miles traveled, and related infrastructure needs. Similar adoption of
“smart” and “grid-connected” appliances and equipment could impact the amount and timing
of energy use in buildings and industry.

•

Advanced consumer choice models for many end-use technologies are needed to deliver
insights on the drivers of electric technology adoption. Although an increasing number of
such models have been developed—including an adoption model for the light-duty vehicle
fleet used in the present report—sophisticated models that capture not only economic tradeoffs between technologies but also consumer preference and behavior, supply chain and
infrastructure impacts, risk, financing, and integrated challenges and opportunities across
technology portfolios remain at early stages of development. Detailed and accurate consumer
choice models could help inform policymakers; guide R&D strategies to lower costs and
improved desirability; and motivate engineering design to influence appropriate adoption.

•

Improved data collection and modeling in the industrial sector are needed to better
understand the potential and impact of industrial electrotechnologies. Although this
report advances the level of understanding related to electrification for a subset of industrial
activities, the research community would benefit from a more granular understanding of the
potential for process-level activities to be electrified. This includes identification,
quantification, and recognition of the productivity benefits of electrotechnologies.

•

A better understanding of the potential impacts of electrification on load shapes and
opportunities to influence them is critical to minimizing overall costs. Future reports
in this series should help add new knowledge on this subject, but policy-related questions
in electricity markets and utility planning—especially as they relate to the demand side’s
participation in such areas—will remain an important area for ongoing study. 4 Furthermore,
a better understanding of consumer acceptance, behavior, and participation in demand
response and demand-side flexibility, enabled in part by electrification, is a key research area.

4

As part of the EFS, we have developed a new more-detailed model of electricity consumption, referred to as
demand-side grid (dsgrid), that can be used to tackle this research topic. The model documentation (Hale et al.
forthcoming) is one of the reports in the EFS series.
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•

A deeper understanding of related non-technical and system factors could inform
planning and deployment. While this study focused attention on technology diffusion—
including adoption, device lifetime, fleet turnover rates, and related issues—to better
understand the potential for transformation due to electrification, a more comprehensive set
of road mapping exercises would help to understand key market, policy, technology, and
institutional needs at the national, state and/or local level. These might relate to efficient
deployment of vehicle charging infrastructure, tariff design for smart vehicle charging and
heat pump usage, building codes to further enable electrification, and coordinated R&D
strategies for key end-use technologies.

Conclusions
The scenarios presented in this report are used to characterize changes to end-use sectors under
futures with increased electrification and to quantify how those changes might impact the
amount and shape of electricity consumption. These scenarios were developed primarily using
expert judgment and an energy system accounting framework. Of course, technology adoption
will ultimately depend on a set of complex considerations that are not fully assessed using our
methodology, but which are discussed extensively throughout the report. These interacting
factors include technology and fuel cost trade-offs, infrastructure needs, environmental policies,
and consumer preference. Within each of these factors are barriers that might challenge increased
electrification—such as higher upfront costs or unfamiliarity with new electric technologies—but
also opportunities that could yield greater adoption—such as increased productivity or expanded
value streams enabled by electric and/or grid-connected technologies. Understanding and
quantifying these factors are needed to both evaluate the implications of a potential increased
electrification future and to influence the degree of future electrification. Overall, this report
represents an initial step to inform researchers and decision-makers with data and context to plan
for a potential future in which electricity powers an expanded share of the U.S. energy economy.
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1 Introduction
Over the past century, electricity has played an increasingly important role in the U.S. energy
system and the daily lives of nearly all Americans. It has helped drive innovation and economic
growth, enable technology innovations, deliver health and social benefits, and improve quality
of life and promote convenience in everyday lives. The functioning of modern societies is fueled
by this ubiquitous, yet invisible, energy carrier. The reliance on electricity is expected to grow
even more in the future. However, electricity production—as with any source or carrier of
energy—has also created negative impacts to public health, the environment, and the economy
at local, national, and global levels. The implications of increased electricity consumption and
production will be tied to the evolution and operation of the future U.S. electricity system. The
Electrification Futures Study (EFS)—a multi-year research effort—is designed to explore these
complex topics.
Specifically, the EFS uses a scenario analysis approach to prospectively model and assess
electricity demand levels and load patterns, power sector operations and evolution, and the
potential costs and impacts of increasing electrification in the United States. In this report, which
represents one of multiple research products within the EFS, we present demand-side scenarios
of electric technology adoption and U.S. electricity consumption through 2050. Other published
EFS reports focus on projections of end-use electric technology cost and performance projections
(Jadun et al. 2017) and new modeling capabilities (Hale et al. forthcoming) to be used
in the EFS. And, supply-side projections and impact assessments of the scenarios will be
examined in future EFS reports.
U.S. electricity consumption has continuously evolved ever since the construction of the first
central power plants and electrical grids in the late 1800s. Numerous and complex drivers have
caused these changes since that time, including economic growth, population growth, technology
change, behavioral change, fuel price and other supply-side shifts, and policies. In Section 2,
we summarize the history of U.S. electricity consumption and its historical drivers. In Section 3,
we present the literature on past energy and technology transitions.
In this report and in the broader EFS, we focus our analysis exclusively on the potential impacts
of one possible driver and what could be classified as an energy transition: electrification. For
our purposes, electrification is defined as the substitution of electricity for direct combustion of
non-electricity-based fuels (e.g., gasoline and natural gas) used to provide similar services. Our
fuel switching-based definition includes any potential growth in the service driven by population
or economic change. The definition does not include new or emerging energy services driven by
technological or economic change, such as indoor agriculture, new plug loads, and expansion
of data centers. In other words, our analysis focuses on electric technologies that can be used
to replace existing non-electric ones—e.g., electric vehicles for internal combustion engine
vehicles, heat pumps for natural gas space heating, and electric induction furnaces for fuel-fired
industrial furnaces—and not on yet to-be-developed electric-based technologies. 5

5

We consider a range of future advancement projections of existing end-use electric technologies, including
projections that imply significant improvements from current commercially available ones.
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Motivations for studying electrification are numerous. First, new electric alternatives are
emerging in areas that have traditionally been dominated by non-electric technologies. Lightduty transportation is an example where this is occurring: in 2016, U.S. plug-in electric car
registrations totaled 160,000 compared with only about 1,000 new registrations in 2010, and
a growing proliferation of EV options are planned by major automobile and freight vehicle
manufacturers, with both resulting from technology advancements and in response to various
policies (IEA 2017). 6 Another example is in residential buildings where, from 1979 to 2012, the
share of new homes built with an air source heat pump (ASHP) grew from 17% to 49% for U.S.
multifamily homes and from 25% to 38% for single-family homes (Lapsa and Khowailed 2014).
Anecdotal evidence suggests ASHP sales have increased even more since then, although they
often replace (or would otherwise take the place of) electric resistance heaters, so the amount
of electrification is more muted.
A second motivation for exploring electrification is the potential externality benefits of
electrification, including security and environmental benefits. As electricity relies almost entirely
on domestic generators and fuels in the contiguous United States, electrification may increase
energy security. Recent studies 7 also identify electrification as key component of pathways to
reducing greenhouse gas emissions. A related benefit is the overall higher energy efficiency of
electric technologies, which could—all else being equal—reduce the negative impacts of energy
use. However, the efficiency and environmental benefits of electrification ultimately depend on
sources used to generate electricity. How electricity supply might evolve to meet new electric
loads and their impacts will be examined in future EFS reports.
On a local level, electrification is being investigated or even experimented with to help improve
air quality and the consequential health benefits. Many existing local actions target highcongestion and high-polluting regions, such as marine ports and airports (e.g., Port of Long
Beach and The Port of Los Angeles; NEEP 2017a; NREL 2017). Expanding interest in
electrification from state and localities could motivate widespread electrification from the
ground up to the national scale.
Another motivation for studying electrification is to inform utility planning, including integrated
resource planning and infrastructure development processes within the electric utilities across the
nation to help with their grid modernization efforts. These efforts rely on forecasts of electricity
consumption and sales over several decades, and electrification could influence these forecasts
and thereby impact policies and planning at the utility, state, and national levels. For example,
electrification has been found to potentially impact anticipated utility sales and plant profitability,
which would subsequently impact electric industry business strategies (Weiss et al. 2017; EEI
2014). In particular, electrification could reverse the declining or flat demand growth trend since
the mid-2000s. The Electric Power Research Institute’s Efficient Electrification Initiative,
including a recent technical study—U.S. National Electrification Assessment (EPRI 2018)—

6

Initial estimates indicate 2017 sales might reach nearly 200,000 PEVs (“December 2017 Plug-In Electric Vehicle
Sales Report Card,” insideevs.com, Last updated January 4, 2018, https://insideevs.com/december-2017-pluginelectric-vehicle-sales-report-card/).
7
Williams et al. 2012; Williams et al. 2014; Alexander et al. 2015; Wei et al. 2013; White House 2016; Steinberg et
al. 2017; Iyer et al. 2017
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provides another example of interest in electrification by the utility industry and its
research partners.
These motivations and the possibility for widespread electrification warrant further detailed
research into the potential impacts on the U.S. energy system. In this report, we apply a scenario
analysis approach wherein multiple future electrification projections—electric technology
adoption and resulting electricity consumption projections—are posited and evaluated. We note
that none of the scenarios reflects a prediction nor are the scenarios designed to achieve a
specific goal. Instead, they are intended to represent plausible futures where electrification
increases beyond current levels as a basis for evaluating the impacts of electrification. 8 Unlike
other studies (e.g., White House 2016; Iyer et al. 2017) where energy-economic modeling is used
to assess the uptake of electric technologies based on assumed costs and policies (e.g., emission
reduction requirements), our analysis relies on an accounting framework where technology
adoption is exogenous to the modeling. We acknowledge our approach has its limitations,
although our assessment employs high-fidelity tools and models that include more-detailed
technological, spatial, and temporal resolution than those used in many existing studies. In
addition, any adoption results from consumer choice modeling over a multi-decade span would
need to recognize significant long-term uncertainties in technology, market, policy, and
behavioral conditions. Our scenario development is designed to capture a wide range of these
uncertainties through the use of multiple technology adoption and cost sensitivities. Overall,
we do not intend to suggest that electrification is likely or desirable; however, whether it is
beneficial (and to whom) will be informed to some extent by the broader EFS analysis.
In the EFS, we consider only the expansion of direct end-use electric technologies. Other
studies 9 have analyzed scenarios that include expansion of alternative energy sources and energy
carriers—such as hydrogen-based technologies, power-to-gas, or direct biomass combustion—
but this analysis focuses only on direct electric technologies. The scope is in part driven by our
broader analysis focus on the electricity system. 10 We consider electrification in all major
sectors—transportation, buildings, and industry—but examine only select end-use services
within each due to data and modeling limitations. Table 1.1 shows the scope of our
electrification analysis.

8

Melaina et al. (2016) provide another example of national-scale analysis on the public and private impacts of
electrification using a scenario analysis, but it is limited in scope to light-duty electric vehicles only.
9
We present and summarize a collection of existing studies that explore these alternative energy sources and
carriers in Appendix A.
10
Active research on widespread expansion of other energy sources and carriers (e.g., DOE’s H2@scale initiative,
https://energy.gov/eere/fuelcells/h2-scale) exists, and future research needs include considering a more-complete
set of future energy scenarios.
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Table 1.1. Scope of Electrification in the EFS Scenarios by Sector
Electrified in the EFS Scenarios
Transportation Sector

Buildings Sector

Industrial Sector

Light-duty passenger cars
and trucks
Commercial light trucks
(medium-duty vehicles)
Freight trucks (heavy-duty
vehicles)
Transit buses

Space heating
Space cooling
Water heating
Cooking
Clothes drying

Space heating
Machine drives
Process heating in primary metals, transportation
equipment, glass, bulk chemicals, and other
manufacturing
Curing & drying in printing, wood products, and
plastic and rubber products
Boilers

No Additional Electrification in the EFS Scenarios
Transportation Sector

Buildings Sector

Industrial Sector

Off-road Vehicles
Air
Marine
Rail
Pipeline

Other (e.g., outdoor
cooking and lawn
equipment)

Blast furnace/basic oxygen furnace steelmaking
Combined heat and power
Pulp and paper
Petroleum refining
Cement and lime
Mining
Construction
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Although our analysis does not comprehensively consider electrification of all end uses,
electrification opportunities modeled in our scenarios cover a significant fraction of total energy
consumption. For example, data shown in Figure 1.1 (next page) indicate that all end uses
considered for electrification comprised 74% 11 of 2015 total primary energy consumption 12 and
about 79% of 2015 energy-related CO2 emissions. Our analysis also focuses on end-use services
that have the potential for significant increase in electrification (see also Figure 1.1), such as onroad transportation, residential and commercial space and water heating, and multiple industrial
activities. Important areas requiring sizable energy consumption relative to total U.S. energy use,
but where we are not considering additional electrification, include aviation and other non-road
transportation, petroleum refining, mining, and other industrial process. 13 These omissions do
not imply that electrification opportunities are not viable in these areas. 14 Moreover, the relative
importance of these may grow over time in terms of energy consumption and emissions. 15 Thus,
future research is warranted to investigate electrification possibilities and impacts beyond the
scope of our analysis.

11

Industry electrification potential is based on the ratio of energy end-uses considered for electrification from
the 2014 Manufacturing Energy Consumption Survey to the total 2014 energy use from AEO 2015.
12
Primary energy is the raw amount of energy available before any conversion processes are performed. Conversion
processes transform the raw energy either into useful work or to one or multiple energy carriers. In contrast, final
energy is the amount of energy used on-site only. Conversion processes include losses, such as waste heat in
combustion, and therefore final energy use is necessarily lower than primary energy consumption. Here, we
report data from the EIA, which uses a “fossil-fuel equivalency” approach to calculate primary energy from
noncombustible renewable fuels. In this report, we focus on end-use energy consumption only (and not total energy
production), and we therefore do not report primary energy results. The EIA Annual Energy Review 2011 (EIA
2011, Appendix F) provides a discussion of their approach and alternatives. See also Donohoo-Vallett (2016) for
a discussion of different energy accounting approaches.
13
The incomplete scope of electrification considered is due to several limitations related to data and tools, and it
does not necessarily reflect a lack of electrification opportunities. For example, limitations with industrial energy
data significantly narrowed the range of subsectors examined. As described in Section 5, our analysis of industry
occurs at the energy end-use level (e.g., process heating; facility heating, ventilation, and air conditioning (HVAC);
machine drive; conventional boiler use; or other non-process use) and not at the process- or technology-level, which
would require additional detailed data and analysis tools that do not yet exist for the U.S. industrial sector. The
ultimate basis of energy end-use data is the Manufacturing Energy Consumption Survey (MECS 2017), which
excludes the agriculture, construction, and mining industries. Although we were able to obtain some end use data
from the AEO, we did not include construction and mining industries in our analysis despite known electrification
opportunities (e.g., GE Transportation 2018). EIA’s recent advancements to the NEMS Industrial Demand Module
(IDM) have introduced process-level detail for the iron and steel, aluminum, pulp and paper, glass, cement, and lime
industries (EIA 2018). However, this process-level detail is incompatible in many circumstances with our chosen
analysis tool, EnergyPATHWAYS, particularly for the iron and steel sector. Other industries were excluded from
our analysis based on their level of process complexity and integration (petroleum refining), insufficiently mature
electrotechnologies (process heating in cement and lime; see Philibert 2017 for an identification and discussion of
these technologies), reliance on process byproduct combustion (pulp and paper), or general lack of identified
electrification opportunities (c.f. Jadun et al. 2017). Similar limitations exist for non-industrial sectors, such as
aviation and outdoor cooking.
14
EPRI (2017) and Birky et. al (2017) provide examples of non-road transport electrification options.
15
For example, EIA (2017c) projects energy-related CO2 emissions from on-road vehicles to decrease in
relative terms, falling from 82% of total transportation emission in 2015 to 71% in 2050.
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Figure 1.1. Primary energy consumption shares in 2015
Data from EIA 2017c; Figure from Jadun et al. 2017
Total sectoral energy use appears at the top of each column. Areas of each column are proportional to this
number. The bold line separates primary energy used for electricity generation (below bold line) and from
non-electric energy use (above bold line). The subsectors with the greatest energy consumption in each
“Other” category are as follows:
•

Transportation: pipeline, rail, and bus

•

Industrial: metal-based durables, construction, and food

•

Residential: cooking, televisions, and clothes dryers

•

Commercial: office equipment, ventilation, and cooking.

Agriculture energy use (about one quad) is not shown because of its relative size.
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We evaluate electrification scenarios for the contiguous United States through 2050. Results are
presented primarily at the national level, although select regional examples are also included.
Additional data, including state-level scenario data, are available at www.nrel.gov/efs. In this
report, we present the demand-side scenarios only; future reports in the EFS series will include
supply-side scenarios. 16 Section 4 provides detail on the scenario design and analysis scope.
Section 5 describes our methodology. We present our scenario results in Sections 6 (end-use
equipment sales and stock) and 7 (electricity consumption results). Finally, we present a list
of our key findings and future work in Section 8.

16

We treat distributed generation (e.g., rooftop photovoltaics) on the supply side and, therefore, distributed
generation is not presented in this report.
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2 A History of U.S. Electricity Consumption
Although the EFS and this report focus on future electrification and electricity consumption
scenarios, historical changes in electrification and U.S. electricity consumption provide valuable
context for the future projections. Figure 2.1 shows the numerous changes in electricity
consumption in the residential, commercial, industrial, and transportation sectors since the
middle of the 20th century. During this period, growth in annual electricity consumption was
similar in the commercial and residential sectors, as total consumption increased by a factor of
20 over the 66 years shown. Industrial electricity consumption increased only 8.5x over the same
period, while transportation-related electricity consumption remained negligible relative to the
other sectors. Overall, the historical data show a general long-term trend of increasing absolute
total electricity consumption (from about 300 terawatt-hours [TWh] in 1950 to nearly 4,000
TWh in 2016) but decreasing consumption growth rates, albeit with significant year-to-year
fluctuations. Figure 2.1 shows how the (five-year trailing) compound annual growth rate
(CAGR) exceeded 10% per year in the 1950s but dropped to about zero during the last decade.
The CAGR over the full 66-year period shown (from 1950 to 2016) is 4% per year.
In the buildings sectors, electricity consumption growth has been historically driven by
population expansion, economic growth, and land-use development patterns (e.g., urbanization)
which create increased demand for services (e.g., lighting, heating, and cooling), in combination
with the advancement and adoption of electric technologies, such as air conditioners,
refrigerators, and televisions (Brown and Koomey 2003). In the past few decades, the spread of
computers, office equipment, and consumer electronics has grown to be an increasing portion
of electricity consumption (DOE 2015). Significant efficiency improvements in lighting,
building insulation, and other areas have occurred over this period as well, causing the growth
of electricity consumption in buildings to slow, particularly over the most recent decade.
Electricity consumption in industry has a complex history. Steady growth from the years shortly
after World War II through the 1970s was driven by population and economic expansion, which
in turn drove increased production across a wide range of industries. A continued move toward
electric machine drives (e.g., electric motors, pumps, and fans) during the early part of this
period, as well as the growth of electricity-intensive processes, drove greater industrial electricity
consumption (Boyd, Hanson, and Sterner 1988). From the early-1980s to the present, electricity
consumption (and electricity’s share of final energy consumption) in industry has remained flat
or declined. Reasons for this include within-sector structural changes, technology transitions,
fuel supply and price considerations, and energy intensity improvements (Croner and Frankovic
2018; Belzer 2014; Boyd and Roop 2004). 17

17

Trends in the electricity intensity of manufacturing have been found to be markedly different from trends in fuel
use since 1970. Using a Divisia index decomposition, Belzer (2014) estimated that from 1970 to 1985
manufacturing electricity intensity remained relatively constant while fuel intensity decreased by more than 30%.
The most recent decomposition analysis of electricity use by U.S. manufacturers estimated that the reduction in
electricity intensity during the 1990s was due in equal parts to structural change and improvements in intensity
(Boyd and Roop 2004).
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Figure 2.1. History of U.S. electricity consumption (top) and production (bottom)
Data from EIA Annual Energy Review (EIA 2011) and EIA Monthly Energy Review (EIA n.d.)
For consumption, data attribution to each sector is from the U.S. Energy Information Administration (EIA),
which may include behind-the-meter plug-in electric vehicle charging in the residential and commercial
sectors. Starting in 1989, the consumption data also include net self-generation of electricity from renewable
sources (except geothermal) and combustible fuels. The consumption data include EIA estimates of behindthe-meter solar generation based on estimated growth rates from the Annual Energy Outlook. The
consumption chart includes a five-year trailing CAGR of the total electricity production.
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As is apparent from Figure 2.1, electricity consumption in the transportation sector is
significantly smaller than it is in the other sectors in all years. In fact, total electricity
consumption in the transportation sector decreased during the 1950s due to declining usage of
electricity-fueled public transit and passenger rail as suburbs developed and petroleum-based onroad vehicle usage became more prevalent (Yago 1984; Glaeser and Kohlhase 2004). In the
1980s, transportation-related electricity consumption began to increase in absolute terms, but
it remained minute compared with other sectors. The portion of electricity dedicated to
transportation decreased from over 2% to 0.5% during the 1950s, then from 0.5% to 0.15%
during 1960–1980, and it has remained close to 0.2% since 1980. In very recent years, an
increase in plug-in electric vehicles (PEVs) sales has resulted in an increase in transportation
electricity consumption, but the still small share of PEVs on U.S. roads has yet to have any
material impact on transport-related electricity demand at the national level. Additionally,
separating the electricity consumption of PEVs charged at home or work from the rest of the
electricity consumption in the residential and commercial buildings sectors will create
difficulties in measuring electricity consumption in the transportation sector in the future.
Because changes in electricity consumption will impact fuel consumption and emissions,
Figure 1 also shows historical trends in the fuel mix for electricity generation (bottom).
A few significant recent trends in the electricity supply include the growth of solar and wind,
stagnant quantities of nuclear and hydroelectric, growth of natural gas, and decrease of coal.
We present the historical generation data for background context, as we focus on only the
demand-side in the analysis. Planned reports in the EFS will examine future electricity supply.
Figure 2.2 shows the share of electricity as a percentage of final (left) and primary (right) energy
consumption for the United States in total as well as for each sector. 18 For the primary energy
graph, the electricity share includes all the primary energy dedicated to the electricity sector.
The allocation of primary energy (and losses) to each sector is proportionally based on the share
of annual final electricity consumption in each sector. The trends from Figure 2.2 place the
history of electricity consumption in context with total energy use, thus indicating the level of
electrification. In 2016, electricity comprised about 19% of final energy and 39% of primary
energy consumption, as it increased significantly and relatively steadily from 3% and 14%,
respectively, in the mid-20th century. These trends show how much electrification has already
occurred, but they also indicate how much energy consumption is not currently electrified and
that the amount of electrification and the potential for future electrification vary substantially by
sector. For example, the residential and commercial sector data demonstrate consistent growth
in the amount of electrification throughout the period, while the industrial sector electrification
began to plateau in the early 1980s and very little transportation electrification has occurred
to date.

18

See Footnote 12 for an explanation of differences between final and primary energy.
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Figure 2.2. U.S. electricity share of energy consumption (1950–2016)
Data from EIA Annual Energy Review (EIA 2011) and EIA Monthly Energy Review (EIA n.d.)
Primary energy for renewable sources follows the EIA custom of multiplying the electricity generation by the
average fossil fuel heat rate. Final energy is determined by subtracting the listed electrical losses and the
losses associated with the heat rate conversion of renewable production from the sectoral total energy
consumption. Losses associated with self-generation of electricity in combined heat and power plants are
taken from EIA estimates.

To further place the evolution of electricity consumption within the context of other changes
in the U.S. economy, we present nine U.S. energy and economic indicators from 1950 to 2016
in Figure 2.3: total energy consumption, electricity consumption, summer electrical capacity,
total energy sector CO2 emissions, gross domestic product (GDP), population, road vehicle miles
traveled (VMT), combined residential and commercial building square footage, and the Federal
Reserve index of industrial production. All indicators are indexed to 1980 values. Subsets of
these data are shown in Figure 2.4 and are further normalized by population (left) and GDP
(right) before being indexed to 1980.
Figure 2.3 shows that, over most of the period shown, all indicators increase over time, which
is not surprising given the expanding U.S. economy and population. Interestingly, the figures
together also show that a variety of service indicators, namely building sizes and VMT, have
increased in absolute terms and on a per capita basis over the entire period, which suggests an
increase in quality of life. In contrast, energy consumption per capita peaked in the late 1970s,
and both energy and electricity consumption have been generally decreasing—especially per
person—since about 2000. Together, these data demonstrate that continued growth in energy
services and economic activity have not relied on the commensurate growth in energy or
electricity consumption, due to a variety of factors that include economic sectoral shifts and
energy efficiency improvements (Belzer 2014; Huntington 2010; Bowden and Payne 2009).
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Figure 2.3. Indicators of the U.S. energy economy
Data Sources: EIA Annual Energy Review (EIA 2011), EIA Monthly Energy Review (EIA n.d.), FHWA (2015), CBECS (2012),
RECS (2009), and Federal Reserve Economic Data (FRED n.d.). Building square footage is linearly interpolated between all available
RECS and CBECS survey years.

Figure 2.4. Select normalized indicators (left) per capita and (right) per dollar of GDP
Data Sources: EIA Annual Energy Review (EIA 2011), EIA Monthly Energy Review (EIA n.d.), FHWA Office of Highway Policy
Information (2015), CBECS (2012), RECS (2009), Federal Reserve Economic Data (FRED n.d.). Building square footage is linearly
interpolated between all available RECS and CBECS survey years. The ratios are first calculated first and indexed to 1980 values.
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Trends in GDP also stand out in comparison with the other indicators. Before the late 1970s,
electricity grew faster than the economy while industrial production grew at close to the same
rate as the economy. Since the late 1970s, however, the rate of growth in GDP has been faster
than all other indicators shown, which demonstrates that continued economic growth can
continue alongside changes in electrical consumption, energy consumption, and emissions.
These trends are most evidently observed in the right graph in Figure 2.4, where all traces—
including population, energy and electricity consumption, and emissions—have negative slopes
after 1980, indicating they decrease relative to GDP. The continued GDP growth despite
decreasing energy consumption indicates an increasingly energy efficient economy (Belzer 2014;
Huntington 2010). The electricity consumption trends per dollar of GDP show an interesting
inflection around 1980, where the slope changes sign from positive to negative, demonstrating
the reduced correlation between economic growth and electricity consumption.
Comparing relative growth rates, these data also show that the energy sector has been steadily
becoming less emissions intensive and more electricity intensive, while the U.S. economy and
industrial production have been steadily becoming less energy intensive. Declining emissions
intensity has been starker in electricity than it has been with total energy since the 1960s, but
it has been even more pronounced over the most recent decade. This decline in electricity
emissions intensity provides one of the motivations for electrification, as we discussed in
Section 1. The data show that electrical capacity continues to grow faster than electrical energy
consumption since 2000, despite the ratio of annual peaks to average electricity demand
remaining relatively constant since 1990. 19 This indicates an overall reduction in fleet-wide
capacity factors as well as shifts in generation technologies discussed previously. These trends
provide context for future electrification scenarios that affect system capacity, electricity
consumption, and fuel mix—which are all topics of focus for future EFS reports.
In summary, the historical indicators show decreasing correlations with each other over time,
suggesting growing complexities in the U.S. energy economy. Because of the increasing
complexity, the impact of future energy transitions—such as widespread electrification—will
likely be more difficult to assess. Despite these complexities, growing per capita GDP and
service indicators (e.g., VMT, building area, and industrial production) signal that the overall
quality of life to an average American has been improving with time. Over the long history, these
improvements have coincided with increases in energy use and emissions, but the declining
correlations between indicators during the past decade demonstrate that these increases are
not inexorable. Taken together, the recent data suggest an increasingly energy- and emissionsefficient economy, especially on a per capita basis or a per GDP basis, that delivers greater
services to the American people. How electrification might impact future trends in these
indicators is an important research topic, and these historical data provide context for studying
these impacts. The EFS presents scenarios to help explore some of these issues.

19

The ratio has averaged about 1.6 for the summer peak and about 1.4 for the winter peak from 1990 to 2016
(EIA 2011; EIA n.d.).
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3 A History of Past Energy Transitions
In this section, we review the characteristics of energy transitions that have occurred over the
past several centuries—transitions in which one energy source or technology has been replaced
by another for a given sector or end use (Fouquet 2010; Grübler, Nakićenović, and Victor 1999).
These transitions are driven by the development of new energy sources that are less costly than
the incumbent and/or offer additional services and benefits.
Each energy sector has undergone transitions between different fuel sources at different times.
Heating was originally dominated by biomass before being gradually overtaken by coal, which
then quickly transitioned through oil to primarily natural gas and electricity. Mechanical power
was originally supplied by food and fodder to provide human and animal labor, then
incorporated wind- and hydro- and later coal-powered machines, and then switched to electricity
powered by coal, oil, gas, and eventually nuclear power and renewables to reach the current
electricity generation mix. Transportation was historically powered by wind (sailing) and animal
fodder (horses and oxen) before being supplanted initially by coal and later by oil. Lighting
began with whale oil and candles before being supplanted by gas and kerosene, which were
then rapidly replaced by electricity (Fouquet 2010).
A framework for characterizing these transitions is described by Grübler, Nakićenović, and
Victor (1998), where each transition progresses through several general stages: invention,
innovation, niche market, pervasive diffusion, saturation, and senescence. In the invention stage,
basic research results in technology breakthroughs, which leads to the applied research and
development that occurs during the innovation stage. Eventually, sufficient development leads
to adoption in niche markets by early adopters that are willing to pay price premiums for the
improved services or social status supplied by the new technology (e.g., electric vehicles
at present) or are willing to accept the risk of new technology if it is less expensive than the
incumbent (e.g., LED light bulbs when considering lifetime costs). Continued development
leads to the technology becoming cost-competitive and well-known, which leads to widespread
diffusion and eventual market saturation. Eventually, in the senescence stage, a new technology
begins to take over and the next transition occurs.
Several characteristics affect the speed at which energy transitions move through these stages.
The learning rate describes the speed at which technology costs decrease as a function of
experience, which can be indexed generally by cumulative output or cumulative investment.
This rate of cost decrease determines when the new technology will be accessible both initially
to early adopters and later to the mass market. Learning rates during commercialization are often
lower than those during the initial research and development (R&D), and historically, a full
transition to a new technology did not occur until the new technology was lower-cost than the
incumbent (Fouquet 2010). While the learning process continues, the marketplace adoption of a
technology follows an S-shaped curve over time, with an initial period of slow growth followed
by an increase in adoption, followed by slow growth to saturation. Numerous factors affect the
speed with which the adoption rises, including communication and/or education within markets,
economies of scale, available capital, learning rates, turnover and lifetimes of existing
technology, and governmental policy. Additionally, technologies that are less-expensive
replacements for existing technologies (e.g., LED light bulb) diffuse faster than those that
provide new and additional services (e.g., the first light bulb). Competition between the new
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technology and the old technology can also slow diffusion of the new technology by spurring
innovation in the old technology, as may have occurred with sailboats began competing with
steamships (Sick et al. 2016). This may occur if or when costs of ownership for electric vehicles
approach or become lower than those of internal combustion vehicles. Additionally, the rate of
development of infrastructure supporting a new technology, such as roads or electric distribution
systems, can limit the rate of new technology adoption. The development of supporting
infrastructure can be described by its own learning rates and diffusion curves. In the context
of this report, this factor is particularly relevant for the dependence of electric vehicle adoption
rates on the presence of public charging infrastructure. Moreover, technology development can
support clusters of related technologies (Grübler, Nakićenović, and Victor 1999; van den Bergh
et al. 2006), such as batteries, electric vehicles, and grid-scale energy storage, or hydrogen fuel
cells, electrolyzers, and storage systems.
Figure 3.1 presents several historical examples of technology adoption and diffusion that loosely
follow the characteristic S-curve trend described above. The earliest example (in red) is the first
large-scale adoption of electrotechnologies by U.S. manufacturing firms, which began around the
turn of the 20th century. Immediately prior to this transition, U.S. industry largely relied on shaftand-belt systems driven by water power and coal-powered steam engines. By 1940, over 80% of
manufacturing machine drive was provided by electric motors, an increase from less than 5% in
1899 (R. B. Du Boff 1964 in Devine 1983). 20 Household electricity access, refrigeration, and
car ownership provide other older, but useful, examples of S-curve adoption, although the
smoothness of the curves can be interrupted by mitigating factors such as the Great Depression
and World War II. More recent examples, including air conditioning, television, and cell phone,
are also displayed in Figure 3.1.

20

Although electric motors were more energy efficient than line shaft drives, their productivity improvements are
cited as being more important factors of their adoption, highlighting that energy use or cost are not the only factors
driving adoption (Devine 1983). Another significant electrotechnology adoption driven by productivity
improvements occurred with the substitution of vertically integrated steel mills that use blast furnace/basic oxygen
furnaces with minimills that use electric arc furnaces. This transition occurred in the second half of the 20th century,
when, minimill market share of hot rolled bars, plates and shapes increased from less than 20% in 1962 to over 80%
in 2002 (Collard-Wexler and De Loecker 2015). These examples highlight the importance of productivity in
technology adoption in the industrial sector and foreshadow the rationale for our future scenarios as they are related
to drivers of industrial electrification as presented in the Section 6.3.
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Figure 3.1. Diffusion of various technologies in U.S. households
Data Sources: Du Boff 1964 in Devine 1983 for electric motors; Ritchie and Roser 2018 for all others

Previous energy transitions have occurred over diffusion times ranging from hundreds of years
(wood to coal) to 30–50 years (most post-industrial revolution transitions) (Fouquet 2010).
However, given the factors that affect technology adoption, present conditions could make the
speed of modern energy transitions different from those in the past (Fouquet 2010). Social
media, access to information on the internet, and targeted marketing can accelerate diffusion
by increasing the spread of information about a new technology both between suppliers and
consumers as well as among consumers (Parkins et al. 2018). Higher standards of living and
education than were present during past energy transitions may allow more disposable income
to pay for price premiums in exchange for environmental or other benefits (Jager 2006;
Elmustapha, Hoppe, and Bressers 2018). Governmental policies that attach the costs of
externalities associated with a given fuel to its price may shift the relative economics of new
technologies, leading to rapid and significant changes in adoption for technologies that are
presently on the margin of cost-competitiveness. Similarly, governmental targets or mandates,
such as light bulb efficiency standards, could accelerate technology adoption. New technology
adoption could also be impeded by legacy policies or infrastructure, including the production and
distribution systems of incumbent fuels, as well as slow stock turnover of existing technologies
with long useful lifetimes, such as heating, ventilation, and air conditioning (HVAC) equipment;
industrial process heating equipment; and vehicles (Fouquet 2010). Furthermore, an
electrification transition, where a simple displacement of existing fuel-based technologies occurs,
might not yield as-rapid or as-complete a transition as observed historically where new services,
additional value, and inconvenience come with the new technologies.

16
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

The phone examples from Figure 3.1 show how the speed of transitions can differ over time.
Historical data show how it took over 65 years for landline phones to grow from about 10% of
U.S. households to 90% of them. In contrast, growth over the same adoption shares required only
about 20 years for cell phones. This example demonstrates how changes in conditions and
technologies can yield much greater transition rates today, and in the future, than they have in
the past. It also shows how much more rapidly a transition can occur with a new technology
providing additional benefits on top of an existing service as compared to an older technology
providing a new service for the first time. The replacement of landline phones by cell phones
occurring since around the year 2000 is the beginning of the senescence phase of the transition,
which, in this case, appears to also proceed at a rapid pace. Of course, specific conditions could
yield different outcomes for other technologies. Figure 3.1 highlights the historical diversity
of possibilities, but also the general consistency of the S-curve shape of adoption and
diffusion patterns.
Forecasting future energy consumption is notoriously unreliable, and there is a long history
of unpredictability and volatility in energy indicators, particularly in the most recent decade
(Sherwin, Henrion, and Azevedo 2018; Craig, Gadgil, and Koomey 2002). While the EFS does
not attempt to forecast the future, past energy transitions, such as the brief examples mentioned
here, can provide useful guidance and frameworks for modeling scenarios of how future
transitions might unfold even though factors and conditions that influence potential transitions
remain unpredictable (Craig, Gadgil, and Koomey 2002). In addition, multiple potential barriers
to technology adoption (Parente and Prescott 1994) exist that are specific to each technology
or sector, requiring high fidelity in any modeling framework.
In this report and the broader EFS, we explore future scenarios of the U.S. energy system
undergoing an electrification transition to assess the potential impacts of this transition. Our
scenario design methodology uses S-shaped diffusion curves that are informed qualitatively
by the experience from past energy transitions. It is important to note that we do not rely on
consumer choice models across all technologies due to the substantial modeling challenges to
execute this approach comprehensively for all sectors and with high resolution (Sections 4–5
detail our approach). Such modeling would help reveal the drivers of and barriers to
electrification, and it would inform the policies or actions needed to overcome them
(e.g., Deason et al. 2018). We identify this as a future research need.

17
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

4 Scenario Design
For this analysis, we develop multiple electricity consumption scenarios with variations along
two primary dimensions: (1) end-use electric technology adoption and (2) electric technology
cost and performance. Along the adoption dimension, we model three levels of electric
technology adoption and refer to these levels as Reference, Medium, and High electric
technology adoption levels. For each of these adoption trajectories, we model three technology
cost and performance projections, which we refer to as Slow, Moderate, and Rapid technology
advancement projections (Jadun et al. 2017). Because different levels of technology
advancement can result in various equipment energy efficiencies as well as cost reductions, an
assessment of overall electricity consumption must consider both the amount of adoption as well
as the technology evolution. In all, we develop nine scenarios—three electrification levels times
three technology advancements (Table 4.1).
Table 4.1. Scenario Framework
Technology Advancement (Jadun et al. 2017)

Technology Adoption
(this report)

Slow

Moderate

Rapid

Reference

Slow Advancement,
Reference Adoption

Moderate
Advancement,
Reference Adoption

Rapid Advancement,
Reference Adoption

Medium

Slow Advancement,
Medium Adoption

Moderate
Advancement,
Medium Adoption

Rapid Advancement,
Medium Adoption

High

Slow Advancement,
High Adoption

Moderate
Advancement,
High Adoption

Rapid Advancement,
High Adoption

We model variations in both dimensions—technology advancement and adoption—to capture the
sizeable uncertainties in both. Moreover, our methodology relies on an accounting framework (see
Section 5) rather than dynamic consumer choice modeling. Hence, our approach and the scenarios
represent projections to study the impacts of electrification rather than predictive forecasts. In this
section, we present the numerical inputs that define these scenarios. We also qualitatively discuss
the rationale behind their design.
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4.1 End-Use Electric Technology Adoption
Along the adoption dimension, we develop three adoption trajectories: Reference, Medium, and
High. 21 We first describe qualitatively the assumed characteristics of each of these scenarios
and then follow with the quantitative assumptions that define the scenarios.
The Reference electrification adoption scenario represents a business-as-usual outlook where
only incremental changes with respect to electrification occur. In particular, the Reference
scenario includes policies that existed in 2017 only. It also excludes any dramatic technological,
societal, or behavioral shifts as they relate to the adoption of end-use equipment. It reflects
a future in which the rate of adoption of electric technologies roughly follows current trends.
In other words, an electrification transition, in the sense described in Section 3, remains in the
earliest stages even by 2050. The Reference scenario serves as a baseline of comparison for the
Medium and High electrification scenarios; unless otherwise noted, all incremental values are
presented with respect to the Reference scenario outcomes.
The Medium and High electrification scenarios represent futures with levels of electrification
that are greater than in the Reference and are beyond current adoption rates. The Medium and
High scenarios are both designed to enable an assessment of the impacts of widespread
electrification on electricity consumption, as well as the consequences of the resulting changes in
consumption. We do not intend to suggest that greater electrification is likely or desirable; rather,
conclusions about whether this outcome is beneficial (and to whom) will be informed to some
extent by the broader EFS analysis. Together, the Reference, Medium, and High adoption
scenarios span a considerable range of electrification futures and establish the basis for
understanding widespread electrification, which is the primary focus of the EFS.
The Medium scenario is intended to reflect an electrification future that is plausible but not
transformational. It includes accelerated adoption of electric technologies serving end uses in
all sectors; however, electric technologies are not ubiquitous in this scenario, as we assume
technical, economic, and consumer preference obstacles remain for certain end users. Even for
services where increased electrification is assumed to occur, adoption of end-use technologies
often remains in the diffusion stage or saturates at somewhat modest levels by 2050 in the
Medium scenario. For other services, electrification is assumed to still be at the early stages with
uptake occurring only in limited markets and by early adopters.
The High scenario assumes a more favorable set of conditions for electrification—including a
combination of technology breakthroughs, policy support, and underlying societal and behavioral
shifts that yield an electrification transition. As a result, the High scenario reflects an increase in
the degree of electrification in the areas considered in the Medium scenario as well as additional
subsectors where electrification takes hold. In the S-curve characterization of technology
diffusion (see Section 3), the electric technologies generally experience earlier saturation in
21

These three terms—Reference, Medium, and High—are all used to describe the amount of technology adoption
and the degree of electrification. The amount of electricity consumption (megawatt-hours) is determined by the
technology assumptions (efficiencies) as well. However, we note that the share of services provided by electric
technologies is specified by the adoption amount only (in combination with equipment utilization and lifetime
assumptions) and independent of equipment efficiency.
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the High Scenario. This scenario does not reflect a full technical potential for electrification, but
it does represent an aggressive electrification future where many obstacles to electrification are
overcome. 22
The Reference, Medium, and High scenarios are defined principally by expert judgment by the
authors and based on a combination of modeling, analysis of current trends, projections and
results from previous studies (EIA 2017c). Technology adoption is impacted by a wide range
of factors including economic trade-offs, consumer preference, and policies. Text Box 4.1
categorizes some of the factors that might ultimately affect individuals’ or corporations’
decisions to procure new technologies. The cost of the new technology relative to existing ones,
which is one of the primary factors highlighted in Text Box 4.1, may motivate adoption and
switching especially when cost differentials are material to the potential adopter. But the
potential for stranded costs for suppliers of goods and services for existing technologies can
introduce tensions. Other factors, which can impact the relative economics or are non-economic
in nature, can also often play a sizeable role, as Text Box 4.1 summarizes. In addition, and as
discussed in Section 3, the speed at which new technology adoption and diffusion occurs can
also be impacted by other trends, such as social connectivity and communications. These factors
were considered in the study team’s determination of the expert judgment-based adoption levels
in the electrification scenarios. For example, we assume industrial electrotechnologies with
limited or no direct benefits to industrial productivity (e.g., electric boilers) are not adopted
under the Medium scenario. Table 4.2 highlights some of the key distinguishing aspects between
the Medium and High electrification scenarios. Details of how the quantitative scenario
definitions were generated are summarized below and described in detail in Appendices B–D.

22

Appendix F presents results from two additional bounding scenarios modeled, including a scenario that reflects a
technical potential of electrification in a narrow sense as described in the appendix.
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Text Box 4.1. Factors that Impact Technology Adoption
A myriad of factors can impact whether new electric technologies are adopted. In this text box, we
present five categories of factors that we believe are most relevant to adoption decision-making for
end-use electric technologies. The factors overlap, have varying impacts, and can be synergistic or
competitive. Nonetheless, these factors were qualitatively used in our scenario design.
• Costs reflect the direct economic competition—affected by technology cost and efficiency, fuel
costs, equipment lifetimes, and financing terms—between electric and alternative end-use
technologies that can provide similar end-use services. Actual and perceived costs can be
impacted by the other factors described below.
• Supporting infrastructure refers to the cost or availability of supporting equipment or process
change that might be needed to enable electrification.
• Ownership and availability reflect the relationship between the equipment owner and servicereceiver as well as the accessibility of electric technologies.
• Health and sustainability includes environmental policies and regulations as well as the
degree of preference for equipment with lower environmental footprints.
• Other factors include additional or improved services as well as value streams that could be
enabled by electrification, such as providing electricity grid services, increasing productivity, and
improving product or service quality. This category also includes consumer preference factors,
such as design and performance.
A future with large and rapid adoption rates of electric technologies, such as that represented in
our High scenario, would likely require many or all these factors to evolve in manners that are
supportive of electrification or electric technologies. Below, we list specific examples of favorable
conditions that might incent electric technology adoption for each sector.
• Transportation: Continued advancements in battery technologies help lower electric vehicle
costs while smart vehicle charging complements friendly electricity rate structures and low
electricity rates. A large network of public, workplace, and/or utility-owned charging stations
reduces range anxiety while fast and efficient charging technologies (e.g., induction-based, DCbased, and catenary technologies) reduce inconveniences, even for longer trips or larger
vehicles. Optimal smart routing and urban planning further reduce infrastructure needs and
costs. With favorable economics for PEVs, fleet managers—for passenger and freight
services—can implement a rapid turnover. Expansion of car-sharing services, perhaps enabled
by automation, would enhance this fleet impact. Vehicle manufacturers follow these trends and
develop and market a diverse set of model options serving nearly all consumer preferences for
design, convenience, and performance. A combination of local, state, and federal policies—
such as air pollution standards, efficiency standards, and gasoline taxes—lead to economic
incentives and/or mandates for PEVs. Furthermore, drivers recognize or perceive the possible
noise, acceleration, and convenience benefits of electric vehicles leading to greater adoption.
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• Buildings: Electric heating, cooling, and cooking technologies improve and become
economically attractive even under challenging conditions (e.g., heat pump performance in cold
climates). Improvements in the compatibility of electric technologies with existing buildings
facilitate their adoption through retrofits or remodels. Landlord-tenant problems associated with
adoption of electrification home improvements in rental spaces and multi-family dwellings are
overcome through the help of energy service companies, incentives, or public policy. The full
supply chain for buildings electric technologies—including appliance manufacturers, retailers,
and contractors—evolve to increase the availability of and facilitate the installation of electric
technologies. Local building codes and policy aims, such as net zero energy or emissions
targets and indoor air quality, favor electric technologies more than combustion-based ones.
Widespread implementation of demand response programs creates increased incentives for
controllable electric loads, including those associated with space and water heating. Finally,
buildings electric technologies are found to provide greater non-energy benefits, such as
comfort, safety, and controllability for cooking, heating, and other services.
• Industry: Stable low-cost electricity combined with significant electrotechnology improvements
favor industrial electrification. Low-cost financing could further enhance adoption of
electrotechnologies to replace existing furnaces and other capital-intensive industrial
equipment. The successful adoption of and familiarity with electric technologies by leading firms
would encourage technology diffusion to other companies and industrial uses.
Electrotechnologies are also found to provide recognized non-energy benefits, such as
improved production rates and product quality through increased precision and control for
manufacturers. Industrial electrification is spurred by environmental policies and corporate
sustainability goals, and it is used to meet standards set by domestic and export markets.
The above examples provide conditions that might be conducive to the adoption of electric
technologies; however, many situations can make electrification challenging. Barriers to
electrification can be economic, as many electric technologies have higher upfront costs than
incumbent technologies today. Lack of available capital would discourage the necessarily
investments irrespective of relative life-cycle costs. Uncertain fuel and electricity prices (and rate
structures) also impact economic competitiveness. Technology development and breakthroughs
might also be needed for widespread electrification for certain end uses (e.g., high-density
batteries, fast-chargers, cold-climate heat pumps, and high-temperature industrial
electrotechnologies). Resistance from incumbent technologies as well as improvements in existing
technologies could increase the economic challenge to new technologies. Beyond economic and
technical factors, social and behavioral factors may also act as barriers to electrification. These
factors include consumer, manufacturer, supply chain unfamiliarity, and reticence with new
technologies. Examples include “range anxiety” for electric vehicles and preference for natural gas
cooking by home and commercial chefs. Other examples include perceived risks with new
technologies from manufacturers and experience or training with equipment installers.
Ultimately, there are uncertainties across many dimensions—and region- and system-specific
considerations—that would impact adoption. We have listed some qualitative factors here, but we
note that much research is needed for quantitative analysis. Although consumer choice models are
not used comprehensively in the EFS scenarios, well-designed adoption models would consider
these factors. Ultimately, understanding drivers would be helpful to inform all decision makers.
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Table 4.2. Summary of Differences between Electrification Scenarios

Reference
Electrification

Medium
Electrification

High
Electrification

Transportation

Buildings

Industry

PEV sales shares from
AEO2017 Reference
case; PEV adoption is
largely restricted to LDVs

Stock shares from
AEO2017 Reference

No incremental
electrification

Growing PEV adoption for
LDVs; MDVs, HDVs, and
passenger bus
electrification is primarily
limited to short distance
uses only.

Growing electrification for
cooking, clothes drying,
and space and water
heating; ASHP adoption
primarily in milder
climates; limited coldclimate ASHP adoption

Growing adoption of
electrotechnologies but
limited to technologies
that offer potential
productivity benefits

High PEV adoption in
light-duty vehicles and
passenger buses; plug-in
electric MDV and HDV
expands to both short and
long distance uses.

High adoption of all
electric building
technologies considered,
including substantial
adoption of ASHPs in
cold climates

Growing adoption of
technologies without
productivity benefits in
numerous subsectors,
and High adoption for
technologies with
productivity benefits;
accelerated equipment
replacement.

AEO = Annual Energy Outlook
ASHP = air source heat pump
LDV = light-duty vehicle
MDV = medium-duty vehicle
HDV = heavy-duty vehicle
PEV= plug-in electric vehicle

Mechanically, the electrification scenarios differ by the amount of new sales of the electric
technologies considered (Table 4.3) using the EnergyPATHWAYS accounting framework
(Section 5). 23 In this way, the impacts of electrification are isolated from other effects. In the
following, we present the annual sales shares through 2050 for each electric technology modeled
in each scenario. Note that we took a different approach for industry due to the difficulty
of obtaining publicly available equipment sales data. Instead of annual sales share, industrial
electrification is represented as the fraction of new production capacity that is electrified in
each year.

23

Total service demand is held constant in all scenarios.
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Table 4.3. Substitute Electric Technologies Modeled
Transportation Sector

Buildings Sector

Industrial Sector

Light-duty cars and trucks (battery
and plug-in hybrid electric vehicles)
Medium-duty battery electric
trucks
Heavy-duty battery electric trucks
Battery electric transit buses

Air source heat pumps
Ground-source heat pumps
Heat pump water heaters
Electric stovetops and
ranges
Electric dryers

Air source heat pumps (for
space conditioning)
Electric machine drives
Industrial heat pumps, induction
furnaces, infrared heating, and
resistance heating for process
heat, including drying
Electric boilers
Ultraviolet heating

Technologies in bold are modeled with variations in cost and performance based on the Slow, Moderate,
and Rapid technology advancement assumptions from Jadun et al. (2017). Greater adoption of all electric
technologies is modeled in either the Medium or the High scenario, relative to the Reference scenario.

For most electric technologies, sales shares in both the Medium and High scenarios follow Sshaped curves by design, qualitatively matching trends observed historically for many new
technologies. 24 In fact, for many technologies, the S-shape curves in our implementation follow
the same logistic functional form 25 for the Medium and High scenarios, except a slower adoption
rate and lower saturation level occurs for the Medium scenario. For buildings and industry,
adoption heuristics used to inform the parameters for the S-curves are presented in Appendices C
and D, respectively. We note the dearth of literature on adoption across different end uses and
industries in the industrial sector in particular. Absent available data or modeling, our heuristics
for industry limit the opportunities to electrify end uses with technologies (e.g., electric boilers)
that do not have industrial productivity benefits (e.g., increased production rates and improved
product quality), even under a high electrification scenario. We assume electrotechnologies with
limited or no productivity benefits are not adopted under the Medium scenario. Our choice to
view industrial electrification through the lens of productivity benefits may result in conservative
adoption assumptions for many electrotechnologies. Additionally, we note that energy-intensive
industries—such as the steel, cement, chemicals, and pulp and paper industries— in general face
significant barriers to innovation that result from their industry and market structures, high
capital intensity, and long investment cycles, and such industries focus on incremental
technology improvements, among other factors (Wesseling et al. 2017). Table 4.2 summarizes
some of the key differences between the Medium and High electrification scenarios.
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Exceptions are obvious from Figures 4.1–4.3 and include light-duty vehicles where we use projections
from ADOPT in the Medium scenario.
25
The logistic function is defined as f(t) = A + ((K - A) / (1 + exp(-B * (t - M)))) where t is the year, f(t) is the sales
share during year t, A is the starting penetration, K is the final penetration, M is the inflection year where the rate of
change is greatest, and B is a constant set to 10 / (end year – start year).
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Technology Sales Shares in the Electrification Scenarios
Under the Reference scenario, adoption of electric technologies closely follows that from the
AEO2017 Reference case developed by EIA (2017c), 26 which relies on economic modeling
using NEMS and input assumptions therein. Figures 4.1–4.3 (following pages) show the sales
shares of modeled electric technologies for select end uses in the three adoption scenarios.
We note that available market is based on the service demand growth and existing equipment
lifetime assumptions applied in EnergyPATHWAYS (Section 5); we do not assume earlier-thanexpected or premature retirements in any of the scenarios. 27 Unlike is done with the
transportation and buildings sectors, we model electric technology adoption in industry as the
fraction of annual new capacity (measured in dollar value of shipments).
In the Reference scenario, PEVs—including plug-in hybrid electric vehicles (PHEVs) and
battery electric vehicles (BEVs)—comprise 22% of 2050 light-duty car sales, 2.4% of light-duty
trucks, and <1% of medium- and heavy-duty trucks or buses. Heat pump sales make up 21% and
13% for 2050 residential and commercial space heating, respectively, in this scenario. 28 Even
smaller sales shares are assumed for heat pump water heating (2% in 2050 for both residential
and commercial) as shown in Figure 4.2. For the industrial sector, we assume no additional
electrification beyond the AEO2017 Reference case. The Reference case projects the electricity
share of industry site energy use to remain essentially flat through 2050, although this does vary
by industry. 29 The largest changes are in the pulp and paper and iron and steel industries;
AEO2017 (EIA 2017c) projects purchased electricity’s share of site energy will decrease at a
CAGR of 1.3% in the pulp and paper industry and increase at a CAGR of 1.3% in the iron and
steel industry. Additionally, electric boilers are not used in any industry. 30 In summary, 2050
sales shares of electric technologies under the Reference scenario are not significantly higher
than shares today for most end-use sectors.

26

The AEO2017 Reference case includes the Clean Power Plan, the Corporate Average Fuel Economy (CAFÉ)
standards, and other policies and regulations as of 2017.
27
However, as noted below, we assume more-rapid turnover for industrial equipment in the High scenario than the
others, except for space heating; industrial equipment lifetimes are assumed to be 50% shorter in the High scenario.
28
In the Reference scenario in 2050, electric resistance heaters make up 4%–5% of sales for both residential space
heating and commercial electric boilers comprise another 3%.
29
This is based on assumptions made in the NEMS Macroeconomic Activity Module (EIA 2018).
30
AEO electric boiler assumptions contrast with data reported by EIA MECS. The latest MECS data indicate that
electricity provided as much 4% of conventional boiler use in 2014 (MECS 2017).
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Figures 4.1–4.3 also show the sales shares for electric technologies for select end uses under the
Medium and High scenarios. For the Medium scenario, we assume PEVs comprise up to 69% of
light car and truck sales shares by 2050 (Figure 4.1), 31 which reflects the fact that the NREL
Automotive Deployment Options Projection Tool (ADOPT) indicates that significant
electrification is possible for light-duty vehicles (LDVs), even after accounting for the modeled
economic and non-economic factors determining consumer adoption choices. The accelerated
growth in light-duty PEV adoption through 2022 and the non-monotonic behavior in PEV sales
shares in the 2020s in the Medium scenario are driven by the representation of Corporate
Average Fuel Economy (CAFE) standards and other assumptions in ADOPT (see Appendix B).
We assume that by 2050, 29% of MDVs have electric drivetrains, while electric vehicles
comprise 10% of all heavy-duty truck sales and 50% of all transit bus sales in the Medium
scenario. The lower sales share for electric HDVs reflect potentially larger (and more-costly)
battery requirements and associated considerations for larger and heavier vehicles. Additionally,
because of these potential challenges, electric medium- and heavy-duty trucks are largely
restricted to short distance uses such as vocational vehicles and short-haul delivery. These
distance factors are considered in our expert judgment-based sales shares for MDVs, HDVs,
and electric buses (Appendix B).

31

Long-term (2040 or 2050) PEV sales shares in the Medium scenario fall toward the high end of the range of
estimates from recent studies, including Stephens (2017), BNEF (2017), and OPEC (2017). However, the Medium
scenario includes a more rapid PEV growth rate in the near term than these other estimates. In contrast, the
Reference scenario, which is aligned with the AEO2017 Reference case, falls below many of these estimates of
2050 PEV sales.
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Figure 4.1. Transportation technology sales shares by electrification scenario
Other vehicle types include those relying on natural gas and hydrogen fuels.
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Figure 4.2. Buildings technology sales shares by electrification scenario
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Figure 4.3. Industrial technology sales shares by electrification scenario
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For buildings, we assume the sales share of air source heat pumps for space heating reach about
68% and 46% for the residential and commercial sectors, respectively, by 2050 (Figure 4.2). 32
This increase is predominantly driven by an assumption that heat pumps become the dominant
technology across all hot and moderate climate regions, while sales in cold climates continue to
be dominated by natural gas technologies. Sales of heat pump water heaters, electric cooktops,
and clothes dryers are also assumed to increase substantially from the Reference scenario.
Appendix C provides details on the expert judgment-based shares for the buildings sectors. For
industrial electrotechnologies with moderate and large productivity benefits, we assume they
constitute 10% and 25% of new capacity additions by 2050, respectively. For example, process
heating electrotechnologies constitute 25% of new capacity in the glass, and plastic and rubber
products industries. Appendix D presents the adoption heuristics used in industry.
The High scenario assumes a more favorable set of conditions for electrification and therefore
includes more-complete electrification across all end-uses considered such as LDVs as well as
significant adoption of electric HDVs (41% by 2050) even for long-haul applications. For
building space heating, we assume geographically widespread adoption of heat pumps in the
High electrification scenario, even in colder climates—resulting in approximately a 50% sales
share in cold climates and a small (10%), but significant, sales share in very cold climates. 33
Adoption of industrial electrotechnologies is also significantly higher in the High scenario
than either the Medium or Reference scenarios. However, this is limited to industrial
electrotechnologies we assume have large productivity benefits. Quantitatively, for the High
scenario, we assume industrial electrotechnologies constitute 25% of new capacity additions by
2050 for those technologies without sizeable industrial productivity benefits and 75% for other
technologies with large productivity benefits. For example, under the High scenario, we assume
electric machine drives constitute 25% of new capacity for agriculture non-electric machine
drive, which have little productivity benefit, and induction furnaces constitute 75% of new
capacity for transport equipment process heating, which offer productivity benefits. Additionally,
we assume the lifetimes of all industrial equipment, except for HVAC equipment for industrial
buildings, are reduced by half in the High electrification compared with the Medium and
Reference scenarios.

4.2 End-Use Electric Technology Cost and Performance
The end-use electric technologies that experience greater adoption in the EFS scenarios are listed
in Table 4.3. 34 For a subset of these technologies—used primarily in the transportation and
buildings sectors and shown in bold in the table—that are likely to have the most impact on
electricity consumption and system costs, we include variations in the degree of future
technology advancement. Specifically, for these technologies we rely on three technology cost
and performance projections—Slow, Moderate, and Rapid—presented in a separate report in the
32

Greater sales shares of ground source heat pumps are also found in the Medium and High scenarios, relative
to the Reference. In 2050, ground source heat pumps in the commercial space heating total 1%, 2%, and 3%,
respectively in the Reference, Medium, and High scenarios. Similar but generally smaller shares are assumed
in the residential sector.
33
The lower sales share in very cold climates assumes that technological and economic hurdles for cold climate heat
pumps operating in cold climates are overcome, but that their lower performance at very low (subzero) temperatures
continues to challenge consumer adoption.
34
Our analysis includes existing technologies only.
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EFS series (Jadun et al. 2017). The projections cover a range of future advancements in terms of
capital costs, maintenance costs, and efficiencies. 35 For the buildings electric technologies that
are not highlighted and not assessed in Jadun et al. (2017), we assume cost and performance
from the AEO (2017) Reference scenario. Our analysis also does not include sensitivities of nonelectric technologies. The technology cost and performance for these technologies are largely
from the AEO2017 Reference case (EIA 2017c). We do not model cost and performance of
industrial technologies due to lack of data.
The Slow advancement case is intended to reflect current technology trends without major
advances, while the Rapid advancement case is intended to reflect a future where greater
research and development (R&D) investments and deployment of electric technologies lead to
significant cost reductions and performance improvements (relative to today and to the Slow
case) by 2050. The Moderate case is intermediate between the Slow and Rapid cases. We model
all three technology cases for each of the adoption scenarios (Table 4.1) due to the wide range
of possibilities in future technology innovation and adoption. For example, we assume electric
vehicle battery costs decrease to $80 per kilowatt-hour (kWh) by 2033 in the Rapid case, but
battery costs do not drop below $175/kWh by 2050 in the Slow projection. 36 Similarly, in the
Rapid case, we assume efficiency improvements of 116% from 2015 to 2050 for residential air
source heat pumps but only a 79% improvement in the Moderate case and 24% improvement
in the Slow case over the same period. 37
Jadun et al. (2017) describe the qualitative and quantitative differences between the three
technology trajectories. It also details the methodological approach used to construct these cases
for the buildings and transportation technologies, including a combination of literature-based
values and expert opinion. Because of limited data and analysis, the report does not include cost
and performance projections for technologies in the industrial sector. But, Jadun et al. (2017) do
summarize the data and reports that do exist, and they highlight numerous research gaps. As a
result of the data sparsity in the industrial sector, we do not run technology advancement
sensitivities for it and we note this as a key uncertainty in our results.
For this report, the range of technology advancements mainly affects electricity consumption
estimates of the electrification scenarios (Section 7). Future technology innovation would also
impact scenario costs, particularly incremental costs to the energy system and consumers; these
costs will be presented in future EFS reports.

4.3 Caveats and Limitations
The scenario construct for the demand-side electrification scenarios has certain key limitations.
First, we do not apply detailed consumer choice modeling for all end-use technologies in the
adoption scenarios; the expert judgment-based adoption projections considered only economic
and non-economic factors qualitatively. In this section, we highlight the various potential drivers
of electrification; however, our analysis does not quantify the relative impacts of the different
35

Jadun et al. (2017) notes that the “technology data in [the] report do not reflect predictions; instead, they are
designed to cover a wide but plausible range of cost and performance improvements given the significant
uncertainties in technology advancement over multiple decades.”
36
Battery cost projections are based on Howell (n.d.), Moawad et al. (2016), and conversations with DOE Vehicle
Technologies Office (see Jadun et al. 2017).
37
Different improvement levels are assumed for cold-climate heat pumps (see Jadun et al. 2017).
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drivers. Therefore, the scenarios should not be interpreted as predictions or forecasts of
technology uptake or advancement.
Well-designed consumer choice models consider many of the factors described in Text Box 4.1,
including the heterogeneity of the decision makers (Al-Alawi and Bradley 2013; Swait and
Adamowicz 2001; Stephens et al. 2017; Tardiff 1980). In other words, they compare the
economic case for different technology options from the perspective of different potential
owners, but they also take into account non-economic factors, such as risk, convenience,
appearance, and comfort. These models have been used to predict adoption, inform policy
interventions, and assess drivers for future technology uptake. However, we are unaware
of a comprehensive model or set of models with detailed consideration of economic and noneconomic factors for all end-use technologies in the entire United States. Such models do exist
for certain technologies and subsectors, but customer adoption models for all electric
technologies examined in the EFS are lacking. The limited extent to which these models are
employed for the EFS include ADOPT, which is used to inform the evolution of the LDV market
in the Medium electrification scenario. Details from this analysis are presented in Appendix B. 38
We also leverage results from the EIA National Energy Modeling System model, which includes
consumer choice modeling of heat pump adoption in the buildings sectors and a select number
of other end-use technologies and subsectors (EIA 2017a; EIA 2017b; EIA 2017c; EIA 2018). 39
However, we are unaware of any detailed consumer choice models for the industrial sector,
and adoption modeling for non-light-duty transportation technologies is at an early stage of
development (Miller, Wang, and Fulton 2017). The lack of consumer choice modeling for all
end uses is admittedly a shortcoming in our analysis, and we note that this is an area of research
need.
Second, we use the same explicit or implicit assumptions for service demand, population growth,
economic growth, and other similar factors in all scenarios. 40 In reality, energy transitions such
as demand-side electrification scenarios represented in our analysis could influence dynamics
that are not captured in our modeling framework. For example, adoption of new more-efficient
equipment could lead to greater use of that equipment. These “rebound” effects are not captured
in our analysis. Other dynamic feedback (e.g., climate-related feedback, demographic shifts, or
trade) involving adoption and service demand are similarly not captured in our analysis. New
technologies could also dramatically affect service demand and energy use in ways that are
difficult to accurately predict. Significant uncertainties exist in these issues and future work
is needed to better understand these complex interactions.
Third, our technology advancement sensitivities represent perfectly correlated variations in
future cost and performance of all end-use electric technologies (e.g., the rapid advancement
scenarios assume both PEVs and heat pumps are more cost-competitive than the slow
advancement scenarios), whereas, in reality, the rate of technology advancement might be
different between end-use technologies within or across sectors. However, the technology
advancement projections (and adoption scenarios) were designed qualitatively, using expert
38

We also plan to use a detailed customer adoption model for distributed photovoltaics; however, that analysis will
be presented in a future EFS report.
39
The DOE Scout model (Harris n.d.) also includes a reduced-form representation of end-use device adoption
decision-making, but largely mimics the approach used in the NEMS.
40
For these factors, we rely on assumptions and outcomes from the AEO2017 Reference case.
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judgment, to have similar levels of optimism across technologies, end uses, and sectors by
considering relative economics and current trends. This approach is admittedly imperfect.
Although in some cases, correlations in technology advancement between electric technologies
do exist (e.g., battery improvements would benefit multiple electric end-use devices), the
correlations do not exist for all technologies. Overall, our technology advancement and
electrification scenarios are intended to capture a range of outcomes but are not intended
to identify the most likely one.
Fourth, our analysis focuses on the demand-side adoption scenarios, but adoption can also be
impacted by changes to the supply side, particularly electricity system evolution and possible
constraints. For example, increased electrification will require additional bulk power system
infrastructure (generation and transmission) as well as distribution-system equipment. These
requirements could increase electricity rates, thereby disincentivizing electrification, or they
could physically limit electrification growth rates due to household system or distribution system
(e.g., voltage or other electrical) constraints. Future research is needed to interactively assess
supply- and demand-side changes.
Finally, our scenarios do not explicitly account for technology disruption or significant
unexpected or unpredictable events. Breakthroughs in electric technologies could yield much
more-rapid adoption than we envisioned in any of the scenarios. Our analysis focuses on existing
known technologies only. 41 Conversely, technology success in non-electric technologies could
slow the adoption or innovation in electric technologies. For example, widespread automation of
vehicles could dramatically impact VMT or vehicle ownership (Stephens et al. 2016). In another
example, widespread growth in 3-D printing could spur electricity use in manufacturing. Beyond
the technologies, dramatic changes in policies, financing, and behavior could also alter the
landscape for electrification. Disruptive technologies and factors could, of course, influence all
sectors.
Understanding these limitations in our demand-side scenarios is needed to appropriately interpret
the findings from our analysis. The EFS scenarios are designed to estimate the impacts of various
degrees of electrification under plausible conditions. Despite the limitations of our scenarios, the
scenarios span a wide range of technology cost and adoption conditions to capture the significant
uncertainties in these factors. The demand-side electrification levels also provide a basis to
evaluate the supply-side evolution and impacts, which will be the foci of future EFS reports.

41

Furthermore, we omit certain existing key technologies (e.g., plug-in hybrid electric vehicles for medium- and
heavy-duty transportation, ground-source or geothermal heat pumps) that could play a growing role.
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5 Methodology
EnergyPATHWAYS (EP)—a bottom-up energy sector tool with stock-level accounting for all
consuming, producing, delivering, and converting energy infrastructure—provides the analytic
backbone for the electric technology adoption and power consumption scenarios presented in this
report. The model was initially built for use in California to investigate energy system
transformations, and to this end, the model leaves most energy system investment decisions to
the user (Williams et al. 2011). Thus, it is appropriate to think of EP as a complex accounting
system or simulation model that tracks and determines the implications of detailed user
decisions. In this section, we provide a brief description of the model, new model features
included for the EFS, and the key assumptions used for the present analysis. The model code
itself has been made open-source and more extensive documentation can be found online. 42
Publications using the current EP model or its progenitors also describe additional facets of
the methodology (Gordon 2014; Haley et al. 2016; Williams et al. 2012; Williams et al. 2014;
Williams, Haley, and Jones 2015).
EP has two primary components, demand side and supply side, with the former calculating
energy demanded (e.g., kWh electricity and million British thermal units [MMBtu] natural gas)
by different services (e.g., building space heating and VMT), and the latter determining how
each energy demand is met (e.g., natural gas extraction, power plants, and distribution wires).
Operationally, this distinction is important in the model because the demand and supply sides are
calculated in sequence and without iteration, as decisions on the demand side do not depend on
cost. This section focuses on the calculations and inputs for the demand side, the outputs from
which are the focus of this report.

5.1 Sector Representations, Data, and Assumptions
The demand side of EP starts with macroeconomic, demographic, and climate-related inputs
(e.g., population or heating-degree day projections) that drive increases or decreases in the
demand for energy services over time. The variables become the backbone on which the rest of
the model calculations depend and are the basis for forecasting future demand for energy
services. For example, when calculating the weight of laundry washed in residential households
annually, a 10% increase in the demand driver (number of households) will result in a similar
increase in the service demand (weight of laundry).
Technology stocks that satisfy each service demand are tracked over time using an annual stockrollover. The composition of the stock over time will depend on the technology lifetimes and the
sales shares stating which technology replaces another upon retirement or stock growth. These
sales shares are explicit user inputs and are the mechanism by which the different electrification
adoption scenarios are created (see Section 4.1). EnergyPATHWAYS helps the user understand
the implications of any technology or infrastructure decisions by linking this decision with
the rest of the energy system with high fidelity. Default initial year stocks and sales shares are
calibrated to empirical data, but the model does not then endogenously solve for investment
decisions.

42

“EnergyPATHWAYS” https://github.com/energyPATHWAYS/EnergyPATHWAYS.
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The composition of the stock along with the service efficiency of each technology is used in
calculating energy demand. Service efficiency of each technology depends on that technology’s
vintage and may change over time. Changes in technology cost and performance come from
a variety of public sources, including the prior publication in the EFS series (Jadun et al. 2017).
At times, a technology will be allocated a smaller or larger share of service demand; for instance,
electric heaters typically have a smaller load and electric vehicles with shorter ranges drive fewer
annual miles. In vehicles, allocation of service demand to stock also depends on technology age
with newer vehicles driving more miles. In other cases, each technology receives a share of
service equal to its share as a stock, for instance all residential cooking technologies have equal
service regardless of fuel type.
Total energy demand can be calculated by dividing service demand by service efficiency and
summing across each service demand category, which are referred to as demand subsectors in
the model. The demanded energy will be in one of many different fuel types (e.g., electricity or
natural gas) depending on the technologies deployed and will be specific to a geography and
customer class. Electricity demand is unique in that it also gets allocated to the time of year using
normalized hourly demand profiles, which are explained in the next section. Each of the
calculation steps described are shown in Figure 5.1.

Figure 5.1. Data flow in the EnergyPATHWAYS model

A variety of data sources are used to describe the reference energy system and characterize
different energy technologies. On the demand side, most of these come from the EIA’s Annual
Energy Outlook (AEO), which is produced with the National Energy Modeling System (NEMS).
EP uses both inputs from NEMS and, also its macroeconomic outputs (primarily from the
AEO2017 Reference case), to establish the baseline data used in many of the modeled scenarios.
Industry, except for fossil extraction and refining, is exogenously determined by the NEMS
Macro-Economic Module (MEM). Fossil and refining energy demand is determined
endogenously. The full list of data sources applicable for this study and technologies deployed
are provided in Appendix E.
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5.2 Electricity Consumption Patterns
We describe above the process by which annual energy consumption is calculated for each
demand subsector by fuel type and location. To produce annual load profiles, unitized
(normalized to one) annual hourly load shapes specific to a geography and technology,
subsector, or sector are multiplied by annual energy demand as illustrated in Figure 5.2. Distinct
unitized shapes are used for 33 different subsectors or technologies, most of which are in
buildings. For end uses without an explicit shape, a geography-matched 2012 historical system
load is used. Detailed information on the complete list of shapes are provided in Appendix E.
The native geography of each shape varies. For some, a unitized profile represents the shape
of service demand across the whole United States (e.g., for residential dishwashing). And for
others, a much higher resolution is available (e.g., HVAC technologies where profiles vary
by International Energy Conservation Code [IECC] climate zone within each state).

Figure 5.2. Method of estimating electricity consumption in the EnergyPATHWAYS model
Illustration by Evolved Energy Research

The final step to create load shapes (not shown in Figure 5.2) is a reconciliation step between the
estimated bottom-up load shape, which uses weather from 2012, and the known historical hourly
system load shape from 2012 Federal Energy Regulatory Commission (FERC) utility data.
Correction factors are created by dividing the top-down historical shape by the bottom-up
estimated load shape. Bottom-up load shapes are then multiplied by 2012 factors to get a final
estimate of bottom-up load for years post 2012. The need for reconciliation largely stems from
a lack of adequate temporal and spatial granularity in the unitized profiles, details for which are
provided in Appendix E. Depending on how the profiles are used, applying the reconciliation
can help more faithfully reproduce peak loads, hourly ramps, and variability in daily energy
consumption.
Although the load shape estimation method in EP has its limitations (see Section 5.4), it enables
a first-order estimate for how electrification or other demand-side transition scenarios might
impact electricity consumption patterns. Section 7 presents the electricity consumption results,
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and a future EFS study will include further modeling to evaluate how hourly electricity demand
profiles might be affected by electrification.
In addition to its construction of bottom-up load shapes, EP has a representation of flexible load.
The flexibility of newly electrified loads (e.g., electric vehicles) to shift in time cannot be
ignored in a discussion of demand-side load shape impacts. Flexible load is solved on the supply
side of EP within a least-cost electricity dispatch. Demand-side flexibility, as modeled for this
analysis, includes only load shifting as described below. It does not include other grid services
that could be provided from the demand side; we do not include the provision of ancillary
services or firm capacity services that could be provided by end-use electric equipment.
Moreover, we examine only the limited range of demand-side flexible options described below.
As a result, this incomplete coverage and the fact that any evaluation of impacts of the demandside flexibility would require supply-wide analysis (which is outside the scope of this report),
flexibility is given limited treatment within this report.
Within EP, flexible load energy must be balanced in the electricity dispatch over different
timescales. The flexibility to shift energy throughout the day is determined by inputs describing
the number of hours that service for a given end use can be shifted either forward or backward
in time and the decision to do so is determined within the optimization to minimize the cost of
serving load. The assumptions for the subsectors where flexible operation was explored are
presented in Table 5.1. The technologies represented here are not exhaustive, and they ignore
both industrial and additional building loads that may be able to provide flexibility but that were
not explored.
A passenger LDV with five hours of load delay and zero hours of load advance means that,
relative to a counterfactual case where charging starts immediately after the vehicle is plugged
in, the vehicle can wait for up to five hours to begin charging. An HVAC system with one hour
of load delay and one hour of load advance can move load either backward in time by waiting
to provide service or forward in time by pre-cooling/heating. In addition to the number of hours
load can be shift in time, the percentage of total that has flexible load enabled is shown in Table
5.1. Results from these scenarios are presented in Section 7.
Table 5.1. Default Load Flexibility Parameters
Subsector

Hours
Delay

Hours
Advance

Base Scenario
(% flexible)

Low Flexibility
(% flexible)

Enhanced
Flexibility (%
flexible)

Light-Duty Vehicles

5

0

2015: 50%
2050: 75%

2015: 50%
2050: 50%

2015: 50%
2050: 90%

HVAC (commercial)

1

1

0%

0%

2015: 0%
2050: 25%

HVAC (residential)

1

1

0%

0%

2015: 0%
2050: 35%

Water Heating

2

2

0%

0%

2015: 0%
2050: 25%

The starting-point (2015) flexibility for LDV charging is meant to approximate the flexible charging already
observed today, incented by time-of-use charging rates.
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5.3 New Modeling Capabilities
Several new capabilities in EP were developed for the EFS study. In this section, we summarize
these capabilities, which are not described in either the model documentation or published
reports that have relied on EP.
Industry Model Enhancements
Before the origination of the EFS, EP did not have technology detail on the demand-side for
industrial sector. This meant we could not comprehensively model electrification in industry in
the same manner as for other sectors, i.e., with assumed technology penetrations, stock rollover,
or other variables. To address this limitation, we decomposed industrial energy use for end uses
that were determined to be electrifiable: space heating, boilers (i.e., steam production), process
heating, and machine drives.
We defined nearly all electrification of industry to occur at the end-use level with the substitution
of electricity for existing combustion fuels and not at the level of technologies applied to specific
processes. 43 We introduced additional modeling detail by decomposing the end-use energy of
certain industries down to the process level and by characterizing representative
electrotechnologies whose technical assumptions are constant across all industries. We have
assumed process heating end-use energy for the wood products and printing and related support
industries can be characterized at the process-level as curing. We have also assumed all process
heat end-use energy in the plastic and rubber products industry can be characterized as drying.
The technologies modeled for industry (electric machine drives, industrial heat pumps, induction
furnaces, infrared heating, resistance heating, ultraviolet heating, and electric boilers) do not
have technical characteristics that vary by industry and process due to a lack of process-level
energy and technology data. Instead, each technology represents the substitution of electricity
for combustion fuel based on assumed efficiencies. For example, we assume induction furnaces
represent electrification of process heating end-use energy in transportation equipment
manufacturing, and industrial heat pumps represent electrification of process heating end-use
energy in chemicals manufacturing and food manufacturing.
For each end use and the curing and drying processes, we developed a service demand and
equipment stock representation to replace the simple annual projections of energy demand
previously based directly on AEO2017 industry value of shipments. The steps to this process
are as follows:
1. Establish a set of representative technologies that have the same technical characteristics
regardless of the adopting industry. Technology characteristics include efficiency,

43

Further characterizing end uses by including temperature requirements would improve the resolution of our
analysis. However, without a characterization of U.S. industrial heat demand—analogous to analysis performed
for the European Union and many of its member states (Naegler et al. 2015; McKenna and Norman 2010; Werner
2006)—we chose not to pursue this modeling expansion. We do note that studies have characterized industrial waste
heat (DOE 2016; Elson et al. 2015; Thekdi and Nimbalkar 2014).
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lifetime, and typical utilization factors for all end uses as well as capital costs for space
heating and boilers. 44
2. Calculate projection of service demand. Service demand estimates are derived from input
projections of equipment stock efficiency and energy demand.
3. Develop estimates of equipment initial stock by combining projections of service demand
by representative technology with the utilization factor of technologies.
4. Run a stock flow model starting with the initial stock and accounting for new technology
sales shares over time.
5. Calculate final energy demand by dividing the allocated service for each technology
by that technology’s service efficiency.
These baseline stock compositions, combined with service demand projections, created a
framework for calculating both the pace and impact of the adoption of electrotechnologies
in specific industrial end uses.
Data Updates from the Annual Energy Outlook 2017
Energy projections for all subsectors, demand drivers, and technology cost and performance
assumptions have been updated as part of the EFS to reflect the AEO2017 Reference case (EIA
2017c). In several cases, the technology cost and performance assumption in EP have been
updated as part of the EFS to have more granularity than NEMS, as described below. Details
are provided in Appendix E.
New Technologies Modeled
As part of the EFS, residential electric heating was subdivided into ducted and non-ducted
components with reference technologies for electric furnaces and baseboard electric heaters,
respectively. In the modeled scenarios with increased electrification, these technologies are
replaced over time with ducted air source heat pumps or mini-splits, which provide energy
efficiency benefits.
In the light-duty car and truck subsectors, new technologies have been added to reflect the higher
vehicle granularity in ADOPT. Most notably, a single battery electric vehicle technology has
been divided into three vehicle types with ranges of 100, 200, and 300 miles, each with specific
cost and performance assumptions. Each electric vehicle technology also has its own derate to
the allocated service demand based on vehicle range—the shorter the vehicle range, the fewer
miles it is assumed to drive annually relative to the reference vehicle. We also acknowledge here
the potential for significant improvement in battery range given recent improvements in some
offerings from manufacturers.
Also, as part of the EFS, the electric bus transit subsector was added along with all major bus
types. This transit subsector is one component of buses as a whole, which also includes intercity
buses where electrification was not considered as part of this study.

44

Due to data availability, costs were included only for technologies that were also represented in the commercial
sector (e.g., boilers and furnaces). In those cases, costs were equivalent between the commercial and industrial
sector.
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Electric Vehicle Infrastructure Cost
The installation costs for new PEV charging equipment and the maintenance cost have been
updated to better reflect the cost and need for building charging infrastructure (Jadun et al.
2017). PEV charging costs are divided into two components: the grid-upgrade costs of new home
wiring (which is not re-incurred for each subsequent EV) and the cost to replace the home PEV
charger itself (which is periodically re-incurred). Total vehicle and charging infrastructure
maintenance costs are based on Jadun et al. (2017).
Efficiency by Climate Zone for all Heat Pumps Used for Heating or Cooling
Another important advancement in EP data made through the EFS has been to specify the service
efficiency by IECC climate zone for all residential heat pumps and air conditioners used for
space and water conditioning. Performance of commercial HVAC equipment was not assumed
to vary by climate based on a review of building simulation outputs. Before this update, a single
efficiency value was used across the United States, which overstated the efficiency of heatpumps in very cold climates. The efficiency trajectories were adjusted to reflect anticipated
advancement in cold-climate heat pumps.

5.4 Caveats and Limitations
As an accounting framework, EP has limitations that should be acknowledged to appropriately
interpret the results. The limitations of the overall study approach are discussed in Section 4.3,
but further disadvantages with respect to EP are discussed here. One of the largest limitations is
that technology adoption is an exogenous input and does not depend on relative technology cost
effectiveness or consumer choice. Instead, exogenous analysis has informed these adoption
shares. Differences in methodology between sectors for estimating these adoption shares makes
it difficult to directly compare electrification ambition between each sector.
Additionally, as a bottom-up accounting model, EP lacks feedbacks of many kinds that are found
in macro-modeling frameworks. For instance, the model has no demand elasticity and does not
solve for economic equilibrium. This means energy demand is not updated based on cost—thus,
service demand is not reduced when costs increase and vice versa. Furthermore, industries
outside of energy extraction (e.g., cement, bulk chemicals, fabricated metal products) have final
energy demand exogenously specified and do not depend on decisions happening elsewhere
in the modeling. The net result is that while the model accounts for energy and cost flows in
sophisticated ways, some activities in the economy may be mutually inconsistent and it is up
to the user to achieve consistency through off-line analysis and explicit updates to inputs.
In addition, the definitions and modeled operations of different technologies is necessarily
stylized and aggregated. Even at a state level, EP cannot capture important geographical nuances
and by always modeling the “average” technology and household, important insights about
opportunities or distributional impacts are lost. EP also misses some cross-correlation in
buildings that could be meaningful. For instance, customers most likely to adopt heat pumps may
have building shell efficiencies that are higher than the average, and these second-order effects
cannot be captured without representations of individual households.
The modeling of flexible load in EP also has important limitations. First, the type of load shifting
modeled is still in a pilot stage in most cases, and the maturation of this technology over the
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decades modeled is not guaranteed. EP dispatches flexible load optimally from a total system
cost perspective, and the need to send the necessary signals to individual customers to achieve
this may limit the impact of flexible load in practice. Flexible load also is dispatched with perfect
foresight; thus, forecast error and lead-time for scheduling is ignored. Finally, flexible load is
constrained by cumulative energy requirements across an equipment population. This is less
constraining than modeling individual pieces of equipment separately and then aggregating the
impact across the population.
Although it is important to acknowledge these caveats and limitations in the EP modeling
analysis conducted for this report, EP enables a detailed bottom-up approach for numerous end
uses and technologies across all major subsectors in the U.S. energy economy. This capability
is applied to isolate and assess the impacts of widespread electrification in the EFS.
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6 Results: End-Use Stock and Service
The rate of an energy transition is determined by both the adoption rate and the inertia in the
system from the built-in advantages of incumbency. In this section, we present the overall
equipment stock transformation and service demand provision results from the electrification
adoption scenarios. In particular, the sales shares (presented in Section 4) are input to the EP
model (described in Section 5), which calculates the new equipment stock based on changes in
service demand and equipment turnover assumptions. 45 EP also estimates the service demand
provided by different technologies and fuels as well as energy and electricity consumption.
This is accomplished for each technology modeled, end-use, and region.
Figure 6.1 illustrates this process for commercial building space heating under our High
electrification (and Moderate technology advancement) scenario. The first panel (Sales) shows
how the assumed sales share of electric heating technologies (both electric resistance-based and
heat pump technologies combined) grows to 71% by 2050 in this scenario. Based on the
expansion of new buildings construction (1.1 billion square feet per year from 2015 to 2050) and
assumed equipment lifetimes, 46 this sales share is equivalent to 771,000 units sold in 2050 and
a stock of 11.7 million units (64% of stock) in that year as shown in the second panel (Stock).
For this High electrification scenario, electric heating technologies are estimated to provide 59%
(800 MMBtuheat) 47 of commercial space heating in 2050 compared with 41% for other, primarily
natural gas-based, technologies as shown by the third panel (Service Demand). The assumed
efficiencies of the full suite of heating technologies (including combustion-based, electric
resistance, and heat pump technologies) impact energy and electricity consumption. The last
panel of Figure 6.1 (Energy) shows how the increasing use of efficient ASHPs reduces overall
final energy use for commercial space heating from about 1.6 quads in 2017 to about 1 quad in
2050 despite an overall growth in heating service demand. Commercial heating from electricity
grows from 6% in 2017 to 33% in 2050 in final energy terms across the contiguous United
States, despite heating service demand served by electricity increasing to 59% by 2050, which
demonstrates the energy-saving effect of the greater energy efficiency of electric heat pumps.

45

We do not assume any premature retirements of equipment in any scenarios. Assumptions about equipment
lifetime and service demand growth are the same in all scenarios.
46
Average lifetimes are specified by technology and range from 14 years for heat pumps to 17.5 years for furnaces
and 25 years for boilers. Each technology also has a unique standard deviation on lifetime that impacts the shape
of technology retirement.
47
Heat pumps comprise approximately 64% of all electric heating technologies with the remaining 36% a mix
of electric furnaces, electric boilers, and electric baseboard radiators.
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Figure 6.1. Commercial buildings space heating evolution in the High scenario

The steps and dimensions illustrated by Figure 6.1 for commercial space heating are applied
similarly for all end uses, technologies, and scenarios. 48 Figures 6.2–6.6 present the stock and
service demand results for select technologies in the transportation, buildings, and industry
sectors in the three core electrification scenarios. 49 Results for other technologies and sectors are
available for download at www.nrel.gov/efs.

6.1 Transportation
Figure 6.2 shows the modeled on-road vehicle stock and Figure 6.3 shows the share of
transportation services (VMT) by fuel type for the core electrification scenarios. In the Reference
scenario, which is consistent the AEO2017 Reference case, PEV adoption is largely restricted to
only the LDV subsector and PEVs reach 18 million by 2050. Although this represents a
substantial increase from the U.S. PEV fleet in 2016 (560,000 PEVs estimated by IEA 2017), it
represents only 11% of all light-duty cars and trucks in 2050. 50 Outside the light-duty passenger
car sector, PEV adoption is very limited, as shown in Figure 6.2. In terms of service demand,
electric VMTs make up a smaller fraction (8.3%) of total VMTs under the Reference scenario
because PEVs are assumed to drive fewer annual miles. 51

48

Representation for the industrial sector differs somewhat due to the limited data estimates of equipment lifetime
among other key factors. Section 5 describes the industry representation.
49
The figures show stock and service results only, which, based on our methodology, are unaffected by the
technology cost and performance assumptions. Therefore, the results apply to all technology advancement—Slow,
Moderate, Rapid—projections.
50
In 2016, new PEV registrations in the United States totaled about 160,000. Globally, IEA (2017) estimates about
750,000 new PEV registrations in 2016 and a stock of about two million electric cars.
51
Representative VMTs vary by vehicle type and age based on regressions of data from the Energy Information
Administration (see Appendix E). EP uses an exponential decline in VMT with vehicle ages. In addition, we assume
VMT per PEV varies with battery range based on data from Melaina et al. 2016.
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Figure 6.2. Vehicle stock in the electrification scenarios
Multiple vehicle types, with different battery ranges, are modeled for light-duty PEVs,
but they are grouped together for the figure.
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More PEVs are found in the Medium and High electrification scenarios. In the Medium scenario,
PEVs comprise a sizeable share of the 2050 LDV stock (186 million light-duty PEVs, 66% of all
LDVs), but they are more limited in other transportation subsectors where transformations have
been shown to be harder due to vehicle requirements and economic considerations (Muratori et
al. 2017). In the Medium scenario, a majority (57%) of PEVs in the light-duty fleet (cars and
trucks) are plug-in hybrid rather than BEVs, according to the ADOPT modeling used for this
scenario (see Appendix B). These results stem from the challenges associated with electrifying
larger vehicles, including battery size, weight, volume, range, and charging duration. Many of
these challenges are assumed to remain to some extent in the Medium scenario. As a result,
PEVs comprise 25% of 2050 MDVs (2.2 million trucks) and 9% of HDVs (660,000 trucks) in
that scenario. 52 Although interest in electric trucks has grown in recent years as demonstrated by
plans from ports in Southern California and new model announcements by manufacturers (Port
of Long Beach and The Port of Los Angeles 2017; Ayre 2017), in the Medium scenario large
electric trucks are restricted to short distance applications and niche markets only. They do not
achieve widespread adoption for long-haul uses, which reflects some of the higher barriers for
electric trucks in such applications. However, even for long-haul freight delivery, there may be
conditions where electric trucks would be favored. For example, tightened emissions regulations
at state, local, or federal levels (e.g., increased efficiency standards and low-emissions zones) 53
and development of an advanced charging infrastructure (e.g., inductive or catenary charging)
could promote adoption of electric long-haul trucks. Despite having some of the same size and
weight challenges as large freight trucks, battery electric buses have other characteristics—such
as regular and short routes, and urban air pollution benefits (Mahmoud et al. 2017)—that are
more conducive to electrification. In the Medium scenario, 46% of the 2050 transit bus fleet is
estimated to be comprised of battery electric buses.
In the High electrification scenario, many of these barriers are overcome and electric vehicles
make up the majority of the on-road fleet. In particular, 88% and 81% of light-duty cars and
trucks, respectively, on U.S. roads in 2050 are PEVs in this scenario. Of these PEVs, the
majority are estimated to be BEVs. In this scenario, nearly all (94%) buses are electric. Electric
trucks also play a prominent role with 52% of all medium-duty trucks and 37% of all heavy-duty
trucks relying on electric motors as the primary powertrain. VMT shares by fuel follow similar
trends in the High electrification scenario (Figure 6.3).

52

All PEVs in the medium- and heavy-duty subsectors are assumed to be all-electric. Plug-in hybrids are not
considered in the medium- and heavy-duty subsectors in this analysis due to scope limitations and lack of data.
53
BEVs have zero tailpipe emissions and electric HDVs have lower lifecycle emissions than diesel technologies
in most regions, depending on the electricity grid mix (Sen, Ercan, and Tatari 2016).
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Figure 6.3. Transportation service demand by fuel type in the electrification scenarios
Other fuels include compressed natural gas, liquefied natural gas, and hydrogen.
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Figures 6.2 and 6.3 provide the numerical stock and service results to help characterize the
electrification scenarios, which are developed primarily using an accounting framework
(Section 5). Here, we provide additional discussion related to technological considerations and
infrastructure requirements with increased electrification in transportation that are not fully
captured in the modeling. To the extent that widespread transportation electrification—such as
that envisioned in both the Medium and High electrification scenarios—is driven by economics,
continued advancements in battery and charging technologies that maintain or improve
performance while lowering costs will be required. Improvements to battery technologies include
increasing energy density to meet weight and volume requirements of vehicles while increasing
travel ranges between charges and enhancing reliability to maintain performance over numerous
cycles, years, and weather conditions.
Current research efforts to improve charging technologies and networks also exist, and success
in these areas is likely needed to enable the levels of electrification in the Medium and High
electrification scenarios. Two key areas of needed improvement in actual vehicle charging are
speed (reducing battery charging times) and coverage (having adequate and accessible charging
stations). Current commercially available charging technologies include direct current fast
chargers (DCFCs) and Level 2 (L2) chargers, both of which can reduce charging times
dramatically from standard Level 1 (L1) home charging (SAE 2012). 54 However, installation
costs can be significant, particularly for DCFCs, and long charging times might create barriers
for some uses or discourage PEV adoption to some drivers. Conversely, an advantage of PEVs
is that charging can potentially occur at various locations, including in home, in workplaces, and
at public charging stations, whereas conventional vehicle refueling is often restricted to gas
stations. Other charging options that are under development but not available in the current
market, and which are potentially most applicable for fleets or freight, include catenary charging,
inductive or wireless charging, and battery swapping (Lukic and Pantic 2013; Mak, Rong, and
Shen 2013).
Coverage considerations include geographic distances between charging stations, number of
plugs in each station, driving behavior, charge time, and differences between different driving
populations and regions (e.g., cities, towns, rural areas, and interstate corridors). Wood et al.
(2017) provide a national-level assessment of charging infrastructure requirements. Another
important consideration is the universality of charging networks (i.e., whether drivers can access
networks with different charging technologies, owners, or operators, and at what costs).

54

L1 charging refers to using an ordinary (120 V in the United States) household outlet. L2 charging supplies higher
voltage (240 V) electricity to reduce charge time. Charger power ratings are also important factors. Jadun et al.
(2017), which is used in the EFS, assumes 50 kW for light-duty PEVs and 350 kW for medium- and heavy-duty
PEVs. IEA (2017c) provides additional discussion and outlooks for electric vehicle supply equipment.
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A detailed examination of the issues regarding battery technologies, charging technologies,
and infrastructure networks is outside the scope of our analysis. However, in addition to the
qualitative considerations described above, which highlight the complexities associated with
widespread transport electrification, we consider vehicle charging in a limited extent in our
analysis. In particular, infrastructure costs, developed by Jadun et al. (2017), are factored into
the EP scenarios and impact overall system and household costs to be reported in future reports.
Future analysis in the EFS will also consider how vehicle charging profiles can impact electric
infrastructure development and system operations. 55 Moreover, Text Box 6.1 presents
approximate charging infrastructure needs for the light-duty fleet estimated in the
electrification scenarios.

55

For an overview of these topics see, for example, Denholm and Short (2006), Duvall et al. (2007), Clement-Nyns,
Haesen, and Driesen (2010), and Muratori (2018).
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Text Box 6.1. PEV Charging Infrastructure Needs in the Electrification Scenarios
Transitioning from liquid fuels to electricity in the on-road transportation sectors will require a
significant change in how the “fuel” is delivered to the vehicles. The required electric vehicle
charging infrastructure, also known as electric vehicle supply equipment (EVSE), will depend on
a variety of factors, including the vehicle mix (battery ranges, hybrid and non-hybrid vehicles, fuel
economy), environment (cities, towns, rural areas, interstate corridors), consumer preference and
charging behavior, and technology evolution (e.g., use of direct current fast chargers). Fully
assessing these factors is beyond the scope of the EFS; however, in this text box we provide an
approximate estimate of non-residential EVSE that would be needed to support the 2050 light-duty
PEV stock in the electrification scenarios based on findings from Wood et al. (2017).
Wood et al. (2017) provide rich detail in terms of EVSE requirements, including several sensitivities
about consumer and vehicles attributes. Here, we simply apply typical charging station-per-EV
(and plug-per-PEV) ratios based on their Central Scenario, which finds that on average 0.57 DCFC
stations (and 1.85 plugs) and 40 non-residential L2 plugs per thousand PEVs would be needed to
provide minimum coverage requirements. Applying these factors to the estimated light-duty PEVs
(both cars and trucks) in our scenarios provides an estimate of non-residential 2050 EVSE needs:
Electrification
Scenario

DCFC

Non-Residential L2

Stations

Plugs

Plugs

17,000

55,000

1,200,000

Medium

106,000

343,000

6,110,000

High

138,000

447,000

9,980,000

Reference

For comparison, by the end of 2017, there were approximately 55,000 stations/outlets, about 80%
of which are L2 (EV Adoption 2017; AFDC 2018). These simple estimates are intended to provide
a rough approximation of infrastructure requirements, and there are several limitations with this
method. First, we extrapolated the results from the Central Scenario from Wood et al. (2017),
which includes 15 million PEVs that are mostly charged at home. The type, number, and location
of PEVs differ in our scenarios; therefore, it is unclear whether the calculated ratios apply. For
example, in a recent report (Bedir et al. 2018), the same approach used by Wood et al. is applied
to estimate charging requirements in California, showing higher charging requirements per vehicle.
Second, Wood et al. acknowledge multiple uncertainties and estimate infrastructure needs under a
range of sensitivity cases showing significant variations. We do not consider those sensitivities.
Third, the analysis from Wood et al. focuses on LDVs only, while our scenarios include substantial
adoption of electric MDVs, HDVs, and buses. As a result, total charging infrastructure needs in our
scenarios are greater than needs presented in this text box. Lastly, the estimates do not consider
significant changes in driving behavior or technological disruptions. Examples include increased
utilization of transportation network companies (e.g., ride-share companies) and autonomous
driving, which might increase infrastructure requirements through greater VMTs or reduce
requirements through more-optimal use of vehicles and charging networks.
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6.2 Buildings
In the buildings sector, electrification in our scenarios has the biggest impact on three end uses
for both residential and commercial buildings: space heating, water heating, and cooking. Final
energy consumption for these three end uses, combined, made up 46% of total (commercial and
residential) buildings sector energy use in 2015 (EIA 2017c). Figures 6.4 and 6.5 show the 2050
equipment stock and service shares for these end uses and for the mix of technology types
considered across the core electrification scenarios. Electricity is a common source of energy in
nearly all buildings technologies, and electric technologies are often used to provide heating and
cooking today. In the Reference scenario, we estimate electric technologies will grow to provide
18% and 15% of 2050 space heating needs in residential and commercial buildings, respectively.
Most of these heating services are from ASHPs, which comprise 40% and 54% of all electric
heating units in residential and commercial buildings by 2050. 56 Figures 6.4 and 6.5 also show
the small share of electric water heaters (including heat pump water heaters) and electric
cooktops (including induction and resistance stoves) in the Reference scenario. 57
Despite the measurable degree of buildings electrification in the Reference scenario, we assume
significant expansion of electric buildings technologies in the Medium and High electrification
scenarios, particularly with respect to heat pumps for both space and water heating. Under the
Medium scenario, ASHPs together with electric furnaces and other electric resistive heating
equipment, provide a slight majority (40%) of residential space heating needs by 2050. Similarly,
for commercial buildings, electricity-based technologies—particularly ASHPs—grow to provide
approximately 35% of space heating services. Electric technologies are also assumed to achieve
substantial growth for water heating, cooking, and clothes drying. In the Medium scenario,
electric shares of water heating grow to 47% and 20% in the residential and commercial sectors,
respectively. Electric technologies for cooking grow to 71%, and 60% in the residential and
commercial sectors, and residential clothes drying achieves almost complete market share (98%)
by 2050, as shown in Figures 6.4 and 6.5.
In the Medium and High electrification scenarios, ASHPs replace both non-electric technologies
and the incumbent electricity resistance technologies. The replacement of electric resistance with
ASHPs has a strong energy efficiency impact that leads to declining overall electricity
consumption in certain sectors (e.g., residential water heating) and regions (e.g., Southeast)
where Reference shares of electric resistance are large. In these cases, total energy consumption
declines even though the share of service demand provided by electric technologies increases.
Section 7 presents and quantifies the energy and electricity use results from the scenarios.
Despite the substantial growth in electric technologies, reliance on non-electric technologies,
particularly natural gas-based technologies, remains sizeable in the Medium and Reference
scenarios due to incumbency and economic advantages. For example, residential furnaces have
56

Other electric heating technologies include electric furnaces, electric resistance heaters, electric boilers, and
ground source heat pumps. We note that the number of units will depend on multiple factors, such as the unit
capacity, building layout, and technological progress.
57
Our Reference (and Medium and High) scenarios all assume the same fixed level of end use service consumption
based on the AEO2017 Reference case. As a result, we do not consider any substantial structural shifts in the
economy or changes in consumer behavior outside those represented in the AEO2017 Reference case that could
impact service consumption—such as dramatic shifts towards multifamily housing.
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typical lifetimes on the order of 15 to 20 years. Given that residential heating systems are
typically only replaced following system failure, only two opportunities (two life-cycles) exist
for new electric-technologies (e.g., heat pumps) to replace incumbent technologies over the
present day to 2050. Furthermore, in cold-climate regions, the lower efficiencies of conventional
heat pumps and higher upfront capital costs of cold-climate optimized heat pumps (relative to
conventional technologies) decrease the economic competitiveness of heat pumps in those
regions, and they challenge the potential for widespread adoption in colder climates. 58 Finally,
challenges associated with building retrofits (including the potential need for new ducting and
upgraded electric service), installer or contractor experience (and level of comfort with heat
pump technologies), access to capital, and consumer preferences may also hinder the spread
of electric technologies in the buildings sector.
For the High scenario, we assume many of these challenges or barriers to adoption are overcome
and electric technologies become pervasive in nearly all U.S. buildings. For space heating
services, we assume cost and performance improvements in heat pumps lead to substantial
economic advantages of heat pumps in moderate climates; and, we assume successful R&D
drives down the life-cycle cost of cold climate heat pumps, through advances in compressor
technologies, refrigerants, and defrost cycling, as well as through development of potential nonvapor compression technologies (Baxter and Groll 2017a, 2017b; Shen 2017; Korn, Walczyk,
and Jackson 2017; Messmer 2015), allowing cold climate heat pumps to be cost-competitive
with conventional technologies. Under the High scenario, heat pumps deliver 35% of end-use
service demand in cold-climate residential and commercial buildings by 2050. Similarly, we
assume successful R&D and deployment programs lead to improvements in the cost,
performance, and social acceptance and familiarity with heat pump water heaters, such that 38%
of water heating services is met with electric appliances in aggregate across the residential and
commercial sectors. Finally, improvements and cost reductions in electric cooking appliances
lead to nearly universal market share of cooking applications—cooking services are 90% electric
across the buildings sector by 2050 in the High scenario.
The High scenario would require a substantial expansion of both the ASHP supply chain
(domestic or international) and installation capacity. Under this scenario, 107 million residential
units and 9 million commercial units are installed by 2050. 59 Increases in other electric buildings
technologies are also substantial (see Figure 6.4).

58

Some cold climate regions, such as New England, remain substantially dependent on high-cost fuel oil for heating
applications. As a result, despite the higher upfront cost and lower (but improving) efficiency of cold climate heat
pumps, we assume heat pumps do increase their share of space heating demands in these regions because of their
improved competitiveness relative to high fuel cost options.
59
We note that the number of units will depend on multiple factors including, most importantly, the unit capacity.
Residential heat pumps have a typical capacity of 36 thousand British thermal units (kBtu) per hour and we assume
120 kBtu per hour for commercial heat pumps to estimate number of units.
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Figure 6.4. Buildings equipment stock in the electrification scenarios
EP models several technologies for each end-use service.
These technologies are grouped into categories in the figure for convenience.
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Figure 6.5. Buildings service demand by fuel type in the electrification scenarios
“Other” fuels primarily include propane and biomass wood.
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Figures 6.4 and 6.5 provide the numerical stock and service results to help characterize the
electrification scenarios, which are developed primarily using an accounting framework
(Section 5). As mentioned above, a range of factors—both economic and non-economic in
nature—could challenge (or support) the widespread adoption of efficient electric buildings
technologies, including challenges and opportunities associated with existing building retrofits,
requirements for new (supporting) infrastructure, familiarity, consumer preferences, and public
acceptance. Here, we provide additional discussion related to these considerations that are not
fully captured in the modeling.
Electrification of existing buildings can require changes in the mode of end-use service delivery
as well as supporting infrastructure, which can substantially impact (increase) the cost of retrofit
and can reduce the installer or customers willingness to adopt, even in the case when the cost is
not substantially impacted. Consider, for example, heat pump retrofits. Most heat pumps on the
market today deliver heat via forced hot air—either directly into a room or through ducting.
Retrofitting buildings that use hot-water or electric resistance baseboard radiators require the
installation of ducting or, alternatively, the reliance on ductless heat pumps (also referred to as
mini-splits), which could subsequently require the need for multiple units, depending on the size
and configuration of the building. As a result, building or homeowners with incumbent hot-water
or resistance-based heating, may be less likely to adopt heat pumps than those with ducting in
place. Furthermore, substantial increases in buildings electricity demand from electrification
(including PEVs) could impose additional electrical supply infrastructure (or service) upgrades
to meet the increased demands.
Despite these potential barriers, heat pumps also offer a benefit over incumbent heating
appliances—they provide both heating and cooling services, and, in the case of integrated heat
pumps, they provide space heating, space cooling, and water heating services. The multi-service
value of ASHPs can help lower effective costs. 60
Finally, even in the absence of cost challenges, cultural acceptance or familiarity can have
substantial impacts on adoption. For example, the challenges of achieving high penetrations of
advanced electric cooking appliances are perhaps less steep physically, or even economically
driven, than they are for ASHPs. Induction cooktops are more energy efficient and offer greater
temperature control than electric resistance or natural gas cooking, but the latter is widely
preferred by most professional and many home cooks, and therefore continues to dominate
the market in high-end residential and commercial kitchens. Widespread adoption of induction
cooktops and other advanced appliances would likely require shifts in consumer preferences
when the perceived or actual benefits of the new technologies outweigh those of the incumbent
technologies.
Although the EP modeling does not explicitly capture this full suite of tradeoffs, the Medium
and High scenarios assume the balance of these tradeoffs contributes to the different levels of
adoption of electric technologies specified. A detailed evaluation of the costs, barriers, and
benefits of all technologies would likely require case-by-case study. Although our analysis does
not include such an evaluation, in the above, we highlight some important factors. Our analysis
60

See Jadun et al. (2017) for levelized cost comparisons of ASHPs providing just heating compared to heating
and cooling.
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also shows scenarios in which many of the challenges to buildings electrification are overcome
and electricity becomes the predominant fuel for all major buildings end uses. In fact, in the
High scenario, electricity comprises over 62% and 75% of 2050 final energy consumption in
residential and commercial buildings, respectively, compared with 45% (residential) and 62%
(commercial) in the Reference scenario and 43% (residential) and 61% (commercial) in recent
years. 61

6.3 Industry
Like residential and commercial buildings, demand drivers for the industrial sector are based on
assumptions from the AEO2017 Reference case (EIA 2017c). Unlike buildings, however, most
industrial service demands rely heavily on combustion fuels in the Reference and electrification
scenarios. We assume industrial end uses experience many barriers to electrification that are
generally associated with maintaining profitability and avoiding disruption to production
processes. We developed our industrial adoption heuristic (Appendix D) based on a relative
ranking of typical productivity benefits provided by industrial electrotechnologies. Our choice to
view industrial electrification through the lens of productivity benefits may result in conservative
adoption assumptions for certain electrotechnologies, even in the High scenario.
Boiler use represents a significant industrial energy end use, but electric boilers are adopted only
in the High scenario, based on our assumptions of their limited productivity benefits relative to
other industrial electrotechnologies. Likewise, industrial space heating is another end use served
by electrotechnologies that offer limited benefits for increasing productivity. The Medium and
High scenarios, however, show electrification due to adoption assumptions shared with
commercial buildings space heating. By 2050, we assume heat pumps constitute 24% and 60%
of industrial space heating service demand in the Medium and High scenarios, respectively—up
from roughly 9% in the Reference scenario.
We assume the other large electrification impacts occur in several process heating service
demands, including curing, drying, and other industrial process heating. Under our adoption
heuristic, we assume process heating electrotechnologies—such as infrared (IR) and ultraviolet
(UV) heating, and induction melting—provide benefits, such as improved process control,
production rate, or product quality, which increase their adoption in the Medium and High
scenarios. Figure 6.6 shows the electrification of industrial curing and drying increase from 0%
in the Reference scenario to 63% for industrial curing and 32% for industrial drying in 2050
under the High scenario. Electricity comprises about 15% and 8% for 2050 curing and drying,
respectively, in the Medium scenario. We assume new adoption of industrial heat pumps and
induction furnaces, as well as increased adoption of resistance heating technologies increase
electricity’s share of other process heating to nearly 30% and 56% in the Medium and High
scenarios, respectively. We note that for the Reference scenario, we assumed electricity used
to meet industrial process heat service demands is electric resistance-based heating and melting.
Induction melting, industrial heat pumps, and other electrotechnologies likely constitute portions
of this service demand, but data at sufficient detail to identify individual technologies in the
Reference scenario are lacking.

61

Based on estimates from EIA 2009 Residential Energy Consumption Survey (RECS 2009) and EIA 2012
Commercial Buildings Energy Consumption Survey (CBECS 2012).
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Figure 6.6. Industrial service demand by fuel type in the electrification scenarios
EP models several technologies for each end-use service. These technologies are grouped into categories in the
figure for convenience.
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Although significant advancements have been made to the industrial sector’s representation of
EP to support the present analysis (Section 5), detailed techno-economic modeling of the entire
sector—as well as data to inform such modeling—remains a key research need. Moreover, the
evolution of the U.S. industrial sector can be much more sensitive to hard-to-predict structural
and macroeconomic factors in the future U.S. and global economies. As a result, forecasting or
assessing potential transitions in industry is fraught with challenges and uncertainties. In the
remainder of this section, we supplement our modeling analysis with additional considerations
for industrial electrotechnology adoption.
An industrial firm’s decision whether to adopt an electrotechnology likely competes with other
capital equipment investment decisions, and firms may encounter similar institutional and
financing barriers as observed by Anderson and Newell (2004) for purchases of energy
efficiency equipment. The cost of power supplies required by certain electrotechnologies may
result in installed costs that are triple the equivalent combustion-fired equipment (EPRI Center
for Materials Fabrication 1993). Despite their potentially higher installation costs, many
electrotechnologies are more energy efficient; however, energy often represents a small portion
of total input costs for manufacturing. Energy costs for all manufacturing industries constituted
19% of the total costs of all factors of production (i.e., labor, capital, and intermediate inputs of
materials, services, and energy) in 2010 (Jorgenson, Ho, and Samuels 2012). The range included
1.4% for transportation equipment manufacturing and 93% for coke, refined petroleum, and
nuclear fuel manufacturing. This large range highlights the heterogeneity in the sector, which
contributes to the difficulties of modeling and analyzing industrial electrification.
Due to potential investment barriers, electrotechnologies that increase productivity by improving
product quality, increasing process throughput, or providing other benefits that increase profit are
much more appealing to industrial firms. For example, certain electrotechnologies can provide
more precision and control and can more quickly reach required temperatures, which may
increase production throughput relative to incumbent combustion technologies. Lower scrap
rates and scale formation, as well as reduced labor requirements are associated with induction
furnaces (Cheremisinoff 1996). The extent to which these productivity benefits of industrial
electrotechnologies are achieved can have a significant impact on their desirability. If these
attributes are not first identified and quantified, and then recognized and incorporated into capital
investment processes, the economic case for many industrial electrotechnologies will likely
remain a challenge.
The long lives of industrial equipment also act as a barrier to widespread electrification in the
industrial sector. Conversely, however, there is evidence that overall economic conditions, not
equipment age, may drive capital investment decisions (Worrell and Biermans 2005; Doms and
Dunne 1998). And, industrial facilities may also be retrofitted at more frequent intervals than
with equipment replacement (Wesseling et al. 2017). These complexities can further complicate
efforts to model industrial equipment stock turnover. 62

62

Because of these complexities, we assume different industrial equipment lifetimes in our scenarios. This contrasts
with representations of buildings and transportation equipment, where equipment lifetimes are the same in all
scenarios. Specifically, we assume the lifetimes of all industrial equipment, except for HVAC equipment for
industrial buildings, are reduced by 50% in the High electrification compared with the Medium and Reference
scenarios.
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Several energy-intensive industries that we did not consider for additional adoption of
electrotechnologies in our scenarios face large technological hurdles for electrification. For
example, plasma furnaces and other types of electric kilns can produce the high temperatures
(>1,400° C) needed for sintering clinker in cement production. These electrotechnologies,
however, may be unavailable at the required production scale (Philibert 2017). Existing
petrochemical manufacturing processes such as naphtha steam cracking are not suitable for direct
electrification due to their tightly integrated nature and reliance on byproducts as combustion
fuels (Lechtenböhmer et al. 2016; McMillan et al. 2016). However, commodity petrochemicals
such as ethylene can be produced by electrochemically reducing carbon dioxide, but they are
not currently at the required industrial scale (Schiffer and Manthiram 2017). Continued
advancements in electric technologies that overcome some of the hurdles identified in these
examples are likely needed to expand electrification to these energy-intensive industries.
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7 Results: Electricity Consumption
The adoption of electric end-use equipment and the transition from non-electric to electric
technologies, along with their performance characteristics, impact the amount and shape of
power consumption. In this section we characterize these estimated changes in demand for
the electrification scenarios. Future EFS reports will provide additional geographic and
technological resolution on electricity consumption as well as analysis of future
electricity production.

7.1 Annual Electricity Consumption
The top row in Figure 7.1 shows annual electricity consumption by economic sector in the
three electrification scenarios (using Moderate technology advancement assumptions). 63 In the
Reference scenario, annual electricity demand grows with a CAGR of 0.65% from 2016 to 2050.
This represents an increase of about 25% over that period and reaching 4,722 TWh in 2050. 64
Electricity demand growth in our Reference scenario is similar to growth in the AEO2017
Reference case, which is to be expected as structural assumptions, demand drivers (e.g.,
population and economic growth) and technology adoption are largely based on the AEO2017.
As discussed in Section 4, we assume relatively limited adoption of many electric technologies
in our Reference case, therefore future increases in electricity consumption in the Reference
result primarily from overall service demand growth, particularly in the buildings and industrial
sectors, which are driven by a growing population and economy. 65 Transportation electricity
use remains limited relative to the other sectors in the Reference scenario.
As a result of this limited spread of electrification in the Reference case, we find a narrow range
in electricity consumption (Figure 7.2) across all electric technology advancement projections,
where the range is driven by the variations in end-use technology efficiencies assumed across
the Slow, Moderate, and Rapid technology advancement projections (Jadun et al. 2017). These
projections only include variations in buildings and transportation technology advancements.
Text Box 7.1 presents results from technology sensitivity scenarios with performance
improvements in industry.

63

Consumption includes electricity used by all end-use devices and differs from electricity sales, which might be
lower due to distributed (on-site) electricity production. We represent combined heat and power and distributed
rooftop photovoltaics in our electricity “supply” analysis to be presented in future EFS reports. Electricity
consumption from the extraction, processing, and transport of fossil fuels is tracked on the supply-side and is
dependent on the demands for each fuel. The figure notes in this section clarify the scope of the reported energy and
electricity values, including whether the figures consider fossil fuel extraction and refining.
64
These percentage increases are based on our modeled 2016 total of 3,783 TWh, which differs from the historical
value of 3,889 TWh (Figure 2.1) due to small modeling errors (representing <3%) primarily in the industrial sector.
65
In all scenarios, we assume—based on AEO2017 Reference case projections—population, building square
footage, and VMT in 2050 are 22%, 36%, and 29%, respectively, over 2016 values.
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Figure 7.1. Annual U.S. electricity consumption (top) and difference from Reference (bottom)
Moderate technology advancement projections are shown.
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Figure 7.2. Electricity consumption in 2050 by technology adoption and advancement scenario

The adoption of electric technologies in the Medium and High scenarios results in much greater
electricity consumption growth than in the Reference scenario. In the Medium scenario, annual
electricity demand grows by 1.2%/year 66 and reaches 5,656 TWh by 2050 with Moderate
technology advancements. Electricity consumption in 2050 spans a wider range—5,520 TWh
(1.1%/yr from 2016 to 2050) to 5,871 TWh (1.3%/yr)—when the full set of technology
advancement projections is considered. This range reflects possible efficiency improvements
that could impact the degree to which electricity consumption grows with the adoption of enduse electric technologies. In other words, Figure 7.2 shows how more efficient end-use
technologies, such as PEVs with high effective miles per gallon or heat pumps with high
coefficients of performance, could mitigate some of the growth in annual electricity consumption
despite their widespread adoption in the scenarios. In contrast, without technology advancements
that improve efficiency, electrification would yield noticeably higher electricity demand.
With Moderate technology advancements (Figure 7.1), we estimate an increase of about 934
TWh in 2050 consumption in the Medium scenario relative to the Reference scenario. Most
(87%) of this incremental growth is from transport electrification as assumed in the Medium
scenario. Increases in 2050 electricity consumption in other sectors are more modest, including
123 TWh for residential and commercial buildings combined relative to the Reference scenario.
Despite the increased adoption of industrial electrotechnologies in the Medium scenario, we find
nearly identical industrial electricity consumption between the Reference and Medium scenarios
in all years. The reason for this offsetting behavior is that industrial electricity consumption
includes uses of electricity for fossil fuel extraction and refining, which is tied to the amount of
66

Unless otherwise noted, all reported annual rates are compound annual growth rates from 2016 to 2050.
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fossil fuel demand from all sectors. Electrification, particularly PEV adoption, reduces domestic
consumption for fossil fuels (see Section 7.2) and thus impacts industrial electricity use. In the
Medium scenario, these reductions nearly perfectly, and coincidentally, offset the incremental
demand for electricity due to industrial electrification. 67 We note that this assumption does not
consider possible increases in fossil fuel exports and similar effects, which could reduce or
eliminate this offsetting behavior.
In the High scenario, more widespread transport electrification, including adoption of electric
long-haul medium- and heavy-duty trucks, leads to an increase of over 1,424 TWh in
transportation-related electricity consumption relative to the 2050 Reference scenario.
Incremental electricity consumption in buildings is estimated to be over 247 TWh by 2050
(split 69% and 31% between the commercial and residential sectors). Meanwhile, industrial
electrification increases electricity demand by an additional 112 TWh in 2050. 68 Altogether
electricity demand in the High scenario is estimated to grow by 1.6%/yr with the Moderate
technology advancement and 1.5%/yr–1.8%/yr across all technology advancements. Annual
electricity consumption in the High scenario is estimated to reach 6,846 TWh, 6,505 TWh, and
6,280 TWh with Slow, Moderate, and Rapid technology advancements, respectively.
Electrification of transportation clearly has an outsized role on annual electricity consumption
compared to electrification in other sectors in the modeled scenarios. One reason for this is that
electrification in transportation has greater potential than other sectors on an energy consumption
basis (see Figure 1.1). For example, in 2016 electricity comprised about 0.1% of final energy
consumption in transportation compared with 45%–53% in the two buildings sectors and about
15% in industry. For the buildings sectors, where electrification has historically been the greatest
among all sectors, future electrification would have the biggest impact in a small number of high
energy-consuming end uses, including space heating, water heating, and cooking. Another
reason the incremental annual electricity consumption in buildings is less than that of transport
is the very high-performance efficiency of ASHPs used for space heating. In certain sectors
(e.g., residential water heating), total electricity consumption declines in the High electrification
scenario due to the replacement of electric resistance technologies. Although most electric
technologies use less energy to produce the same service as their non-electric counterparts,
ASHPs are particularly efficient and have great potential for even further improvements (Jadun
et al. 2017). As one of the leading technologies used for buildings electrification, ASHPs yield
a relatively modest amount of incremental buildings-related electricity consumption despite the
great deal of space heating services provided in our Medium and High scenarios. For industry,
the more-modest electrification in our scenarios is driven in large part by the omission of certain
key industrial activities identified by Table 1.1.

67

For example, electrification in the Medium scenario leads a 33 TWh increase in 2050 industrial electricity
consumption for process heating, drying, curing, and other demands, but a 32 TWh reduction in electricity use for
fossil fuel extraction and refining relative to the Reference.
68
This is on net, including reductions in electricity consumption from fossil fuel refining and extracting.
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Despite the larger share of transport-driven annual electricity consumption shown in Figure 7.1,
electrification in the other sectors can have an outsized impact on electricity load shapes as we
discuss below. We also note that the impact of future technology development on electrificationdriven incremental electricity consumption can differ between sectors. For example, in the High
scenario we find a total difference of 566 TWh in 2050 annual electricity consumption between
the Slow and Rapid technology advancement projections (Figure 7.2), but over 29% of this
difference is from the buildings sector (primarily variations in future heat pump efficiencies)
despite the smaller effect of buildings electrification, compared with transportation, on
incremental annual electricity consumption (Figure 7.1).
Electrification-driven growth in electricity consumption in the High scenario is certainly greater
than the growth projected in the Reference scenario or the growth experienced over the past
decade. However, when taking the longer historical view, the growth rate found in the High
scenario through 2050 (1.5%/yr–1.8%/yr) is similar to or even significantly lower than that
observed in other historical periods (Figure 2.1). For example, from 1950 to 2016, the average
CAGR was about 4% per year. The range in CAGRs projected in the High Scenario over the
future 34 years is, in fact, similar to the rate (1.8%/yr) found during the prior 34 years (1982–
2016).
Although the projected national electricity consumption CAGRs experienced in the scenarios
fall below long-term historical rates, absolute and non-compounding year-to-year changes in
consumption driven by electrification can be unprecedented. For example, in the High scenario,
the average increase in annual electricity consumption from 2016 to 2050 is about 80 TWh/yr.
In comparison, the average absolute annual growth rates over the past 34 years and from 1950 to
2016 are significantly lower (50–55 TWh/yr). In the Medium scenario, the average year-to-year
change in consumption (during 2016–2050) is similar to these historical averages (55 TWh/yr).
Significant year-to-year variance is observed in the historical data, including 185 TWh for the
largest absolute annual increase and 141 TWh for the largest decrease, due to a wide range of
factors that are not modeled in our analysis. 69 The long-term averages wash out many of these
factors and show how sustained growth at levels consistent with the High scenario has not been
observed historically. For example, in the High scenario, decade-averaged growth peaks around
110 TWh/yr during the 2040s compared with a historical (10-year average) peak of less than 90
TWh/yr during the early 1970s and mid-1990s. This unprecedented absolute growth in annual
electricity consumption can significantly alter supply-side infrastructure development
requirements even as the CAGRs fall below historical observations.
In addition to these comparisons, the electrification scenarios from our analysis could also be
put in context with demand growth scenarios generated by others. Text Box 7.2 compares 2050
electricity consumption from the three core electrification scenarios with those from the recent
literature.

69

For example, the largest decrease occured between 2008 and 2009, and it is likely caused by decreases in
economic activity during the Great Recession.
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Text Box 7.1. Impacts of Industrial Performance Improvements on Electricity Demand
As described in Section 4, we model future electricity consumption scenarios with variations along
two primary dimensions for electric end-use technologies: adoption and advancement. Along the
adoption dimension, we include electrification in all sectors, including buildings, transportation, and
industry. For the advancement dimension, however, we only model variations in select buildings
and transportation technologies, based on projections from Jadun et al. (2017), but we do not vary
assumptions about industrial technologies or processes. The primary reason industrial technology
advancement ranges are omitted is the complexity and heterogeneity of industrial processes and
equipment. These factors make it challenging to develop trajectories of technology innovation and
implement the trajectories in our modeling framework.
In this text box, we present sensitivity scenarios to quantify the extent to which efficiency
improvements in industry might change energy and electricity consumption. We model projected
efficiency improvements based on the technical possibility curves (TPCs) used by NEMS. TPCs
define the annual change in energy intensity of existing and new capacity and technology bundles
relative to a 2010 baseline. TPCs are derived from assumptions about changes to energy intensity
and new technology adoption over time, including efficiency improvements to buildings and
transportation equipment for non-manufacturing industries. They do not, however, provide
technology-level detail. The figures show how industrial energy and electricity consumption are
estimated to be lower with the TPC efficiency improvements relative to our Reference scenario.
(The figures exclude energy and electricity use for fossil fuel extraction and refining.) For example,
the TPC scenario results in 9% lower energy consumption and 11% lower electricity consumption
in the industrial sector in 2050. Although our primary scenario analysis does not include a range
of industrial technology advancements, these results suggest that improving efficiency in industry
could yield measurable energy and electricity savings, and, presumably, system and producer cost
savings as well.
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Text Box 7.2. A Literature Comparison of 2050 Scenarios
To help contextualize the EFS scenarios, we compare projected 2050 electricity consumption in
our three core scenarios with other recent studies. We compare our scenarios with the range of
electricity demand in 2050 from AEO2017 (several scenarios) and six studies that considered
electrification within a suite of different strategies, mostly in the context of transformation pathways
to reduce greenhouse gas emissions: EPRI (2018), Williams et al. (2015), The White House
(2016), Weiss et al. (2017), Iyer et al. (2017), and Steinberg et al. (2017). This recent literature
reveals a very broad range of possible electricity demand growth in the future and the figure below
shows how the EFS scenarios fit within this range. For the EFS scenarios, the ranges represent all
technology advancements modeled while the markers show the results for the Moderate
technology projections only. By design, the EFS Reference scenario is aligned with the AEO2017
results and falls below or on the low end of the ranges from the other studies. Consumption
estimates from the Medium and High scenarios fall within the aggregate, and very broad, range
from the other six studies.
Variations in 2050 electricity consumption from this literature collection reflects the diverse drivers
and technologies envisioned in those studies. For example, the highest estimates are from
Steinberg et al. (2017) and Weiss et al. (2017), as these studies focus primarily on electrification
potentials and, in the case of Steinberg et al. (2017), assumes significant electrolysis-based
hydrogen production that leads to significant demand for electricity. In contrast, Iyer et al. (2017),
The White House (2016), and Williams et al. (2015) examine decarbonization pathways that rely
on diverse energy transitions, including electrification, energy efficiency, and bioenergy. EPRI
(2018) focuses on electrification, but where adoption is economically driven under a range of
market conditions. Electricity consumption in the EFS Medium scenario falls toward the high end of
EPRI’s scenarios suggesting that the qualitative adoption projections in EFS are loosely consistent
with favorable economic conditions for electrification identified by EPRI. The High scenario is more
consistent with electrification estimates under deep decarbonization scenarios—but remains below
technical potential for electrification. Additional differences in electrification and electricity
consumption within each sector exist between the EFS and prior studies. For example, even
greater building heating electrification in cold climates is sometimes assumed in some prior studies
and significant variations in industrial electrification exist across all studies. Overall, the collection
of studies suggest that electrification can have a significant impact on future demand growth.
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Figure 7.3 shows another measure of the degree of electrification in our adoption scenarios:
electricity’s share of final energy consumption in the scenarios (all using Moderate technology
advancement assumptions). The figure shows how the use of electricity increases at a greater rate
than uses of other fuels in the Medium and High scenarios in all sectors, such that electricity
comprises 32% and 41% of total site energy use in 2050, compared with 23% in the Reference
scenario in 2050 and 19% in 2016. For all sectors, trends in electricity shares under the
Reference scenario largely follow those from the historical data (Figure 2.2); 70 continued growth
in electricity use is largely restricted to the buildings sectors, projected relative electricity use is
found to be flat over time in industry, and although an increase in transportation electricity share
is observable, the magnitude of electricity use in transportation remains small (at about 1% in
2050). In contrast, greater reliance on electricity is found in all sectors for the Medium and High
scenarios, including 29% in transportation under the High scenario with consistent growth in
industry and an acceleration toward majority-electric in buildings for both scenarios.

Figure 7.3. Electricity share of final energy consumption
Moderate technology advancement projections are shown. The estimates exclude energy and electricity used for
fossil fuel extraction and refining, which would slightly lower the electricity shares for industry and in total.

70

The actual historical data (Figure 2.2) and the modeled data (Figure 7.3) do not match perfectly even for historical
years (2015–2017); however, differences are slight and within a few percentage points for each sector and in total.
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The metric presented in Figure 7.3 understates the amount of electrification in the scenarios,
as the energy-based perspective does not fully reflect how electric technologies often provide a
greater amount of service per unit of energy. In other words, although the High scenario results
in 41% electricity share of total final energy in 2050, the service share from electric technologies
is much higher for many end uses because electric technologies typically have greater energy
efficiency than their non-electric counterparts. Different services in different sectors are not
directly comparable; therefore, aggregating service shares to estimate a total service share from
electricity is not possible. Nonetheless, Section 6 presents the fraction of services provided
by electricity-based technologies for several end uses. These examples show how electricity
provides a significant or large majority of services in many cases under the High scenario
by 2050. Examples are that electric VMTs comprise over 79% of total VMTs for LDVs
(Figure 6.3), electric devices provide over 58% space heating services in both commercial
and residential buildings (Figure 6.5), and 63% of curing services rely on industrial
electrotechnologies (Figure 6.6).
Table 7.1 summarizes the 2050 electricity consumption and shares, by sector and in total, for all
nine electrification and technology advancement scenarios. Recent historical (2016) values are
also provided for context. Of the four sectors, energy use in industry changes the least between
each scenario. Viewing industry in aggregate, however, hides the extent of subsector variation in
electrification. For example, the electricity share of curing energy increases from 0% to nearly
63% by 2050 in the High scenario, which drives electrification in industries where we have
characterized curing processes. Similarly, electrification of other types of processes that fall
under the process heating end-use category (mainly melting and heating processes for metals)
nearly triples by 2050 in the High scenario. This change mostly notably affects transportation
equipment manufacturing, as well as the category of other, miscellaneous manufacturing.
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Table 7.1. Electricity Consumption and Share of Final Energy by Sector and Scenario
2050 Reference

Annual Electricity Consumption (TWh)
2016

Rapid

Transport

7.5

78

Residential

1,418

Commercial

Slow

Rapid

88

101

809

1,462

1,474

1,503

1,379

1,751

1,755

Industrial

1,084

1,405

Total

3,889

4,696

Percent (%) of Final Energy

Moderate

2050 Medium
Slow

Rapid

Moderate

Slow

898

1,019

1,365

1,512

1,712

1,481

1,518

1,589

1,491

1,551

1,657

1,762

1,824

1,835

1,855

1,909

1,925

1,956

1,405

1,406

1,405

1,406

1,408

1,515

1,517

1,520

4,722

4,772

5,520

5,656

5,871

6,280

6,505

6,846

2050 Reference
2016

Rapid

Transport

0

1

Residential

45

Commercial

Moderate

Moderate

2050 High

2050 Medium
Slow

Rapid

1

1

13

44

45

45

53

62

62

Industrial (excluding refining)

15

23

Total

19

23

Moderate

2050 High
Slow

Rapid

Moderate

Slow

14

16

27

29

31

52

52

53

61

62

63

62

68

68

68

75

75

75

23

23

23

23

23

27

27

27

23

23

31

32

33

40

41

42

See notes for Figures 2.1 and 2.2 for data sources for the historical (2016) data. Attribution to each sector is based directly on EIA, which may include
behind-the-meter PEV charging in the residential and commercial sectors. Historical 2016 data presented here differ slightly from modeled 2016 values
from EP. Data also include net self-generation of electricity from renewable sources (except geothermal) and combustible fuels. The consumption data
include EIA estimates of behind-the-meter solar generation based on estimated growth rates from the AEO. The electricity consumption estimates include
electricity used for fossil fuel extraction and refining; however, estimated final energy shares from electricity do not include these uses.
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Figures 7.1–7.3 and Table 7.1 present national electricity demand results, but electrificationdriven consumption is not distributed uniformly across all U.S. regions, given the differences in
how electricity is used. Figure 7.4 shows how incremental electricity consumption—on absolute
and relative terms—varies by state in the High scenario, relative to the Reference. Electricity
consumption in the High scenario is estimated to increase by over 50% in several states,
compared to 38% nationally. 71 In some states, electrification in the High scenario increases 2050
demand by only about 20%. These differences reflect a wide range of variations in equipment
vintage, service demand growth, policies, and other conditions experienced historically and
modeled in the AEO2017 Reference case as well as in EP. However, the nature of electrification
can also drive some of these differences. For example, Figure 7.4 shows how incremental
electricity consumption from the buildings sector is greater in states with cold climates due to
both the lower efficiency of ASHPs in cold temperatures and greater heating service demands
per household in cold climates. Ultimately, while this report characterizes national adoption,
consumption, and trends, a better understanding of local drivers and barriers behind
electrification will be needed to inform local decisions related to electrification or to assess
the local impacts of electrification. Regional and state-level data from the EFS scenarios
can be found on the project website (www.nrel.gov/efs) and can be explored to provide
additional insights.

Figure 7.4. Incremental 2050 electricity consumption in the High scenario, relative to the
Reference, in absolute (left) and relative (right) terms
Moderate technology advancement projections are shown. The percentages shown are based on total (from all
sectors) 2050 consumption in the Reference. The estimates exclude electricity consumption from fossil fuel
extraction and refining.

71

National electricity consumption in 2050 is 20% higher in the Medium scenario than in the Reference scenario.
All reported values are for the Moderate technology advancement cases.
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7.2 Avoided Non-Electric Fuel Consumption
As previously mentioned, the greater use of electricity displaces some direct fuel use for end-use
services. 72 Figure 7.5 shows the differences in gasoline, diesel, and natural gas consumption
(at the site) for the three core electrification scenarios. 73 These fuels represent the ones displaced
to the greatest extent in the Medium and High electrification scenarios, relative to the Reference
scenario. 74 In the Medium scenario, gasoline use in 2050 is reduced by 52% (8 quads) relative to
the Reference scenario primarily because of the modeled adoption of electric LDVs. Reductions
in use of diesel and natural gas in 2050 are more modest at 15% (1.4 quads) and 16% (2.2
quads), respectively. In contrast, in the High scenario, significant reductions in all three fossil
fuels are found relative to the Reference scenario: 74% (12 quads) for gasoline, 35% (3.4 quads)
for diesel, and 37% (5.3 quads) for natural gas. Greater reductions in site use of multiple fossil
fuels in the High scenario stem from greater amounts of electrification occurring in a wider set
of end uses and regions. Electrification of long-distance medium- and heavy-duty transportation
reduces reliance on diesel. Electricity use in buildings technologies displace natural gas
consumption (most notably for space heating, water heating, and cooking). Greater reliance
on industrial electrotechnologies replaces a range of fossil fuels.

Figure 7.5. Site fossil fuel use by scenario
Moderate technology advancement projections are shown. Fuel use for electric power generation is not included
in the values shown. Estimates also exclude fuel consumption for fossil fuel extraction and refining.

72

Non-fuel (i.e., feedstock) energy uses are outside our analysis boundaries and are not avoided in the electrification
scenarios as a result. Non-fuel energy use in manufacturing industries constituted approximately 5.3 quads in 2014
(MECS 2017).
73
All scenarios include policies and regulations as of 2017. This include would impact the absolute and relative
amount of fuels consumed in the scenarios. For example, the reduction in gasoline consumption over time estimated
for the Reference scenario is driven by assumed improvements in vehicle efficiency, which are impacted by policies
and regulations. However, our analysis is not intended to isolate the impacts of these policies.
74
This is in absolute terms. Other avoided fuels in the higher electrification scenarios include fuel oil, liquefied
petroleum gas, and coal.

70
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Figure 7.5 includes only U.S. domestic fuel consumption at the site or directly by vehicles, as the
focus of this report is on the demand-side. Although electrification can reduce on-site fossil fuel
use, it will increase the amount of upstream energy consumption (e.g., to produce electricity).
As a result, Figure 7.5 and the analysis in this report presents an incomplete picture of overall
fuel use, with the largest gap for natural gas being due to the current and anticipated reliance on
natural gas for power production (see Figure 2.1). For example, EPRI (2018) shows how total
natural gas consumption can increase or remain stable even with high levels of electrification and
under a range of carbon price futures, if natural gas prices remain low. In addition to potential
increases to indirect domestic uses of fossil fuels (e.g., through power production), reductions
in on-site fuel use from electrification could also result in expanded export markets. For the EFS
scenarios, supply-side and overall fuel use will be presented in future EFS reports.
Although our demand-side analysis cannot provide a complete picture of fuel consumption,
it does allow for an assessment of changes in final energy consumption, which is a relevant
measure, as many advanced electric technologies have greater energy efficiency than their nonelectric counterparts. For example, both electric vehicles and heat pumps are typically three to
four times more efficient in converting energy into their respective services provided (power at
the wheels and warming interior spaces) than conventional internal combustion engine vehicles
and natural gas boilers, respectively (Jadun et al. 2017).
Figure 7.6 shows how final energy consumption declines across all sectors and the energy
system as a whole through electrification. 75 In the Reference scenario, final energy consumption
remains roughly flat and is estimated to total 68 quads by 2050. In comparison, final energy
consumption in 2050 is 13% and 21% lower (relative to the Reference) under the Medium (to
59 quads by 2050) and High (53 quads) scenarios. As is apparent from the figure, most of the
reductions in final energy occur in the transportation sector, which relies heavily on vehicles
with efficient electric drivetrains under the Medium and High scenarios. Reductions in energy
consumption by buildings, mainly by replacing oil- and natural-gas (and electric resistance)
heating technologies with heat pumps, is also apparent in the figures.
Although not shown in Figure 7.6 (which presents results from the Moderate technology
advancement projections only), Rapid advancements (i.e., more-efficient end-use electric
technologies) would lower final energy estimates even further, to 58 quads and 52 quads in
the Medium and High scenarios, respectively, in 2050. Conversely, under Slow technology
advancements, the energy efficiency benefits of electrification are more muted: 60 quads and
55 quads respectively for the Medium and High scenarios. These results show how electrification
can result in increased energy efficiency (at least on a final energy basis), but the level of
technology innovation has a measurable influence on the degree to which the benefit would
be realized.

75

The figure only includes energy consumption tracked on the demand-side of EP and, hence, excludes some
important energy-consuming industries and activities, such as fossil fuel extraction and refining. All percentages
reported are with respect to the EP-modeled values rather than historical values. Total final energy consumption in
2017 is estimated to total about 72 quads (LLNL 2018).
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Figure 7.6. Final energy consumption by scenario
Moderate technology advancement projections are shown. Estimates exclude fossil fuel extraction and refining.

Final energy consumption, by definition, does not account for upstream losses from electricity
production or transmission and, therefore, does not offer a complete picture of overall energy
efficiency. Primary energy consumption would also depend on the mix of resources used on the
supply-side of electricity generation. Future EFS reports will include a supply-side analysis and
will provide assessments of overall fuel and energy consumption.
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7.3 Electricity Consumption Profiles
Changes in annual electricity consumption can have important impacts on future electricity
supply requirements. However, the temporal characteristics of electricity consumption can have
equally critical impacts on power systems planning and the evolution of the U.S. electricity
system. Here, we present electricity consumption profiles based on estimates from EP. The
methodology for constructing the 8,760 hourly consumption profiles in this model is described
in Section 5.2. 76
Figure 7.7 shows hourly electricity consumption in January and July estimated for 2015 and for
2050 under the core electrification scenarios. Specifically, it shows the “month-hour” average,
meaning the value shown for each hour reflects the demand in the same hour averaged across all
days of that month. As reflected by the 2015 data, aggregate peak electricity demand in the
United States—as well as for many regions therein—often occurs during hot summer afternoons
due in large part to air conditioning requirements in addition to other electricity loads that occur
year-round. Electricity demand is significantly lower during the other non-summer seasons,
including winter. During winter months, daily electricity demand often follows a “double-hump”
pattern, reflecting usage patterns for lighting, electric heating, office equipment, and other
end uses.
Under the Medium and High electrification scenarios, many of these general seasonal and
diurnal features remain. For example, electricity demand is high during summer afternoons as
demands for air conditioning services are estimated to grow similarly in all scenarios. However,
a notable difference in winter load shapes occurs with greater electrification: increased use of
electric space heaters, including ASHPs (with backup electric resistance heating for very cold
conditions), raises winter demands faster than in the summer. Figure 7.8 reveals these changes
more apparently by showing the electrification-driven and technology-specific incremental
electricity demand in the High scenario relative to the Reference for the same two months. The
impact on peak winter demands from space and water heating in the residential, commercial, and
industrial sectors are clear. In contrast, EP estimates smaller differences in load shapes from
vehicle electrification and electrification of all other end uses between seasons. 77 As a result,
in the High scenario, incremental electricity consumption is in fact higher in January than in July
and other non-winter months.

76

As part of the EFS, a separate model, referred to as the demand-side grid (dsgrid) model, is also developed with
the aim to construct 2050 hourly electricity demand for the scenarios using bottom-up approaches (Hale et al.
forthcoming). The sectorally, regionally, and temporally resolved dsgrid results are planned for use in the production
cost simulations for future EFS analysis. In this report, we present estimates directly from EP, which are to be used
in the electricity supply capacity expansion work for the EFS. Although dsgrid has greater modeling fidelity than
EP, it only captures profiles in a single year, whereas the EP analysis can be used to estimate trends over time.
Furthermore, the EP estimates are provided for multiple scenarios and therefore can be used to reveal some of the
underlying drivers behind the profile changes as presented in the current report.
77
EP includes some seasonal differences in VMTs. For example, January light-duty charging loads are 83% of those
assumed in July.
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Figure 7.7. Total month-hour power consumption profiles in the core electrification scenarios
for January (left) and July (right)
Moderate technology advancement projections are shown. The profiles shown include the estimated impacts
of flexible load as modeled in EP.

Figure 7.8. Incremental month-hour consumption in 2050 under the High scenario, relative to the
Reference, for January (left) and July (right)
Moderate technology advancement projections are shown. The profiles shown include the estimated impacts
of flexible load as modeled in EP.

The greater impact from electric space heating, relative to other end use electric technologies, on
the timing and magnitude of peak demand results in different regional effects of electrification.
Figure 7.9 shows how peak demand grows and shifts to the winter season for an increasing
number of states over time in all scenarios—but especially in the Medium and High scenarios.
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The size of the pie charts in the figure corresponds to the magnitude of the highest estimated
hourly load for each state, and the pie wedges show how the top 100 load hours are distributed
across the four seasons. In 2015, all states excluding those in or near the Pacific Northwest are
estimated to be summer peaking, with a majority of the top 100 load hours falling in June, July,
or August. By 2050 under the Reference scenario, this largely holds; however, a greater fraction
of the top 100 peak hours occur during the winter months in the southeastern states. Under the
Medium and High electrification scenarios, this trend is most apparent in the northeastern and
midwestern states from the use of electric ASHPs in those cold climates. In fact, under the High
scenario, nearly all northeastern states become winter peaking by 2050.
Coupled with the shift in when peak demand occurs is an increase in the size of the peak. These
changes, shown in Figure 7.9 and discussed below, could have significant impacts on electric
utility planning, grid operations, reliability assessments, and electricity markets—issues that will
be addressed in future EFS reports.

Figure 7.9. Peak load season by state and scenario
The size of the pie charts corresponds with total electricity demand gigawatts (GW) during the top demand hour. The
pie wedges show the seasonal distribution of the top 100 hours with the highest demand by state. Seasons are
defined along monthly groupings: summer includes June, July, and August; fall includes September, October, and
November; winter includes December, January, and February; and spring includes March, April, and May. Moderate
technology advancement projections are shown. Data shown, including 2015 data, are based on modeled estimates.
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Load duration curves, where hourly electricity demand in a year is ordered from highest to
lowest, are common ways to provide a high-level characterization of electricity consumption
patterns. Figure 7.10 shows 2050 load duration curves for the three electrification scenarios as
well as modeled 2015 demand. These curves reveal how electrification is estimated to increase
the hourly aggregate peak demand, which impacts electric utility planning—particularly for
maintaining reliability and resource adequacy. EP estimates a 2015 U.S. aggregate peak demand
of 717 gigawatts (GW). Under the Reference scenario, we estimate the peak to grow to about
838 GW by 2050. In comparison, under the Medium and High scenarios, 2050 hourly peak
demands are estimated to be significantly higher at 997 GW (19% above the Reference) and
1,111 GW (33%), respectively.
Figure 7.10 also shows the load factors—the ratios of average-to-peak demand—for all three
scenarios (Reference, Medium, and High). Load factors are estimated to increase over time for
all scenarios suggesting a different optimal mix of generation technologies from today as plant
utilizations may differ. Although the load factor is estimated to grow in all scenarios, the load
factor for the High scenario is estimated to exceed that found in the Reference and Medium
scenarios. For context, from 1990 to 2016, the load factor and its inverse, the peak-to-average
ratio, has remained steady. This growth indicates that electrification—in combination with the
assumed vehicle charging flexibility in our default scenarios (see Section 5)—can result in
steadier 78 consumption of electricity and, possibly, more-consistent utilization of power plants
and other infrastructure. This finding is qualitatively consistent with prior studies, including
Steinberg et al. (2017), which found significant changes in the load factor from electrification
but also assumed a much greater degree of vehicle charging flexibility. 79
The load factor and load duration curves, however, may not reveal how electrification may
impact power system operations (e.g., changes in power plant ramping and cycling needs) or
power plant investment economics (e.g., increased desirability for flexible generators). For
example, the increase in winter peaks may help increase load factors but could also enhance
diurnal peak-to-trough ratios, which are not observable by estimated annual load factors or load
duration curves. Furthermore, regional consumption patterns are impacted differently by
electrification, as discussed previously. Planned research in the EFS is intended to address these
issues and the interactions with various supply-side futures. Nonetheless, the results presented
here highlight that electrification can substantially change electricity consumption patterns in
many regions.

78
The metric does not measure the hour-to-hour or day-to-day variations in demand but examines only how the
annual peak demand compares with the annual average.
79
In addition to flexible electric vehicle charging, Steinberg et al. (2017) included higher penetrations of fuel cell
vehicles and assumed the electrolysis-based hydrogen production was sufficiently flexible to avoid any incremental
vehicle-driven peak electricity demand growth.
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Figure 7.10. Load duration curves (left) and load factor over time (right) for the core
electrification scenarios in 2050
Moderate technology advancement projections are shown.
The profiles shown include the estimated impacts of flexible load as modeled in EP.

The findings reported above can be sensitive to several factors. The method used to generate the
demand profiles rely on many assumptions and uncertain factors that are not fully accounted for
in the EP methodology. We highlight several issues that will likely affect how electrification
might impact electricity consumption profiles but which require more research. First, electricity
demand can be sensitive to future electricity prices and rate structures and electrification can
sway (or be swayed by) rate design. Second, the potential increase in demand-side management
and demand-response to provide grid services could be enabled with electrification and could
dramatically impact load shapes—particularly to reduce peak demands. 80 The same applies to
energy storage technologies, including distribution-sited, behind-the-meter, or integrated within
end-use devices. Third, limited data exists for electricity consumption patterns of new electric
technologies or end uses, such as HDVs or industrial electrotechnologies, making it difficult to
model electricity use with increased electrification for these end uses. Fourth, dramatic changes
in behavior or technology, such as autonomous vehicles, could change consumption patterns.
Finally, changes in weather patterns and demographics could alter hourly electricity
consumption. A comprehensive analysis of all these issues is beyond the scope of this report
and the broader EFS. However, we conduct a simple sensitivity analysis covering a broad range
of demand-side flexibility levels in Section 7.4.

80

Future EFS analysis and the tools and data developed in EFS are planned for use to study this question.
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7.4 Demand-Side Flexibility Sensitivities
Consumption profiles are determined not only by the type of equipment adopted by end uses,
but also by how that equipment is operated. In this section, we examine how these profiles might
change with different levels of demand-side flexibility, which is narrowly defined here as the
ability to shift electricity consumption from one period to another. This narrow definition and the
limited extent to which we explore possibilities for demand-side flexibility warrant a note of
caution in interpreting the following results. In particular, although we present sensitivities
to understand the directional impacts of demand-side flexibility, more research is needed to
quantify the value of this flexibility. Future EFS reports will provide additional insights beyond
the limited exploration described below.
The EP method for representing demand-side flexibility is described in Section 5.2. Overall, the
method assumes that a certain amount of flexible equipment penetrates the end-use technology
stock in a year and that this energy consumption may be shifted forward or backward in time
some amount, depending on the end use. The electricity consumption results presented in Section
7.3 relied on a default representation of demand-side flexibility, which assumed flexibility from
electric light-duty cars and trucks only. Under the default conditions, we assume a possible
charging delay of up to five hours for 75% of the light-duty PEVs by 2050. The penetration
of flexible equipment for vehicle charging is assumed to increase linearly from 50% in 2015,
which is intended to match historical charging behavior influenced by time-of-use rates and other
factors. Based on these constraints, vehicle charging decisions are made by the dispatch
optimization in EP. These assumptions for flexible charging of PEVs is one of the reasons we
estimate increasing load factors in the High scenario.
To test the sensitivity of our electricity consumption results to a range of flexibility conditions,
we model two additional scenarios (Low Flexibility and Enhanced Flexibility), both with High
adoption and Moderate technology advancement levels. In the Low Flexibility scenario, we
assume consumption profiles are based on the native assumptions used in EP for the level of
demand-side flexibility in 2015 for all years. In the Enhanced Flexibility scenario, we assume
additional flexibility in electric LDVs by increasing the penetration of flexible charging from
75% to 90% in 2050. In addition, we assume additional flexibility capabilities in HVAC systems
and water heating equipment for both the residential and commercial sectors. The buildings
demand-side flexibility is implemented similarly to vehicle flexibility within the EP modeling
framework. A notable difference is that we assume both advanced (e.g., pre-cooling) and delayed
electricity use in buildings whereas vehicle charging can only be delayed. Section 5.2 provides
details on the flexibility parameterization for these two sensitivity scenarios.
The results from this sensitivity analysis suggest flexibility can decrease peak loads and increase
load factors. In particular, we find that the aggregate and coincident peak load in the Low
Flexibility is over 13 GW higher than in the default case, which included flexibility in LDV
charging. In the Enhanced Flexibility scenario, the additional flexibility, in both vehicle charging
and through smart energy management systems implemented in buildings HVAC technologies,
can help reduce peak demands by another 4 GW. In terms of load factors, these sensitivities
indicate that the incremental flexibility can lead to increases in load factors by up to about 2%.
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These two effects could help avoid construction of unnecessary peaking capacity 81 and increase
utilization of existing capacity. Although seemingly modest in magnitude relative to the overall
system, the avoided capacity could help reduce billions of dollars in system expenditures, which
presumably would be passed on to consumers. Similarly, the increased plant utilization could
mean the difference between sufficient revenues to continue operations and retirement for certain
units.
It is important to note that none of the scenarios considers the full extent that flexibility might be
available from the demand-side. For example, we only model flexibility from vehicle charging
for the light-duty fleet, whereas flexibility from larger trucks and fleets might enable even more
optimal charging possibilities—including the amount of energy (megawatt-hours) that can be
shifted and the duration over which this shift is possible (hours). Furthermore, although we
modeled flexibility only in terms of the degree to which electricity use can be advanced and/or
delayed, flexibility can also come from various other capabilities and can provide other system
value. These include the use of interruptible load to manage peak capacity needs, the provision
of ancillary services, and the deferment of transmission and distribution equipment upgrades.
The flexibility sensitivities do not cover this full range, and they likely underestimate the impacts
of (and value of) demand-side flexibility. While inconclusive, the results of the sensitivity
analysis highlight the directional impact that demand-side flexibility could have on load shapes,
particularly with widespread electrification.
Further analysis of the interactions of electrification and demand-side profiles and flexibility are
planned for the EFS. In particular, a new model, referred to as the demand-side grid (dsgrid)
model (Hale et al. forthcoming), is designed to apply bottom-up modeling to assess future
electricity consumption patterns with higher fidelity than is possible with EP. Using this model
and high-resolution resource adequacy and dispatch models, the impacts of increased demandside flexibility to consumption profiles and supply-side evolution and operations could be
explored. Of course, the cost and value of demand-side flexibility will also depend on a host of
other factors that may not be easily assessed by the planned modeling analysis. These factors
include market rules for demand-side participation in electricity markets, retail rate structures,
and behavioral factors. Furthermore, more research is needed on “enablement” costs and
consumer willingness to participate in demand-side flexibility programs to assess the relative
aggressiveness of these sensitivities. Nonetheless, electrification can increase the amount and
type of resources from the demand-side that could provide system flexibility. Further research is
warranted to quantify the extent to which additional flexibility provides value to both the power
system and consumers.

81

The exact amount of avoided capacity, and therefore value, of the flexibility is difficult to assess, as it will depend
on any possible excess capacity in the default case, resource adequacy targets, and coincidence of peaks.
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8 Discussion
In this report, we presented scenarios with various degrees of future electrification in all major
end-use sectors of the U.S. energy system—including transportation, residential and commercial
buildings, and industry—through 2050. The scenarios were used to characterize the impacts of
an electrification transition in terms of equipment sales and stock as well as to quantify how
electrification might impact electricity demand, consumption profiles, and energy use. Adoption
levels in the scenarios were developed primarily by expert judgment from the authors based on
analysis of current trends and insights from other studies, but we also relied on consumer choice
models in select instances. Moreover, the scenarios covered a wide range of uncertainty along
two dimensions: the adoption penetration of end-use electric equipment and the rate of
technology advancement for select technologies. Figure 8.1 summarizes annual electricity
consumption estimates for the three core adoption levels modeled (all using the Moderate
technology advancement projections) and compares these estimates with available historical
data. Figure 8.2 summarizes comparisons for the same three scenarios with historical estimates,
but in terms of electricity share of final energy.

Figure 8.1. Historical and projected annual electricity consumption
Moderate technology advancements are shown. Slight adjustments were made to the modeled industry consumption
estimates (for 2017-–2020) to align them with available historical data.
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Figure 8.2. Electricity share of final energy consumption
Moderate technology advancements are shown. Historical and modeled data have slightly different scope and
therefore are not fully comparable. Notably, modeled data omits fossil fuel extraction and refining. However,
differences amount to only a few percentage points between the 2016 historical data and the 2017 modeled data.
Visual adjustments and interpolations were used for the modeled data (for 2017—2030) in the figure shown.

The following quantifications from the analysis help to characterize an electrification transition:
•

Widespread electrification requires accelerated equipment sales that are well beyond current
levels, but equipment longevity can slow stock turnover. In the High scenario, the U.S. onroad transportation fleet included 240 million light-duty PEVs, 7 million medium- and
heavy-duty plug-in electric trucks, and 80,000 battery electric transit buses that, together,
deliver up to 76% of vehicle miles traveled from electricity in 2050.

•

A dramatic change in electric buildings appliance manufacturing and adoption is needed in
our scenarios, as the electric equipment are found to provide up to 61% of all space heating,
52% of all water heating, and 94% of all cooking services in the combined commercial and
residential sectors by 2050 in the High scenario, compared with 17%, 26%, and 34%,
respectively, in the Reference scenario.

•

In the same scenario, the adoption of various industrial electrotechnologies are found to
provide 63% of curing needs, 32% of drying services, 56% of other process heating, and
a range of other industrial end uses.

•

In 2050, electricity share (of total final energy) in the scenarios increased to 32% in the
Medium and 41% in the High scenario—significantly above the 23% in the Reference
scenario and 19% in 2016.

•

Electrification leads to reduced domestic on-site use of gasoline, diesel, and natural gas fuel.
Demand-side fuel use reductions of 74% gasoline, 35% diesel, and 37% natural gas in 2050
were found in the High scenario, relative to the Reference. These fuel savings could have
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important impacts on power generation economics, global energy markets, energy security,
and geopolitics.
•

Advanced electric technologies are often more energy efficient than competing options that
provide the same end-use services. This greater energy efficiency resulted in 13% reduction
in 2050 final energy consumption in the Medium scenario, relative to the Reference, and
21% in the High scenario, even as electricity consumption grows with electrification.

•

Widespread electrification could increase 2050 U.S. electricity consumption by 932 TWh
(20%) and 1,782 TWh (38%) for the Medium and High scenarios, respectively and relative to
the Reference, with compound annual load growth rate (2016 to 2050) of 1.6% found in the
High Scenario. Absolute and non-compounding year-to-year changes in consumption in the
Medium and High scenario averaged (during 2016–2050) 55 TWh/yr and 80 TWh/yr,
respectively, compared with 50–55 TWh/year over the prior 34 years and from 2016 to 2050.
Incremental annual electricity consumption is dominated by vehicle electrification.

•

In the scenarios with greater electrification, incremental increases in peak demand are
estimated be lower than the relative increases to annual consumption. In the Medium and
High scenario, the aggregate and coincident U.S. hourly peak demands are 19% and
33% higher, relative to the 838 GW peak found in the Reference scenario for 2050.

•

Electrification could also dramatically change consumption profiles. Winter peaking
demands increase most significantly from electric heat pumps, despite their small impact
on annual consumption. In the High scenario, by 2050, nearly all states in the Northeast join
the northwestern states and become winter peaking. Winter high demand hours also become
much more prevalent in numerous other eastern states.

•

Demand-side flexibility can alter consumption profiles and could offer additional value to
the grid. Electrification could help enable this additional source of grid flexibility. Impacts
of flexibility on grid evolution and operations will be explored in future EFS analyses.

Overall, our analysis found possibilities for end-use electrification in all major sectors; however,
adoption would ultimately depend on a set of complex considerations. The factors that could
influence adoption include technology and fuel cost trade-offs, infrastructure needs,
environmental policies, consumer preference, and interactions between these factors. In this
report, we qualitatively discussed the drivers and barriers to electrification, which are implicitly
revealed in the scenarios. Insights to specific opportunities and challenges in each sector include:
•

Transportation: Plug-in electric vehicles offer significant adoption opportunities for all onroad transportation modes, but the greatest impact to the energy system was found for lightduty cars and trucks in part because of their substantial contribution to vehicle miles traveled,
fuel use, and emissions. Electrification of passenger vehicles also faces lower technological
hurdles than medium- and heavy-duty freight applications due to battery cost and density
challenges as well as charging infrastructure and performance needs. However, short-haul
freight transport also offers significant electrification opportunities particularly due to the
regularity of routes and the fleet-wide coordination that might reduce charging infrastructurerelated challenges. The larger fuel consumption of heavier trucks and air quality
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considerations in urban settings also might motivate electrification beyond the light-duty
sector. For the same reasons, transit buses are becoming prime candidates for electrification
especially as battery and overall electric vehicle costs decline.
•

Buildings: Both residential and commercial buildings already rely heavily on electric
technologies. However, for certain regions and end-use services, electrification could have
a major impact. In particular, highly energy efficient heat pumps for space and water heating,
and their ability to provide both heating and cooling or in other integrated systems, have the
potential for widespread adoption. Further improvements to the cost and performance of
electric heat pumps, especially in colder climates, may be needed to improve their economic
viability to a broader range of consumers to yield far-reaching uptake. Furthermore, beyond
economic factors the success of further electrification in buildings might hinge on
consumer—as well as equipment manufacturer, distributor, and installer—comfort with and
preference for new electric technologies. Substantial challenges associated with the retrofit
of existing buildings would need to be overcome to enable a rapid transition.

•

Industry: Limited data and analysis are available to identify electrification potential in the
industrial sector, in part, due to the heterogeneity of industrial processes. Significant
advancement in depicting process-level detail by industry is needed to improve the analytical
rigor of modeling U.S. industrial energy use. Despite these limitations, a focus on identifying
and quantifying the productivity benefits of industrial electrotechnologies, and incorporating
the value of these benefits into capital investment decisions could yield greater electrification
in U.S. industry. Productivity benefits in drying and curing could potentially bring
electrification to these processes.

To provide additional context for the prospective electrification scenarios presented, the report
included a description of historical electricity consumption trends as well as a characterization
of past energy transitions. This retrospective context shows that, although the electrification
transition found in many of the scenarios would require substantial change in end-use energy
consumption and technology adoption, similar or even more-rapid transitions have occurred
in the past. The rate of diffusion might even be higher today, given the increasing spread of
information through social media, the internet, and targeted marketing of new technologies.
On the other hand, end-use electric technologies that simply displace existing fuel-based options
without providing additional value or services might not be adopted as rapidly compared with
historical energy and technology transitions observed. In terms of historical electricity
consumption, we note that the growth rates even in our highest electrification scenarios are not
unprecedented and are well below growth rates that U.S. electric utilities have experienced over
their long history. In fact, the modeled growth rates in our prospective scenarios fall below
historical growth rates over the same duration (34 years) as our study period.
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Looking forward, further research is needed to more comprehensively assess the drivers and
impacts of electrification. Although this report focuses solely on the demand-side of the U.S.
energy system, future EFS reports will evaluate the potential evolution and operation of future
U.S. electricity supply to power the end-use transition presented herein. In other words, the
scenarios in this report provide a foundation to more fully assess the impacts of widespread
electrification to electric system infrastructure and how that system might be optimally operated
to produce low-cost and reliable electricity to meet the new (and old) electric loads. Furthermore,
future EFS analyses will evaluate some of the key costs and impacts of electrification futures for
both the supply and demand side. This series of analyses, collectively, is intended to advance our
understanding of electrification in the United States. For further information about the study, see
www.nrel.gov/efs.

84
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

References
AFDC (Alternative Fuels Data Center, U.S. Department of Energy). 2018. “Alternative
Fueling Station Locator,” Last updated: March 14, 2018.
https://www.afdc.energy.gov/stations#/find/nearest?fuel=ELEC.
Al-Alawi, Baha M., and Thomas H. Bradley. 2013. “Review of Hybrid, Plug-In Hybrid, and
Electric Vehicle Market Modeling Studies.” Renewable and Sustainable Energy Reviews 21:
190–203. https://doi.org/10.1016/j.rser.2012.12.048.
Alexander, Marcus, Eladio Knipping, David Young, Mark Duvall, Luke Tonachel, Roland
Hwang, John Grant, Uarporn Nopmongcol, Robert Schurhoff, and Greg Yarwood. 2015.
Environmental Assessment of a Full Electric Transportation Portfolio. 3 vols. Palo Alto, CA:
Electric Power Research Institute (EPRI). https://www.epri.com/#/pages/product/3002006881/.
APTA (American Public Transportation Association). 2017. 2016 Public Transportation Fact
Book. 67th ed. February 2017. Washington, D.C.: American Public Transportation Association.
http://www.apta.com/resources/statistics/Documents/FactBook/2016-APTA-Fact-Book.pdf.
Ayre, James. 2017. “Electric Semi Trucks and Heavy-Duty Trucks: Available Models
and Planned Models (In-Depth List).” CleanTechnica. December 16th, 2017.
https://cleantechnica.com/2017/12/16/electric-semi-trucks-heavy-duty-trucks-available-modelsplanned-models/.
Baechler, Michael C., Theresa L. Gilbride, Pam C. Cole, Marye G. Hefty, and Kathi Ruiz.
2015. “High-Performance Home Technologies: Guide to Determining Climate Regions by
County.” Building America Best Practices Series 7.3. Pacific Northwest National Laboratory.
PNNL-17211 Rev. 3 August 2015.
https://www.energy.gov/sites/prod/files/2015/10/f27/ba_climate_region_guide_7.3.pdf.
Bataille, Chris, Noel Melton, and Steon Stiebert. 2016. The Potential to Decarbonize Canadian
Heavy Industry: Technological and Policy Pathways for Canadian Energy Intense Industry to
Thrive in a Low Carbon World. Working paper. https://www.researchgate.net/project/Thepotential-to-decarbonize-Canadian-heavy-industry-Technological-and-policy-pathways-forCanadian-energy-intense-industry-to-thrive-in-a-low-carbon-world.
Baxter, Van, and Eckhard Groll. 2017a. IEA HPT Annex 41: Cold Climate Heat Pumps:
US Country Report. Oak Ridge, TN: Oak Ridge National Laboratory. ORNL/TM-2017/146,
IEA HPT Annex. 41. https://info.ornl.gov/sites/publications/Files/Pub73753.pdf.
———. 2017b.
Bedir, Abdulkadir, Noel Crisostomo, Jennifer Allen, Eric Wood, and Clément Rames. 2018.
Staff Report: California Plug-In Electric Vehicle Infrastructure Projections: 2017–2025.
California Energy Commission. CEC-600-2018-001.
http://docketpublic.energy.ca.gov/PublicDocuments/17-ALT01/TN222986_20180316T143039_Staff_Report__California_PlugIn_Electric_Vehicle_Infrastru
cture.pdf.
85
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Belzer, DB. 2014. A Comprehensive System of Energy Intensity Indicators for the U.S.:
Methods, Data and Key Trends. Pacific Northwest National Laboratory. PNNL-22267.
https://www.pnnl.gov/main/publications/external/technical_reports/PNNL-22267.pdf.
Benndorf, Rosemarie, Maja Bernicke, Maja Bernicke, Andreas Bertram, Wolfgang Butz, Folke
Dettling, Johannes Drotleff, et al. 2014. Germany in 2050: A Greenhouse Gas-Neutral Country.
Dessau-Roßlau, Germany: Umweltbundesamt.
http://www.umweltbundesamt.de/sites/default/files/medien/378/publikationen/07_2014_climate_
change_en.pdf.
Birky, Alicia K., Michael Laughlin, Katie Tartaglia, Rebecca Price, and Zhenhong Lin. 2017.
Transportation Electrification Beyond Light Duty: Technology and Market Assessment.
ORNL/TM-2017/77-R1. Oak Ridge, TN: Oak Ridge National Laboratory.
https://info.ornl.gov/sites/publications/Files/Pub72938.pdf.
BNEF (Bloomberg New Energy Finance). 2017. Electric Vehicle Outlook 2018.
https://about.bnef.com/electric-vehicle-outlook/.
Bowden, Nicholas, and James E. Payne. 2009. “The Causal Relationship between U.S. Energy
Consumption and Real Output: A Disaggregated Analysis.” Journal of Policy Modeling 31(2):
180–188. https://doi.org/10.1016/j.jpolmod.2008.09.001.
Boyd, Gale A., Donald A. Hanson, and Thomas Sterner. 1988. “Decomposition of Changes in
Energy Intensity: A Comparison of the Divisia Index and Other Methods.” Energy Economics
10(4): 309–312. https://www.sciencedirect.com/science/article/pii/0140988388900424.
Boyd, Gale A., and Joseph M. Roop. 2004. “A Note on the Fisher Ideal Index Decomposition
for Structural Change in Energy Intensity.” The Energy Journal 25 (1): 87–101.
Boyd, G., J. F. McDonald, M. Ross, and D. A. Hanson. 1987. “Separating the Changing
Composition of U.S. Manufacturing Production from Energy Efficiency Improvements:
A Divisia Index Approach.” The Energy Journal 8 (2): 77–96.
Brooker, Aaron, Jeffrey Gonder, Sean Lopp, and Jacob Ward. 2015a. ADOPT: A Historically
Validated Light Duty Vehicle Consumer Choice Model. SAE Technical Paper. 2015-01-0974.
https://doi.org/10.4271/2015-01-0974.
Brooker, Aaron, Jeffrey Gonder, Lijuan Wang, Eric Wood, Sean Lopp, and Laurie Ramroth.
2015b. FASTSim: A Model to Estimate Vehicle Efficiency, Cost and Performance. SAE
Technical Paper. 2015-01-0973. https://doi.org/10.4271/2015-01-0973.
Brown, Richard E., and Jonathan G. Koomey. 2003. “Electricity Use in California: Past Trends
and Present Usage Patterns.” Energy Policy 31(9): 849–864.
CBECS. 2012. Commercial Buildings Energy Consumption Survey (CBECS). U.S. Energy
Information Administration (EIA).
https://www.eia.gov/consumption/commercial/data/archive.php.

86
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Cheremisinoff, Nicholas P. 1996. Electrotechnology: Industrial and Environmental
Applications. Elsevier.
Clement-Nyns, Kristien, Edwin Haesen, and Johan Driesen. 2010. “The Impact of Charging
Plug-In Hybrid Electric Vehicles on a Residential Distribution Grid.” IEEE Transactions on
Power Systems 25(1): 371–380. https://doi.org/10.1109/TPWRS.2009.2036481.
Collard-Wexler, Allan, and Jan De Loecker. 2014. “Reallocation and Technology: Evidence
from the US Steel Industry.” The American Economic Review 105(1): 131–171.
Craig, Paul P., Ashok Gadgil, and Jonathan G. Koomey. 2002. “What Can History Teach Us?
A Retrospective Examination of Long-Term Energy Forecasts for the United States.” Annual
Review of Energy and the Environment 27: 83–118. 10.1146/annurev.energy.27.122001.083425.
Croner, Daniel, and Ivan Frankovic. 2018. “A Structural Decomposition Analysis of Global and
National Energy Intensity Trends.” Energy Journal 39(2). doi:10.5547/01956574.39.2.dcro.
Deason, Jeff, Max Wei, Greg Leventis, Sarah Smith, and Lisa Schwartz. 2018. Electrification
of Buildings and Industry in the United States: Drivers, Barriers, Prospects, and Policy
Approaches. Berkeley CA: Lawrence Berkeley National Laboratory. http://etapublications.lbl.gov/sites/default/files/electrification_of_buildings_and_industry_final_0.pdf.
Demick, L. E. 2010. Transforming the U.S. Energy Infrastructure. Idaho Falls, ID: Idaho
National Laboratory. INL/EXT-09-17436. https://art.inl.gov/NGNP/NEAC%202010/08%20%20Transforming%20the%20U.S.%20Energy%20Infrastructure.pdf.
Denholm, P., and W. Short. 2006. An Evaluation of Utility System Impacts and Benefits of
Optimally Dispatched Plug-In Hybrid Electric Vehicles. Golden, CO: National Renewable
Energy Laboratory. NREL/TP-620-40293. https://www.nrel.gov/docs/fy07osti/40293.pdf.
Dentz, Jordan, David Podorson, and Kapil Varshney. 2014. Mini-Split Heat Pumps Multifamily
Retrofit Feasibility Study. Golden, CO: National Renewable Energy Laboratory. DOE/GO102014-4402. https://www.nrel.gov/docs/fy14osti/61620.pdf.
Devine, Warren D. 1983. “From Shafts to Wires: Historical Perspective on Electrification.” The
Journal of Economic History 43 (02): 347–372. https://doi.org/10.1017/S0022050700029673.
DOC (U.S. Department of Commerce). n.d. “Vehicle Inventory and Use Survey, Discontinued:
2002 Data Releases.” U.S. Census Bureau, U.S. Department of Commerce. Accessed March
2018: https://www.census.gov/svsd/www/vius/2002.html.
DOE (U.S. Department of Energy). 2017. Clean Cities Alternative Fuel Price Report.
Washington, D.C.: U.S. Department of Energy.
https://www.afdc.energy.gov/uploads/publication/alternative_fuel_price_report_oct_2017.pdf.
———. 2016. Technical Support Document: Energy Efficiency Program for Consumer
Products: Residential Central Air Conditioners and Heat Pumps. Washington, D.C.:
U.S. Department of Energy.
87
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

———. 2015. Quadrennial Technology Review: An Assessment of Energy Technologies and
Research Opportunities. U.S. Department of Energy
https://energy.gov/sites/prod/files/2015/09/f26/Quadrennial-Technology-Review-2015_0.pdf.
Doms, Mark, and Timothy Dunne. 1998. “Capital Adjustment Patterns in Manufacturing Plants.”
Review of Economic Dynamics 1 (2): 409–29. https://doi.org/10.1006/redy.1998.0011.
Donohoo-Vallett, Paul. 2016. Accounting Methodology for Source Energy of Non-Combustible
Renewable Electricity Generation. Washington, D.C. U.S. Department of Energy. DOE/EE1488. https://www.energy.gov/sites/prod/files/2016/10/f33/Source%20Energy%20Report%20%20Final%20-%2010.21.16.pdf.
Du Boff, Richard B. 1964. “Electric Power in American Manufacturing 1889–1958.”
Ph.D. Dissertation, Philadelphia, PA: University of Pennsylvania.
Duvall, M., E. Knipping, M. Alexander, L. Tonachel, and C. Clark. 2007. Environmental
Assessment of Plug-In Hybrid Electric Vehicles: Volume 1: Nationwide Greenhouse Gas
Emissions. Palo Alto, CA: Electric Power Research Institute.
https://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/EPRINRDC_PHEV_GHG_report.pdf.
EEI (Edison Electric Institute). 2014. Transportation Electrification: Utility Fleets Leading
the Charge. Washington, D.C.: Edison Electric Institute.
http://www.eei.org/issuesandpolicy/electrictransportation/FleetVehicles/Documents/EEI_Utility
FleetsLeadingTheCharge.pdf.
EIA (U.S. Energy Information Administration). 2018. Model Documentation Report:
Industrial Demand Module of the National Energy Modeling System. U.S. Energy
Information Administration.
https://www.eia.gov/outlooks/aeo/nems/documentation/industrial/pdf/m064(2016).pdf.
———. 2017a. Residential Demand Module of the National Energy Modeling System:
Model Documentation. U.S. Energy Information Administration.
https://www.eia.gov/outlooks/aeo/nems/documentation/residential/pdf/m067(2017).pdf.
———. 2017b. Commercial Demand Module of the National Energy Modeling System:
Model Documentation. U.S. Energy Information Administration.
https://www.eia.gov/outlooks/aeo/nems/documentation/commercial/pdf/m066(2017).pdf.
———. 2017c. Annual Energy Outlook 2017. U.S. Energy Information Administration.
https://www.eia.gov/outlooks/aeo/pdf/0383(2017).pdf.
———. 2015. Annual Energy Outlook 2015. U.S. Energy Information Administration.
https://www.eia.gov/outlooks/aeo/pdf/0383(2015).pdf.
———. 2011. Annual Energy Review 2011. U.S. Energy Information Administration.
DOE/EIA-0384(2011). https://www.eia.gov/totalenergy/data/annual/pdf/aer.pdf,
https://www.eia.gov/totalenergy/data/annual/.
88
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

———. n.d. Monthly Energy Review. U.S. Energy Information Administration.
https://www.eia.gov/totalenergy/data/monthly/.
Elgowainy, Amgad, Jeongwoo Han, Jacob Ward, Fred Joseck, David Gohlke, Alicia Lindauer,
Todd Ramsden, et al. 2016. Cradle-to-Grave Lifecycle Analysis of U.S. Light-Duty Vehicle-Fuel
Pathways: A Greenhouse Gas Emissions and Economic Assessment of Current (2015) and
Future (2025-2030) Technologies. Argonne: IL: Argonne National Laboratory. ANL/ESD-16/7,
Rev. 1. https://greet.es.anl.gov/publication-c2g-2016-report.
Elmustapha, Houda, Thomas Hoppe, and Hans Bressers. 2018. “Consumer Renewable Energy
Technology Adoption Decision-Making: Comparing Models on Perceived Attributes and
Attitudinal Constructs in the Case of Solar Water Heaters in Lebanon.” Journal of Cleaner
Production 172: 347-357. 10.1016/j.jclepro.2017.10.131.
Elson, Amelia, Rick Tidball, and Anne Hampson. 2015. Waste Heat to Power Market
Assessment. Oak Ridge, TN: Oak Ridge National Laboratory. ORNL/TM-2014/620.
http://www.heatispower.org/wp-content/uploads/2015/02/ORNL-WHP-Mkt-Assessment-ReportMarch-2015.pdf.
EPRI (Electric Power Research Institute). 2018. U.S. National Electrification Assessment.
Palo Alto, CA: Electric Power Research Institute. 3002013582.
https://www.epri.com/#/pages/product/000000003002013582/.
———. 2017. Initial Data for Non-Light-Duty Electric Transportation Options. 3002009754.
EPRI technical update report. Palo Alto, CA: Electric Power Research Institute.
EPRI Center for Materials Fabrication. 1993. “Induction Heating Technology.”
TechCommentary 2(1). Columbus, OH: Electric Power Research Institute (EPRI).
https://vdocuments.site/heating-56c5fdb172c32.html.
EV Adoption. 2017. “Statistics of the Week: US Electric Vehicle Charging Stations/Outlets,
Sites and Networks.” December 30, 2017. http://evadoption.com/statistics-of-the-week-uselectric-vehicle-charging-stations-chargers-and-networks/.
FHWA (Federal Highway Administration, U.S. Department of Transportation. 2015. “Policy
and Governmental Affairs” Office of Highway Policy Information.”
https://www.fhwa.dot.gov/policyinformation/.
Fouquet, Roger. 2010. “The Slow Search for Solutions: Lessons from Historical Energy
Transitions by Sector and Service.” Energy Policy 38(11): 6586–6596.
FRED (FRED Economic Data). n.d. “Industrial Production Index (INDPRO).” Federal Reserve
Bank of St. Louis. https://fred.stlouisfed.org/series/INDPRO.

89
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Fulton, Lew, and Marshall Miller. 2015. Strategies for Transition to Low-Carbon Emission
Trucks in the United States: A White Paper from the Sustainable Transportation Energy
Pathways Program at UC Davis and the National Center for Sustainable Transportation.
https://steps.ucdavis.edu/files/06-11-2015-STEPS-NCST-Low-carbon-Trucks-in-US-06-102015.pdf.
GE Transportation. 2018. “Optimize Power Quality and Increase Utilization of Current
Equipment.” Electrification and Mining Solutions. 2018.
http://www.getransportation.com/mining-solutions/electrification-and-mining-solutions.
Girod, Bastien, Detlef P. van Vuuren, Maria Grahn, Alban Kitous, Son H, Kim, and Page Kyle.
2013. “Climate Impact of Transportation: A Model Comparison.” Climatic Change 118: 595–
608. https://doi.org/10.1007/s10584-012-0663-6.
Glaeser, Edward L., and Janet E. Kohlhase. 2004. “Cities, Regions and the Decline of Transport
Costs.” Papers in Regional Science 83(1): 197–228.
Gordon, Kate. 2014. Risky Business: The Economic Risks of Climate Change in the United States:
A Climate Risk Assessment for the United States. Risky Business Project.
http://riskybusiness.org/site/assets/uploads/2015/09/RiskyBusiness_Report_WEB_09_08_14.pdf.
Grübler, Arnulf, Nebojša Nakićenović, and David G. Victor. 1999. “Dynamics of Energy
Technologies and Global Change.” Energy Policy 27(5): 247–280.
Hale, Elaine, Henry Horsey, Brandon Johnson, Matteo Muratori, Eric Wilson, Brennan Borlaug,
Craig Christensen, et al. Forthcoming. The Demand-side Grid (dsgrid) Model Documentation.
Golden, CO: National Renewable Energy Laboratory. NREL/TP-6A20-71492.
Haley, Ben, Gabe Kwok, Ryan Jones, and Jim Williams. 2016. Deep Decarbonization
Pathways Analysis for Washington State. Deep Decarbonization Pathways Project.
http://www.governor.wa.gov/sites/default/files/Deep_Decarbonization_Pathways_Analysis_for_
Washington_State.pdf.
Hao, Han, Yong Geng, and Joseph Sarkis. 2016. “Carbon Footprint of Global Passenger Cars:
Scenarios through 2050.” Energy 101(April): 121–131. doi:10.1016/j.energy.2016.01.089.
Harris, Chioke. n.d. scout: A Portfolio Impact Analysis Tool for Building Energy
Efficiency Technologies. U.S. Department of Energy.
https://energy.gov/sites/prod/files/2016/09/f33/bto_scout_presentation_090216.pdf.
Harvey, L.D.D. 2013. “Global Climate-Oriented Transportation Scenarios.” Energy Policy
54: 87–103. https://www.sciencedirect.com/science/article/pii/S030142151200938X.
Hausker, Karl, Kristin Igusky, Rebecca Gasper, Nate Aden, and Michael Obeiter. 2015.
Delivering on the U.S. Climate Commitment: A 10-Point Plan Toward a Low-Carbon Future.
Working Paper. Washington, D.C.: World Resources Institute.
http://www.wri.org/publication/delivering-us-climate-commitment-10-point-plan-toward-lowcarbon-future.
90
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Howell, David. n.d. Electrochemical Energy Storage R&D Overview. U.S. Department
of Energy, Vehicle Technologies Office.
https://energy.gov/sites/prod/files/2017/06/f34/es000_howell_2017_o.pdf.
Huntington, Hillard G. 2010. “Structural Change and U.S. Energy Use: Recent Patterns.”
The Energy Journal 31 (3): 25–39.
IEA (International Energy Agency). 2017. Global EV Outlook 2017: Two Million and Counting.
https://www.iea.org/publications/freepublications/publication/GlobalEVOutlook2017.pdf.
Iyer Gokul, Leon Clarke, Jae Edmonds, Page Kyle, Catherine Ledna, Haewon McJeon, and
Marshall Wise. 2017. GCAM-USA Analysis of U.S. Electric Power Sector Transitions. Richland,
WA: Pacific Northwest National Laboratory.
https://www.pnnl.gov/main/publications/external/technical_reports/PNNL-26174.pdf.
Jadun, Paige, Colin McMillan, Daniel Steinberg, Matteo Muratori, Laura Vimmerstedt, and
Trieu Mai. 2017. Electrification Futures Study: End-Use Electric Technology Cost and
Performance Projections through 2050. Golden, CO: National Renewable Energy Laboratory.
NREL/TP-6A20-70485. https://www.nrel.gov/docs/fy18osti/70485.pdf.
Jager, Wander. 2006. “Stimulating the Diffusion of Photovoltaic Systems: A Behavioural
Perspective.” Energy Policy 34(14): 1935–1943. 10.1016/j.enpol.2004.12.022.
Jorgenson, Dale W., Mun S. Ho, and Jon Samuels. 2012. “A Prototype Industry‐Level Production
Account for the United States, 1947–2010.” Cambridge, MA: Harvard University.
http://www.worldklems.net/data/basic/usa_wk_apr_2013.xlsx.
Kim, Son H., Jae Edmonds, Josh Lurz, Steven J. Smith, and Marshall Wise. 2006. “The objECTS
Framework for Integrated Assessment: Hybrid Modeling of Transportation.” Energy Journal,
Hybrid Modeling, Special Issue 2 of the Quarterly Journal of the IAEE’s Energy Economics
Education Foundation. https://doi.org/10.5547/ISSN0195-6574-EJ-VolSI2006-NoSI2-4.
Korn, Dave, John Walczyk, and Ari Jackson. 2017. Evaluating Cold Climate Heat Pumps Understanding How and Where CCHPs Can Displace Less Efficient Heating Sources. 2017
International Energy Evaluation Conference.
Lapsa, Melissa, and Gannate Khowailed. 2014. “Recent Progress in the Residential U.S. Heat
Pump Market.” IEA Heat Pump Center Newsletter 32(3): 24–36.
Lapsa, Melissa, Gannate Khowailed, Karen Sikes, and Van Baxter. 2017. Heat Pumps in North
America: 2017 Regional Report. 12th IEA Heat Pump Conference, Rotterdam.
http://hpc2017.org/wp-content/uploads/2017/05/P.2.1.3-Heat-Pumps-in-North-America-–-2017Regional-Report.pdf.

91
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Lechtenböhmer, Stefan, Lars J. Nilsson, Max Åhman, and Clemens Schneider. 2016.
“Decarbonising the Energy Intensive Basic Materials Industry through Electrification:
Implications for Future EU Electricity Demand.” Energy, Special Issue: Sustainable
Development of Energy, Water and Environment Systems, 115 (November): 1623–31.
https://doi.org/10.1016/j.energy.2016.07.110.
LLNL (Lawrence Livermore National Laboratory). 2018. “Estimated U.S. Energy Consumption
in 2017: 97.7 Quads.”
https://flowcharts.llnl.gov/content/assets/images/energy/us/Energy_US_2017.png.
Lukic, Srdjan, and Zeljko Pantic. 2013. “Cutting the Cord: Static and Dynamic Inductive
Wireless Charging of Electric Vehicles.” IEEE Electrification Magazine 1(1): 57–64.
https://doi.org/10.1109/MELE.2013.2273228.
Mahmouda, Moataz, Ryan Garnett, Mark Ferguson, and Pavlos Kanaroglou. 2016. “Electric
Buses: A Review of Alternative Powertrains.” Renewable and Sustainable Energy Reviews 62:
673–684. http://www.sciencedirect.com/science/article/pii/S1364032116301290.
Mak, Ho-Yin, Ying Rong, and Zuo-Jun Max Shen. 2013. “Infrastructure Planning for Electric
Vehicles with Battery Swapping.” Management Science 59(7): 1557–1575.
https://doi.org/10.1287/mnsc.1120.1672.
McKenna, R. C., and J. B. Norman. 2010. “Spatial Modelling of Industrial Heat Loads
and Recovery Potentials in the UK.” Energy Policy 38 (10): 5878–91.
https://doi.org/10.1016/j.enpol.2010.05.042.
McMillan, Colin, Richard Boardman, Michael McKellar, Piyush Sabharwall, Mark Ruth, and
Shannon Bragg-Sitton. 2016. Generation and Use of Thermal Energy in the U.S. Industrial
Sector and Opportunities to Reduce Its Carbon Emissions. Golden, CO: National Renewable
Energy Laboratory. NREL/TP-6A50-66763; INL/EXT-16-39680.
https://www.nrel.gov/docs/fy17osti/66763.pdf.
MECS (Manufacturing Energy Consumption Survey). 2017. “Manufacturing Energy
Consumption Survey (MECS): 2014 MECS Survey Data.” U.S. Energy Information
Administration. https://www.eia.gov/consumption/manufacturing/data/2014/.
Melaina, Marc, Brian Bush, Joshua Eichman, Eric Wood, Dana Stright, Venkat Krishnan, David
Keyser, Trieu Mai, and Joyce McLaren. 2016. National Economic Value Assessment of Plug-In
Electric Vehicles: Volume I. Golden, CO: National Renewable Energy Laboratory. NREL/TP5400-66980. https://www.nrel.gov/docs/fy17osti/66980.pdf.
Messmer, Craig. 2015. Residential Cold Climate Heat Pump (CCHP). Presented at
the 2015 Building Technologies Office Peer Review.
https://energy.gov/sites/prod/files/2015/05/f22/emt57_Messmer_041515.pdf.

92
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Miller, Marshall, Qian Wang, and Lew Fulton. 2017. Truck Choice Modeling: Understanding
California’s Transition to Zero-Emission Vehicle Trucks Taking into Account Truck
Technologies, Costs, and Fleet Decision Behavior: A Research Report from the National Center
for Sustainable Transportation. National Center for Sustainable Transportation, and University
of California, Davis. https://itspubs.ucdavis.edu/wpcontent/themes/ucdavis/pubs/download_pdf.php?id=2826.
Moawad, Ayman, Namdoo Kim, Neeraj Shidore, and Aymeric Rousseau. 2016. Assessment of
Vehicle Sizing, Energy Consumption and Cost through Large-Scale Simulation of Advanced
Vehicle Technologies. Argonne, IL: Argonne National Laboratory. ANL/ESD-15/28.
https://www.autonomie.net/pdfs/Report%20ANL%20ESD-1528%20%20Assessment%20of%20Vehicle%20Sizing,%20Energy%20Consumption%20and%20Cost%
20through%20Large%20Scale%20Simulation%20of%20Advanced%20Vehicle%20Technologie
s%20-%201603.pdf.
Muratori, Matteo. 2018. “Impact of Uncoordinated Plug-In Electric Vehicle Charging on
Residential Power Demand.” Nature Energy 3: 193–201. https://doi.org/10.1038/s41560-0170074-z.
Muratori, Matteo, Steven J. Smith, Page Kyle, Robert Link, Bryan K. Mignone, and Haroon S.
Kheshgi. 2017. “Role of the Freight Sector in Future Climate Change Mitigation Scenarios.”
Environmental Science and Technology 51(6): 3526−3533.
https://doi.org/10.1021/acs.est.6b04515.
Naegler, Tobias, Sonja Simon, Martin Klein, and Hans Christian Gils. 2015. “Quantification of
the European Industrial Heat Demand by Branch and Temperature Level.” International Journal
of Energy Research 39(15): 2019–2030. https://doi.org/10.1002/er.3436.
NEEP (Northeast Energy Efficiency Partnerships). 2017a. Northeastern Regional Assessment
of Strategic Electrification. July 2017.
http://neep.org/sites/default/files/Strategic%20Electrification%20Regional%20Assessment.pdf.
———. 2017b. Northeast/Mid-Atlantic Air-Source Heat Pump Market Strategies Report:
2016 Update. January 2017.
http://www.neep.org/sites/default/files/NEEP_ASHP_2016MTStrategy_Report_FINAL.pdf.
NPC (National Petroleum Council). 2012. Advancing Technology for America’s Transportation
Future: Summary Report. http://www.npc.org/reports/trans-future_fuels_summary-2012.pdf.
NRC (National Research Council). 2013. Transitions to Alternative Vehicles and Fuels.
Washington, D.C.: The National Academies Press. https://doi.org/10.17226/18264.
NREL (National Renewable Energy Laboratory). 2017. Electric Ground Support Equipment at
Airports. Golden, CO: National Renewable Energy Laboratory. NREL/FS-5400-70359.
https://www.afdc.energy.gov/uploads/publication/egse_airports.pdf.

93
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

OPEC (Organization of the Petroleum Exporting Countries). 2017. World Oil Outlook 2040.
Vienna, Austria: OPEC. SBN 978-3-9503936-4-4.
http://www.opec.org/opec_web/flipbook/WOO2017/WOO2017/assets/common/downloads/WO
O%202017.pdf.
Parente, Stephen L., and Edward C. Prescott. 1994. “Barriers to Technology Adoption and
Development.” Journal of Political Economy 102(2): 298–321.
Parkins, John R., Curtis Rollins, Sven Anders, and Louise Comeau. 2018. “Predicting Intention
to Adopt Solar Technology in Canada: The Role of Knowledge, Public Engagement, and
Visibility.” Energy Policy 114: 114–122. 10.1016/j.enpol.2017.11.050.
Philibert, Cederic. 2017. “Renewable Energy for Industry: From Green Energy to Green
Materials and Fuels.” Insights Series 2017. Paris, France: International Energy Agency.
https://www.iea.org/publications/insights/insightpublications/
Renewable_Energy_for_Industry.pdf.
Port of Long Beach, and The Port of Los Angeles. 2017. San Pedro Bay Ports: Clean Air Action
Plan 2017, Final. Port of Long Beach, and The Port of Los Angeles.
http://www.cleanairactionplan.org/documents/final-2017-clean-air-action-plan-update.pdf.
RAE (Royal Academy of Engineering). 2013. Future Ship Powering Options: Exploring
Alternative Methods of Ship Propulsion. London: Royal Academy of Engineering.
http://www.raeng.org.uk/publications/reports/future-ship-powering-options.
RECS. 2015. Residential Energy Consumption Survey (RECS). U.S. Energy Information
Administration (EIA). https://www.eia.gov/consumption/residential/data/archive/.
———. 2009. Residential Energy Consumption Survey (RECS). U.S. Energy Information
Administration (EIA). https://www.eia.gov/consumption/residential/data/archive/.
———. 2005. Residential Energy Consumption Survey (RECS). U.S. Energy Information
Administration (EIA). https://www.eia.gov/consumption/residential/data/archive/.
Ritchie, Hannah, and Max Roser. 2018. “Technology Diffusion & Adoption.”
OurWorldInData.org. Accessed May 2018: https://ourworldindata.org/technology-adoption.
SAE (SAE International). 2012. SAE Electric Vehicle and Plug in Hybrid Electric Vehicle
Conductive Charge Coupler. SAE International. J1772_201202.
https://doi.org/10.4271/J1772_201202.
Schiffer, Zachary J., and Karthish Manthiram. 2017. “Electrification and Decarbonization of the
Chemical Industry.” Joule 1(1): 10–14. https://doi.org/10.1016/j.joule.2017.07.008.
Sen, Burak, Tolga Ercan, and Omer Tatari. 2016. “Does a battery-electric truck make a
difference? Life Cycle Emissions, Costs, and Externality Analysis of Alternative Fuel-Powered
Class 8 Heavy-Duty Trucks in the United States.” Journal of Cleaner Production 141(10): 110–
121. http://www.sciencedirect.com/science/article/pii/S0959652616313877.
94
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Shell (Shell International BV). 2016. A Better Life with a Healthy Planet: Pathways to Net-Zero
Emissions: A New Lens Scenario Supplement. https://www.shell.com/energy-and-innovation/theenergy-future/scenarios/a-better-life-with-a-healthy-planet.html.
Shen, Bo. 2017. High Efficiency Cold Climate Heat Pump. Presented at the 2017 Building
Technologies Office Peer Review.
https://energy.gov/sites/prod/files/2017/04/f34/2_32219_Shen_031417-0900.pdf.
Sherwin, Evan D., Max Henrion, and Inês M. L. Azevedo. 2018. “Estimation of the Year-onYear Volatility and the Unpredictability of the United States Energy System.” Nature Energy
3(1). 10.1038/s41560-018-0121-4. https://www.nature.com/articles/s41560-018-0121-4.
Shinnar, Reuel, and Francesco Citro. 2006. “A Road Map to U.S. Decarbonization.” Science
313(5791): 1243–1244. https://www.sciencedirect.com/science/article/pii/S0160791X07000644.
https://doi.org/10.1126/science.1130338.
Sick, Nathalie, Ann-Marie Nienaber, Bernd Liesenkötter, Nicole vom Stein, and Jens Leker.
2016. “The Legend about Sailing Ship Effects: Is it True or False? The Example of Cleaner
Propulsion Technologies Diffusion in the Automotive Industry.” Journal of Cleaner Production
137: 405–413.
Steinberg, Daniel, Dave Bielen, Josh Eichman, Kelly Eurek, Jeff Logan, Trieu Mai, Colin
McMillan, et al. 2017. Electrification and Decarbonization: Exploring U.S. Energy Use and
Greenhouse Gas Emissions in Scenarios with Widespread Electrification and Power Sector
Decarbonization. Golden, CO: National Renewable Energy Laboratory. NREL/TP-6A20-68214.
https://www.nrel.gov/docs/fy17osti/68214.pdf.
Stephens, T. S., Alicia Birky, and David Gohlke. 2017. Vehicle Technologies and Fuel Cell
Technologies Office Research and Development Programs: Prospective Benefits Assessment
Report for Fiscal Year 2018. Argonne: IL: Argonne National Laboratory. ANL/ESD-17/22.
http://www.ipd.anl.gov/anlpubs/2017/11/140256.pdf.
Stephens, Thomas, Jeff Gonder, Yanyu Chen, Zhenhong Lin, Changzheng Liu, and David
Gohlke. 2016. Estimated Bounds and Important Factors for Fuel Use and Consumer Costs of
Connected and Automated Vehicles. Golden, CO: National Renewable Energy Laboratory.
NREL/TP-5400-67216. https://www.nrel.gov/docs/fy17osti/67216.pdf.
Stephens, Thomas, Rebecca S. Levinson, Aaron Brooker, Changzheng Liu, Zhenhong Lin,
Alicia Birky, and Eleftheria Kontou. 2017. Comparison of Vehicle Choice Models. Argonne, IL
Argonne National Laboratory, and Albuquerque, NM: Sandia National Laboratory. SAND201713044R, ANL/ESD-17/19. https://www.osti.gov/scitech/biblio/1411851.
Stephens, Thomas, C.H. Taylor, James Moore, and Jacob Ward. 2016. Vehicle Technologies and
Fuel Cell Technologies Program: Prospective Benefits Assessment Report for Fiscal Year 2016.
Argonne, IL: Argonne National Laboratory. ANL/ESD-16/2.
http://www.ipd.anl.gov/anlpubs/2016/04/126043.pdf

95
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Swait, Joffre, and Wiktor Adamowicz. 2001. “The Influence of Task Complexity on Consumer
Choice: A Latent Class Model of Decision Strategy Switching.” Journal of Consumer Research
28(1): 135–148. https://doi.org/10.1086/321952.
Tardiff, Timothy J. 1980. “Vehicle Choice Models: Review of Previous Studies and Directions
for Further Research.” Transportation Research Part A: General 14(5–6): 327–336.
https://doi.org/10.1016/0191-2607(80)90052-7.
Thekdi, Arvind C., and Sachin U. Nimbalkar. 2014. Industrial Waste Heat Recovery: Potential
Applications, Available Technologies and Crosscutting R&D Opportunities. Oak Ridge, TN:
Oak Ridge National Laboratory. ORNL/TM-2014/622.
http://info.ornl.gov/sites/publications/files/Pub52987.pdf.
UK DECC (UK Department of Energy & Climate Change). 2015. “Industrial Decarbonisation
and Energy Efficiency Roadmaps to 2050.” Various industrial roadmaps for the UK that set out
potential pathways for the eight most heat-intensive industrial sectors to reduce greenhouse gas
emissions and improve energy efficiency. March 25, 2015.
https://www.gov.uk/government/publications/industrial-decarbonisation-and-energy-efficiencyroadmaps-to-2050
van den Bergh, Jeroen C. J. M., Albert Faber, Annemarth M. Idenburg, and Frans H. Oosterhuis.
2006. “Survival of the Greenest: Evolutionary Economics and Policies for Energy Innovation.”
Environmental Sciences 3(1): 57–71.
Vásquez, Felipe, Amund N. Løvik, Nina Holck Sandberg, and Daniel B. Müller. 2016.
“Dynamic Type-Cohort-Time Approach for the Analysis of Energy Reductions Strategies in
the Building Stock.” Energy and Buildings 111(January): 37–55.
https://doi.org/10.1016/j.enbuild.2015.11.018.
Wang, Michael, Amgad Elgowainy, Jeongwoo Han, Pahola Tathiana Benavides, Andrew
Burnham, Hao Cai, Christina Canter, et al. 2017. Summary of Expansions, Updates, and Results
in GREET® 2017 Suite of Models. Argonne, IL: Argonne National Laboratory. ANL/ESD17/25. https://greet.es.anl.gov/publication-greet-2017-summary.
Wei, Max, James H. Nelson, Jeffery B. Greenblatt, Ana Mileva, Josiah Johnston, Michael Ting,
Christopher Yang, et al. 2013. “Deep Carbon Reductions in California Require Electrification
and Integration across Economic Sectors.” Environmental Research Letters 8(1): 014038.
https://doi.org/10.1088/1748-9326/8/1/014038.
Weiss, Jürgen W., Ryan Hledik, Michael Hagerty, and Will Gorman. 2017.
Electrification: Emerging Opportunities for Utility Growth. The Brattle Group.
http://files.brattle.com/files/7376_electrification_whitepaper_final_single_pages.pdf
Werner, Sven. 2006. The European Heat Market. Euroheatcool Work Package 1.
Brussels: Euroheat & Power. https://www.euroheat.org/wpcontent/uploads/2016/02/Ecoheatcool_WP1_Web.pdf.

96
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Wesseling, J. H., S. Lechtenböhmer, M. Åhman, L. J. Nilsson, E. Worrell, and L. Coenen. 2017.
“The Transition of Energy Intensive Processing Industries towards Deep Decarbonization:
Characteristics and Implications for Future Research.” Renewable and Sustainable Energy
Reviews 79: 1303–1313. https://doi.org/10.1016/j.rser.2017.05.156.
The White House. 2016. United States Mid-Century Strategy for Deep Decarbonization.
The White House. https://unfccc.int/files/focus/longterm_strategies/application/pdf/us_mid_century_strategy.pdf.
Williams, James H., Benjamin Haley, Fredrich Kahrl, Jack Moore, Andrew D. Jones, Margaret
S. Torn, and Haewon McJeon. 2014. Pathways to Deep Decarbonization in the United States:
US 2050 Vol. 1, Technical Report. San Francisco, CA: Energy and Environmental Economics,
Inc. Report of the Deep Decarbonization Pathways Project of the Sustainable Development
Solutions Network, and Institute for Sustainable Development and International Relations.
Revision with technical supplement. November 2015. http://deepdecarbonization.org/wpcontent/uploads/2015/11/US_Deep_Decarbonization_Technical_Report.pdf.
Williams, James H., Benjamin Haley, and Ryan Jones. 2015. Policy Implications of Deep
Decarbonization in the United States: US 2050 Vol. 2, Policy Report. San Francisco, CA: Energy
and Environmental Economics, Inc. Report of the Deep Decarbonization Pathways Project of the
Sustainable Development Solutions Network, the Institute for Sustainable Development and
International Relations. November 2015. http://usddpp.org/downloads/2015-report-on-policyimplications.pdf.
Williams, James H., Andrew DeBenedictis, Rebecca Ghanadan, Amber Mahone, Jack Moore,
William R. Morrow, Snuller Price, and Margaret S. Torn. 2012. “The Technology Path to Deep
Greenhouse Gas Emissions Cuts by 2050: The Pivotal Role of Electricity.” Science 335(6064):
53–59. https://doi.org/10.1126/science.1208365.
Wise, Marshall, Matteo Muratori, and Page Kyle. 2017. “Biojet Fuels and Emissions Mitigation
in Aviation: An Integrated Assessment Modeling Analysis.” Transportation Research Part D:
Transport and Environment 52(A): 244–253.
https://www.sciencedirect.com/science/article/pii/S1361920916308999.
Wood, Eric, Clément Rames, Matteo Muratori, Sesha Raghavan, and Marc Melaina. 2017.
National Plug-In Electric Vehicle Infrastructure Analysis. U.S. Department of Energy.
DOE/GO-102017-5040. https://www.nrel.gov/docs/fy17osti/69031.pdf.
Worrell, Ernst, and Gijs Biermans. 2005. “Move over! Stock Turnover, Retrofit and Industrial
Energy Efficiency.” Energy Policy 33(7): 949–62. https://doi.org/10.1016/j.enpol.2003.10.017.
WSP-PB (WSP | Parsons Brinckerhoff). 2015. Industrial Decarbonisation and Energy Efficiency
Roadmaps to 2050. Prepared for the Department of Energy and Climate Change and the
Department for Business, Innovation and Skills.
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/419912/Cross_Se
ctor_Summary_Report.pdf.

97
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Yago, Glenn. 1984. The Decline of Transit: Urban Transportation in German and U.S. Cities,
1900–1970. Cambridge University Press.
Yang, Christopher, David McCollum, Ryan McCarthy, and Wayne Leighty. 2009. “Meeting an
80% Reduction in Greenhouse Gas Emissions from Transportation by 2050: A Case Study in
California.” Transportation Research Part D: Transport and Environment 14(3): 147–156.
https://doi.org/10.1016/j.trd.2008.11.010.

98
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Appendix A. Non-Electric and Non-Direct
Electric Technologies
Appendix Authors: Thomas Jenkin and Mark Ruth (NREL)
The EFS analyzes scenarios with various levels of electrification and focuses on direct electric
technologies only. This scope omits other potential energy sources and energy carriers. This
appendix summarizes published studies that include a broader set of options. Many of these
studies examine scenarios with significant energy transitions, including decarbonization
strategies; however, as we note in this report, electrification and transitions to other fuels can
result from myriad factors.
This appendix summarizes the scenario literature focusing on where non-electric fuels and
technology alternatives are used in each of the three sectors—residential and commercial
buildings, transportation, and industry. The primary outcome of the literature review is Table
A.1, which matches sector and subsector with non-direct electric fuel by study. Note that this
review focuses solely on the end-use sectors and does not include how the different fuels are
used for power generation in the various studies examined. The table categorizes the non-direct
electric fuels into eight types:
•
•
•
•
•
•
•
•

synthetic gas (syngas)
hydrogen
nuclear
pipeline gas
carbon capture and sequestration (CCS)
biofuels
energy efficiency
other types.

In addition to being alternative (non-conventional) options to electrification, some of these types
can also influence the level of electricity consumption. For example, increased energy efficiency
could reduce electricity consumption and hydrogen production, using electrolysis, can do the
opposite. This appendix, and the broader EFS, make no attempt to examine these interactions or
compare the competitiveness of these different fuel types. Instead, the appendix simply provides
a literature review of scenarios where non-direct electric fuels are projected to grow.
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Table A.1. Non-Direct Electric Fuels by Subsector Considered in Study
Subsector

Syngas

Hydrogen

Nuclear

Pipeline
Gas

CCS

Biofuels

Energy
Efficiency

[3], [4],
[5],a [1],a
[6], [7]

[8]

[8], [1],a
[10]b

[3]

Other

Transportation Sector
Unspecified
and/or All

[1],a [2]

Medium/Heavy
Duty

[8], [9]

Light Duty

[8], [13,]
[3], [9]

Air

[3], [9]

Rail

[8]

[8]

[3], [11]

[12]

[3], [13]
[8]

Industrial Sector
Unspecified
and/or All

[10], [2],
[1]

Iron/Steel

[10]
[1]

[8]

[3]

[3], [4],
[1]a

[9],
[14]

[14]

[9],
[14],
[1]

[9], [14]

[3]
[14]

[14],
[1],
[8]

[9], [1],a
[14]

[14]

[14]

[1]a

[14], [1]

Textile
Cement

[17}

Paper/Pulp
Chemicals

[14],
[15]

Glass

[14]

[14],
[1]a

[15]

Oil/Gas
Refining
Ceramics

[14]

[14]

[1]a

[9]

[14]

[14]

[14]

[1]a

Buildings Sector
Unspecified
and/or All

[2]

Residential
a

[3]

[12], [16]

b

Canada, Biodiesel
[1] Bataille, Melton, and Stiebert 2016, [2] Benndorf et al. 2014, [3] The White House 2016, [4] Shinnar
and Francesco 2006, [5] EPRI 2018, [6] Harvey 2013, [7] Muratori et al. 2017, [8] Williams et al. 2015,
[9] Shell 2016, [10] Demick 2010, [11] Hao, Geng, and Sarkis 2016, [12] Hausker et al. 2015, [13] Wise,
Muratori, and Kyle 2017, [14] UK DECC 2015, [15] WSP-PB 2015, and [16] Vásquez et al. 2016
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Appendix B. Transportation Technology Adoption
Appendix Authors: Paige Jadun, Matteo Muratori, Laura Vimmerstedt, and
Aaron Brooker (NREL)
Development of the EFS Reference, Medium, and High electrification scenarios for the
transportation subsectors is based on a combination of expert judgment, a literature review,
and results from LDV consumer choice models. The ultimate adoption of electric vehicle
technologies will depend on various factors, including future vehicle cost and performance,
charging infrastructure buildout, duty cycle requirements, policy support, consumer preferences,
availability of models, and additional non-economic influences (e.g., brand loyalty and
environmental motivation) that contribute to consumer choice.
Because of their large share of energy use and emissions, and the more mature market stage,
electrification of LDVs has received more attention, both in terms of analysis (e.g., Elgowainy
et al. 2016; Kim et al. 2006; Wang et al. 2017; Yang et al. 2009) and modeling tools, including
vehicle choice models (Stephens et al. 2017). For the non-light-duty subsectors, literature and
modeling tools regarding electrification potential are sparse, and the studies that do exist find
that transformations from the status quo are generally more difficult than those of the light-duty
sector (Muratori et al. 2017; Girod et al. 2013).
In this study, we align the Reference electrification scenario with the AEO2017 Reference case
(EIA 2017c). Electrification in the Medium scenario is informed using NREL’s vehicle
consumer choice model, Automotive Deployment Options Projection Tool (ADOPT), for the
light-duty subsector and by expert judgment for the medium- and heavy-duty segments. The use
of a consumer-choice model, such as ADOPT, provides a grounded projection that considers the
many aspects of consumer purchase decisions. The High scenario is a “what-if” case designed to
explore great success of all electrification technologies in all on-road transportation subsectors,
and it may include effects of disruptive technologies or structural changes in the sector that
would not be fully captured in the current ADOPT framework. Section B.1 details the use
of ADOPT to develop the Medium LDV adoption scenarios (and to loosely inform the High
scenario), and Section B.2 describes the assumptions used in the Medium and High scenarios
for MDVs and HDVs.

B.1 Light-Duty Vehicle Choice Modeling
ADOPT is a vehicle consumer choice and stock model that estimates future U.S. LDV sales.
NREL developed it to estimate the impacts of targets for automotive technology improvement in
terms of greenhouse gas emissions and petroleum consumption (Brooker et al. 2015a). To do so,
ADOPT considers temporal variation of technology cost and performance, fuel prices, and
fueling station availability impacts, which results in new vehicle attributes. The model uses
a mixed-logit method to trade off these new vehicle attributes and project sales for different
vehicle types and models for various income distributions. This method weights a set of
coefficients (e.g., cost, volume, acceleration, and range) to capture consumer preference
heterogeneity. These coefficients, which are non-linear and vary with income, are calibrated
based on historical sales. ADOPT represents each make and model of vehicle that is sold today,
providing a diverse range of realistic vehicle characteristics, which is important for calibrating
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the choice model because most advanced vehicles have acceleration and pricing that is not
consistent with average vehicles. The model has been extensively validated on a set of metrics,
including sales by powertrain, vehicle class, price, acceleration, and fuel economy. 82 ADOPT
propagates new vehicle make-model-trim combinations based on sales success, enabling
modeling of availability of advanced vehicle drivetrains in the future vehicle fleet. To do so,
ADOPT uses FASTSim (Brooker 2015b), a powertrain model, to evolve future vehicle options
based on market driven component sizing. The propagation and sales of new vehicles in ADOPT
also take into account policies, such as the Corporate Average Fuel Economy (CAFE) and
greenhouse gas standards. ADOPT employs engine downsizing, technology improvements, and
incentives and penalties to drive sales to conform to the regulations. Main inputs to the model are
future component-level technology cost and performance (e.g., battery, engine, motor, and fuel
cell costs, peak engine efficiency, lightweighting, and battery energy density) as well as fuel
prices and total vehicle sales and policy stringency. Figure A1 shows a representation of ADOPT
and its interaction with FASTSim.

Figure B.1. Schematic of the Automotive Deployment Options Projection Tool (ADOPT)
ADOPT estimates technical target impacts on greenhouse gas emissions and petroleum consumption based
on five steps: (1) The model starts by representing all makes and models of vehicles available today for
vehicle diversity and realism. (2) It then trades off vehicle attributes using consumer preference relationships
that provide matching sales with historical data in many different dimensions. (3) It calculates the CAFE and
greenhouse gas regulations and duplicates market approaches to meeting them. (4) Sales estimates are
used to evolve future vehicle options based on market driven component sizing using the integrated
powertrain model FASTSim. (5) Finally, the sales go into a stock model to estimate total fleet greenhouse
gas emissions and energy consumption.

82

A subset of past sales data is used to calibrate the impact of the different attributes on consumer choice, and
a different subset of sales data is then used to validate the model output.
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The input assumptions and resulting vehicle sales shares used for the Medium scenario are
described below. The key technology inputs for PEV adoption are battery performance and cost.
For the Medium scenario, we rely on the technology assumptions in the 2015 DOE Vehicle
Technologies Office (VTO) Government Performance and Results Act (GPRA) analysis
(Stephens et al. 2016; Stephens, Birky, and Gohlke 2017). 83 We assume the non-electric vehicle
technologies follow a low technology improvement trajectory that corresponds to the 2015
GPRA No Program case, which assumes no technology improvement or cost reductions due to
the DOE programs after 2016. The assumptions for most electric vehicle technologies, including
batteries and electric motors, follow the higher technology improvements from the 2015 GPRA
Program Success case, which reflects technology performance and cost goals from the VTO,
with one exception. The battery cost assumptions used in EFS align with the Moderate
advancement trajectory documented in the first report of the EFS series (Jadun et al. 2017),
which assumes battery costs reduce to $135/kWh in 2050 (Moawad et al. 2016). Vehicle
deployment modeled in ADOPT also depends on the relative fuel costs based on efficiency
improvements and the AEO2017 Reference case fuel price projections. A sensitivity on fuel
prices is included in the results below. The input used in the Medium scenario assumptions are
summarized in Table B.1.
Table B.1. Inputs Assumptions for the Medium Scenario

Fuel Prices

Technology
Improvement

ADOPT Input

Scenario Assumptions

Gasoline

Price trajectory from AEO2017 Reference case
(EIA 2017c)

Electricity

Residential price trajectory from AEO2017
Reference case (EIA 2017c)

Hydrogen

Constant price based on current national average
(DOE 2017)a

Battery Cost

Moderate advancement trajectory in Jadun et al. 2017

Other EV Components

Program Success case in GPRA 2015
(Stephens et al. 2016)

Non-EV Components

No Program Success case in GPRA 2015 (Stephens
et al. 2016)

a

The price estimate is based on a small sample size of 10 points, with an average price of $15.04 per gallon
gasoline equivalent.

Using the input assumptions described above, we use ADOPT to estimate future LDV sales
in the United States through 2050. The results include sales by five powertrain types:
•
•
•

Conventional internal combustion engine vehicles (divided between diesel and gasoline)
hybrid electric vehicles (HEVs)
Fuel-cell electric vehicles

83

We use assumptions from GPRA 2015 to maintain consistency with the vehicle cost assumptions documented in
Jadun et al. (2017) but note that a more recent GPRA analysis has been published since (Stephens et al. 2017).
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•
•

Plug-in hybrid electric vehicles (PHEVs)
Battery electric vehicles (BEV). 84

For the EFS, we input the resulting sales share percentages to the EnergyPATHWAYS (EP)
accounting tool. Figure B.2 shows the modeled vehicle sales shares by powertrain for light-duty
cars and trucks through 2050. The results show a transition away from conventional vehicles to
primarily PHEVs and BEVs, which make up 63% of car sales and 69% of truck sales by 2050. 85
The increase in PEV sales shares primarily occurs through 2030 and then levels off. This
projected trend reflects the effects of the CAFE requirements, which increase through 2025 then
remain constant through 2050. PEVs have a fuel economy advantage over conventional vehicles
because of CAFE incentives in the near term, and in the long term, they compete with HEVs on
fuel cost and acceleration. We note that under alternative assumptions on fuel price, technology
improvement, and infrastructure availability, ADOPT generates different results than those
shown here. 86

Figure B.2. ADOPT light-duty car and light-duty trucks sales shares trends for the
Medium scenario

The sales estimated in ADOPT depend on the relative attractiveness of available vehicle models
across a variety of factors, including cost, additional vehicle attributes, and fueling infrastructure
availability. These tradeoffs are illustrated in Figure B.3, which shows the sales and relative
generalized cost by vehicle attribute for the bestselling cars by powertrain in 2025 and 2050, for
the $133,000 annual household income level (under the Medium scenario). The gray stacked
bars in the background represent the vehicle sales by income level (left y-axis), and the colored
bars represent the MSRP-equivalent vehicle total perceived cost including all the attributes
weighted by ADOPT (right y-axis). The higher the MSRP-equivalent vehicle total perceived
cost, the lower sales will be. These bars essentially summarize all the attributes considered by
ADOPT and their impact on the overall attractiveness of a vehicle. For example, Figure B.3
shows that in 2025 the bestselling HEV slightly outsells the bestselling PHEV because of its
lower price, despite the greater CAFE incentive and increased acceleration of the PHEV.
84

ADOPT also models compressed natural gas vehicles, but they make up less than 1% of sales and are excluded
from the displayed results.
85
PHEV exceeds BEV adoption among light trucks, whereas the reverse is true for cars. Relative battery costs and
fuel savings explain this difference.
86
This may include higher penetrations non PEV technologies, such as HEVs and fuel-cell electric vehicles.
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The bestselling BEV outsells all other powertrains, especially for high-income drivers, because
of its even better CAFE incentive and acceleration. In 2050, CAFE incentives have a much lower
impact, and the relative attractiveness of PEVs is driven primarily by acceleration and fuel cost
savings; the impact of range also decreases over time, as ADOPT projects increasing battery
sizes because of reducing battery cost.

Figure B.3. Attribute comparison of the bestselling light-duty cars by powertrain in 2025 (top)
and 2050 (bottom)

Changes to the input assumptions can impact the projected sales shares in ADOPT to varying
degrees. We include a sensitivity analysis of the vehicle technology inputs and fuel prices used
for the Medium scenario to highlight their impacts on the results. Figure B.4 shows the effect of
various battery cost assumptions (from Jadun et al. 2017) on the aggregate car and truck sales
shares. As expected, slower battery improvement most significantly affects the sales of BEVs.
Sales shares of BEVs in 2050 drop from 38% in the Rapid advancement scenario to 27% in
the Moderate advancement scenario (which is used for the Medium scenario), and 17% in the
Slow advancement scenario. PHEV sales replace BEV sales in scenarios with less battery
advancement, with PHEV sales shares increasing from 35% when using the Rapid advancement
case to 39% and 44% in the Moderate and Slow Battery advancement cases, respectively. The
final adoption of conventional vehicles (with stand-alone internal combustion engine drivetrains
only) remains relatively constant across scenarios, but sales of HEVs increase with battery costs,
as they become more competitive with PHEVs and fill the need for more fuel-efficient vehicles
that is driven by the modeled regulations. In addition to overall sales and the PHEV/BEV split,
vehicle attributes estimated by ADOPT, such as the all-electric range for PHEVs and BEVs,
also vary with battery cost assumptions, as shown in Figure B.5. For slower battery cost
improvements, the market shifts toward shorter range vehicles. For example, in the Slow Battery
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Advancement case, the BEV-100 87 dominates BEV sales, but longer-range vehicles reach greater
adoption with more-rapid battery advancement.

Figure B.4. Sensitivity of vehicle sales shares to battery cost assumptions
The Medium scenario uses the Moderate Battery Advancement projection.

Figure B.5. Sales shares of PEVs in 2050 by all-electric range
The Medium scenario uses the Moderate Battery Advancement projection.

Figure B.6. shows sales results from additional sensitivity scenarios. The High Non-EV
Technology Advancement scenario assumes all technologies, and not just those related to PEVs,
follow the high technology improvement trajectory, which corresponds to the Program Success
case in the 2015 GPRA, and the Low Oil Price scenario uses fuel prices from the AEO2017 Low
Oil case. When all technologies follow high advancement trajectories, the resulting adoption
of PEVs in 2050 declines from 73% in the Medium scenario to 69% in the High Non-EV
Technology Advancement case. The sales are replaced by increases in HEV and conventional
sales. In the Low Oil Price scenario, PEV sales share also reaches 69% in 2050, with
conventional vehicles taking slightly more market share than in the High Non-EV Technology
scenario. 88 These sensitivity results indicate that even if conventional vehicle technology
87

BEV-100 represents a BEV with a 100-mile range. Similarly, PHEV-25 represents a PHEV with a 25-mile allelectric range.
88
Conventional vehicles make up 14%, 16%, and 17% of 2050 sales in the Medium Electrification, High Non-EV
Technology Advancement, and Low Oil Price scenarios, respectively.
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advances in line with PEV-specific technology, and with a lower price difference between
gasoline and electricity, PEVs still reach high sale levels in these ADOPT scenarios, which rely
on the Rapid technology advancement case for battery costs (see Jadun et al. 2017).
The ADOPT results presented here are directly used for the Medium scenario, but we also use
ADOPT, to a lesser degree, to inform the High scenario. To develop the High scenario, we adjust
the ADOPT inputs shown in Table B. to instead use the Rapid advancement trajectory in Jadun
et al. 2017 for battery costs (ADOPT results shown Figure B.4). The sales shares from 2015 to
2033 are taken from ADOPT, but we extrapolate the results to 2050 to represent higher levels of
electrification. 89 We assume the internal combustion engine vehicle and HEV market share will
transition to PHEVs, and the PHEV market share will transition to long range BEVs, resulting in
100% PEV penetration for light-duty cars and 91% PEV penetration for light-duty trucks.

Figure B.6. Sensitivity of vehicle sales (top) and sales shares (bottom) to modeling assumptions
All scenarios use the Moderate Battery Advancement projection.

Results from a validated consumer choice model such as ADOPT indicate that significant
electrification is possible in the light-duty transportation sector under the assumptions considered
for the Medium scenarios (see Table B.1). Within the model, electric vehicle technologies have
economic (fuel cost savings), non-economic (acceleration), and policy-related (CAFE)
advantages over conventional vehicles which leads to increased sales, despite potential
disadvantages resulting from limited range and related range anxiety, fueling infrastructure
limitations (in terms of recharging time and infrastructure availability), and other consumer
preferences and tradeoffs. The analysis presented here demonstrates that PEV, especially BEV,
adoption is highly sensitive to future battery advancements. For the EFS scenarios, which are
designed to examine the impacts of increased electrification in the U.S. energy system, we rely
on the ADOPT projections that utilize more-optimistic battery technology assumptions which is
consistent with a future with widespread electrification in transportation. Specifically, the sales
share percentages obtained from ADOPT, and presented in this Appendix, feed into the
EnergyPATHWAYS framework for LDVs in the Medium scenario only.

89

The High electrification scenario is meant to explore “what-if” scenarios, such as disruptive technologies, which
are included in the current ADOPT framework.
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B.2 Medium-Duty and Heavy-Duty Vehicle Adoption
Because of model and data limitations, we base the EFS MDV and HDV adoption scenarios on
expert judgment rather than rely on consumer choice. In the Reference scenario, we assume
negligible electrification in the medium- and heavy-duty subsectors. In the Medium scenario,
which reflects a future with widespread yet plausible electrification, we assume adoption of
electric technologies in the medium- and heavy-duty subsectors primarily occurs for applications
with shorter driving ranges and lower power requirements. In the High electrification scenario,
which includes technological breakthroughs and increased support for electrification, we assume
electrification in these subsectors is possible for longer-range applications as well. For example,
advances in dynamic charging (e.g., catenary) could facilitate electrification of long-haul HDVs.
To develop the electric technology adoption levels for MDVs and HDVs, we rely on the 2002
Vehicle Inventory and Use Survey (VIUS), 90 which provides data on physical and operational
characteristics of the national truck fleet (DOC n.d.). The VIUS data set includes the annual
mileage traveled by trucks for various operating ranges (Figure B.7), which serves as a proxy for
vehicle applications in this analysis. The majority (63%) of miles traveled by MDVs is made up
of trucks with operating ranges less than 50 miles, with minimal miles occurring in operating
ranges greater than 500 miles. In contrast, only 24% of miles traveled by HDVs occurs in
operating ranges less than 50 miles, while 31% occurs in operating ranges over 500 miles.
We assume electrification is more feasible in the medium-duty subsector because of the shorter
driving distances, and that significant adoption of electric technologies in the longer-range
heavy-duty subsector requires technological breakthroughs envisioned in the High scenario.

Figure B.7. Percentage of total annual miles (bars) and cumulative percent of total (line)
by primary operating range for MDVs (left) and HDVs (right)
Data are from DOC (n.d.).

90

VIUS is the most comprehensive data set available on truck fleet characteristics, but it was last conduced in 2002.
Given this, the data presented here may not completely reflect today’s truck fleet.
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The 2050 adoption levels for medium- and heavy-duty vehicles reflect the assumptions described
above. Table B.2 shows the assumed share of mileage within each vehicle operating range
electrified by 2050 in the Medium and High scenarios. In the Medium scenario, electrification
occurs only in operating ranges under 200 miles, which results in shares of electric technologies
of 29% and 10% for MDVs and HDVs, respectively. Shares increase to 61% for MDVs and 41%
for HDVs in the High electrification scenario, enabled by improved battery technology and
dynamic charging for long-haul vehicles.
Table B.2. Medium- and Heavy-Duty Electrification Shares in 2050 by Primary Operating Range for
Medium and High Scenarios

Subsector

EFS
Scenario

MDVs

HDVs

Share of VMT Electrified in Primary Operating Range

Total Share
of VMT
Electrified

Less than
50 miles

51–100
miles

101–200
miles

201–500
miles

Over 500
miles

Medium

40%

20%

10%

0%

0%

29%

High

80%

50%

20%

10%

0%

61%

Medium

30%

15%

5%

0%

0%

10%

High

80%

50%

40%

30%

15%

41%

As with MDVs and HDVs, we exogenously defined sales shares for electric transit buses rather
than basing those shares on outcomes from consumer choice models. We only considered
electrification of buses providing local transit services; we did not consider electric bus adoption
for long-distance applications. (No distance-based considerations were used in the development
of the bus sales shares.) Battery electric bus sales shares in 2050 were assumed to reach 1%,
50%, and 100% in the Reference, Medium, and High scenarios, respectively.

109
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Appendix C. Buildings Technology Adoption
Appendix Author: Daniel Steinberg (NREL)
Development of the EFS Reference, Medium, and High electrification scenarios for the
residential and commercial buildings subsectors is based on a combination of analysis and
extension of existing trends, expert judgment, and literature review. Ultimately, the extent of the
adoption of electric buildings technologies will depend on a range of factors including future
technology cost and performance, policy support, the evolution of electricity prices, consumer
preferences (e.g., for integrated building control systems), and additional non-economic
influences (e.g., brand loyalty and environmental motivation). In this appendix, we detail the
development of the adoption scenarios for heat pumps for space heating applications.
Air sources heat pumps (ASHPs) have been a viable alternative or complementary technology to
conventional fossil-fueled heating systems since the 1960s. The rate of adoption of heat pumps
has varied over the past five decades and has been driven by a range of factors, including the
relative differences in electricity and natural gas prices, shifts in population patterns and housing
characteristics, economic growth, and regulatory actions (Lapsa et al. 2017), but it has generally
increased as ASHPs have increased in efficiency and decreased in cost (DOE 2016).
Electric ASHPs provided the primary source of heating for approximately 10% of residential
buildings in 2015 and 9% of total commercial floor space in 2009 in the United States (RECS
2015; CBECS 2012). However, adoption of ASHPs is not uniform across the country (see Figure
C.1). Of the 12.1 million homes and 11.8 billion square feet of commercial floor space that used
ASHPs as a primary heating source, 90% of residential and 80% of commercial ASHPs were
in moderate or warm climates (RECS 2015; CBECS 2012). 91 The preference for ASHPs in
moderate or warm climates is driven by the fact that heat pumps can provide both heating and
cooling services—obviating the need for both a heating technology (gas furnace) and a cooling
technology (air conditioner)—and because the efficiency of heat pumps (operating in heating
mode) is relatively high in milder winters. Despite this, adoption in cold climate regions is
rapidly increasing due to both successful research and development efforts to increase the
efficiency of ASHPs in cold climates and efforts to reduce barriers to adoption through
deployment programs and incentives (Baxter and Groll 2017a; NEEP 2017b). From 2005 to
2015, the percentage of residences that used electric ASHPs as their primary heating source in
cold and very cold climates increased from just under approximately 1.6% to 3.1%; although
shares remain low, this represents almost a 200% increase in overall stock share over 10 years,
or annual growth of close to 7% (RECS 2005, 2015).

91

We define “moderate or warm” climates as all regions outside the Cold or Very Cold Building America
climate regions, which include the Mixed-humid, Mixed-dry, Hot-dry, Hot-humid, and Marine climate regions
(Baechler et al. 2015).
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Figure C.1. Existing stock of heat pumps for space heating in residential homes in 2015 (top)
and commercial buildings in 2012 (bottom)

As a result of the current trends of increasing adoption of ASHPs, our Reference case assumes
sales share of ASHPs for space conditioning continues to increase across all regions, but at
relatively slow rates, such that by 2050 the residential sales share in moderate or warm climates
reaches approximately 20% (with greater adoption in warm regions than moderate regions).
Commercial adoption is also expected to increase, but sales share achieved are lower overall
than they are in the residential sector. Sales shares of ASHPs in moderate or warm climates
are assumed to reach just under 12%.
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As described above, the Medium and High adoption scenarios are qualitatively defined as
scenarios that reflect more favorable conditions for research and development, deployment,
and adoption of these technologies. The Medium scenario reflects a future with widespread
electrification that is plausible, but not transformational, and the High scenario reflects a future
under which end-use trends are dramatically altered through research and development and
various forms of support for electric technology adoption. For ASHPs, these scenarios are
represented by assuming substantial growth in the sales share of ASHPs across all regions.
Under the Medium case, sales shares in moderate or warm climates reach 86% and 45% by 2050
in the residential and commercial sectors, respectively. In cold climates (using the New England
census division as a proxy), sales shares reach 42% and 17%—which is substantially below the
assumed shares in moderate or warm climates. Under the High scenario, we assume significant
breakthroughs in cold climate heat pumps drive sales share increases to 50% (residential) and
30% (commercial) by 2050 in cold climates and begin to drive penetration in very cold climates,
with shares increasing to 10% in the residential sector. In moderate or warm climates, sales share
of ASHPs begin to approach 100% by 2050.
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Appendix D. Industry Adoption Heuristic
Appendix Author: Colin McMillan (NREL)
We assume industrial end uses experience many barriers to electrification that are associated
with industrial firms’ capital investment processes, including the desire to maintain profitability
and avoid disruption to production processes. Ideally, we would base our adoption scenarios on
a model of firm behavior that included the relative costs and productivity benefits of fuel-fired
equipment and electrotechnologies. Because of a lack of relevant publicly available data and
a lack of existing adoption models for industrial firms, however, we developed an industrial
adoption heuristic to capture the relative attractiveness of our representative electrotechnologies.
An additional factor for the decision to use an adoption heuristic is the inconclusive results of
analyzing Industrial Assessment Center data on electrotechnology payback and adoption (Jadun
et al. 2017). New research on industrial electrotechnology adoption—particularly research that
quantifies associated benefits to industrial productivity and other non-energy benefits—is
needed.
We model industrial adoption using a logistic functional form, as we describe in Section 4. The
adoption heuristic is based on our subjective ranking of typical productivity benefits provided by
industrial electrotechnologies. Our decision to define industrial adoption in terms of productivity
benefits is grounded in the literature on technology adoption in industry. In this appendix, we
briefly summarize several sources from the literature and describe our adoption heuristic. Our
approach to industrial electrotechnology adoption uses three adoption categories that do not
distinguish between specific technologies, end uses, or industries.
A seminal study that examined the adoption of twelve new industrial technologies by firms in
four industries found the rate of firm imitation varied widely, with the time required for half
of all firms to adopt a technology ranging from 0.9 years to 15 years (Mansfield 1961).
A deterministic model was developed to explain the proportion of firms not adopting a
technology over time as a function of the proportion of firms already adopting the technology,
the profitability of adopting the technology, and the size of investment required for adopting the
technology. The study found that technology adoption could be approximated by a logistic curve,
and it found evidence of higher imitation rates for technologies that were more profitable and
required smaller investment.
The adoption heuristic assumes that opportunities to electrify end uses that do not have
characteristics that improve industrial productivity (e.g., increased production rates and
improved product quality) are much less likely to be implemented, even under a high
electrification scenario. This assumption is based on historical (c.f. Mansfield 1961) and
anecdotal evidence of the importance of productivity and other non-energy benefits.
Additionally, we note that energy-intensive industries—such as steel, cement, chemicals,
and pulp and paper—face particular barriers to innovation in general that result from their
industry and market structures, high capital intensity and long investment cycles, and focus
on incremental technology improvements, among other factors (Wesseling et al. 2017).
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Under our adoption heuristic, heat pumps for space conditioning 92 and electric boilers are
assumed to have little, if any, characteristics that increase industrial productivity. 93 Technology
characteristics that directly benefit production are also assumed to be a proxy for the profitability
of electrotechnology adoption. One of three adoption trajectories is selected for each relevant
industry and end use for the Medium and High electrification scenarios. We do not distinguish
between industries or end uses; an adoption trajectory is assigned only to an electrotechnology
based on our assumptions of its productivity benefits. Note also that electrification of industry
occurs at the end-use level with the substitution of electricity for existing combustion fuels and
not at the level of individual technologies or processes. An induction furnace and an infrared
heater are assumed to follow the same adoption pathway for process heating regardless of
industry, for example. These trajectories are shown in Table D.1. Note that these values represent
the fraction of new capacity that is electrified in each year. For example, electrotechnologies
that provide limited or no benefit to industrial productivity are assumed to not be adopted under
the moderate scenario and begin adoption in 2040 at 5% of new capacity additions under the
high scenario.
We do not make any assumptions about the adoption of industrial energy efficiency measures.
We discuss our assumptions regarding the use of technology possibility curves (TPCs) to
represent technological advancement of electrotechnologies in Text Box 7.1.
Table D.1. Industry Electrotechnology Adoption Heuristics
Moderate
2020

2030

High

2040

2050

2020

2030

2040

2050

No or Limited
Productivity
Benefits

0

0

0

0

0

0

5%

10%

Moderate
Productivity
Benefits

0

0

5%

10%

1%

10%

20%

25%

1%

10%

20%

25%

5%

25%

60%

75%

Large Productivity
Benefits

92

Heat pump adoption for industrial HVAC is linked to air source heat pump adoption in commercial buildings.
Electric boilers could have local air quality and environmental permitting benefits, but these are assumed to be
secondary to improvements to production or product quality.

93

114
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Appendix E. EnergyPATHWAYS Data Sources
Appendix Authors: Ryan Jones and Ben Haley (Evolved Energy Research)
The demand-side of EnergyPATHWAYS (EP) projects future energy, stock, and sales using one
of several methods that depend on the availability of input data. Each of the calculation methods
is briefly explained in Table E.1, and Tables E.2–E.10 explain the basic inputs and data sources.
Table E.1. EnergyPATHWAYS Terminology
Column Name

Explanation

Subsector

A subsector is the basic organizing unit within the demand-side of
EnergyPATHWAYS. One subsector may depend on another (e.g., clothes
washing efficiency impacts hot water demand), but each subsector has a
distinct type of service demand.

Unit

Input unit for energy, stock, or service demand.

Service Demand
Dependent

If stock is service-demand dependent, it means service demand is
calculated first through 2050 and is then used as a driver to project the size
of the total stock.

Stock Dependent

If service demand is stock dependent, it means the size of the total stock is
calculated first through 2050 and then is used as a driver to project service
demand.

Driver

Drivers are data that extend through 2050 that are used to extrapolate a
data input available only for a subset of years. Typically, a data input is
first divided by a driver to create a ratio of data to driver; this ratio is then
extrapolated using one of many regression techniques, although it is also
frequently just held constant across all years. The ratio available for all
years is then multiplied back by the driver to arrive at the final data timeseries. Drivers may themselves have other drivers; for instance, population
drives households and households drive residential square footage.

Input Data Geography

The native input geography for the data; all data go into the model in its
native geography and are mapped to the primary geography (state) within
each subsector.

Downscaling Method

Each downscaling method or mapping key is used to change the
geography of a data input by creating part-to-whole factors that can
apportion data from census to state, for instance. Most downscaling data
come from geographic information system data sets and is input to
EnergyPATHWAYS on a county level.

Input Data Year(s)

The years for which data are natively available; when data are not available
through 2050, drivers and regression techniques are used for extrapolation.

Source

Source of data input.
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Approach 1: Stock and Service Demand
When provided with both stock and service demand data, the model uses a stock rollover approach to calculate the share of service demand
satisfied by each technology and vintage. This allows us to calculate overall energy demand based on vintage technology characteristics.
Table E.2. Stock Data
Subsector

Unit

Service Demand
Dependent

Driver

Input Data:
Geography

Downscaling
Method

Input Data:
Year(s)

Source

Residential
Lighting

bulbs per housing
unit

no

total square
footage

United States

households in
2010

2012

AEO2017

Residential
Clothes Washing

clothes washer

no

households

census division

households in
2010

2009

RECS
2009

Residential
Clothes Drying

clothes dryer

no

households

census division

households in
2010

2009

RECS
2009

Residential
Dishwashing

dishwashers
per household

no

households

census division

households in
2010

2009

RECS
2009

Residential
Refrigeration

cubic feet

no

households

census division

households in
2010

2009

RECS
2009

Residential
Freezing

cubic feet

no

households

census division

households in
2010

2009

RECS
2009

Commercial Water
Heating

capacity factor

no

commercial
square footage

census division

households in
2010

2012

AEO2017

Commercial Space
Heating

capacity factor

no

commercial
square footage

census division

HDD x
commercial
square footage

2012–2013

AEO2017

Commercial Air
Conditioning

capacity factor

no

commercial
square footage

census division

households in
2010

2012

AEO2017

Commercial
Lighting

capacity factor

no

n/a

census division

households in
2010

2012

AEO2017

Commercial
Refrigeration

capacity factor

no

commercial
square footage

census division

households in
2010

2012

AEO2017

Commercial
Cooking

capacity factor

no

commercial
square footage

census division

households in
2010

2012

AEO2017
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Subsector

Unit

Service Demand
Dependent

Driver

Input Data:
Geography

Downscaling
Method

Input Data:
Year(s)

Source

Commercial
Ventilation

capacity factor

no

commercial
square footage

census division

households in
2010

2012

AEO2017

Light-Duty Cars

car per mile
traveled

yes

n/a

United States

service demand

2012, 2020,
2030, 2040

AEO-2015

Light-Duty Trucks

truck per mile
traveled

yes

n/a

United States

service demand

2012, 2020,
2030, 2040

AEO-2015

Medium-Duty
Trucks

truck

yes

n/a

United States

service demand

2015

AEO2015

Heavy-Duty Trucks

truck

yes

n/a

United States

service demand

2011

AEO2015

Transit Buses

bus

yes

n/a

United States

service demand

2014

APTA
2017
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Table E.3. Service Demand Data
Subsector

Unit

Stock
Dependent

Driver

Input Data:
Geography

Downscaling Method

Input
Data:
Year(s)

Residential
Lighting

kilolumen-hr per
housing unit

no

total square
footage

United States

households in 2010

2012

Residential
Clothes Washing

Csde218#
cubic feet cycle

yes

n/a

census division

stock

2009

derived from
RECS 2009

Residential
Clothes Drying

pound

yes

n/a

census division

stock

2009

derived from
RECS 2009

Residential
Dishwashing

cycle

yes

n/a

census division

stock

2009

derived from
RECS 2009

Residential
Refrigeration

cubic feet

yes

n/a

census division

stock

2009

derived from
RECS 2009

Residential
Freezing

cubic feet

yes

n/a

census division

stock

2009

derived from
RECS 2009

Commercial
Water Heating

TBtu

no

commercial
square footage

census division

employment in all
industries (NAICS,
no code) 2007

2012–2050

AEO2017

Commercial
Space Heating

TBtu

no

commercial
square footage

census division

HDD x commercial
square footage

2012–2050

AEO2017

Commercial Air
Conditioning

TBtu

no

commercial
square footage

census division

CDD x commercial
square footage

2012–2050

AEO2017

Commercial
Lighting

gigalumen-year

no

commercial
square footage

census division

employment in all
industries (NAICS,
no code), 2007

2012–2050

AEO2017

Commercial
Refrigeration

TBtu

no

commercial
square footage

census division

employment in all
industries (NAICS,
no code), 2007

2012–2050

AEO2017

Commercial
Cooking

TBtu

no

commercial
square footage

census division

employment in all
industries (NAICS,
no code), 2007

2012–2050

AEO2017

Commercial
Ventilation

gigacubic_foot

no

commercial
square footage

census division

employment in all
industries (NAICS,
no code), 2007

2012–2050

AEO2017
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Source

Subsector

Unit

Stock
Dependent

Driver

Input Data:
Geography

Downscaling Method

Input
Data:
Year(s)

Source

Light-Duty Cars

gigamile

no

MD + HD VMT
historical

United States

LDV VMT share

2007,
2015–2050

AEO2017

Light-Duty
Trucks

gigamile

no

MD + HD VMT
historical

United States

LDV VMT share

2012–2050

AEO2017

Medium-Duty
Trucks

mile

no

gasoline sales
volumes

United States

MDV VMT share

2015–2050

AEO2017

Heavy-Duty
Trucks

mile

no

gasoline sales
volumes

United States

HDV VMT share

2015–2050

AEO2017

Transit Buses

mile

no

population

census division

square footage

1995–2008

APTA 2017
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Approach 2: Stock and Energy Demand
When provided with both stock and energy demand data, the model must first derive an estimate of service demand. This is done for years
in which both energy demand and stock are input. Using a stock rollover approach, we can calculate the average efficiency of the stock in the
years that we have energy demand. This allows us to derive an estimate of energy service demand that we can project forward. After this step,
the approach is the same as the one utilized for subsectors where we enter service demand directly.
Table E.4. Stock Data
Subsector

Unit

Service
Demand
Dependent

Driver

Input Data:
Geography

Downscaling
Method

Input Data:
Year(s)

Source

Residential Water Heating

water heater

no

households

census division

households in
2010

2009

RECS 2009

Residential Space Heating

space heater

no

households

census division

households in
2010

2009–2015

AEO2017

Residential Air Conditioning

air conditioner

no

households

census division

households in
2010

2009

RECS 2009

Residential Cooking

cooktop

no

households

census division

households in
2010

2009

RECS 2009

Industrial Boilers

capacity factor

yes

n/a

United States

service demand

2015

NREL

Industrial Process Heat

capacity factor

yes

n/a

United States

service demand

2015

NREL

Industrial Space Heating

capacity factor

yes

n/a

United States

service demand

2015

NREL

Industrial Machine Drives

capacity factor

yes

n/a

United States

service demand

2015

NREL

Industrial Curing

capacity factor

no

n/a

United States

service demand

2015

NREL

Industrial Drying

capacity factor

no

n/a

United States

service demand

2015

NREL
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Table E.5. Energy Demand Data
Subsector

Unit

Driver

Input Data:
Geography

Downscaling Method

Input Data:
Year(s)

Source

Residential Water Heating

MMBtu

households

census division

households in 2010

2009

RECS 2009

Residential Space Heating

MMBtu

HDD; occupied
square footage

census division

heating degree days x
residential
square footage

2009–2015

AEO2017

Residential Air
Conditioning

MMBtu

CDD

census division

cooling degree days x
residential
square footage

2009

RECS 2009

Residential Cooking

MMBtu

households

census division

households in 2010

2009

RECS 2009

Industrial Boilers

U.S.
dollars
(USD)

value of shipments

census region

earnings in manufacturing
(NAICS 31-33), 2007

2011–2050

AEO2017

Industrial Process Heat

USD

value of shipments

census region

earnings in manufacturing
(NAICS 31-33), 2007

2011–2050

AEO2017

Industrial Space Heating

USD

value of shipments

census region

earnings in manufacturing
(NAICS 31-33), 2007

2011–2050

AEO2017

Industrial Machine Drives

USD

value of shipments

census region

earnings in manufacturing
(NAICS 31-33), 2007

2011–2050

AEO2017

Industrial Curing

USD

value of shipments

census region

earnings in manufacturing
(NAICS 31-33), 2007

2011–2050

AEO2017

Industrial Drying

USD

value of shipments

census region

earnings in manufacturing
(NAICS 31-33), 2007

2011–2050

AEO2017
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Approach 3: Energy Demand Only
In subsectors where we only have energy demand, we downscale and utilize underlying drivers of that energy demand, along with regression
techniques, to project the demand to 2050. These are primarily from sources that project to 2050 themselves.
Table E.6. Other Data
Subsector

Unit

Driver

Input Data:
Geography

Input Data:
Year(s)

Source

Residential computers
and related

MMBtu

households

census division

2009–2050

AEO2017

Residential televisions
and related

MMBtu

households

census division

2009–2050

AEO2017

Residential Secondary
Heating

MMBtu per
household

households; HDD

census division

2009

RECS 2009

Residential other uses

MMBtu

households

census division

households in 2010

2009–-2050

AEO2017

Residential Furnace Fans

MMBtu

households

census division

households in 2010

2009

RECS 2009

Office Equipment (P.C.)

quads

office space

United States

employment in all
industries (NAICS,
no code) 2007

2015–2050

AEO2017

Office Equipment (NonP.C.)

quads

office space

United States

employment in all
industries (NAICS,
no code) 2007

2015–2050

AEO2017

Commercial Other

quads

comm square
footage

United States

employment in all
industries (NAICS,
no code) 2007

2015–2050

AEO2017

Non-Combined Heat and
Power District Services

kBtu per square
foot

commercial square
footage

census division

2012

CBECS 2012

Combined Heat and
Power District Services

TBtu

commercial square
footage

United States

2015–2050

AEO2017

Domestic Shipping

TBtu

n/a

United States

marine fuel use

2015–2050

AEO2017

Military Use

TBtu

n/a

United States

households in 2010

2015–2050

AEO2017

Motorcycles

TBtu

population

United States

households in 2010

2012–2050

AEO2017

Lubricants

TBtu

population

United States

households in 2010

2015–2050

AEO2017

International Shipping

TBtu

n/a

United States

Marine Fuel Use

2015–2050

AEO2017

Downscaling Method
households in 2010
households in 2010
households in 2010

households in 2010
households in 2010
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Subsector

Unit

Driver

Input Data:
Geography

Downscaling Method

Input Data:
Year(s)

Source

Recreational Boats

TBtu

n/a

United States

households in 2010

2015–2050

AEO2017

TBtu

passenger miles,
population

United States

buses VMT share

2015–2050

AEO2017

TBtu

rail passenger
miles

census division

rail fuel use

2015–2050

AEO2017

TBtu

gigaton mile
service demand

census division

rail fuel use

2015–2050

AEO2017

TBtu

seat miles,
population

United States

aviation fuel use

2015–2050

AEO2017

TBtu

subsector value
of output

census region

value of shipments

2011–2050

AEO2017

School and intercity buses
Passenger rail
Freight rail
Aviation
Various Industrial
Subsectorsa
a Includes

agriculture—crops; agriculture—other; metal and other non-metallic mining; construction; food and kindred products; paper and allied products; bulk
chemicals; glass and glass products; cement; iron and steel; aluminum industry; fabricated metal products; machinery; computer and electric products;
transportation equipment; electric equipment, appliances and components; wood products; plastic and rubber products; and balance of manufacturing other.
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Demand Technology Cost and Performance Sources
Tables E.7–E.10 show the sources for technology cost and performance trajectories. In cases where the underlying data was not available to
2050, costs and performance are held constant after the last year provided. Linear interpolation is used to fill intermediate years when data
was not reported on an annual basis.
Table E.7. Residential and Commercial Buildings
Subsector

Technologies

Source

air source heat pump (ASHP), ducted

Jadun et al. 2017

ductless mini-split heat pump

Dentz, Podorson, and Varshney 2014

remainder

EIA 2015

heat pump water heater

Jadun et al. 2017

remainder

EIA 2015

Residential Remaining Subsectors

all

EIA 2015

Commercial Space Heating and Air
Conditioning

ASHP

Jadun et al. 2017

remainder

EIA 2015

heat pump water heater

Jadun et al. 2017

remainder

EIA 2015

Commercial Lighting

all

EIA 2017c

Commercial Building Shell

all

EIA 2017c

Commercial Remaining Subsectors

all

EIA 2015

Residential Space Heating and
Air Conditioning

Residential Water Heating

Commercial Water Heating
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Table E.8. Transportation Data Sources
Subsector

Light-duty Vehicles

Medium-Duty Vehicles

Heavy-Duty Vehicles

Transit Buses

Technologies

Source

battery electric vehicle and plug-in hybrid electric vehicle

Jadun et al. 2017

hydrogen fuel cell vehicle

NRC 2013

remainder

Efficiency: EIA 2015
Cost: NRC 2013

battery electric

Jadun et al. 2017

hydrogen fuel cell

NRC 2013

remainder (e.g., compressed natural gas and diesel)

NPC 2012

battery electric

Jadun et al. 2017

hydrogen fuel cell

Fulton and Miller 2015

reference diesel, gasoline and propane

Efficiency: AEO2015
Cost: NPC 2012

diesel hybrid and liquefied pipeline gas

NPC 2012

all

Jadun et al. 2017; ADOPT model
Table E.9. Industry Data Sources

Subsector

Technologies

Source

ASHP

Jadun et al. 2017

furnace

EIA 2015

Industrial Boilers

all

Jadun et al. 2017

Industrial Process Heat

all

Jadun et al. 2017

Industrial Curing

all

Jadun et al. 2017

Industrial Drying

all

Jadun et al. 2017

Industrial Machine Drives

all

Jadun et al. 2017

Industrial Space Heating
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Table E.10. Unitized End-Use Load Shapes
Shape Name

Bulk System Load

Used By

Input Data
Geography

Input Temporal
Resolution

Source

initial electricity reconciliation,
all subsectors not otherwise
given a shape

Emissions and
Generation
Resource Integrated
Database (EGRID)
with additional
granularity in the
western
interconnection

hourly, 2012

FERC Form No. 714

month-hourweekday/weekend
average, separated
by home vs. work
charging

Evolved Energy
Research analysis of
2016 National
Household Travel
Survey

Light-Duty Vehicles (LDVs)

all LDVs

Water Heating (Gas Shape)a

residential hot water

Other Appliances

residential TV & computers

Lighting

residential lighting

Clothes Washing

residential clothes washing

Clothes Drying

residential clothes drying

Dishwashing

residential dish washing

Residential Refrigeration

residential refrigeration

Residential Freezing

residential freezing

Residential Cooking

residential cooking

Industrial Other

all other industrial loads

Agriculture

industry agriculture

Commercial Cooking

commercial cooking

Commercial Water Heating

commercial water heating

Commercial Lighting Internal

commercial lighting

Commercial Refrigeration

commercial refrigeration

Northwest Energy
Efficiency Alliance
Residential Building
Stock Assessment
Metering Study
(Northwest)

United States

month-hourweekday/weekend
average

California Load
Research Data
North American
Electric Reliability
Corporation (NERC)
region

EPRI Load Shape
Library 5.0
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Input Data
Geography

Shape Name

Used By

Commercial Ventilation

commercial ventilation

Commercial Office Equipment

commercial office equipment

Industrial Machine Drives

machine drives

Industrial Process Heating

process heating

electric_furnace_res

electric resistance heating
technologies

reference_central_ac_res

central air conditioning
technologies

high_efficiency_central_ac_res

high-efficiency central air
conditioning technologies

reference_room_ac_res

room air conditioning
technologies

high_efficiency_room_ac_res

high-efficiency room air
conditioning technologies

reference_heat_pump_heating_res

ASHPs

high_efficiency_heat_pump_heating_res

high-efficiency ASHPs

reference_heat_pump_cooling_res

ASHP s

high_efficiency_heat_pump_cooling_res

high-efficiency ASHPs

chiller_com

commercial chiller technologies

dx_ac_com

direct expansion air
conditioning technologies

boiler_com

commercial boiler technologies

furnace_com

commercial electric furnaces

Flat shape

MDV and HDV charging

a

Input Temporal
Resolution

Source

IECC Climate Zone
by state (114 total
geographical
regions)

hourly, 2012 weather

Evolved Energy
Research
Regressions trained
on NREL building
simulations in select
U.S. cities for a
typical
meteorological year
and then run on
county level HDD
and CDD for 2012
from the National
Oceanic and
Atmospheric
Administration
(NOAA)

United States

n/a

n/a

natural gas shape is used as a proxy for the service demand shape for electric hot water due to the lack of electric water heater data.

127
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Appendix F. Bounding Scenarios
Appendix Authors: Ryan Jones (Evolved Energy Research) and Trieu Mai (NREL)
In addition to the core—Reference, Medium, and High—electrification scenarios presented
in the main body of this report, we also modeled two bounding scenarios of electricity
consumption. On the low end, we include a scenario where electricity demand remains flat over
time as a result of increased adoption of energy efficiency measures combined with a lack of
incremental electrification (beyond that from the Reference case). Creation of the low electricity
growth scenario relies on adoption of high-efficiency technologies (e.g., new residential air
conditioners sales become 100% “high efficiency” by 2035) at a pace and scale informed by
prior study (Williams et al. 2014). In the low growth scenario, 2050 electricity final energy
demand is 18% below that in the reference scenario with identical energy services provided.
On the high end, we model a scenario where electric technology adoption occurs immediately
and fully starting in 2018; however, equipment stock turnover is slowed by equipment lifetimes,
some of which persist through multiple decades, and electrification only occurs for those end
uses modeled in our core scenarios. Within a narrow sense, this scenario reflects a technical
potential for electrification.
These two bounding scenarios can be used to further contextualize the core EFS scenarios and
can be used for future analysis of more-extreme cases than what we detail in the main report.
The full data from these scenarios are available for such analysis. Below, we present the highlevel results from these two scenarios. Figure F.1 compares the annual electricity consumption
results in these two scenarios with those from the Reference scenario. Table F.1summarizes 2050
consumption and electricity share of final energy by sector.

Figure F.1. Annual U.S. electricity consumption in the Reference and bounding scenarios
Moderate technology advancement projections are shown.
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Table F.1 Electricity Consumption and Share of Final Energy by Sector and Scenario
2050 Reference

Annual Electricity Consumption (TWh)
2016

Rapid

Moderate

2050 Low Growth
Slow

Rapid

Moderate

2050 Technical Potential
Slow

Rapid

Moderate

Slow

Transport

7.5

78

88

101

78

88

101

2,129

2,344

2,638

Residential

1,418

1,462

1,474

1,503

1,216

1,241

1,295

1,625

1,689

1,793

Commercial

1,379

1,751

1,755

1,762

1,530

1,532

1,536

1,933

1,965

2,020

Industrial

1,084

1,405

1,405

1,406

1,050

1,050

1,051

2,035

2,038

2,044

Total

3,889

4,696

4,722

4,772

3,874

3,911

3,983

7,722

8,037

8,494

% of Final Energy

2050 Reference
2016

Rapid

Moderate

2050 Low Growth
Slow

Rapid

Moderate

2050 Technical Potential
Slow

Rapid

Moderate

Slow

Transport

0

1

1

1

1

1

1

57

59

62

Residential

45

44

45

45

43

43

44

85

86

86

Commercial

53

62

62

62

60

60

60

86

86

87

Industrial (excluding refining)

15

23

23

23

21

21

21

40

40

40

Total

19

23

23

23

21

21

22

60

61

62

Historical (2016) data from EIA monthly energy review (EIA n.d.). Attribution to each sector is based directly from EIA, which may include behind-the-meter PEV charging
in the residential and commercial sectors. Historical 2016 data presented here differ slightly from modeled 2016 values from EP. Data also include net self-generation of
electricity from renewable sources (except geothermal) and combustible fuels. The consumption data include EIA estimates of behind-the-meter solar generation based on
estimated growth rates from the AEO. The electricity consumption estimates include electricity used for fossil fuel extraction and refining; however, estimated final energy
shares from electricity do not include these uses.
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