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Perspective

The Renewable Electricity Futures Study (RE Futures) provides an analysis of the grid
integration opportunities, challenges, and implications of high levels of renewable electricity
generation for the U.S. electric system. The study is not a market or policy assessment. Rather,
RE Futures examines renewable energy resources and many technical issues related to the
operability of the U.S. electricity grid, and provides initial answers to important questions about
the integration of high penetrations of renewable electricity technologies from a national
perspective. RE Futures results indicate that a future U.S. electricity system that is largely
powered by renewable sources is possible and that further work is warranted to investigate this
clean generation pathway. The central conclusion of the analysis is that renewable electricity
generation from technologies that are commercially available today, in combination with a more
flexible electric system, is more than adequate to supply 80% of total U.S. electricity generation
in 2050 while meeting electricity demand on an hourly basis in every region of the United States.

The renewable technologies explored in this study are components of a diverse set of clean
energy solutions that also includes nuclear, efficient natural gas, clean coal, and energy
efficiency. Understanding all of these technology pathways and their potential contributions to
the future U.S. electric power system can inform the development of integrated portfolio
scenarios. RE Futures focuses on the extent to which U.S. electricity needs can be supplied by
renewable energy sources, including biomass, geothermal, hydropower, solar, and wind.

The study explores grid integration issues using models with unprecedented geographic and time
resolution for the contiguous United States. The analysis (1) assesses a variety of scenarios with
prescribed levels of renewable electricity generation in 2050, from 30% to 90%, with a focus on
80% (with nearly 50% from variable wind and solar photovoltaic generation); (2) identifies the
characteristics of a U.S. electricity system that would be needed to accommodate such levels;
and (3) describes some of the associated challenges and implications of realizing such a future.
In addition to the central conclusion noted above, RE Futures finds that increased electric system
flexibility, needed to enable electricity supply-demand balance with high levels of renewable
generation, can come from a portfolio of supply- and demand-side options, including flexible
conventional generation, grid storage, new transmission, more responsive loads, and changes in
power system operations. The analysis also finds that the abundance and diversity of U.S.
renewable energy resources can support multiple combinations of renewable technologies that
result in deep reductions in electric sector greenhouse gas emissions and water use. The study
finds that the direct incremental cost associated with high renewable generation is comparable to
published cost estimates of other clean energy scenarios. Of the sensitivities examined,
improvement in the cost and performance of renewable technologies is the most impactful lever
for reducing this incremental cost. Assumptions reflecting the extent of this improvement are
based on incremental or evolutionary improvements to currently commercial technologies and do
not reflect U.S. Department of Energy activities to further lower renewable technology costs so
that they achieve parity with conventional technologies.
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RE Futures is an initial analysis of scenarios for high levels of renewable electricity in the United
States; additional research is needed to comprehensively investigate other facets of high
renewable or other clean energy futures in the U.S. power system. First, this study focuses on
renewable-specific technology pathways and does not explore the full portfolio of clean
technologies that could contribute to future electricity supply. Second, the analysis does not
attempt a full reliability analysis of the power system that includes addressing sub-hourly,
transient, and distribution system requirements. Third, although RE Futures describes the system
characteristics needed to accommodate high levels of renewable generation, it does not address
the institutional, market, and regulatory changes that may be needed to facilitate such a
transformation. Fourth, a full cost-benefit analysis was not conducted to comprehensively
evaluate the relative impacts of renewable and non-renewable electricity generation options.

Lastly, as a long-term analysis, uncertainties associated with assumptions and data, along with
limitations of the modeling capabilities, contribute to significant uncertainty in the implications
reported. Most of the scenario assessment was conducted in 2010 with assumptions concerning
technology cost and performance and fossil energy prices generally based on data available in
2009 and early 2010. Significant changes in electricity and related markets have already occurred
since the analysis was conducted, and the implications of these changes may not have been fully
reflected in the study assumptions and results. For example, both the rapid development of
domestic unconventional natural gas resources that has contributed to historically low natural gas
prices, and the significant price declines for some renewable technologies (e.g., photovoltaics)
since 2010, were not reflected in the study assumptions.

Nonetheless, as the most comprehensive analysis of U.S. high-penetration renewable electricity
conducted to date, this study can inform broader discussion of the evolution of the electric
system and electricity markets toward clean systems.

The RE Futures team was made up of experts in the fields of renewable technologies, grid
integration, and end-use demand. The team included leadership from a core team with members
from the National Renewable Energy Laboratory (NREL) and the Massachusetts Institute of
Technology (MIT), and subject matter experts from U.S. Department of Energy (DOE) national
laboratories, including NREL, Idaho National Laboratory (INL), Lawrence Berkeley National
Laboratory (LBNL), Oak Ridge National Laboratory (ORNL), Pacific Northwest National
Laboratory (PNNL), and Sandia National Laboratories (SNL), as well as Black & Veatch and
other utility, industry, university, public sector, and non-profit participants. Over the course of
the project, an executive steering committee provided input from multiple perspectives to
support study balance and objectivity.

RE Futures is documented in four volumes of a single report: This volume—Volume 1—
describes the analysis approach and models, along with the key results and insights; Volume 2
describes the renewable generation and storage technologies included in the study; Volume 3
presents end-use demand and energy efficiency assumptions; and Volume 4 discusses
operational and institutional challenges of integrating high levels of renewable energy into the
electric grid.
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Executive Summary

The Renewable Electricity Futures Study (RE Futures) is an initial investigation of the extent to
which renewable energy supply can meet the electricity demands of the contiguous United
States' over the next several decades. This study includes geographic and electric system
operation resolution that is unprecedented for long-term studies of the U.S. electric sector. The
analysis examines the implications and challenges of renewable electricity generation levels—
from 30% up to 90%, with a focus on 80%, of all U.S. electricity generation from renewable
technologies—in 2050. At such high levels of renewable electricity penetration, the unique
characteristics of some renewable resources, specifically geographical distribution and variability
and uncertainty in output, pose challenges to the operability of the U.S. electric system. The
study focuses on some key technical implications of this environment, exploring whether the
U.S. power system can supply electricity to meet customer demand with high levels of renewable
electricity, including variable wind and solar generation. The study also begins to address the
potential economic, environmental, and social implications of deploying and integrating high
levels of renewable electricity in the United States.

RE Futures was framed with a few important questions:

e The United States has diverse and abundant renewable energy resources that are available
to contribute higher levels of electricity generation over the next decades. Future
renewable electricity generation will be driven in part by federal incentives and
renewable portfolio standards mandated in many states.” Practically, how much can
renewable energy technologies, in aggregate, contribute to future U.S. electricity supply?

e Inrecent years, variable renewable electricity generation capacity in the United States has
increased considerably. Wind capacity, for example, has increased from 2.6 GW in 2000
to 40 GW in 2010, while solar capacity has also begun to grow rapidly. Can the U.S.
electric power system accommodate higher levels of variable generation from wind or
solar photovoltaics (PV)?

e Overall, renewable energy contributed about 10% of total power-sector U.S. electricity
supply in 2010 (6.4% from hydropower, 2.4% from wind energy, 0.7% from biopower,
0.4% from geothermal energy, and 0.05% from solar energy).’ Are there synergies that
can be realized through combining these diverse sources, and to what extent can
aggregating their output over larger areas help enable their integration into the power
system?

! Alaska, Hawaii, and the U.S. Territories were not included in this study because they rely on electric grid systems
that are not connected to the contiguous United States. However, both states and the territories have abundant
renewable resources, and they have efforts are underway to substantially increase renewable electricity generation
(see Volume 1, Text Box Introduction-1).

? Some states have targets of a 20%-30% share of total electricity generation (see http://www.dsireusa.org/ for
information on specific state standards) and are making progress toward meeting these goals.

? These data reflect estimates for the electric power sector only, and they exclude the end use sectors (i.e., on-site
electric power supply that directly meets customer demands). If the end-use and electric power sectors are
considered together, the percentage contribution from biomass would increase from 0.7% to 1.4%, and the
contribution from solar would increase from 0.05% to 0.12%.
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Multiple international studies* have explored the possibility of achieving high levels of
renewable electricity penetration, primarily as a greenhouse gas (GHG) mitigation measure. RE
Futures presents systematic analysis of a broad range of potential renewable electricity futures
for the contiguous United States based on unprecedented consideration of geographic, temporal,
and electric system operation aspects.’

RE Futures explores a number of scenarios using a range of assumptions for generation
technology improvement, electric system operational constraints, and electricity demand to
project the mix of renewable technologies—including wind, PV, concentrating solar power
(CSP), hydropower, geothermal, and biomass—that meet various prescribed levels of renewable
generation, from 30% to 90%. Additional sensitivity cases are focused on an 80%-by-2050
scenario. At this 80% renewable generation level, variable generation from wind and solar
technologies accounts for almost 50% of the total generation.

Within the limits of the tools used and scenarios assessed, hourly simulation analysis indicates
that estimated U.S. electricity demand in 2050 could be met with 80% of generation from
renewable electricity technologies with varying degrees of dispatchability, together with a mix of
flexible conventional generation and grid storage, additions of transmission, more responsive
loads, and changes in power system operations.’ Further, these results were consistent for a wide
range of assumed conditions that constrained transmission expansion, grid flexibility, and
renewable resource availability. The analysis also finds that the abundance and diversity of U.S.
renewable energy resources can support multiple combinations of renewable technologies that
result in deep reductions in electric sector greenhouse gas emissions and water use. Further, the
study finds that the incremental cost associated with high renewable generation is comparable to
published cost estimates of other clean energy scenarios. Of the sensitivities examined,
improvement in the cost and performance of renewable technologies is the most impactful level
for reducing this incremental cost.

While this analysis suggests such a high renewable generation future is possible, a
transformation of the electricity system would need to occur to make this future a reality. This
transformation, involving every element of the grid, from system planning through operation,
would need to ensure adequate planning and operating reserves, increased flexibility of the
electric system, and expanded multi-state transmission infrastructure, and would likely rely on
the development and adoption of technology advances, new operating procedures, evolved
business models, and new market rules.

* As examples, recent detailed studies include those prepared for Europe (ECF 2010) and Germany (SRU 2010), as
well as a review of 164 global energy scenarios by the Intergovernmental Panel on Climate Change (IPCC 2011).
Cochran et al. (2012) also describes several case studies of countries successfully managing high levels of variable
renewable energy on their electric grids.

> Previous, more conceptual or more-limited analyses of high penetrations of renewable energy in the United States
and globally include (but are not limited to) Pacala and Socolow (2004); ACORE (2007); Kutscher (2007);
Greenblatt (2009); GWEC/GPI (2008); Fthenakis et al. (2009); Jacobson and Delucchi (2009); Sawin and Moomaw
(2009); EREC/GPI (2008); and Lovins (2011).

® The study did not conduct a full reliability analysis, which would include sub-hourly, stability, and AC power
flow analysis.
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Key results of this study include the following:

e Deployment of Renewable Energy Technologies

o Renewable energy resources, accessed with commercially available generation
technologies, could adequately supply 80% of total U.S. electricity generation in 2050
while balancing supply and demand at the hourly level.

o All regions of the United States could contribute substantial renewable electricity
supply in 2050, consistent with their local renewable resource base.

o Multiple technology pathways exist to achieve a high renewable electricity future.
Assumed constraints that limit power transmission infrastructure, grid flexibility, or
the use of particular types of resources can be compensated for through the use of
other resources, technologies, and approaches.

o Annual renewable capacity additions that enable high renewable generation are
consistent with current global production capacities but are significantly higher than
recent U.S. annual capacity additions for the technologies considered. No
insurmountable long-term constraints to renewable electricity technology
manufacturing capacity, materials supply, or labor availability were identified.

¢ Grid Operability and Hourly Resource Adequacy

o Electricity supply and demand can be balanced in every hour of the year in each
region with nearly 80% electricity from renewable resources, including nearly 50%
from variable renewable generation, according to simulations of 2050 power system
operations.

o Additional challenges to power system planning and operation would arise in a high
renewable electricity future, including management of low-demand periods and
curtailment of excess electricity generation.

o Electric sector modeling shows that a more flexible system is needed to accommodate
increasing levels of renewable generation. System flexibility can be increased using a
broad portfolio of supply- and demand-side options, and will likely require
technology advances, new operating procedures, evolved business models, and new
market rules.

e Transmission Expansion

o Asrenewable electricity generation increases, additional transmission infrastructure is
required to deliver generation from cost-effective remote renewable resources to load
centers, enable reserve sharing over greater distances, and smooth output profiles of
variable resources by enabling greater geospatial diversity.

e Cost and Environmental Implications of High Renewable Electricity Futures

o High renewable electricity futures can result in deep reductions in electric sector
greenhouse gas emissions and water use.

o The direct incremental cost associated with high renewable generation is comparable
to published cost estimates of other clean energy scenarios. Improvement in the cost
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and performance of renewable technologies is the most impactful lever for reducing
this incremental cost.

e Effects of Demand Growth

o With higher demand growth, high levels of renewable generation present increased
resource and grid integration challenges.

This report presents the analysis of some of the technical challenges and opportunities associated
with high levels of renewable generation in the U.S. electric system. However, the analysis
presented in this report represents only an initial set of inquiries on a national scale. Additional
studies are required to more fully assess the technical, operational, reliability, economic,
environmental, social, and institutional implications of high levels of renewable electricity
generation, and further explore the nature of the electricity system transformation required to
enable such a future.

Study Organization and Report Structure

RE Futures was led by a team from the National Renewable Energy Laboratory (NREL) and the
Massachusetts Institute of Technology (MIT). The leadership team coordinated teams of subject
matter experts from U.S. Department of Energy (DOE) national laboratories, including Idaho
National Laboratory (INL), Lawrence Berkeley National Laboratory (LBNL), NREL, Oak Ridge
National Laboratory (ORNL), Pacific Northwest National Laboratory (PNNL), and Sandia
National Laboratories (SNL), as well as Black & Veatch and other utility, industry, university,
public sector, and non-profit participants. These expert teams explored the prospects for large-
scale deployment of specific renewable generation and storage technologies, along with some of
the issues and challenges associated with their integration into the electric system.

In total, this report is the culmination of contributions from more than 110 individuals at more
than 35 organizations (Appendix D lists the contributors to the study). Over the course of the
project, an executive steering committee provided input from multiple perspectives to support
study balance and objectivity. Technical reviewers from the renewable technology and electric
sector industries, universities, public sector, non-profits, and other entities commented on a
preliminary version of this report.

Most of the analysis informing the study, particularly the scenario assessment, was conducted in
2010. As a result, study assumptions concerning technology cost and performance and fossil
energy prices were generally based on data available in late 2009 and early 2010. Where
possible, more recent published work has been referenced; however, the implications of these
publications may not have been fully reflected in the RE Futures study assumptions. For
example, both the rapid development of domestic unconventional natural gas resources that has
contributed to historically low natural gas prices, and the significant price declines for some
renewable technologies (e.g., photovoltaics) since 2010, were not reflected in the study
assumptions. Finally, the technology projections presented in RE Futures do not necessarily
reflect the current DOE estimates.

RE Futures is documented in four volumes of a single report: This first volume—Volume 1—
describes the analysis approach and models, along with the key results and insights. Volume 2
describes the renewable generation and storage technologies included in the study; Volume 3
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presents 2050 end-use demand and energy efficiency assumptions; and Volume 4 discusses some
operational and institutional challenges of integrating high levels of renewable energy into the
electric grid.

This Executive Summary highlights the analysis approach and key results from RE Futures.
First, it summarizes the analysis approach, including scenario framework, renewable resources
characterization, and modeling tools used to analyze the expansion of the U.S. electricity system
and its operational characteristics. The key results from the analysis are then presented, including
results associated with renewable technology deployment, grid operations, and economic,
environmental and social implications. Finally, additional research opportunities are identified in
the conclusions.

Analysis Approach
Scenario Framework

Given the inherent uncertainties involved with analyzing alternative long-term energy futures,
and given the variety of pathways that might lead to higher levels of renewable electricity
supply, multiple future scenarios were modeled and analyzed. The scenarios examined included
the following considerations:

e Energy Efficiency: Most of the scenarios assumed adoption of energy efficiency
(including electricity) measures in the residential, commercial, and industrial sectors that
resulted in flat demand growth over the 40-year study period.’

e Transportation: Most of the scenarios assumed a shift of some transportation energy
away from petroleum and toward electricity in the form of electric and plug-in hybrid
electric vehicles, partially offsetting the electricity efficiency advances that were
considered.®

¢ Grid Flexibility: Most scenarios assumed improvements in electric system operations to
enhance flexibility in both electricity generation and end-use demand, helping to enable
more efficient integration of variable-output renewable electricity generation.

¢ Transmission: Most scenarios expand the transmission infrastructure and access to
existing transmission capacity to support renewable energy deployment. Distribution-
level upgrades were not considered.

¢ Siting and Permitting: Most scenarios assumed project siting and permitting regimes
that allow renewable electricity development and transmission expansion subject to
standard land-use exclusions.

" The efficiency gains assumed are described in Volume 3. They do not represent an upper bound of energy
efficiency, i.e., they were not as large as estimated by NAS/NAE (2010).

¥ The flat demand (low-demand) projection included this increase in demand from the transportation sector, whereas
the business-as-usual demand (high-demand) projection did not. The contribution of biofuels to the transportation
sector is not quantified in RE Futures.
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In all the scenarios analyzed, only currently commercially available technologies (as of 2010)
were considered, together with their incremental or evolutionary improvements despite the long-
term (2050) timeframe, because the focus of this study was on grid integration and not on the
potential advances of any individual technologies.’ Technologies such as enhanced geothermal
systems; ocean energy technologies (e.g., wave, tidal, current or ocean thermal); floating
offshore wind technology; and others that are currently under development and pilot testing—
and which show significant promise but are not yet generally commercially available—were not
included.

More than two dozen scenarios were modeled and analyzed in this study as outlined in Figure
ES-1 and detailed below. The number and diversity of scenarios allowed an assessment of
multiple pathways that depended on highly uncertain future technological, institutional, and
market choices. The framework included scenarios with specific renewable electricity generation
levels to enable exploration of some of the technical issues associated with the operation of the
U.S. electricity grid at these levels.'® This scenario framework does not prescribe a set of policy
recommendations for renewable electricity generation in the United States, nor does it present a
vision of what the total mix of energy sources should look like in the future. Further, the
framework does not intend to imply that one future is more likely than another.

? RE Futures did not allow new nuclear plants, fossil technologies with CCS, as well as gasified coal without CCS
(integrated gasification combined cycle) to be built in any of the scenarios presented in this report. Existing nuclear
(and integrated gasification combined cycle) units, however, were included in the analysis, as were assumptions for
the retirement of those units.

12 The scenarios were not constructed to find the optimal GHG mitigation or clean energy pathway (e.g., to
minimize carbons emissions or the cost of mitigating these emissions). In addition, because the scenarios included
specific renewable generation levels, they were not designed to explore how renewable technologies might
economically deploy under certain technology advancement projections without the generation constraints.
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Figure ES-1. Modeling scenario framework for RE Futures

Dotted lines indicate that the 80% RE exploratory scenarios are the same as the 80%
RE-ITI and 80% RE-ETI scenarios.

Low-Demand Baseline Scenario

A Low-Demand Baseline scenario was designed to reflect a largely conventional generation
system as a point of comparison, or reference, for the high-penetration renewable electricity
scenarios. The Low-Demand Baseline scenario assumes that a combination of emerging trends—
including policies and legislation dealing with codes and standards, innovation in energy
efficiency, and the green building and supply chain movements—drive the adoption of energy
efficiency measures in the residential, commercial, and industrial sectors (see Volume 3 for
details)."" Substantial adoption of electric and plug-in hybrid electric vehicles was also assumed.
In aggregate, these low-demand assumptions resulted in overall electricity consumption that
exhibits little growth from 2010 to 2050. Existing state policies (e.g., renewable portfolio
standards) and existing federal policies (e.g., investment tax credits, production tax credits, tax
depreciation rules) were assumed to continue only as allowed under existing law, with no

"' In addition to these trends, the primary historical drivers of electricity demand, population growth, and economic
growth, were also considered in the construction of the scenario. While investment costs of these efficiency
measures were not considered in the scenario development, findings from other studies generally indicate that such
measures can be considered cost-effective or cost-competitive.
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extensions. Expiration dates for existing federal policies vary, but generally are 2017 or earlier. '
In combination with incremental technology improvements, these assumptions result in low
levels of renewable electricity generation in the Low-Demand Baseline scenario.

Exploratory Scenarios

A series of “exploratory scenarios,” in which the proportion of renewable electricity in 2050
increased in 10% increments from 30% to 90%, was evaluated. The primary purpose of these
exploratory scenarios was to assess how increased levels of renewable electricity might impact
the generation mix of renewable and non-renewable resources, the extent of transmission
expansion in these cases, and the use of various forms of supply- and demand-side flexibility to
enable a match between electricity supply and demand. These exploratory scenarios were
evaluated under two distinct sets of renewable electricity technology advancement assumptions:
Incremental Technology Improvement (ITI) and Evolutionary Technology Improvement (ETI).

Core 80% RE Scenarios

Further analysis was performed on six core 80% RE scenarios, each of which met the same 80%-
by-2050 renewable electricity penetration level and each of which was designed to elucidate the
possible implications of certain technological, institutional, and market drivers.'? Three scenarios
explored the impacts of future renewable energy technology advancements of currently
commercial technologies and the resulting deployment of different combinations of renewable
energy technologies'":

e The RE — No Technology Improvement (80% RE-NTI) scenario simply assumed that the
performance of each renewable technology was maintained at 2010 levels for all years in
the study period (2010-2050).

e The RE — Incremental Technology Improvement (80% RE-ITI) scenario reflected only
partial achievement of the future technical advancements that may be possible (Black &
Veatch 2012).

e The RE — Evolutionary Technology Improvement (80% RE-ETI) scenario reflected a
more-complete achievement of possible future technical advancements (Volume 2). The
RE-ETI scenario is not designed to be a lower bound and does not span the full range of
possible futures; further technical advancements beyond the RE-ETI are possible. "

Three additional scenarios explored the impacts of different electricity system constraints based
on assumptions that limited the building of new transmission, reduced system flexibility to

12 Similarly, indirect incentives for conventional energy technologies—sometimes delivered through the tax code
without sunset provisions —were assumed to be maintained as allowed under existing law. These same renewable
and conventional technology policy assumptions were consistently applied to all the other scenarios as well.

1 The specific assumptions used for these scenarios are discussed in Chapter 1.

' Although the methods used in RE Futures to project the future cost of each renewable electricity technology differ
to some degree by technology, the resulting forecasts are largely based on anticipated scientific and engineering
advancements rather than on learning-curve-based estimates that are endogenously driven by an assumed learning
rate applied to cumulative production or installation. In reality, costs may decline in part due to traditional learning
and in part due to other factors, such as research and development investment, economies of scale in manufacturing,
component, or plant size, and reductions in material costs.

"% Indeed, current DOE initiatives are focused on achieving substantially better cost and performance in many cases,
with a target of achieving parity with conventional technologies.
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manage the variability of wind and solar resources, and decreased renewable resource
availability:

e The Constrained Transmission scenario evaluated how limits to building new
transmission might impact the location and mix of renewable resources used to meet an
80%-by-2050 future.

e The Constrained Flexibility scenario sought to understand how institutional constraints to
and concerns about managing the variability of wind and solar resources, in particular,
might impact the resource mix of achieving an 80%-by-2050 future.

e The Constrained Resources scenario posited that environmental or other concerns may
reduce the developable potential for many of the renewable technologies in question, and
evaluated how such constraints could impact the resource mix of renewable energy

supply.

High-Demand Scenarios

The scenarios described above—the Low-Demand Baseline scenario, the exploratory scenarios,
and the six core 80% RE scenarios—were based on the low-demand assumptions, with overall
electricity consumption that exhibits little growth from 2010 to 2050. To test the impacts of a
higher-demand future, a scenario with the 80%-by-2050 renewable electricity generation but a
higher end-use electricity demand was evaluated, with demand in 2050 30% higher than in the
low-demand scenarios.'® A corresponding reference scenario, the High-Demand Baseline
scenario, with the same higher demand was also evaluated.'’

Alternative Fossil Scenarios

Finally, given uncertainties in the future cost of fossil energy sources, the analysis included 80%-
by-2050 RE scenarios in which: (1) the price of fossil energy (coal and natural gas) was both
higher and lower than otherwise assumed in the other scenarios and (2) fossil energy
technologies'® experienced greater technology improvements over time than assumed in the
other scenarios. Corresponding reference scenarios with these alternate fossil energy projections
were also evaluated.

Renewable Resources Characterization

The United States has diverse and abundant renewable resources, including biomass, geothermal,
hydropower, ocean, solar, and wind resources. Solar and wind are the most abundant of these
resources. These renewable resources are geographically constrained but widespread—most are
distributed across all or most of the contiguous states (Figure ES-2). Within these broad resource
types, a variety of commercially available renewable electricity generation technologies have
been deployed in the United States and other countries, including stand-alone biopower, co-fired

'® The low-demand scenarios assume an annual growth rate of 0.17%; the high-demand scenarios assume an annual
growth rate of 0.84%. Details on end-use energy demand assumptions are provided in Volume 3 of this report.

" For comparison, all high renewable electricity scenarios require a baseline or reference scenario that uses the same
high-level assumptions regarding electricity demand.

'8 Consistent with the study’s focus on commercially available renewable generation technologies, emerging fossil
and nuclear technologies, such as carbon-capture and sequestration and modular nuclear plants, were not included.
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biopower (in coal plants), hydrothermal geothermal, hydropower, distributed PV, utility-scale
PV, CSP, 1 onshore wind, and fixed-bottom offshore wind.

Biopower

Resource
Dark = Higher
Light = Lower

Geothermal
L[|

Figure ES-2. Geographic distribution of renewable resources in the contiguous
United States

The United States has potential ocean energy and enhanced geothermal resources; however, these
technologies were not modeled and therefore the resource potential is not included in this figure.

While only commercially available biomass, geothermal, hydropower, solar PV, CSP, and wind-
powered systems were considered in the modeling analysis—only incremental and evolutionary
advances in renewable technologies were assumed—the study describes a broad range of
commercial and emerging renewable energy technologies in Volume 2, including the
following™":

' In this report, CSP refers to concentrating solar thermal power. Concentrating photovoltaic technologies were not
considered in the modeling analysis.

2% The renewable resource characterizations described below and used in the models are based on historical climatic
average resource patterns and have standard land area exclusions applied. After accounting for these standard
exclusions, the aggregate renewable generation resource is many times greater than current electricity demand.
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Biomass power (Chapter 6, Volume 2) is generated by collecting and combusting plant
matter and using the heat to drive a steam turbine. Biomass resources from agricultural
and forest residues, although concentrated primarily in the Midwest and Southeast, are
available throughout the United States. While biomass supply is currently limited,
increased supply is possible in the future from increased production from energy crops
and advanced harvesting technologies. DOE (2011) provides an estimate of 696—1,184
million annual dry tonnes of biomass inventory potential (of which 52%—61% represents
dedicated biomass crops) in 2030.%' The estimated biomass feedstocks correspond to
roughly 100 GW of dedicated biopower capacity. Biopower can be generated from stand-
alone plants, or biomass can be co-fired in traditional pulverized coal plants.

Geothermal power (Chapter 7, Volume 2) is generated by water that is heated by hot
underground rocks to drive a steam turbine. Geothermal resources are generally
concentrated in the western United States, and they are relatively limited for
hydrothermal technologies (36 GW of new technical resource potential), which rely on
natural hot water or steam reservoirs with appropriate flow characteristics. Only
commercially available hydrothermal technologies were included in the modeling
analysis. Although not modeled, emerging technologies, including enhanced geothermal
systems, engineered hydrothermal reservoirs, geopressured resources, low temperature
resources, or co-production from oil and gas wells, could expand the geothermal resource
potential in the United States by more than 500 GW.

Hydropower (Chapter 8, Volume 2) is generated by using water—from a reservoir or
run-of-river—to drive a hydropower turbine. Run-of-river technology could produce
electricity without creating large inundated areas, and many existing dams could be
equipped to generate electricity. The future technical potential of run-of-river
hydropower from within the contiguous United States is estimated at 152-228 GW. Only
new run-of-river hydropower capacity was considered in RE Futures modeling, and
existing hydropower plants were assumed to continue operation. Other hydropower
technologies, such as new generation at non-powered dams and constructed waterways,
have the potential to contribute to future electricity supply, but they were not modeled in
this study.

Ocean technologies (Chapter 9, Volume 2) are not broadly commercially available at
this time, and therefore were not modeled in this study, but both U.S. and international
research and development programs are working to reduce the cost of the technologies.
Ocean current resources are best on the U.S. Gulf and South Atlantic Coasts; wave
energy resources are strongest on the West Coast. All resources are uncertain;
preliminary estimates indicate that the U.S. wave energy technical potential is on the
order of 2,500 TWh/yr. Other ocean technologies, including ocean thermal energy
conversion technologies and tidal technologies, may also contribute to future electricity

supply.

I To be conservative, for each modeled year, the analysis used feedstock estimates from Walsh et al. (2000) and
Milbrandt et al. (2005), which are consistent with the low end of the DOE (2011) estimate for 2030, and did not
assume any increase in resource over time; on the other hand, the analysis also did not include potential future
growth in demand for biomass from the fuel sector. Maximum biopower capacity deployment was assumed to be
roughly 100 GW in this study, with 27% from dedicated biomass crops.
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e Solar resources (Chapter 10, Volume 2) are the most abundant renewable resources.
They extend across the entire United States, with the highest quality resources
concentrated in the Southwest. The technical potential of utility-scale PV and CSP
technologies is estimated to be approximately 80,000 GW and 37,000 GW, respectively,
in the United States. Distributed rooftop PV technologies are more limited, with
approximately 700 GW available. PV technologies convert sunlight directly to electricity
while CSP technologies collect high temperature heat to drive a steam turbine.

e Wind resources (Chapter 11, Volume 2) on land are abundant, extending throughout the
United States, and offshore resources provide additional options for coastal and Great
Lakes regions. Onshore and fixed-bottom offshore technologies are currently
commercially available.** Floating platform offshore wind technologies that could access
high-quality wind resources in deeper waters are less mature and were not considered in
the modeling. Wind technical resource estimates exceed 10,000 GW in the contiguous
United States.

Renewable resource supply varies by location and, in most cases, by the time of day and season.
The electricity output characteristics of some renewable energy technologies also vary
substantially, potentially introducing electric system operation challenges. A key performance
characteristic of generators in general is their degree of dispatchability, specifi