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Overview
Hydropower has provided clean, affordable, reliable, 
and renewable electricity in the United States and 
supported development of the U.S. power grid and the 
nation’s industrial growth for more than a century. In 
addition to providing a stable and consistently low-cost 
energy source throughout decades of fluctuations and 
fundamental shifts in the electric sector, hydropower is a 
scalable, reliable generation technology that offers opera-
tional flexibility to maintain grid reliability and support 
integration of variable generation resources.

A range of cost-effective, low-carbon generation 
options—including hydropower—are required to reduce 
and avoid the power-sector emissions that contribute to 
climate change and human health impacts. As such, the 
U.S. Department of Energy’s (DOE’s) Wind and Water 
Power Technologies Office has led a broad-based collab-
orative effort to develop a first-of-its-kind comprehensive 
analysis identifying a set of potential pathways for the 
environmentally sustainable expansion of hydropower in 
the United States.

GROWTHOPTIMIZATION SUSTAINABILITY

The Hydropower Vision report is grounded on three 
equally important foundational pillars arrived at 
through extensive stakeholder input. 
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generation plants and 21.6 GW of pumped storage 
hydropower (PSH). As of the beginning of 2014, 
hydropower supported approximately 143,000 jobs 
in the United States, with 2013 hydropower-related 
expenditures supporting $17.1 billion in capital invest-
ment and $5.9 billion in wages paid to workers.

Existing hydropower facilities have high value based 
on their ability to provide flexible generation and 
energy services; ancillary grid services; multi-purpose 
water management; and social and economic benefits, 
including avoidance of criteria air pollutants1 and green-
house gas (GHG) emissions. Hydropower is the largest 
U.S. renewable power source, providing approximately 
half (48%) of all U.S. renewable power in 2015.

Key Factors and Trends Motivating 
the Hydropower Vision
Trends specific to the U.S. electric sector, as well as 
broader national and global factors, motivated the 
development of the Hydropower Vision. A range of 
cost-effective, low-carbon generation options— 
including hydropower—are needed to reduce the 
power-sector emissions that contribute to climate 
change. A secure and stable domestic energy sector, 
including critical energy and water management 
infrastructure, is needed to support national energy 
and climate security.

Because hydropower is a stable renewable resource 
with long-lived infrastructure, it can provide a hedge 
against the future volatility of electricity prices in a 
changing market. While increases in U.S. natural gas 
resources and declines in natural gas cost from 2009 
through 2015 have contributed to an increased share 
of natural-gas-fired electric generation capacity in 
the U.S. electric generation mix, several existing coal 
and nuclear plants have retired or announced pend-
ing retirement due to market competition, safety, 
or other reasons. This has allowed new markets for 
generation, including renewable generation, to open 
up. Hydropower is complementary to increased 
integration of variable generation resources, such as 
wind and solar, into the power system, since hydro-
power can reduce curtailment of excess generation 
by providing load management and energy storage.

1. The Clean Air Act requires the U.S. Environmental Protection Agency to set National Ambient Air Quality Standards for six common  
air pollutants (criteria pollutants) based on the human health-based and/or environmentally-based criteria. See https://www.epa.gov/ 
criteria-air-pollutants .

Developing a Hydropower Vision
Developed through DOE’s collaboration with more 
than 300 experts from over 150 hydropower industry 
companies, environmental organizations, state and 
federal governmental agencies, academic institutions, 
electric power system operators, research institutions, 
and other stakeholder groups, the Hydropower Vision 
report documents a set of pathways to responsibly 
manage, optimize, and develop the hydropower 
sector in a manner that maximizes opportunities for 
low-cost, low-carbon renewable energy production, 
economic stimulation, and environmental stewardship 
to provide long-term benefits for the nation. 

The Hydropower Vision is grounded in three founda-
tional principles, or “pillars”—optimization, growth, 
and sustainability—arrived at through extensive 
stakeholder input and identified as critical to ensuring 
the integrity of the research, modeling, and analysis 
conducted during the Hydropower Vision collabora-
tive process. These pillars are defined as follows:

• Optimization: Optimize the value and the power 
generation contribution of the existing hydropower 
fleet within the nation’s energy mix to benefit 
national and regional economies; maintain  
critical national infrastructure; and improve energy 
security.

• Growth: Explore the feasibility of credible long-
term deployment scenarios for responsible growth 
of hydropower capacity and energy production.

• Sustainability: Ensure that hydropower’s contri-
butions toward meeting the nation’s energy needs 
are consistent with the equally important objectives 
of environmental stewardship and responsible 
water use management.

Several key insights of the Hydropower Vision collab-
orative effort that characterize the role hydropower 
has and can play in the U.S. power sector are dis-
cussed throughout Chapter 1.

Understanding the Role of U.S. Hydropower
Hydropower is a cornerstone of the U.S. electric 
grid, providing low-cost, low-carbon, renewable, and 
flexible energy services. As of 2015 year-end, the U.S. 
had a total installed hydropower capacity of 101 giga-
watts (GW), consisting of 79.6 GW of hydropower 
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Opportunities and Challenges 
for Hydropower
While hydropower’s system-wide benefits are large 
and have historically underpinned the nation’s elec-
tric systems, hydropower’s future growth is coupled 
with the ability of innovation to enable hydropower 
resource opportunities to be economically com-
petitive and environmentally sustainable. Keys to 
improved competitiveness are continued technical 
innovation to reduce capital and operating expenses; 
improved understanding and market valuation of 
system-wide grid reliability and stability services; and 
recognition and valuation of societal benefits from 
avoided power-sector air pollution and GHG emis-
sions. Equally important to increasing hydropower’s 
competitiveness is continued improvement in miti-
gating adverse effects, such as impacts on fish and 
wildlife, and increased public awareness of progress 
made in this regard.

Future hydropower development will require close 
coordination among developers, regulators, and 
affected stakeholders to reduce potential conflicts 
and meet multiple objectives pertaining to the use of 
water resources. There is increasing interest in these 
types of planning processes being carried out at the 
scale of entire river basins to better address potential 
system effects and the diverse set of interests that 
may be affected by a given project.

Modeling Hydropower’s Contributions  
and Future Potential
Hydropower has the potential to grow and contrib-
ute to additional electricity production in the future 
generation portfolio. In the near term, there is signif-
icant potential for economically and environmentally 
sustainable growth by optimizing existing infrastruc-
ture through facility upgrades, and adding generation 
capabilities to non-powered dams (NPD) and water 
conveyances such as irrigation canals. In the longer 
term, capacity may be added through new stream-
reach development (NSD). Additionally, the United 
States has resource potential for new pumped storage 
hydropower (PSH) development as a storage tech-
nology, which can enable grid flexibility and greater 
integration of variable generation resources.

Hydropower Vision uses the best available resource 
assessments to explore hydropower’s market poten-
tial. Chapter 1 explains the process for interpreting 
hydropower’s future market potential from technical 
resource assessments, using computational economic 
and dispatch models. These models provided the 
foundation to carry out comprehensive analyses of 
the existing and future role of hydropower within 
the electric sector on a national scale, and were used 
to evaluate a range of possible future outcomes for 
hydropower deployment. Actual deployment will be 
influenced by additional factors, including macroeco-
nomic conditions, social and environmental consider-
ations, policy, and others that are beyond the scope 
of the Hydropower Vision analysis.

Future Hydropower Technologies
Long-term hydropower growth potential, particularly 
at undeveloped sites (new stream-reaches), will be 
influenced by the extent to which new hydropower 
technologies and projects are able to be developed 
at lowered costs and with improved environmental 
performance. Chapter 1 describes innovations and 
non-traditional approaches in project development 
and applications of advanced technologies that could 
transform development of new hydropower projects 
in the decades to come. Integrated planning meth-
ods may allow advanced modeling, manufacturing, 
installation, operation, and maintenance innovations 
to reduce costs and improve generation and envi-
ronmental performance simultaneously. Advanced 
technology approaches include cost-conscious design 
and manufacturing processes, modular systems, 
compact turbine/generator designs, and innovative 
passage technologies.

The Hydropower Vision Roadmap
Technical design innovation, implementation of 
advanced project strategies, optimization of regu-
latory processes, and application of the principles 
of sustainability will all be important to determining 
hydropower’s future. The Hydropower Vision road map 
(Chapter 4) outlines a non-prescriptive set of actions 
for consideration by all stakeholder sectors to address 
many of the challenges that have affected hydro-
power projects. Addressing these challenges can 
facilitate the optimization, growth, and sustainability 
of the nation’s hydropower sector. Chapter 1 details 
several key insights from the roadmap.
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and the Way Forward
The Hydropower Vision analysis (Chapter 3) found that 
hydropower’s economic and societal benefits are sig-
nificant and include cost savings in avoided mortality, 
morbidity, and economic damages from power-sector 
emissions of criteria air pollutants and avoided global 
damages from GHG emissions. Hydropower has been, 
and can continue to be, a substantial part of address-
ing the challenge of producing and making available 
clean, affordable, and secure energy for the nation. 

The analysis modeled a credible future scenario com-
bining assumptions on advanced technology, low-cost 

finance, and a combination of environmental consid-
erations. The results indicate that U.S. hydropower 
could grow from 101 GW of combined generating and 
storage capacity in 2015 to nearly 150 GW by 2050, 
with more than 50% of this growth realized by 2030. 
However, while the industry is mature, many future 
actions and efforts remain critical to further advance-
ment of domestic hydropower as a key energy source 
of the future. As previously noted, the Hydropower 
Vision roadmap identifies a high-level portfolio of new 
and continued actions and collaborations across many 
fronts to help the United States realize the long-term 
benefits of hydropower while protecting the nation’s 
energy, environmental, and economic interests.

1.0 Introduction
Hydropower has provided clean, affordable, reliable, 
and renewable electricity in the United States for more 
than a century. As of 2016, hydropower accounted for 
more than 6% of net U.S. power-sector electricity gen-
eration, nearly 9% of U.S. electric generating capacity,  
and 97% of U.S. utility-scale electrical storage capacity 

[1, 2, 3]. Because a range of cost-effective, low-carbon 
generation options—including hydropower—are 
required to reduce and avoid the power-sector emis-
sions that contribute to climate change and human 
health impacts, the U.S. Department of Energy’s (DOE’s)  
Wind and Water Power Technologies Office has led a 
first-of-its-kind comprehensive analysis to identify a set 
of potential pathways for the environmentally sustain-
able expansion of hydropower in the United States. 

Hydropower has supported development of the U.S. 
power grid and the nation’s industrial growth through 
the 20th century and into the 21st century. In addition 
to providing a stable and consistently low-cost energy 
source throughout decades of fluctuations and fun-
damental shifts in the electric sector, hydropower is 
a scalable, reliable generation technology that offers 
operational flexibility to maintain grid reliability and 
support integration of variable generation resources. 
Hydropower infrastructure is long-lived, and the 
resource is generally stable and predictable over long 
time periods.

Formulated through a broad-based collaborative 
effort, the Hydropower Vision initiative was under-
taken to realize four primary objectives:

• Document the history and existing state of hydro-
power—consisting of both hydropower generation 
and pumped storage hydropower (PSH)—in the 
United States, including key tech nical advance-
ments, societal benefits, and areas that must be 
addressed to facilitate future opportunities for sus-
tainable hydropower development and operations;2

• Identify potential pathways for hydropower to 
expand its contribution to the electricity and water 
management needs of the nation from 2017 through 
2030 and 2050, including supporting the growth 
of other renewable energy technologies, reducing 
carbon emissions, improving air quality, reducing 
water used for thermal cooling in the power sector, 
and fostering economic development and job growth; 

• Examine critical environmental and social factors 
to assess how existing hydropower operations 
and potential new projects can be operated and 
delivered to minimize adverse effects and realize 
highest overall benefit; and

• Develop a roadmap identifying sets of stakeholder 
actions that could support continued responsible 
planning, operations, and expansion of new and 
existing hydropower facilities.

2. Hydropower, as assessed in this report, includes new or conventional technologies that use diverted or impounded water to create hydraulic 
head to power turbines, and pumped storage hydropower facilities in which stored water is released to generate electricity and then pumped 
to replenish a reservoir. Throughout this report, the term “hydropower” generally encompasses all categories of hydropower. If a distinction 
needs to be made, the term “hydropower generation” distinguishes other types of projects from “pumped storage hydropower,” or PSH.
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1.1 Developing a Hydropower Vision
The Hydropower Vision report was developed with 
extensive stakeholder engagement, including input 
from multiple federal agencies involved in water 
resource issues. The Hydropower Vision establishes 
principles of optimization, growth, and sustainability for 
the nation’s hydropower sector, and provides insights 
highlighting hydropower’s importance to the nation.

The Hydropower Vision was developed with 
extensive stakeholder engagement.
The Hydropower Vision report resulted from DOE’s 
collaboration with more than 300 experts from over 
150 hydropower industry companies, environmental 
organizations, state and federal governmental agen-
cies, academic institutions, electric power system 
operators, research institutions, and other stakeholder 
groups. Collectively, these participants were instru-
mental in documenting the state of the industry and 
identifying future opportunities for growth, as well as 
pinpointing challenges that need to be addressed to 
assure hydropower continues to evolve and contrib-
ute value to the nation for decades to come.

Individual expert opinion was provided at regular 
intervals throughout the project by a Senior Peer 
Review Group comprising 17 senior executives who 
are intimately aware of hydropower deployment and 
market issues. The group included broad represen-
tation of the hydropower industry, electric power 
sector, non-governmental organizations, developers, 
and federal agencies. The Senior Peer Review Group 
individually provided their review of the report and 
did not function as a consensus-building body. All 
decisions regarding final report content were made by 
DOE. The Senior Peer Review Group and DOE adhered 
to the requirements of the Information Quality Act, 
including DOE’s associated guidelines and the Office 
of Management and Budget’s peer review bulletin.3,4

Ten topical task forces conducted analyses, provided 
information, and generated draft text for consideration 
in this report. The task force topics were: technology;

3. The Department of Energy’s Information Quality Guidelines are developed in accordance with Section 515, Treasury 
and General Government Appropriations Act (Information Quality Act) Public Law 106-554. See http://energy.gov/cio/
department-energy-information-quality-guidelines. 

4. The Office of Management and Budget’s “Final Information Quality Bulletin” provides guidelines for properly managing peer review at 
federal agencies in compliance with section 515(a) of the Information Quality Act (Pub. L. No. 106-554). The Hydropower Vision assessment 
followed these guidelines.

project development; sustainability, environmental, 
and regulatory considerations; grid integration and 
transmission; operations, maintenance, and per-
formance optimization; markets; pumped storage; 
economic development; modeling and analysis; and 
communications.

Representatives from four DOE national laboratories—
Argonne National Laboratory, the National Renewable 
Energy Laboratory, Oak Ridge National Laboratory, 
and Pacific Northwest National Laboratory—provided 
the leadership and technical expertise for each of the 
task forces. Other task force members included rep-
resentatives from the hydropower industry (domestic 
and international), academia, the electric power 
sector, non-governmental organizations, and gov-
ernmental organizations with regulatory, ownership, 
and other interests. In addition to the task forces and 
Senior Peer Review Group, external peer reviewers 
who were not otherwise involved in the preparation 
of the report reviewed the draft report content for 
accuracy and objectivity.

The Hydropower Vision engaged multiple 
federal agencies.
Cooperation with other federal agencies has been a 
consistent part of the DOE’s hydropower research, 
development, deployment, and demonstration efforts, 
as has scientific leadership and technical expertise 
provided by DOE’s national laboratories. Given the 
role of federal agencies in hydropower ownership and 
regulation, this interagency cooperation was critical 
during fact-finding and analysis carried out for the 
Hydropower Vision. 

A 2010 multiagency memorandum of understanding 
(MOU) established a framework for federal collabora-
tion specifically targeting sustainable hydropower. The 
MOU was signed by the DOE, the Department of the 
Interior, and the U.S. Army Corps of Engineers (Corps) 
in 2010 and extended in 2015. It established a Federal 
Inland Hydropower Working Group, with 15 federal 

http://energy.gov/cio/department-energy-information-quality-guidelines
http://energy.gov/cio/department-energy-information-quality-guidelines
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established by the MOU, with specific collaborative 
activities delineated for each. DOE reports created 
under the MOU umbrella provided citable data that 
are incorporated into the Hydropower Vision.

The Hydropower Vision establishes principles of 
optimization, growth, and sustainability.
For purposes of the Hydropower Vision, sustainable  
hydropower projects are those that are sited, designed, 
constructed, and operated to balance social, envi-
ronmental, and economic objectives at multiple 
geographic scales (i.e., national, regional, basin, site). 
While hydropower development has in some cases had 
adverse effects on river systems and the species that 
depend upon them, hydropower offers many benefits 
continues to make advances in environmental perfor-
mance. Accordingly, Hydropower Vision sets increasing 
expectations for hydropower development under 
which gains are maintained and the trend of improve-
ment continues. Sustainable hydropower fits into the 
water-energy system by ensuring that the ability to 
meet energy needs is balanced with the functions and 
co-objectives of other water management missions in 
the present, as well as into the years ahead. In some 
cases, dam removal and site restoration may be part of 
meeting the sustainability objective.

Hydropower Vision is grounded in three foundational 
principles or “pillars”—optimization, growth, and sus-
tainability—arrived at through extensive stakeholder 
input and identified as critical to ensuring the integ-
rity of the research, modeling, and analysis conducted 
during the Hydropower Vision collaborative process. 
These pillars are defined as follows:

• Optimization: Optimize the value and the power 
generation contribution of the existing hydropower 
fleet within the nation’s energy mix to benefit 
national and regional economies; maintain critical 
national infrastructure; and improve energy security.

• Growth: Explore the feasibility of credible long-
term deployment scenarios for responsible growth 
of hydropower capacity and energy production. 

5. The members of Federal Inland Hydropower Working Group are the Corps, Bonneville Power Administration, the Bureau of Indian Affairs, 
the U.S. Bureau of Reclamation, DOE, the U.S. Environmental Protection Agency, the Federal Energy Regulatory Commission, the U.S. Fish 
and Wildlife Service, the U.S. Forest Service, the National Oceanic and Atmospheric Administration, the National Park Service, Southeastern 
Power Administration, Southwestern Power Administration, the U.S. Geological Survey, and the Western Area Power Administration. For 
more information see: http://en.openei.org/wiki/Federal_Memorandum_of_Understanding_for_Hydropower/Federal_Inland_Hydropower_ 
Working_Group. 

• Sustainability: Ensure that hydropower’s contribu-
tions toward meeting the nation’s energy needs are 
consistent with the equally important objectives of 
environmental stewardship and responsible water 
use management.

Insights from the Hydropower Vision highlight 
hydropower’s importance.
Several key insights of this Hydropower Vision collab-
orative effort characterize the role that hydropower 
has and can play in the U.S. power sector:

1. Hydropower has been a cornerstone of the U.S. 
electric grid, providing low-cost, low-carbon, 
renewable, and flexible energy services for more 
than a century.

2. Existing hydropower facilities have high value 
based on their ability to provide flexible 
generation and energy services; ancillary grid 
services; multi-purpose water management; and 
social and economic benefits, including avoidance 
of criteria air pollutants6 and greenhouse gas 
(GHG) emissions.

3. Hydropower has the potential to grow and 
contribute to additional electricity production in 
the future generation portfolio. In the near term, 
there is significant potential for economically and 
environmentally sustainable growth by optimizing 
existing infrastructure through facility upgrades, 
and adding generation capabilities to non-
powered dams (NPDs) and water conveyances 
such as irrigation canals.

4. Long-term hydropower growth potential, 
particularly at undeveloped sites (new stream-
reaches, or NSDs), will be influenced by the extent 
to which new hydropower technologies and 
projects are developed at lowered costs and with 
improved environmental performance. 

5. The United States has resource potential for new 
pumped storage hydropower (PSH) development 
as a storage technology, which can enable grid 
flexibility and greater integration of variable 
generation resources, such as wind and solar.

6. The Clean Air Act requires EPA to set National Ambient Air Quality Standards for six common air pollutants (criteria pollutants) based on 
the human health-based and/or environmentally-based criteria. https://www.epa.gov/criteria-air-pollutants

http://en.openei.org/wiki/Federal_Memorandum_of_Understanding_for_Hydropower/Federal_Inland_Hydropower_Working_Group
http://en.openei.org/wiki/Federal_Memorandum_of_Understanding_for_Hydropower/Federal_Inland_Hydropower_Working_Group
https://www.epa.gov/criteria-air-pollutants
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6. Technical design innovation, implementation 
of advanced project strategies, optimization 
of regulatory processes, and application of the 
principles of sustainability will all be important to 
determining hydropower’s future.

7. Hydropower’s economic and societal benefits are 
significant and include cost savings in avoided 
mortality, morbidity, and economic damages from 
power-sector emissions of criteria air pollutants 
and avoided global damages from GHG emissions.

The Hydropower Vision does not define numeric 
goals or targets for hydropower development, and it 
does not specifically evaluate nor recommend new 
policy actions. The Hydropower Vision instead ana-
lyzes the feasibility and potential benefits of varied 
hydropower deployment scenarios, all of which could 
inform policy decisions at the federal, state, tribal, 
and local levels. 

1.2 Understanding the Role of U.S. Hydropower
By the end of 2015, the U.S. hydropower7 generation 
fleet included 2,198 active power plants with a total 
capacity of 79.6 gigawatts (GW) and 42 PSH plants 
totaling 21.6 GW, for a total installed hydropower 
capacity of 101 GW [3]. Hydropower is currently the 
largest U.S. renewable power source, providing nearly 
half (48%) of all U.S. renewable power in 2015. For-
ty-eight states have hydropower facilities, and ten of 
these states generated more than 10% of their elec-
tricity from hydropower in 2015 [4]. 

Hydropower has been the cornerstone of  
low-cost, low-carbon, renewable, and 
flexible contributions to the U.S. electric grid.

Hydropower has played an important role in U.S. 
industrial development. Hydropower supported rapid 
expansion of the nation’s production of aluminum 
for aircraft during World War II, and helped support 
developing post-war industries, including automobile 
and durable goods manufacturing [5]. Hydropower 
has also played an major role in U.S. clean power 
generation, providing on average 10% of U.S. electric-
ity generation over the 65 years leading up to 2015 
(1950–2015), and 85% of cumulative U.S. renewable 
power generation over the same time period (Figure 
1-1) [1].

Hydropower provided a cumulative 10% of 
U.S. electricity generation and more than 
85% of cumulative U.S. renewable power 
generation between 1950 and 2015.

Hydropower supports jobs and provides  
economic value. 
As of the beginning of 2014, hydropower supported 
approximately 143,000 jobs in the United States, 
comprising 118,000 total ongoing full-time equivalent 
jobs in operations and maintenance and 25,000 
temporary jobs in construction and upgrades [6]. DOE 
estimates that the full-time jobs include 23,000 direct 
jobs at operating sites, with jobs such as plant oper-
ators, mechanical maintenance workers, and hydro-
power engineers; 54,000 direct jobs in the supply 
chain; and 41,000 induced jobs from the resulting 
economic activity [6]. In 2013, expenditures related to 
hydropower supported roughly $17.1 billion in eco-
nomic output (capital investment) and $5.9 billion in 
earnings (wages paid to workers) [6].

Hydropower provides flexibility and 
essential grid services. 
Hydropower provides many ancillary and essential 
reliability services that ensure national grid stability 
and flexibility. Grid services, including regulation and 
frequency response, load-following and flexibility 

7. This report does not address marine (wave, current, and tidal) and river hydrokinetic technologies, as marine and hydrokinetic technologies 
are defined by Congress as separate and distinct from hydropower [58].
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reserve, energy imbalance service, spinning reserve, 
supplemental (non-spinning) reserve, reactive power 
and voltage support, and black start (restoration) 
service, are discussed in Chapter 2 (see Text Box 
2-2a). These services contribute to maintenance of 
power system balance on time scales ranging from 
sub-seconds to hours.

Existing hydropower facilities have high 
value due to flexibility, grid support 
services, and social and economic benefits, 
including avoidance of GHGs and criteria  
air pollutants.

Certain grid services, known as essential reliability 
services, are considered critical to maintaining the 
operations and stability of the national grid. These 
services are identified by the North American Electric 
Reliability Corporation as frequency response, ramp-
ing, and voltage support, and are discussed in Chap-
ter 2 (see Text Box 2-2b). Hydropower facilities, with 

storage and fast ramping ability, can react quickly to 
system disturbances and contribute to greater flexibil-
ity and reliability of power system operation [7]. 

Pumped storage hydropower—where water is pumped 
to an upper reservoir when demand and market price 
is low, and then released back through turbines to 
generate electricity as needed—also has the capability 
to absorb large amounts of generation, providing grid 
operators with an important tool to avoid operational 
and reliability problems associated with over-genera-
tion conditions. Hydropower also provides short- and 
long-term energy storage in the form of the energy 
potential of impounded water. 

Hydropower’s ability to rapidly absorb load or 
supply power to serve load as needed is critical for 
grid stability and voltage support. The ancillary and 
essential reliability services provided by hydropower 
are particularly important in compensating for unex-
pected voltage sags from thermal or nuclear plants 
going offline, transmission line outages, and providing 
system restoration. These services also provide quick 
response in regions with high penetrations of variable 
generation sources, such as wind and solar.
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Figure 1-1. Annual U.S. renewable electricity net generation (terawatt-hours per year), electric power sector, 1950–2015 
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frameworks. In terms of number of sites, the top 
three uses of federally owned hydropower reser-
voirs—approximately 50% of installed capacity—are 
recreation, flood control, and irrigation [10].

The complex interplay among hydropower facilities, 
the geographic areas in which they are located, the 
ecosystems and aquatic life that are affected, relevant 
power-producing operations, and the roles that water 
impoundments of varying scales all play in water 
management highlights the need for a coordinated 
and balanced approach to prioritization, planning, and 
facility design and management among a multitude 
of stakeholders.

Hydropower has direct interaction with 
the riverine environment. 
Because hydropower interacts directly with water 
and the related riverine environment, hydropower 
generation facilities can directly influence riverine 
ecosystem health above and below a facility. Potential 
environmental impacts include: timing of release and 
amount of stream flows; water quality effects, includ-
ing water temperature, turbidity, and oxygen content; 
fragmentation of riverine habitat; alteration of fish 
migration patterns; alteration or destruction of fish 
habitat; fish injury or mortality from turbine passage; 
possible damage to or inundation of archaeological, 
cultural, or historic sites; changes in visual quality; and 
increase in the potential for stream-bank erosion. Mit-
igation of these potential adverse environmental or 
fish and wildlife impacts is required (see Chapter 2).

Public and private funding has been allocated to 
improve conditions for fish affected by hydropower 
projects, primarily diadromous migratory species.8 
For example, the National Oceanic and Atmospheric 
Administration (NOAA) partners with conservation 
organizations, energy companies, states, tribes and 
citizens to evaluate barriers to improve fish passage. 
NOAA opens fish passage and conducts dam removals 
by providing grant funding, providing technical assis-
tance to partners, and participating in the hydropower 
project relicensing process. Since 1996, NOAA and its 
partners have invested more than half a billion dollars 
to restore access for migratory fish to approximately 
16,000 miles of rivers and streams.

8. There are two categories of diadromous fishes (species that spend part of their lives in fresh water and part in salt water). An anadromous 
species, born in fresh water, spends most of its life in the sea and, when mature, returns to fresh water to spawn. This freshwater/saltwater 
cycle is essential to survival for these fishes. Salmon, smelt, shad, striped bass, and sturgeon are common examples. Catadromous species, 
such as the American eel, hatch or are born in marine habitats, migrate to freshwater areas where they spend the majority of their lives, and 
then return to the sea to spawn.

Hydropower supports integration of 
variable generation resources. 
Hydropower’s ability to provide grid ancillary services 
and essential reliability services makes the technology 
suited to cost-effectively support increased integra-
tion of variable generation resources into the power 
grid and balance the variable generation of changes 
over time due to factors outside the direct control 
of the operator, e.g., wind or solar resource. PSH in 
particular is complementary to integration of variable 
generation resources, as PSH can reduce curtailment of 
excess generation by providing load management and 
energy storage. Hydropower Vision analysis presented 
in Chapter 3 indicates there is a positive correlation 
between PSH and variable generation deployment.

Hydropower produces low carbon and 
criteria pollutant air emissions. 
Because its fuel (water) is renewable, the hydropower 
electricity generation process has very low life cycle 
GHG and criteria air pollutant emissions [8]. The 
potential for biogenic GHG emissions (mainly meth-
ane) from bodies of impounded water, independent 
of whether such an impoundment is equipped with 
hydropower, is a complex issue and subject to ongo-
ing research [9]. Given the state of scientific under-
standing and discourse, including persistent uncer-
tainties, the Hydropower Vision does not attempt to 
address hydropower-related biogenic GHG emissions. 
Instead, Chapter 3 provides an introduction to the 
subject and a review of the literature. It is unlikely 
that powering existing NPDs would result in methane 
production higher than that caused by natural condi-
tions in rivers and lakes. 

Hydropower is integrated with multiple water uses. 
The existing role and emerging future of hydro-
power is complex. Dams and reservoirs serve many 
functions, including flood management and control, 
irrigation, recreation, navigation, and drinking water 
supply. The vast majority of the more than 87,000 
existing dams in the United States do not include 
hydropower generation plants. Those that do gener-
ate electricity (less than 2,200) must meet both the 
ongoing power and non-power needs of multiple and 
varied interests and stakeholders within the context 
of complex and sometimes redundant regulatory 
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and downstream passage facilities, innovations 
in combining temperature control structures with 
passage facilities, and design tools that allow man-
ufacturers to build turbines that reduce fish injury 
and mortality associated with turbine passage. DOE- 
and industry-funded projects for features such as 
advanced turbines and biologically based design and 
evaluation tools help enable improvements in turbine 
environmental performance. Additional work has 
focused on mitigation of environmental impacts that 
affect aquatic organisms, such as degraded water 
quality associated with hydropower facilities and 
elevated levels of total dissolved gases at Columbia 
River projects.

Hydropower infrastructure has a long lifetime. 
Hydropower facilities have a long capital lifetime as 
compared to other generating technologies, with an 
average operational lifespan on the order of 100 years 

[11]. In the United States, more than 1,500 facilities 
installed prior to World War II are still operational, 
with 10.2 GW of combined capacity [12]. Although 
the lifetime of the impoundment is generally greater 
than that of the power plant, the turbines, buildings, 
water retaining structures, and other components of 
the facility are regularly serviced and often replaced 
or rehabilitated during these long operating periods. 
Therefore, it is expected that much of the existing 
hydropower infrastructure will continue to function 
for many more decades if properly maintained, oper-
ated, and upgraded.

1.3 Key Factors and Trends Motivating  
the Hydropower Vision
Changes and trends specific to the U.S. electric sector, 
as well as broader national and global factors, have 
motivated the development of the Hydropower Vision 
to evaluate the potential for optimization, growth, 
and sustainability of U.S. hydropower. As discussed 
in this section, requirements for electric generation 
capacity and the choices of fuel mix are influenced by 
many factors, including national priorities, social and 
environmental concerns, policy and regulation, energy 
markets, and advances in technology and operations.

Hydropower can reduce carbon emissions. 
A range of cost-effective low-carbon generation 
options, including hydropower, are needed to reduce 
the power-sector emissions that contribute to climate 
change. President Barack Obama’s 2013 Climate 
Action Plan calls for the deployment of clean energy9 
to support reduced carbon pollution from power 
plants; American leadership in renewable energy; 
and long-term investment in clean energy innovation 

[13]. The National Security Strategy, issued by the U.S. 
Department of Defense in February 2015, specifies 
that climate change is an urgent and growing threat 

to national security. The DOD report states that 
climate change impacts are already occurring, and 
that their scope, scale, and intensity are projected to 
increase over time [14]. 

State and local governments have enacted policies to 
encourage GHG emission reductions for many years. 
Examples include the California Global Warming Solu-
tions Act of 2006 [15], and the Regional Greenhouse 
Gas Initiative—a cooperative GHG cap-and-trade 
agreement that became effective on January 1, 2009 
in the northeastern United States and eastern Canada. 
Increasing concern about the effects of carbon emis-
sions on climate change led the U.S. Environmental 
Protection Agency to issue the Clean Power Plan in 
August 2015 to adopt carbon pollution standards for 
existing power plants, and instruct states to begin 
making meaningful progress toward reductions by 
2022 [16]. The Clean Power Plan establishes unique 
emission rate goals and mass equivalents for each 
state, and is projected to reduce power-sector carbon 
emissions 32% from 2005 levels by 2030 [17]. Hydro-
power can play a role in carbon emission avoidance 
and reduction into the future.

9. The President’s Climate Action Plan defines clean energy as renewable energy (wind, solar, geothermal, hydropower, biomass, and 
advanced biofuels), natural gas, nuclear power, and “clean coal.”
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Hydropower supports a broader definition 
of national security. 
Power system stability and reliability, such as that 
provided by hydropower, is critical to national secu-
rity. In releasing the first installment of the national 
Quadrennial Energy Review,10 the U.S. Administration 
stated [18]:

“The focus of U.S. energy-policy discussions has 
shifted from worries about rising oil and natural 
gas imports to debates about how much and what 
kinds of U.S. energy should be exported, concerns 
about safety and resilience, integrating renewable 
sources of energy, and the overriding question of 
what changes in patterns of U.S. energy supply 
and demand will be needed—and how they can 
be achieved—for the United States to do its part 
in meeting the global climate-change challenge.” 
White House Office of the Press Secretary, April 21, 2015.

According to the Quadrennial Energy Review, while 
the concept of “oil security” has come to serve as a 
proxy for “energy security,” energy security needs to 
be more broadly defined to cover not only oil but all 
other sources of supply. Energy security should also 
be based not only on the ability to withstand shocks 
in price and availability, but also to be able to recover 
quickly from any volatility. In the electric sector, this 
means the ability to operate a reliable and secure 
grid as well as the flexibility to avoid and recover 
quickly from any widespread outages. Hydropower 
is one of the few electricity sources that can provide 
these critical flexibility functions, including black-
start capability11 and the ability to ramp up power 
production quickly.

The International Energy Agency (IEA) is a 29-member 
autonomous organization made up of countries 
and founded in 1974. The organization was initially 
designed to help countries coordinate a collective 
response to major disruptions in the supply of oil. IEA 
defines energy security in a broad manner, similar to 
the Quadrennial Energy Review:

10. In response to a 2010 recommendation by the President’s Council of Advisors on Science and Technology , the Administration initiated a 
quadrennial cycle of energy reviews to provide a multiyear roadmap for U.S. energy policy. More information on the Quadrennial Energy 
Review is available at: http://energy.gov/epsa/downloads/quadrennial-energy-review-full-report. 

11. A black start is the process of restoring a power station to operation without relying on the external electric power transmission network. It is 
not economical to provide a large standby generation capacity at each station, so black-start power must be provided over designated power 
lines from another station. Hydroelectric power plants are often designated as the black-start sources to restore network interconnections.

“IEA defines energy security as the uninterrupted 
availability of energy sources at an affordable price. 
Energy security has many aspects: long-term energy 
security mainly deals with timely investments to 
supply energy in line with economic developments 
and environmental needs. On the other hand, 
short-term energy security focuses on the ability 
of the energy system to react promptly to sudden 
changes in the supply-demand balance”[60].

As defined by the IEA, lack of energy security is 
linked to the negative economic and social impacts of 
either physical unavailability of energy, or prices that 
are not competitive or are overly volatile. Hydropower 
and most renewable energy sources have relatively 
stable operational costs over time, since they are 
not subject to market-driven fuel price fluctuations. 
Concerns about physical unavailability of supply are 
more prevalent in energy markets where transmission 
systems must be kept in constant balance, such as 
electricity and, to some extent, natural gas. Hydro-
power, through large impoundments and PSH, can 
provide long-term electricity storage services. The 
long-term aspect of energy security was also included 
in the IEA’s founding objectives, which called for pro-
moting alternative energy sources in order to reduce 
oil import dependency [19]. 

Hydropower is part of the nation’s 
critical infrastructure. 
Reliable electricity delivery is increasingly important 
in the global flow of information and commerce, and 
the cost of power interruptions—whether accidental 
or intentional—makes power system stability and 
reliability ever more critical to national security. The 
energy and dams sectors are two of the 16 critical 
infrastructure sectors listed by the U.S. Department of 
Homeland Security under Presidential Policy Directive 
21 [20]. The directive defines critical infrastructure as 
assets, systems, and networks—physical or virtual— 
that are considered so vital to the United States 
that their incapacitation or destruction would have 
a debilitating effect on security, national economic 
security, national public health or safety, or any com-
bination thereof [21]. The Department of Homeland 

http://energy.gov/epsa/downloads/quadrennial-energy-review-full-report
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Security provides strategic guidance and coordinates 
the overall federal effort to promote the security and 
resilience of the nation’s critical infrastructure, includ-
ing hydropower.

Public policy influences renewable 
energy deployment. 
Public policy has supported deployment of renewable 
energy at state and regional levels through policies 
such as renewable portfolio standards (RPS) and 
other initiatives. Hydropower is characterized as 
renewable and “clean” because its energy source 
is not depleted during use and carbon-based fuels 
are not burned as part of energy production. Some 
state RPS and federal policies, however, exclude 
hydropower from consideration or give hydropower 
reduced credit compared to other renewable sources 
of generation. In addition to state and regional initia-
tives, the federal government has supported develop-
ment of clean, renewable energy through a variety of 
mechanisms, including federal funding for research, 
development, demonstration, and deployment. 

As of April 2016, mandatory RPS policies exist in 
29 states [22], the District of Columbia, and Puerto 
Rico and voluntary renewable targets in eight states. 
Hydropower is an eligible technology in most of the 
states’ RPS policies, but there are generally restrictions 
on which hydropower projects can be included. Of 
the 30 states (including the District of Columbia) in 
which hydropower is eligible for the RPS, 23 allow new 
hydropower development and five others explicitly 
prohibit new dams [23]. Two of the states prohibiting 
new dams allow new run-of-river facilities to qualify 
for the RPS. Because of concern over the ecological 
impacts of large dams, large hydropower—most 
frequently defined as greater than 30 megawatts 
(MW)—is limited in inclusion in state RPS policies. In 
contrast, 25 states allow small hydro, generally defined 
between 3 and 60 MW (depending on the state).

As other renewables become more mature (e.g., wind 
power approached 5% of total electricity generation 
in 2015), state programs may reassess the value 
of distinguishing hydropower from “non-hydro” 
renewables. Whether or not hydropower (either new 
or existing) should be included or excluded from 
renewable energy incentive programs or market 
compensation mechanisms is ultimately dependent 
upon the goals of specific policies and their related 
implementation approaches.

Hydropower provides a hedge against 
electric price volatility. 
As a stable renewable resource with long infrastructure 
life, hydropower provides a direct hedge against the 
volatility of electricity prices. Hydropower additionally 
provides an indirect hedge against price volatility, 
through grid support for increased integration of 
variable generation resources such as wind and 
solar—which, as fuel-free power sources, also have 
stable long-term pricing.

While hydraulic fracturing for oil and natural gas 
extraction has been used for more than a century, 
technological improvements in the early 2000s 
allowed the technology to be successfully applied to 
U.S. oil shales bearing natural gas deposits and other 
unconventional natural gas resources. Between 2005 
and 2010, the shale gas industry in the United States 
grew 45% per year. As a proportion of the country’s 
overall gas production, shale gas increased from 4% 
in 2005 to 24% in 2012 [24]. As illustrated in Figure 1-2, 
this increase in supply coincided with a measurable 
decrease in U.S. natural gas prices from 2009 through 
2015. Prices for natural gas used to generate electric-
ity (solid red line in Figure 1-2) can affect the value of 
electricity sales in power markets.

Coal and nuclear retirements create markets  
for new generation. 
According to the Energy Information Administration 
(EIA) and other market analysts, the role of coal and 
nuclear technologies in the U.S. generation mix has 
been changing since 2009. Low natural gas prices 
and slower growth of electricity demand have both 
altered the competitiveness of these technologies 
relative to other fuels [27]. Coal-fired plants also 
must comply with requirements of the Mercury and 
Air Toxics Standards and other environmental reg-
ulations, and some nuclear plants are experiencing 
increasing operations and maintenance costs or capi-
tal addition costs. As existing coal and nuclear plants 
retire—whether due to market competition, safety, or 
other reasons—new markets for generation, including 
hydropower, open up.

To estimate future national energy needs, EIA pub-
lishes an Annual Energy Outlook (AEO) presenting 
long-term (25-year) annual projections of U.S. energy 
supply, demand, and prices. A Reference Case is 
established by EIA to provide a business-as-usual 
trend estimate, given known technology, technologi-
cal and demographic trends, as well as federal, state, 
and local laws and regulations in effect at the time. 
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three of the reactors closed for primarily mechanical 
or safety reasons, whereas 11 reactors closed or will 
close primarily because of an inability to compete in 
existing market conditions [28]. Under EIA’s AEO 2015 
Reference Case, nuclear capacity would experience 
net growth of 5.9 GW (6%) from 2013–2040. Under 
the AEO 2014 Accelerated Nuclear Retirements 
Case,12 42 GW of nuclear capacity would be retired 
through 2040.13

The loss of generating capacity due to ongoing retire-
ment of coal-fired plants is largely being replaced 
by the addition of gas-fired and variable generation 
resources [29]. Increases in natural gas resources and 
declines in gas cost from 2009 through 2015 have 

12. Because EIA now publishes shorter and longer editions of the AEO in alternating years, AEO 2015 does not include all of the alternative 
cases presented in AEO 2014.

13. In a 2015 National Renewable Energy Laboratory report using different retirement assumptions than EIA, and under a modeled “central 
scenario,” roughly half of the existing (as of 2012) coal capacity and nearly all of the existing oil and gas steam turbines and existing nuclear 
units are retired by 2050 [32].

Under EIA’s AEO 2015 Reference Case [27], 40.1 GW of 
coal-fired capacity would be retired from 2013–2040, 
with more than 90% (37.4 GW) of this capacity being 
retired by 2020. Under EIA’s AEO 2014 Accelerated 
Coal Retirements Case, 110 GW of capacity out of 
the total installed 310 GW of coal-fired generating 
capacity available at the end of 2012 would be retired 
by 2040 [26]. By contrast, natural gas combined cycle 
capacity would increase by 93 GW from 2013–2040 
under the AEO 2015 Reference Case. 

From 2010 through June 2016, fourteen U.S. nuclear 
reactors totaling 11.9 gigawatts of electric capacity 
were or had closures accounted by their owners [28]. 
According to the Natural Resources Defense Council, 
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Figure 1-2. Trends in U.S. natural gas prices, 1998–2015
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existing electric grid was designed and built decades 
ago using system design models and concepts that 
may require restructuring to meet the needs of a low- 
carbon economy (as discussed previously). 

Hydropower can be an integral part of this future 
energy mix because of its ability to provide ancillary 
and essential reliability grid services. As the electric 
power system evolves, power system flexibility will 
be needed at time scales that range from sub-second 
for inertial/frequency response, to minutes or hours, 
during which there will be an increase in the need 
for regulating and ramping capability. Transmission 
system operators require tools and resources to 
realize this increased level of flexibility, which will 
also require new strategies for managing grid oper-
ations. Some of the new tools and methods include 
expanding balancing areas,14 increasing the ramping 
capability of the generation fleet, using dispatchable 
demand resources, adding power flow controllers, 
and increasing energy storage to maintain reli-
ability [33]. Corresponding to these new tools and 

14. Large transmission grids can be broken into smaller transmission “balancing authority areas,” where reliability requirements can be met 
while balancing load with generation and interchanges of neighboring regions.

contributed to an increased share of natural-gas 
fired electric generation capacity added to the U.S. 
electric generation mix (Figure 1-3), with natural gas 
generation roughly doubling between 2000 (518 ter-
awatt-hours [TWh]) and 2014 (1,029 TWh) [1]. As can 
also be seen in Figure 1-3, wind power capacity addi-
tions have increased since about 2010, due to techno-
logical advances, lower cost, favorable markets, and 
ease in siting and permitting. These developments in 
the national energy mix imply a growing opportunity 
for hydropower, not only for generation but for main-
taining grid system efficiency and stability. 

Hydropower can support an increasing need 
to integrate variable generation. 
Deployment of variable generation resources is increas-
ing over time, making balancing of the U.S. electric 
power system all the more critical. In the future, electric 
vehicles, distributed generation, smart grid functions, 
and other changes could further affect grid operations. 
While the electric power system has provided reliable 
electricity for more than a century, much of the  
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Figure 1-3. Cumulative U.S. electric generating capacity by fuel type, 1930–2015 (EIA, FERC) 
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approaches is the need for financial incentives to 
support their development and deployment, in order 
to meet required levels of system flexibility.

Market drivers for utility-scale grid 
storage are increasing. 
Key market drivers of energy storage for grid support 
services, such as PSH, include: (1) growth in renew-
able energy deployment; (2) governmental focus on 
initiatives to reduce carbon emissions; (3) the need for 
modernization of grid infrastructure; and (4) the need 
to improve the resilience of the electrical grid to unfore-
seen interruptions [34]. PSH is a low-risk technology with 
a proven track record and high efficiency in providing 
load management, energy storage, and grid services. 
Additionally, PSH is more flexible and has longer facility 
lifetimes and lower cost compared to other technolo-
gies that can provide these services in facilitating the 
integration of variable generation resources into the 
grid. A detailed discussion of PSH is found in Chapter 
2, Section 2.7 of the Hydropower Vision report.

There is increased public and private 
interest in renewable energy. 
As shown by increases in voluntary purchases of 
renewable energy, public and private interest in and 
understanding of the role and value of renewable 
energy continues to increase. In 2014, voluntary retail 
sales of renewable energy totaled 74 TWh, repre-
senting 2.0% of total U.S. electricity sales and four 
times the voluntary green power sales of 18 TWh in 
2007 (Figure 1-4) [35, 36, 37]. One of many examples of 
private sector investment in renewable energy is the 
U.S. Environmental Protection Agency’s Green Power 
Partnership. Nearly 25 TWh in combined green power 
usage was reported in 2015 for the Top 100 Green 
Power Partners, enough to power nearly 2.3 million 
homes. This includes 14 TWh used by the 76 Fortune 
500 Green Power Partners [38].
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a. The unbundled renewable energy certificate (REC) market allows consumers to purchase RECs separate from power.
b. Competitive supply allows customers to purchase renewable electricity directly from alternate suppliers.
c. Utility green pricing bundles RECs with electricity sales.
d. Voluntary power purchase agreements allow negotiated long-term purchases of renewable energy.
e. Community choice aggregation allows communities to aggregate their loads and purchase electricity from an alternate 

electricity supplier, while still receiving transmission and distribution service from their existing utility.

Notes: The unbundled renewable energy certificate market allows consumers to purchase RECs separate from power. Competitive supply 
allows customers to purchase renewable electricity directly from alternate suppliers. Utility green pricing bundles renewable energy certificates 
with electricity sales. Voluntary power purchase agreements allow negotiated long-term purchases of renewable energy. Community choice 
aggregation allows communities aggregate their load and purchase electricity from an alternate electricity supplier, while still receiving 
transmission and distribution service from their existing utility.

Sources: Bird and Swezey [35], Heeter and Nicholas [36], and Heeter et al [37]

Figure 1-4. Estimated voluntary U.S. sales of renewable energy, 2003–2014

1.3 K
EY

 FA
C

TO
R

S A
N

D
 TR

EN
D

S M
O

TIVA
TIN

G
 TH

E H
YD

R
O

PO
W

ER
 V

ISIO
N



1

50

1.4
 O

PP
O

R
TU

N
IT

IE
S 

A
N

D
 C

H
A

LL
EN

G
ES

 F
O

R
 H

Y
D

R
O

PO
W

ER Private and public owners are investing 
in hydropower generation. 
Hydropower growth occurs in three different ways: 
unit additions and upgrades at existing facilities; 
adding hydropower generating equipment to existing 
NPDs and conduit projects; and NSD. Installed hydro-
power capacity in the United States experienced a net 
increase of 1.48 GW from 2005 to 2013, with capacity 
additions to existing projects accounting for 86% of 
the increase. Capital investment toward modernizing 
and upgrading the existing fleet continues, with 
private and public owners investing more than $6 
billion in refurbishments, replacements, and upgrades 
to hydropower plants from 2005-2014 [3].

Technology innovation enables low-cost, 
sustainable hydropower development.  
Development of hydropower technologies and 
operations with reduced adverse impacts is vital if 
hydropower is to be deployed in an environmentally 
sustainable manner and at lower cost. Some of the 
innovations emerging for low-head hydropower 

include concepts such as mechanically unregulated 
turbines that vary speed with head or flow, and 
permanent magnet-type generators that produce an 
output voltage that varies with head and flow. Other 
technologies are being developed for very low-head 
turbines, such as a direct-drive variable speed per-
manent magnet-type generator that can be placed 
directly in a flow channel with approximately 4–8 feet 
of head. This concept can reduce civil works required 
for intake structures or water conveyance, and the 
associated cost of those works. Innovative technol-
ogies are being developed for safe and effective 
fish passage at dams, including high head dams and 
dams with a large range of reservoir levels [39]. Such 
innovations and improvements are being integrated 
into both the existing fleet and new projects, and 
this trend of improved environmental performance is 
expected to continue. Future hydropower technolo-
gies are discussed further in Section 1.7. 
 

1.4 Opportunities and Challenges for Hydropower
The Hydropower Vision identifies opportunities and 
challenges for hydropower through its documenta-
tion, modeling and analysis, and stakeholder road-
map. Hydropower’s system-wide benefits are large 
and have historically underpinned the nation’s electric 
systems. Hydropower’s growth is critically coupled 
with the ability of innovation to enable hydropower 
resource opportunities to be economically competi-
tive and environmentally sustainable. 

Keys to improved competitiveness include continued 
technical innovation to reduce capital and operating 
expenses, improved understanding and market 
valuation of system-wide grid reliability and stability 
services, and recognition and valuation of societal 
benefits from avoided power-sector air pollution 
and GHG emissions. Equally important to increasing 
hydropower’s competitiveness is continued improve-
ment in mitigating adverse effects, such as impacts 
on fish and wildlife, and increased public awareness 
of progress made in this regard. Addressing these 
objectives is likely to require continued technical 

innovation, actionable and measurable environmental 
sustainability metrics and practices, planning at the 
basin or watershed scale, and access to new science 
and assessment tools.

The degree to which such challenges can be effec-
tively addressed will influence the levels of future 
hydropower growth and reinvestment in existing 
facilities. In turn, it will affect realization of the oppor-
tunities and benefits provided by low-cost hydro-
power generation, grid support, and long project 
operating life. Chapter 2 provides detailed discussion 
of the state of the hydropower industry and its trends, 
opportunities, and challenges. 

Hydropower services could benefit 
from improved valuation. 
Inherent market and regulatory challenges must 
be overcome to realize hydropower’s potential to 
improve grid flexibility and facilitate integration of 
variable generation resources. The full accounting, 
optimization, and compensation for hydropower 
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generation, grid ancillary services and essential grid 
reliability services in power markets is difficult, and 
not all benefits and services provided by hydro-
power facilities are readily quantifiable or financially 
compensated in today’s market framework. In both 
traditional and restructured market environments, 
many hydropower services and contributions are not 
explicitly monetized, and, in some cases, market rules 
undervalue operational flexibility.

With regard to PSH, in April 2016, the Federal Energy 
Regulatory Commission (FERC) initiated a proceeding 
(Docket No. AD16-20-000)—to examine whether 
barriers exist to the participation of electric storage 
resources in the capacity, energy, and ancillary service 
markets potentially leading to unjust and unreason-
able wholesale rates [40]. This action was motivated in 
part by trends of increasing exploration of the value 
electric storage resources may offer the grid when 
providing transmission services and acting as both 
generation and load.

Hydropower must account for potential 
impacts of climate change. 
Climate change creates uncertainty around water 
availability for hydropower generation, and this uncer-
tainty can affect the long-term outlook of the hydro-
power industry. Water availability—including more 
water in some areas and less in others—affects the 
energy production potential of hydropower resources, 
which, in turn, influences their economic attractive-
ness in the electric sector. A changing climate may 
also impact the availability of water for thermal power 
plant cooling; electricity demand; and aquatic sys-
tems, such as warmer streams influencing the health 
of fish and other species.

Hydropower development can benefit 
from improved planning and reduced 
regulatory uncertainty. 
Uncertainty in licensing processes and outcomes can 
adversely affect development costs, timelines, and 
financing options. Existing regulatory statutes and 
related regulatory processes governing hydropower 
ensure that project development and operations are 
carried out responsibly and consistently. However, 
there is concern that regulatory process inefficiencies, 
overlaps, and interpretations can result in delays and 
costs that cause long-term business risks to hydro-
power owners, operators, and developers. 

Modernizing future regulations and enhancing com-
munication and coordination among commercial 
entities and federal, state, and local regulatory bodies 
could help ensure mutually beneficial improvements 
in process efficiency and potentially reduce individual 
project development costs and timeframes, while 
maintaining or improving environmental protection. In 
addition, given the interrelated nature of watersheds 
and related ecosystems within a given drainage 
basin, applying comprehensive basin-wide planning 
methodologies may provide an opportunity to pre-
serve or rehabilitate the health of river systems, while 
promoting efficient use of water resources for power 
production and other purposes.

Opportunities exist for collaboration 
among federal agencies. 
There are opportunities for coordination and col-
laboration among federal agencies to meet mutual 
objectives with regard to sustainable hydropower 
development and operations, as well as broader 
water resource use, planning, and protection needs. 
Increased efficiencies in regulatory compliance 
and water resource planning processes that lead to 
lowered costs, reduced uncertainties, and better coor-
dination among affected stakeholders can facilitate 
refinement and broad adaptation of future advanced 
technologies for sustainable development.

Federal agencies have worked together on several 
initiatives to help continually improve regulatory and 
water resource planning processes. These actions 
serve as examples of how collaboration and coordi-
nation may help further cost-effective, sustainable 
hydropower development in the future. Examples of 
this are discussed here and include: 

• An agreement between the Corps and FERC to 
synchronize NPD approvals; 

• DOE’s Basin Scale Opportunity Assessment  
Initiative; and

• Release of DOE’s Regulatory and Permitting  
Information Desktop, or RAPID, Toolkit.
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NPDs, particularly those controlled by the Corps, 
development of such sites can be delayed by over-
lapping Corps and FERC licensing and permitting 
processes. Through an existing MOU and facilitated by 
DOE, the Corps and FERC agreed within a collabora-
tive framework to enable permitting reviews to occur 
in a more coordinated manner [41]. As the result of 
this agreement and input from affected stakeholders, 
a coordinated set of processes has been identified 
to reduce cost, timeframes, uncertainties, and risks 
for developers. These process improvements include 
simultaneous FERC and Corps environmental reviews; 
single rather than redundant National Environmental 
Policy Act documentation; and one Water Quality 
Certification application rather than two.

Future hydropower development will require close 
coordination among developers, regulators, and 
affected stakeholders to reduce potential conflicts 
and meet multiple objectives pertaining to the use of 
water resources. There is increasing interest in these 
types of planning processes being carried out at the 
scale of entire river basins to better address potential 
system effects and the diverse set of interests that 
may be affected by a given project. As part of the 
MOU between the DOE, Corps, and the U.S. Bureau 
of Reclamation (Reclamation) [42], the DOE initiated 
the Basin Scale Opportunity Assessment Initiative to 
develop multidisciplinary approaches and tools aimed 
at facilitating basin-scale water resource planning 
processes [43]. The project has implemented various 
tools and techniques in four river basins throughout 
the United States (Bighorn, Connecticut, Deschutes, 
and Roanoke). The primary focus is on applying Geo-
graphic Information Systems to rapidly assimilate and 
evaluate planning data in a multi-scale, hydrologic 
context. These methods are being integrated into 
interactive, web-based tools to demonstrate possible 
means of deployment to the hydropower community.

Navigating the complex system of federal and state 
regulations to secure project approvals can be creates 
hurdles for renewable energy developers. Uncertainty 
regarding the duration and outcome of the permitting 
process can be a deterrent for investment in clean 
energy and can delay construction of renewable 
energy and related transmission projects. DOE’s 

Hydropower Regulatory and Permitting Information 
Desktop Toolkit was developed to make permitting 
information rapidly accessible from one location, by 
providing links to permit applications, processes, 
manuals, and related information for both state and 
federal levels (Text Box 1-1).

Existing hydropower facility economic 
performance should be maintained. 
Existing hydropower facilities, the backbone of any 
future hydropower expansion, require maintenance 
to avoid potential degradation of capacity or gener-
ation. Maintaining this capacity is important because 
a large proportion of future electricity generation 
and other hydropower benefits will derive from the 
existing fleet. 

Some hydropower stakeholders have raised concerns 
that generation at Corps facilities—which account for 
approximately 24% of total U.S. hydropower gener-
ation—may be declining due to aging infrastructure, 
and many of its hydropower assets have fallen below 
the generally accepted hydropower industry goal of 
95% unit availability [44]. While the exact effects of 
aging infrastructure on Corps facilities have not been 
documented on a nationwide basis and, as such, 
remain uncertain [44], the Corps reports that forced 
outages (generating units unavailable to produce 
power due to unanticipated breakdown) increased 
from 4% to 5.5% during the 2008–2014 period [45]. 
Efforts are underway in the Federal Columbia River 
Power System to systematically replace turbine units 
at main stem Corps facilities. 

Net generation from Reclamation facilities has 
remained relatively constant from 2004 to 2014, and 
Reclamation has stated that its project performance 
is generally favorable compared with most industry 
benchmarks [44]. The Tennessee Valley Authority 
hydropower modernization program began in 1992 
to address the reliability issues of an aging fleet and 
increase the Authority’s hydroelectric capacity and 
efficiency over the long term. The program increased 
hydropower capacity by 560 MW (9.48% increase) 
and realized an average efficiency gain of 4.8% from 
1992–2010 [46]. Similar opportunities for optimization 
exist in the non-federal fleet.
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Federally owned facilities face unique challenges. 
Multipurpose federally owned and operated dams— 
roughly half of existing national hydropower capac-
ity—have limited operational flexibility and face 
financing constraints that other public and privately 
owned facilities do not. As with expansions and 
upgrades, new federal developments are dependent 
upon Congressional actions. Federal facilities face 

limited operational flexibility (i.e., due to limits derived 
from Congressional authorization and negotiated 
operating guidelines to balance multiple uses of water 
resources and dam/reservoir infrastructure); and 
demand for water by competing uses (e.g., municipal 
water supply, navigation, and recreation) [44].

Text Box 1-1. 

Hydropower Regulatory and Permitting Information Desktop Toolkit
The DOE’s Hydropower 
Regulatory and Permitting 
Information Desktop (RAPID) 
Toolkit development effort, 
which began in 2014, doc-
uments and presents easily 
navigable information on 
federal and state permitting 
processes and regulatory 
approvals required for the 
development of hydropower 
projects. In addition, the 
RAPID Toolkit allows users  
to document best practices 
for complying with the range 
of regulatory processes. 
RAPID facilitates collabora-
tion among federal and state 
regulatory agencies, as  
well as other industry stake-
holders, in reviewing and  
coordinating the permit-
ting process for both small 
and large conventional 
hydropower, run-of-river 
hydropower, in-conduit, and 
pumped storage projects. 
The RAPID Toolkit seeks to help both developers 
and regulatory agencies by increasing clarity of  
and efficiency in the regulatory process.
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and Future Potential
For the Hydropower Vision, computational economic 
and dispatch models provided the foundation for 
comprehensive analyses of the existing and future role 
of hydropower within the electric sector on a national 
scale. These analytical modeling methods were used 
to evaluate a range of possible future outcomes for 
hydropower deployment based on potential techni-
cal innovation, economic factors, national priorities, 
stakeholder action or inaction, market forces, and 
requirements for environmental mitigation and envi-
ronmental sensitivity. Because growth potential is 
tied to a set of complex and unpredictable variables, 
the modeling results presented in Chapter 3 serve 
primarily as a basis to identify key factors and drivers 
that are likely to influence future pathways. Modeling 
results presented in Hydropower Vision should not be 
interpreted as DOE predictions or targets.

The primary tool used to assess potential growth 
trajectories and the basis to evaluate resulting cost 
and benefit impacts is the National Renewable 
Energy Laboratory’s Regional Energy Deployment 
System (ReEDS) model [47]. ReEDS is an electric 
sector capacity expansion model that simulates the 
cost of construction and operation of generation and 
transmission capacity to meet electricity demand and 
other power system requirements on a competitive 
basis over discrete study periods—in 2017, through 
2030, and through 2050. Results from ReEDS include 
estimated electricity generation, geographic distri-
bution of new electricity infrastructure additions, 
transmission requirements, and capacity additions 
of power generation technologies built and operated 
during the study period. 

The modeling analysis assumes policy as effective on 
December 31, 2015, including the U.S. Environmental 
Protection Agency’s Carbon Pollution Standards 
for Existing Power Plants (Clean Power Plan [16]).15

15. The U.S. Supreme Court stayed implementation of the Clean Power Plan on February 9, 2016. For the purposes of this report, DOE is assum-
ing full implementation of the Clean Power Plan as described in the October 23, 2015, Federal Register notice at 80 Fed. Reg. 64661.

This analysis cannot comprehensively represent all of 
the costs or benefits of hydropower—it only rep-
resents factors that DOE can objectively quantify. This 
analysis also does not attempt to assess the costs for 
past, present, or future environmental impacts and 
solutions, such as resource protections needed to 
mitigate potential effects on fish and wildlife.

Both the existing hydropower fleet and the potential 
for new development are included in the quantitative 
modeling. Although deployment of existing hydro-
power facilities occurred over more than a century, 
modeling results indicate that important growth 
opportunities remain. Hydropower resource oppor-
tunities for potential growth fall into four distinct 
categories:

1. Existing power plants and dams that must be 
maintained and can be upgraded and optimized 
for increased production and environmental 
performance;

2. New power plants at existing NPDs and water 
conveyances such as canals and conduits that 
are not powered, but could be cost-effectively 
leveraged to support hydroelectric facilities;

3. New and existing PSH facilities and upgrades, 
including reservoirs and pumping/generating 
plants; and 

4. NSD, including diversionary methods, new 
multi-purpose impoundments, or instream 
approaches.

Capacity additions from canals and conduits, resource 
potential in Alaska and Hawaii, and the potential for 
upgrades to existing PSH facilities are not available 
within the ReEDS quantitative modeling framework, 
and are therefore not part of the modeled results. 
Instead, these resources are discussed qualitatively 
throughout the Hydropower Vision report.
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1.5.1 Resource Estimates and 
Modeling Scenarios
The Hydropower Vision uses the best available re-
source assessments to explore hydropower’s market 
potential. The process of converting existing estimates 
of total physical or technical resource potential16 to a 
modeling result of realistically potential deployment 
requires making technical, economic, physical, and 
geographic assumptions and corrections. These 
assumptions and corrections reduce the size of the 
resource base from total technical potential to that 
resource which will be available to the model. 

The process flow for interpreting hydropower’s 
future market potential from technical resource 
assessments is represented by Figure 1-5. The initial 
resource base considered is denoted in the figure 
by the “Technical Resource Potential.” This resource 
potential is then reduced to the resource potential 
available to a capacity expansion model by applying 
economic and other assumptions and corrections, 
resulting in the “Modeled Resource Potential.” The 
potential for market deployment is then calculated 
for future scenarios, denoted in the figure by  
“Modeling Results.”

Parameters and assumptions for modeling of future 
deployment scenarios include cost reduction through 
technology advancement, cost reduction though 
innovative financial mechanisms, consideration of 
social and environmental objectives, changes in fossil 
fuel costs over time, future market penetration of vari-
able generation resources, potential effects of climate 
change, and others. See Chapter 3 for detailed discus-
sion of resource assessments, the Hydropower Vision 
modeling methodology, and modeling results.

While modeling results provided in Chapter 3 identify 
potential deployment pathways and the influence of 
key parameters, they do not—and cannot—indicate 
what actual future deployment may be. As indicated 
by Figure 1-5, actual deployment will be influenced by 
additional factors, including macroeconomic condi-
tions, social and environmental considerations,

16. The technical potential of a specific renewable electricity generation technology estimates energy generation potential based on renewable 
resource availability and quality, technical system performance, topographic limitations, and environmental and land-use constraints 
only. The estimates do not consider (in most cases) economic or market constraints, and therefore do not represent a level of renewable 
generation that might actually be deployed [48].

policy, and others that are beyond the scope of 
the Hydropower Vision analysis. The Hydropower 
Vision roadmap (Chapter 4) provides a broad set 
of actions stakeholders may take to pursue oppor-
tunities for potential deployment identified in the 
modeling results.

Technical Resource Potential

Modeled Resource Potential

Modeling Results

Economic
Assumptions

Scenario
Design

Hydropower
Vision

Roadmap

Additional
Factors

Actual Deployment

Figure 1-5. Process flow for interpreting hydropower’s 
future market potential from technical resource assessments
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for Hydropower Growth
Although future economic and societal needs and 
priorities can be anticipated, they are not fully pre-
dictable. Ongoing and sometimes rapid developments 
in information, manufacturing, and grid management 
technologies illustrate that—within the time frame of 
the Hydropower Vision—important and unanticipated 
changes in the needs for and uses of the key attri-
butes of hydropower may lead to new and potentially 
sizable market opportunities. Through pursuit of 
actions laid out in the Hydropower Vision roadmap, 
the hydropower industry can build on its inherent 
operational flexibility and position itself to adapt to 
alternative market structures in the future. Regular 
and increasingly refined analysis of potential growth 
scenarios will help inform industry responsiveness.

Hydropower Vision takes into account several consid-
erations regarding the potential and value of hydro-
power growth: 

• As with existing hydropower infrastructure, better 
understanding of the market value for ancillary 
services provided by new hydropower facilities and 
those historically uncompensated or undercompen-
sated from existing hydropower facilities can better 
inform market investment and policy decisions.

• PSH plants reduce overall system generation costs 
by helping to balance the complex operation of the 
electrical grid and provide a number of valuable 
grid services, such as operating reserves and volt-
age support, which are ancillary to power produc-
tion. While there is significant resource potential for 
new PSH development in the United States, access-
ing this resource will require coordinated effort to 
address existing cost, market, environmental, and 
regulatory challenges.

• A variety of small hydropower projects may be able 
to be placed throughout the grid, particularly on 
distribution systems (distributed generation). For 
example, development of new technologies that 
enable cost-effective integration of small-scale,  

modular power generation into existing water 
infrastructure (such as conduits and pipelines) 
and conveyances may open up new markets using 
existing local distribution grids. 

• Because hydropower depends on water availabil-
ity, regional water management adaptations in 
response to climatic fluctuation may impact the 
potential for long-term growth in hydropower 
generation.

• Canadian and U.S. hydropower both serve the 
North American transmission grid. Therefore, 
long-term planning for and investment in operation 
of U.S. hydropower may need to consider poten-
tial regional and national grid and power market 
impacts of any increasing Canadian capacity.

The Hydropower Vision analysis of potential for 
growth takes into account several resource assess-
ments examining opportunities for increased U.S. 
hydropower generation (Text Box 1-2) and untapped 
hydropower potential. Existing hydropower facilities 
may increase generation and environmental perfor-
mance through technology upgrades and deployment 
of additional generating units. Suitable NPDs, as well 
as existing conduits and canals, may be retrofitted 
for power production. Suitable undeveloped stream-
reaches have power production potential; developing 
this resource will involve working with resource 
agencies and river stakeholders on protection, 
mitigation, and enhancement measures to alleviate 
any adverse project effects. Such collaboration can 
provide an opportunity to identify win-win scenarios 
and meet multiple objectives for the use of rivers, 
e.g., basin-scale planning approaches and innovative 
hydropower technology and civil works with lower 
costs and reduced environmental footprints. Existing 
PSH facilities may be retrofitted with more efficient 
variable-speed turbines and higher capacity generat-
ing equipment, and new PSH facilities may be devel-
oped at suitable sites.
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Text Box 1-2.  

Hydropower Resource Potential in the United States
Upgrades and Optimization of Existing 
Hydropower Plants: Improvements to existing 
hydropower facilities can make them more 
efficient and flexible, reduce adverse impacts 
to fish, and aerate to improve water quality. A 
2014 analysis of a sample of existing facilities 
found an annual generation-weighted upgrade 
potential of 7.1% [49]. Extrapolating this to the 
existing base of hydropower generating capac-
ity in the United States yields a fleet-wide 
upgrade estimate of at least 5 GW (approxi-
mately 13 TWh per year) of additional capacity 
that may be obtained through restoring and 
upgrading existing hydropower facilities [50]. 
In some cases, even greater gains are possi-
ble—seven hydropower modernization proj-
ects funded through the American Recovery 
and Reinvestment Act of 2009 resulted in 
generation increases averaging 35% at existing 
project facilities [49]. 

Powering of Non-Powered Dams: Existing 
NPDs can be retrofitted for hydropower 
generation without the costs and impacts of 
additional dam construction and operation, 
and with reduced environmental impact (e.g., 
no new impoundment). A 2012 study found 
that the nation has more than 50,000 suit-
able NPDs with the technical potential to add 
about 12 GW (31 TWh/year) of hydropower 
capacity [51]. The 100 largest capacity facili-
ties—primarily locks and dams on the Ohio, 
Mississippi, Alabama, and Arkansas Rivers, 
operated by the Corps—could provide 8 GW 
of power combined. 

Powering of Existing Canals and Conduits: 
Although water conveyance infrastructures 
such as irrigation canals or pressurized pipe-
lines that deliver water to municipalities, indus-
try, or agricultural water users are not usually 
designed for energy purposes, renewable 
energy can be captured from them without 
the need to construct new dams or diversions. 
While the potential is not well quantified, it 
is estimated that perhaps 1–2GW of generat-
ing potential in this form exists nationwide. 

Legislation has reduced some of the regulatory 
barriers that may have hindered full develop-
ment of this energy resource [52].

Low-Impact New Stream-Reach Develop-
ment: A 2014 national study found that a 
portion of the more than 3,000,000 million 
stream-reaches in the United States may offer 
new hydropower development opportunities 

[53]. The study concluded that the technical 
resource potential is over 65 GW (347 TWh/
year) after exclusion of federally protected 
lands—i.e., designated National Parks, national 
Wild and Scenic Rivers, and Wilderness areas. 
Each stream-reach was assigned key social, 
economic, and environmental attributes. A 
given portion of these undeveloped stream-
reaches may be economically feasible to 
develop for hydropower only after taking into 
account other uses and environmental consid-
erations. More than 60% of the undeveloped 
stream resource potential would operate at 
less than 25 feet of head.

New Pumped Storage Hydropower: Facing a 
future with growing levels of variable genera-
tion, many developers and utilities are investi-
gating the construction of new PSH to provide 
additional grid flexibility. These projects are 
typically large (500–2,000 MW), utility-scale 
facilities. Some would be “closed-loop” 
designs not connected to natural water bodies, 
thereby avoiding many of the environmental 
considerations associated with hydropower 
development. Additionally, DOE is investigat-
ing the feasibility of developing small (1–200 
MW), modular PSH technologies that could 
reduce the permitting, financing, and environ-
mental “footprint” challenges faced by larger, 
traditional PSH systems [54].

See Chapter 3, Table O3-3, for discussion of 
how these technical resource potential esti-
mates are used to inform the modeled resource 
potential of the Hydropower Vision analysis.
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The results of the forward-looking analysis presented 
in Hydropower Vision imply that future development 
of projects at previously undeveloped sites and water-
ways is likely to remain limited without innovative—
even transformational—advances in technologies and 
project development methods to meet sustainability 
objectives. While facility upgrades and expansions as 
well as NPD projects will also benefit from these inno-
vations, development of NSD projects are the most 
dependent on them. It is difficult to predict how these 
advances will take shape in the coming decades, but 
innovation trends offer indications of how non-tradi-
tional approaches could transform development of 
hydropower projects.

The innovations in project development and applica-
tions of advanced technologies described in this  
section are examples of non-traditional approaches 
that could transform development of new hydro-
power projects. Information characterizing the  
predominant existing technologies and design 
trends are in Chapter 2.

1.6.1 Advances in Sustainable 
Project Evaluation and Design
Innovative approaches that achieve multiple objectives 
require integrated planning methods. Figure 1-6 
illustrates an integrated approach under which natural 
stream functionality is taken into account in establish-
ing primary design objectives, design constraints, and 
functional requirements during the project planning 
and design process. If environmental objectives are 
integrated fully into the design paradigm for system 
components and facilities from the outset, there will 
be opportunities for advanced modeling, manufactur-
ing, installation, operation, and maintenance inno-
vations to reduce costs and improve generation and 
environmental performance simultaneously.

Environmentally sustainable hydropower projects 
should be sited, built, and operated to strike a balance 
between ecological considerations—such as species 
diversity, water quality, recreation, and physical pro-
cesses within the ecosystem—and the needs of hydro-
power developers and operators to generate and sell 
power. Jager et al. [55] state, “making spatial deci-
sions about hydropower development at the extent 
of large river basins and the resolution of smaller 
watersheds as planning units will produce solutions 
with higher ecological value that accommodate sus-
tainable hydropower development.” The process of 
making decisions that result in higher value solutions 
can be enhanced through identification of specific 
environmental metrics and based on scientific data 
to model, evaluate, and refine the performance of 
proposed hydropower system designs within the 
context of a specific site and watershed. 

Figure 1-6. Primary linkage relations and indices for an 
integrated approach to hydropower development
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The DOE project, Environmental Metrics for Hydro-
power,17 is intended to help enhance the scientific 
basis for assessing environmental effects of next- 
generation hydropower developments in new stream-
reaches. The outcome of this initiative will be a suite 
of scientifically rigorous metrics and related data from 
which hydropower developers, policy makers, and 
other stakeholders can select to evaluate design and 
performance of new, low-impact hydropower. Specific 
metrics may pertain, for instance, to geomorphology 
or to the function of streams in supporting successful 
reproduction of species.

The objective of DOE’s Biologically-Based Design 
and Evaluation Initiative for Hydropower effort is to 
further biologically-based design, evaluation, and 
operation of hydropower turbines to limit the impacts 
on fish when they pass through turbines [56]. Applied 
research will be used to develop (1) tools that predict 
biological performance and (2) tools to evaluate 
empirical field measurements, and (3) methods to 
interpret population-level effects of given designs on 
fish injury and mortality. 

The examples of new technologies presented in this 
section illustrate that there is ongoing research and 
development activity that can lead to measurable 
changes in the cost, configuration, and function of 
hydropower facilities in the decades to come. The 
Hydropower Vision, however, does not attempt to 
predict which technologies and design approaches 
will be implemented in the marketplace. Innovative 
approaches that have not yet been developed are 
likely to also impact how future projects are config-
ured and operated.

1.6.2 Cost-Conscious Design 
and Manufacturing Processes
Potential hydropower cost reductions can be realized 
through standardization, consistency of imple-
mentation, and data-driven process improvements 
in project design, equipment procurement and 
fabrication, installation, and lifecycle management. 

Improved design approaches and commonality of 
equipment configurations can reduce typical mainte-
nance requirements, increase predictability in opera-
tions planning, and reduce the need for site-specific 
environmental assessment or customized technical 
solutions. Simplification strategies are emerging to 
reduce life cycle costs, including integrated turbine/
generator units, and eliminating the traditional 
penstock and powerhouse.

New materials and additive manufacturing, or the 
three-dimensional printing of components in layers, 
enables fabrication of components with fewer bolted 
connections, decreased manufacturing labor costs, 
and higher factory throughput. These features have 
already led to cost reductions of mass-produced 
components in other industrial sectors, e.g., pumps 
and pump impellers. Applied research has shown a 
systematic assembly of composite hydropower tur-
bines could lead to reduced labor costs and substan-
tial weight reductions [57]. A DOE project is assessing 
alternative materials to build stronger, lighter, less 
expensive components, by combining dissimilar 
materials to adhere metallic microparticles to turbine 
blades in order to address cavitation problems.

1.6.3 Modular Systems
The DOE Standard Modular Hydropower project (Text 
Box 1-3) is intended to catalyze development of a 
suite of standardized components that preserve the 
functionality of natural streams in conjunction with 
electricity production. The project will also explore 
systemic analyses of undeveloped stream sites 
to establish broad classes for which standardized 
component modules would be most successful in 
preserving natural functions.

17. The Environmental Metrics for Hydropower initiative is a multiyear project started in FY 2016 at Oak Ridge National Laboratory.  
See http://hydropower.ornl.gov for more information.

http://hydropower.ornl.gov
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Text Box 1-3.  
Standard Modular Hydropower Approach
DOE is laying the groundwork for enhanced 
understanding of how low-impact and low-
cost hydropower generation can be compatible 
with and even enhance the existing uses and 
functions of natural streams. The Standard 
Modular Hydropower project considers future 
hydropower facilities as integrated combina-
tions of standard and validated modules, each 
with a primary objective, multiple functional 
requirements, and multiple design constraints. 
Research will focus on modules specific to  
power generation, fish and vessel passage, and 
stream connectivity, water quality improve-
ment, streambed interface, installation, and grid 
interconnection. Initial categories of design 
constraints and specifications include aesthetics, 
public health and safety, environmental  
disturbance, operability, reliability and main-
tainability, security, module interoper ability, 
and manufacturability.

Modules will be defined and validated by their 
adherence to these types of specifications, 
developed through research and development  
phases and drawing collaboratively on the 
expertise of industry, academia, national  
laboratories, non-governmental organizations, 
and agencies. The specification phases will  
be followed by cost modeling, supply chain, and 
manufacturing optimization, and technology 
transfer activities to enable physical modules 
to be demonstrated and deployed. 

The conceptual rendering of Standard  
Modular Hydropower illustrates how different  
modules for foundation, generation, and 
stream passage may be considered and fit 
together to meet site-specific parameters,  
as well as environmental and power genera-
tion objectives.

Generation
Module

Foundation
Module

Passage
Module

Standardized 
Module Options

Passage

Generation

Conceptual illustration of modular approach to new in-stream hydropower facility

Source: DOE/Oak Ridge National Laboratory
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1.6.4 Compact Turbine/ 
Generator Designs
Potential sites for NSD are predominantly low head, 
with variable flow rates. Several new turbine/gen-
erator configurations illustrate how compact and 
modular designs can simplify facility design, limit the 
need for civil works, and reduce lifetime maintenance 
requirements at sites with these characteristics. 

Two compact turbines with bulb-enclosed perma-
nent magnet generators are shown in Figure 1-7. 
Permanent magnet generators eliminate the need 
for external excitation, allowing simplification of the 
mechanical design and improved system efficiency 
and reliability. 

The Archimedes screw, historically used as a water 
pump, has emerged as another potential solution for 
high-flow, low-head sites. Water that enters the top 
of the screw is slowly pulled down by gravity, rotating 
the blades (Figure 1-8). This type of turbine is gen-
erally considered fish-friendly due to slow operating 
speeds and large blade spacing. 

Figure 1-9 illustrates another example of an innova-
tive compact turbine/generator combination. In this 
case, the permanent magnets are mounted directly 
to the blades of the turbine in a lightweight com-
posite turbine housing that reduces overall weight. 
Variable-speed technology eliminates the need for 
mechanical controls. 

Most innovative compact turbine generator units can 
be installed in existing infrastructure—including NPDs, 
irrigation canals, and other types of water convey-
ances—often in a standardized modular fashion. Figure 
1-10 shows multiple units installed on an existing dam.

A key factor at low-head sites is the volume of con-
crete necessary for a powerhouse. Low-head turbines 
have larger diameters to accommodate higher 
discharges, which increases the structural stability 
requirements. Compact turbine technologies that 
incorporate the generator and turbine runner into a 
single rotating unit, however, may eliminate the need 
for a conventional powerhouse (Figure 1-11).

Sources: Voith, Andritz

Figure 1-7. Examples of compact turbine and permanent magnet generator designs: Voith StreamDiver turbine module 
encased in a bulb (left); Andritz bulb-type turbine (right) 

1. Turbine housing with  
guide vanes

2. Radial and axial bearing 
coating on shaft ends

3. Shaft
4. Generator/turbine
5. Runner
6. Bulb nose
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Source: The New England Hydropower Company

Figure 1-8. Archimedes screw for hydropower 
generation 

Source: Amjet

Figure 1-9. Composite housing with combined turbine/ 
generator assembly 

Source: Opsahl 2013

Figure 1-11. Inclined (left) and horizontal (right) integrated turbine-generator technology installed without a powerhouse

Source: Andritz Hydro 

Figure 1-10. Modular application of standard turbine runners to an existing dam
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Sources: MKEC Engineering; Alicia Pimental

Figure 1-12. Combined fish and recreational boating passage, Wichita, KS (left); “nature-like” Acushnet Fishway, 
New Bedford, MA (right)

1.6.5 Passage Technologies
The use of a dam, weir, or diversion structure is 
common for most hydropower projects. These struc-
tures allow water flow while creating hydraulic head 
to drive the turbine. However, they also typically 
create disruptions in the complex interplay between 
water, organisms, sediment, nutrient cycles, and other 
elements of an aquatic ecosystem. During the proj-
ect design phase, technical solutions must consider 
passage requirements for (at the least) water, fish, 
sediment, and recreation. 

The need for inexpensive, effective, and standardized 
passage facilities has led to the investigation and 
demonstration of innovative approaches. An emerging 
trend in downstream passage is the use of nature-
like fish channels, which incorporate natural riverine 

Source: Whooshh Innovations, LLC

Figure 1-13. Whooshh Fish Transport System 

Primary Whooshh tube
(postive pressure)

Entry Whooshh tube
(Vacuum)Air

blower

p+ p-

Air flowAir flow

Postive
pressure
chamberAccelerator

One way valve Vacuum chamber

features into complex bathymetries with space for 
internal habitat development. Figure 1-12 illustrates a 
natural fish passage facility designed in collaboration 
with the Massachusetts Division of Marine Fisheries, the 
National Marine Fisheries Service, and the U.S. Fish and 
Wildlife Service to restore river herring and American 
eel populations; and a novel design combining fish and 
recreational vessel passage around a dam in Wichita, KS.

A novel approach to moving migrating fish upstream 
past hydropower facilities is the Whooshh Fish Trans-
port System. This transport system uses a flexible 
tube and pressure (Figure 1-13) to guide fish over and 
around structures. The system has the potential to 
facilitate fish passage more quickly and safely, and at 
lower cost, with passage results at least comparable to 
traditional trap and haul fish transport methods [59]. 
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The Hydropower Vision roadmap for national action 
was developed through extensive collaboration, 
contributions, and rigorous peer review from indus-
try, the electric power sector, non-governmental 
organizations, academia, national laboratories, and 
representatives of government agencies. The roadmap 
(Chapter 4) outlines, in a non-prescriptive manner, 
five topical areas, 21 topical sub-categories, and 64 
actions for consideration by all stakeholder sectors 
to address many of the challenges that have affected 
hydropower. These roadmap actions are intended to 
leverage the existing hydropower fleet and potential 
for sustainable hydropower growth to increase and 
support the nation’s renewable energy portfolio, eco-
nomic development, environmental stewardship, and 
effective use of resources through specific technical, 
environmental, economic, and institutional stakeholder 
actions. It is beyond the scope and purview of the 
Hydropower Vision to suggest policy preferences or 
recommendations, and no attempt is made to do so.

Key insights from the roadmap include:

• The hydropower industry and research community 
will need to take an innovative approach to design-
ing a suite of technologies and civil structures that 
can successfully balance multiple objectives, includ-
ing cost-effective energy production, penetration 
of variable generation from renewable energy 
resources, water management, and environmental 
protection. 

• Collaboration is critical across all roadmap action 
areas, including within the industry to develop the 
next generation of technologies; among stakehold-
ers to improve regulatory efficiency; or between 
industry and academia to prepare the incoming 
workforce. 

• Improving the environmental performance of 
hydropower technologies can help achieve sustain-
ability objectives, and developing a comprehensive 
set of science-based environmental performance 
metrics will further the design and sustainable 
operation of hydropower projects. 

• Undertaking actions such as establishing better 
mechanisms for collaboration and disseminating 
successful practices can improve regulatory process 
implementation.

• Outreach actions cut across all roadmap areas. 

Articulating and disseminating objective information 
regarding hydropower’s role as an established and 
cost-effective renewable energy source, its impor-
tance to grid stability and reliability, and its ability to 
support variable generation can help increase hydro-
power’s acceptance and lead to: (a) increased inves-
tor confidence, (b) improved understanding among 
stakeholders of environmental, social, and regulatory 
objectives, (c) improved compensation for grid 
services, and (d) enhanced eligibility in renewable and 
clean energy markets. 

While the roadmap includes collective steps that 
can be taken by many parties working in concert, it 
cannot and does not represent federal agency obliga-
tions or commitments.

1.7.1 Opportunity, Risk of Inaction, 
and the Way Forward
One of the greatest challenges for the United States 
in the 21st century is producing and making available 
clean, affordable, and secure energy. Hydropower has 
been, and can continue to be a substantial part of 
addressing that challenge. Although the hydropower 
industry has adopted improved technology and 
exhibited significant growth over the past century, the 
path that led to its historical growth rates is different 
under modern conditions, and continued evolution 
of that path—including transformative innovation—is 
needed. 

The Hydropower Vision report highlights the 
national opportunity to capture additional domestic 
low-carbon energy with responsible development 
of advanced hydropower technologies across all 
U.S. market sectors and regions. Where objectively 
possible, the analysis quantifies the associated costs 
and benefits of this deployment and provides a 
roadmap for the collaboration needed for successful 
implementation. 



1

65

1.7.2 TH
E O

PPO
R

TU
N

ITY

1.7.2 The Opportunity
The Hydropower Vision analysis (Chapter 3) mod-
eled a credible future scenario combining Advanced 
Technology, Low Cost Finance and Combined Envi-
ronmental Considerations. Findings indicate that U.S. 
hydropower could grow from 101 GW of combined 
generating and storage capacity in 2015 to nearly 150 
GW by 2050, realizing over 50% of this growth by 
2030. NSD beyond this scenario could conceivably 
become economically viable in the future if significant 
and transformative innovation is achieved that can 
address a range of environmental considerations. 
Increasing hydropower can simultaneously deliver an 
array of benefits to the nation that address issues of 
national concern, including climate change, air quality, 
public health, economic development, energy diver-
sity, and water security. Additionally, new PSH tech-
nology can further facilitate integration of variable 
generation resources—such as wind and solar—into 
the national power grid due to its ability to provide 
grid flexibility, reserve capacity, and system inertia.

1.7.3 The Risks of Inaction
While the industry is mature, many future actions 
and efforts remain critical to further advancement 
of domestic hydropower as a key energy source of 
the future. This includes continued technology devel-
opment to increase efficiency, further sustainability, 
and drive down costs; as well as the availability of 
market mechanisms that take into account the value 
of grid reliability services, air quality and reduced 
emissions, and long asset lifetimes. A lack of well-in-
formed, coordinated actions to meet these challenges 
reduces the likelihood that potential benefits to the 
nation will be realized. Failure to address business 
risks associated with hydropower development costs 
and development timelines—including uncertainties 
related to negotiation of interconnect fees and power 
sales contracts, regulatory process inefficiencies, 
environmental compliance, financing terms, and 
revenue sources— could mean that opportunities for 
new deployment will not be realized. 

Engagement with the public, regulators, and other 
stakeholders is needed to enable environmental 
considerations to be effectively addressed. Continued 
research and analysis on energy policy and hydro-
power costs, benefits, and effects is important to 
provide accurate information to policy makers and 
for the public discourse. Finally, a commitment to 
regularly revisit the Hydropower Vision roadmap and 
update priorities across stakeholder groups and dis-
ciplines is essential to ensuring coordinated pathways 
toward a robust and sustainable hydropower future. 

1.7.4 The Way Forward
The Hydropower Vision roadmap identifies a high-
level portfolio of new and continued actions and 
collaborations across many fronts to help the United 
States realize the long-term benefits of hydropower, 
while protecting the nation’s energy, environmental, 
and economic interests. Stakeholders and other 
interested parties must take the next steps in refin-
ing, expanding, operationalizing, and implementing 
a credible hydropower future. These steps could 
be developed in formal working groups or informal 
collaborations, and will be critical in overcoming the 
challenges, capitalizing on the opportunities, and 
realizing the national benefits detailed within the 
Hydropower Vision.
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