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Overview
The Hydropower Vision report utilized economic model-
ing of the electric sector to explore an array of possible 
futures for the hydropower industry. This summary 
provides an overview of the methods applied and 
highlights key conclusions that may be drawn from the 
extensive body of analysis presented in full in Chapter 3. 
These results are intended to provide new insights into 
the opportunities and challenges for hydropower and to 
quantify certain costs and benefits of the industry.

The analysis contained here considers potential contribu-
tions over time to the electric sector of both the existing 
hydropower fleet and new hydropower deployment 
resulting from: upgrades at existing plants, powering of 
non-powered dams (NPD), pumped storage hydropower 
(PSH), and new stream-reach development (NSD). 

The analysis indicates that three key variables in 
combination have the greatest influence on potential 
growth scenarios.

KEY ELEMENTS FOR GROWTH

TECHNOLOGICAL
INNOVATION

ENVIRONMENTAL
CONSIDERATIONS

FINANCIAL
IMPROVEMENT
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Scenarios and modeling results presented here are 
not intended as DOE forecasts or projections. Growth 
potential is tied to a complex set of variables, and 
changes in these variables over long periods of time 
are difficult to predict. Modeling results serve primar-
ily as a basis for identifying key factors and drivers 
that are likely to influence the role and scale of hydro-
power within the nation’s energy mix in the coming 
decades. This analysis enabled improved understand-
ing of the U.S. hydropower industry, which, in turn, 
informs the Hydropower Vision.

Modeling Tools
The primary computational tool used to assess 
potential growth trajectories and evaluate resulting 
cost and benefit impacts was the National Renew-
able Energy Laboratory’s (NREL’s) Regional Energy 
Deployment System (ReEDS) model. ReEDS is an 
electric sector capacity expansion model that simu-
lates the cost of constructing and operating gener-
ation and transmission capacity to meet electricity 
demand and other power system requirements on 
a competitive economic basis over discrete study 
periods. For this report, the focus study periods were 
from 2017 through 2030 and 2050. Results from 
ReEDS include estimated electricity generation, geo-
graphic distribution of new electricity infrastructure 
additions, transmission requirements, and capacity 
additions of power generation technologies built and 
operated during the study period. These outputs 
enable calculation of some key impacts including the 
first quantification of greenhouse gas (GHG) emis-
sions reductions from U.S. hydropower.

The development of the Hydropower Vision entailed 
a number of modeling enhancements that allow 
the work presented here to be among the most 
sophisticated and comprehensive multi-decadal 
national-scale assessments of U.S. hydropower to 
date. However, it is important to acknowledge certain 
limitations of the modeling when considering the 
outcomes. Geographic information system screening 
of resource potential is used to evaluate environmen-
tal considerations rather than site-specific assessment 
of environment sustainability, and climate change 
uncertainties are evaluated only through variations in 
the potential magnitude and timing of water avail-
ability. In addition, the ReEDs model is limited to the 
continental United States; consequently, the resource 
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potential of Alaska and Hawaii is not evaluated 
quantitatively in the report (they are, however, dis-
cussed qualitatively). Similarly, insufficient data exist 
to effectively model the potential of existing water 
conveyances, such as canals and conduits. Though 
some impacts do extend beyond the electric sector, 
ReEDS models only the electric sector and does 
not directly include interactions with other sectors, 
including those associated with non-power-related 
land and water use. Analysis evaluating the effects of 
alternate government policy options for hydropower 
is also outside the scope of the Hydropower Vision.

Modeling Approach
The full Hydropower Vision analysis involved more 
than 50 modeled scenarios (Figure O3-1). Each sce-
nario examined the effects of a key variable or com-
bination of variables that influence the deployment of 
hydropower facilities in electricity market competition 
with other generation sources. This exploratory analy-
sis established the relative influences of a wide range 
of variables on the hydropower industry. From this 
full suite of scenarios, nine were selected as providing 
insights particularly relevant within the context of the 
Hydropower Vision pillars of optimization, growth, 
and sustainability. These nine scenarios are described 
in detail throughout Chapter 3. From among these 
nine scenarios, four scenarios became the ultimate 
focus of the hydropower industry development and 
impacts analysis presented in this chapter summary. 
Reference cases for comparing alternative hydro-
power deployment scenarios are provided by (1) a 
Business-as-Usual scenario, which assumes a continu-
ation of existing market and technology development 
trends, and (2) a baseline scenario under which no 
new unannounced hydropower is built (after 2016).

Assessing Growth Potential
The nine selected scenarios and their primary differ-
entiating elements are summarized in Table O3-1, and 
the four focus scenarios are highlighted within the 
table. Table O3-2 summarizes assumptions that are 
constant across all scenarios, including Business-as-
Usual. Table O3-3 summarizes the resource estimates 
and modeled resource potential used in the analysis. 
Notably, modeled resource potential represents a 
conservative interpretation of the total hydropower 
technical potential, as it is intended to focus model-
ing efforts on the most competitive resource sites. 
Specific differences among resource estimates are 
described in detail in Section 3.2.2.
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Figure O3-1. More than 50 potential scenarios of new hydropower capacity (GW) growth between 2017 and 2050 were analyzed 
using the Regional Energy Deployment System model to assess the influence of a wide range of variables on growth curves

Table O3-1. Nine Selected Hydropower Vision Analysis Scenarios

Scenario Key Variables Assessed

1 Business-as-Usual Reference model conditions and cost reduction 
trajectories; legally protected lands are excluded

2 Advanced Technology Reduced hydropower costs resulting from innovation

3 Low Cost Finance Reduced hydropower costs due to improved financial terms 
reflecting lower risks and long asset life

4 Advanced Technology, Low Cost Finance, 
Combined Environmental Considerations

Combination of variables in scenarios #2 and #3, 
plus seven environmental considerations

5 Advanced Technology, Low Cost Finance Combination of variables in scenarios #2 and #3, 
with no environmental considerations

6 Advanced Technology, Low Cost Finance, 
Critical Habitat

Combination of variables in scenarios #2 and #3, 
plus one environmental consideration

7 Advanced Technology, Low Cost Finance, 
Critical Habitat, Low VG Cost

Scenario #6, plus low costs of variable generation 
technologies (i.e., wind and solar)

8 Advanced Technology, Low Cost Finance, 
Critical Habitat, High Fossil Fuel Cost Scenario #6, plus high cost of fossil fuels

9 Advanced Technology, Low Cost Finance, 
High Fossil Fuel Cost Scenario #8, with no environmental considerations

Within the model, environmental considerations directly impact only NSD resource sites. The incremental effect on species and habitats at 
existing facilities, NPDs, and for PSH facilities is expected to be relatively limited. 
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Table O3-2. Constants across Modeled Scenarios

Input Type Input Description

Electricity demand AEOa 2015 Reference Case (average annual electricity 
demand growth rate of 0.7%)

Fossil technology and nuclear power AEO 2015 Reference Case

Non-hydro/wind/solar photovoltaics 
renewable power costs

NREL Annual Technology Baseline 2015 Mid-Case 
Projections

Policy As legislated and effective on December 31, 2015.

Transmission expansion
Pre-2020 expansion limited to planned lines; post-2020, 
economic expansion, based on transmission line costs from 
Eastern Interconnection Planning Collaborative

Note: Despite the Supreme Court stay of the Clean Power Plan (CPP), the CPP is treated as law in all scenarios and is thus assumed active. The 
CPP is modeled using mass-based goals for all states with national trading of allowances available. Though states can ultimately choose rate- or 
mass-based compliance and will not necessarily trade with all other states, a nationally traded mass-based compliance mechanism is viewed as 
a reasonable reference case for the purpose of exploring hydropower deployment under a range of electricity system scenarios.

a. “AEO” refers to the U.S. Energy Information Administration’s Annual Energy Outlook (e.g., EIA [18])

Table O3-3. Resource Estimates and Modeled Resource Potential

Resource Category Technical Resource Potential 
(gigawatts [GW])

Modeled Resource 
Potential (GW)d

Upgrades and Optimization of Existing 
Hydropower Plants 8–10% increase in generation 6.9

Powering of Non-Powered Damsa 12 5

Powering Existing Canals and Conduitsb 2 n/a

New Stream-Reach Developmentc 65.5 30.7

New Pumped Storage Hydropower >1,000 109

Note: Potential in Alaska and Hawaii is not included due to lack of contemporary high-resolution resource assessments.

a. In the development of the modeled potential for NPD, existing technical potential estimates were modified to include the removal of some 
existing dams (slated for removal) and the addition of some projects omitted from the 2012 resource assessment. Technical potential 
estimates of generation and capacity were also revised to be consistent with improved methodologies from the 2014 NSD assessment that 
better replicate the sizing and economics of real-world projects.

b. Canals and conduits are discussed qualitatively in the report as there have been no nationwide resource assessments for them.

c. Existing technical potential estimates for NSD were modified for reaches in a handful of Western basins that were discovered to have relied 
on an earlier version of the site sizing methodology.

d. The modeled resource potential is the portion of the technical resource potential made available to the model. Economic assumptions and 
corrections have been applied to reduce the technical resource potential to the modeled resource potential.
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The analysis scenarios that demonstrated the most 
influence on the market potential of hydropower 
relative to Business-as-Usual generally focused on 
three key factors or variables: 1) technology innova-
tion to reduce cost; 2) improved financing and lend-
ing conditions grounded in hydropower’s relatively 
low-risk hardware and long-lived facility life; and 3) 
the individual or combined influence of an array of 
relevant environmental considerations, beyond the 
exclusion of legally protected lands.1 Other scenarios 
explored impacts from broader electric sector trends 
such as low and high variable generation (VG) cost, 
and low and high fossil fuel costs, with particular 
interest in conditions with high fossil fuel costs or 
low VG costs. Potential impacts to hydropower from 
climate change were partially captured by modeling 
changes in the magnitude and timing of hydropower 
water availability, which directly influences energy 
availability in the model.

1. Within the model, environmental considerations directly impact only NSD resource sites. The incremental effect on species and habitats at 
existing facilities, NPDs, and for PSH facilities is expected to be relatively limited.

Deployment of New Hydropower Generation
Across the nine selected scenarios, post-2016 deploy-
ment of hydropower generation (upgrades, NPD, 
and NSD) is 5–31 gigwatts (GW) in 2050 (Figure 
O3-2, left panel). This full range demonstrates how 
Advanced Technology and Low Cost Finance assump-
tions promote additional hydropower generation 
growth, but their combined effect is greater than 
their individual effect. The right panel of Figure O3-2 
more clearly highlights the individual influences of 
technology and finance cost reduction. Advanced 
Technology assumptions alone have little effect—an 
additional 0.8 GW by 2050 as compared to 5.2 GW 
under Business-as-Usual—while Low Cost Finance 
assumptions alone provide only a modest increase—
an additional 1.8 GW by 2050 as compared to Busi-
ness-as-Usual deployment. Combining these factors, 
along with several alternative electricity market 
conditions and hydropower environmental consider-
ations, produces the full range of results shown in the 
left panel of Figure O3-2.
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Figure O3-2. ReEDS modeled deployment of new hydropower generation capacity (GW) in 2017–2050 for the nine selected 
scenarios (left panel) and the four scenarios highlighted in this overview (right panel) [each panel uses a unique y-axis]
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The Advanced Technology, Low Cost Finance, Com-
bined Environmental Considerations scenario is high-
lighted in the right panel of Figure O3-2 to emphasize 
the importance of incorporating environmental con-
siderations into sustainable hydropower development, 
particularly NSD. This scenario is the subject of addi-
tional emphasis within this chapter overview. In the 
Advanced Technology, Low Cost Finance, Combined 
Environmental Considerations scenario, an additional 
7.6 GW is deployed relative to Business-as-Usual, for a 
total of 12.8 GW of new hydropower generation capac-
ity by 2050. Nearly 75% of this amount is deployed  
by 2030 (see Table O3-4).

Figure O3-3 and Table O3-4 offer long-term snap-
shots of differences between the Business-as-Usual 
and Advanced Technology, Low Cost Finance,  
Combined Environmental Considerations scenarios. 
The Business-as-Usual scenario achieves the major-
ity of its 2050 growth (99%) from upgrading and 
optimizing existing hydropower plant capacity.  
This 5.2 GW of upgrades deployed under Business- 

as-Usual conditions is 76% of the total 6.9 GW of 
modeled upgrade capacity potential. The Advanced 
Technology, Low Cost Finance and Combined 
Environmental Considerations scenario deploys an 
additional 1.1 GW of upgrades, 4.8 GW powering of 
NPDs, and 1.7 GW of NSD.

The largest remaining potential for additional hydro-
power generation capacity beyond the Advanced 
Technology, Low Cost Finance and Combined Envi-
ronmental Considerations scenario is through con-
sideration of further development of new projects on 
undeveloped stream-reaches. Text Box O3-1 discusses 
how innovation and transformative technologies 
might help make this resource available. 

Pumped Storage Hydropower Deployment
The left panel of Figure O3-4 illustrates PSH deploy-
ment across the nine selected scenarios, with a  
range of 500 megawatts (MW) to 55 GW in 2050, 
while the right panel of Figure O3-4 shows PSH 
deployment for the four focus scenarios of the 

Table O3-4. Summary of Modeling Results for the Business-as-Usual and Advanced Technology, Low Cost Finance, 
Combined Environmental Considerations Scenarios in 2030 and 2050

Resource Category

Business-as-Usual Scenario 
(GW)

Advanced Technology, Low Cost 
Finance, Combined Environmental 

Consideration Scenario (GW)

2030 2050 2030 2050

Total New Hydropower Generation Capacity 4.57 5.28 9.40 12.79

Upgrades and Optimization of Existing 
Hydropower Plants 4.53 5.23 5.62 6.27

Powering of Non-Powered Dams (NPD) 0.04 0.04 3.56 4.83

Low-impact New Stream-Reach 
Development (NSD) 0.00 0.00 0.22 1.69

New Pumped Storage Hydropower (PSH) 
Capacity 0.17 0.48 16.25 35.52

Total New Hydropower Capacity 4.74 5.76 25.64 48.31

Note: The Business-as-Usual scenario reflects economic outcomes under reference conditions and assumes no changes in policy or underlying 
electric sector fundamentals. Moreover, modeling on a national scale requires non-trivial generalizations and averaging of project level details 
that may limit the ability of the model to perceive niche megawatt-scale opportunities where they exist. For example, NPDs that might be 
powered under conditions similar to the Hydropower Vision low cost finance terms, which are available to some projects today, or under 
alternative project specific financing or policy terms (e.g., a corporate power procurement designed to meet specific third-party needs that may 
not be limited to lowest cost). 
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Figure O3-3. ReEDS modeled cumulative 2050 deployment of both existing and new hydropower generation capacity by 
resource category (GW)
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Note: Although PSH is deployed regionally, modeling does not evaluate or designate specific PSH locations within a balancing area and 
environmental considerations by scenario are not applied to the PSH resource supply (environmental considerations are only applied to NSD 
resource). Notwithstanding these modeling nuances, PSH development will require location-specific compliance with applicable regulations, 
including environmental considerations.

Figure O3-4. ReEDS modeled deployment of new pumped storage hydropower capacity, selected scenarios, 2010–2050 (GW)
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Hydropower Vision. For new PSH capacity, Advanced 
Technology assumptions alone have a modest effect 
on deployment (2.6 GW by 2050) as compared to 
Business-as-Usual (0.5 GW in 2050), while Low Cost 
Finance assumptions alone provide a comparably sig-
nificant increase in deployment (22.6 GW by 2050). 
Under the focus scenario combining Advanced 
Technology and Low Cost Finance assumptions, 35.5 
GW of new PSH capacity deployment occurs by 
2050, with approximately half of this (53%) occurring 
by 2030 (see Table O3-4). In this scenario, PSH pro-
vides more operating reserves (52%) than any other 
technology by 2050, when high VG penetration could 
result in acute grid integration challenges (during 
the Spring night when electricity load is lowest) (see 
Figure O3-4).

As shown in the left panel of Figure O3-4, PSH 
deployment is strongly influenced by fossil fuel and 
VG costs, as High Fossil Fuel Costs and Low VG Costs 
create an electricity system that more highly values 
the use of energy storage to provide grid flexibility. 
This result stems largely from higher penetration of 
VG in the grid. Figure O3-5 plots new PSH capacity 
in 2030 and 2050 versus the percent of demand met 
by VG in those years under the Advanced Technology, 

Low Cost Finance, Combined Environmental Con-
siderations scenario assumptions. Though the exact 
relationship between PSH and VG depends on many 
electricity system characteristics, there is a clear posi-
tive correlation between VG energy and PSH capacity 
in the modeled scenarios.

Combined Hydropower Capacity Results
Notable observations from the analysis of growth 
potential include:

• U.S. hydropower could grow from 101 GW of 
combined generating and storage capacity at the 
end of 2015 to nearly 150 GW by 2050, with growth 
distributed broadly throughout the nation.

• Technology research, development, and deploy-
ment to reduce levelized cost of energy, plus 
improved lending terms, are essential to achieve 
growth beyond Business-as-Usual.

• In the near term (before 2030), hydropower gener-
ation growth is likely to be driven primarily through 
optimizing and upgrading the existing fleet, and 
powering NPDs.

• In the mid- to long term (from 2030–2050), 
additional growth may come through sustainable 
deployment of NPDs and NSD.

• PSH growth can increase in both the 2030 and 
2050 periods, while complementing renewable 
energy (VG) growth by providing flexibility and 
other important grid services.

Geographically, hydropower generation and pumped 
storage capacity growth as observed is distributed 
across the nation. Figure O3-6 highlights the specific 
geographical growth characteristics of the Advanced 
Technology, Low Cost Finance, Combined Environmen-
tal Consideration scenario.
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Figure O3-5. The relationship between new pumped 
storage hydropower growth and generation from variable 
generators under Advanced Technology, Low Cost Finance, 
and Combined Environmental Considerations assumptions
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Note: ReEDS modeling applies to the continental United States only, so potential growth in Alaska and Hawaii is not captured.

Figure O3-6. Hydropower generation capacity (MW, top) and pumped storage hydropower capacity (MW, bottom) in  
2050, illustrating growth from 2017 under the modeled scenario Advanced Technology, Low Cost Finance, Combined 
Environmental Exclusions
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Text Box O3-1.  

Evaluating New Stream-Reach Development Potential
Beyond the hydropower generation deployed 
in the four focus scenarios, and specifically in 
the Advanced Technology, Low Cost Finance, 
Combined Environmental Considerations scenario, 
the largest remaining potential for additional 
hydropower generation capacity is in NSD. 
However, cost and environmental considerations 
create challenges for development of this 
resource. New—even transformative—hydro-
power technologies and project designs capable 
of avoiding or minimizing adverse environmental 
and social impacts are generally understood to 
be essential for calculable growth of NSD. 

Alternative scenarios presented in Chapter 3 
demonstrate NSD growth opportunities if inno-
vative approaches to the challenges presented 
by NSD deployment were to become widely 
available. A 2014 DOE resource assessment [14] 
found more than 60 GW of NSD technical  
potential across the United States. After applying 
additional economic assumptions, a modeled 
resource potential of 30.7 GW is made available 
to ReEDS. If innovation were to successfully 
address the cost and environmental considera-
tions to make all 30.7 GW available for deploy-
ment (e.g., the Advanced Technology, Low  
Cost Finance scenario), the resulting economic 
opportunity estimated under reference electricity 
market assumptions is 15.5 GW of additional eco-
nomic NSD growth above the 1.7 GW achieved 
under similar economic conditions with 

Combined Environmental Considerations. Using 
this opportunity as an upper bound, the figure 
below conveys conceptually that the greater 
the effectiveness of innovation, the more NSD 
that is potentially accessible to the nation. The 
table then details estimates of the deployment 
and economic impacts at various NSD deploy-
ment levels, with the gross jobs values being 
an average between job estimates correspond-
ing to low and high domestic content.

Range of potential future NSD deployment 
beyond modeled results 

100% of ReEDS 2050 
Advanced Technology, Low Cost Finance

75% of ReEDS 2050 
Advanced Technology, Low Cost Finance

50% of ReEDS 2050 
Advanced Technology, Low Cost Finance

25% of ReEDS 2050 
Advanced Technology, Low Cost Finance
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New Stream-Reach Development Deployment Outcomes with  
Advanced Technology and Low Cost Finance Assumptions

Fraction of Additional 
New Stream-Reach 

Development Deployment

Cumulative New Stream-
Reach Development 
Deployment (GW)

2017–2050 Present Value 
of Hydropower Economic 

Investmenta ($ billion)
Gross Jobsb

25% 2.8 4 15,000

50% 7.6 11 41,000

75%   11.7 19 63,000

100% 15.5 32 83,000

a. Capital investment and annual operating expenses
b.  Gross jobs are calculated from the average of a range from job estimates related to low to high domestic content for the total 

15.5 GW deployment.
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Selected Costs, Benefits, 
and Impacts of Hydropower
In addition to examining the key factors influencing 
a broad range of potential futures for U.S. hydro-
power, Chapter 3 quantifies a subset of the costs and 
benefits associated with future hydropower deploy-
ment and operations through 2050. To estimate the 
impacts of new hydropower capacity (hydropower 
generation and PSH), many metrics are compared 
between a given scenario and its corresponding base-
line scenario in which hydropower electricity market 
conditions remain the same and no new unannounced 
(as of 2016) hydropower is built through 2050. 
Impacts for the existing fleet were estimated by com-
paring the quantified costs and benefits of existing 
hydropower capacity to those that would result if this 
capacity were to be replaced by the regional compos-
ite mix of other cost-competitive generation sources 
in future (model) years under a baseline scenario with 
reference electricity market assumptions.

Focusing on the existing hydropower fleet and new 
deployment as modeled under the Advanced Tech-
nology, Low Cost Finance, Combined Environmental 
Considerations scenario, identified Hydropower Vision 
economic and social benefits. These benefits include 
$209 billion savings from avoided global damages 
from GHG emissions; $58 billion savings in avoided 

mortality, morbidity, and economic damages from 
cumulative reduction in emissions of sulfur dioxide 
(SO2), nitrogen oxide (NOX), and fine particulate matter 
(PM2.5); and 30 trillion gallons of avoided water with-
drawals from 2017 to 2050. Additionally, more than 
195,000 jobs are supported in 2050 (see Figure O3-7).

This scenario reflects the impact of key variables 
affecting deployment—technology, markets, and 
sustainability. It also presents a credible outcome 
of combined actions by government, industry, and 
public stakeholders to successfully reduce technology 
cost through research and development and more 
efficient regulatory process; monetize the long asset 
life of hydropower in project financing; and address 
the co-objective of environmental preservation. These 
objectives, among others, are discussed in the Hydro-
power Vision roadmap.

Impacts specific to the existing fleet and new deploy-
ment under the Advanced Technology, Low Cost 
Finance, Combined Environmental Considerations 
scenario are provided in more detail below. Addi-
tional impact metrics and results associated with the 
balance of the nine selected scenarios are described 
within Chapter 3 and demonstrate a broader range of 
possible hydropower industry impacts.

 Benefits—Existing and New Capacity, 2017–2050a,b,c

Economic 
Investment

Greenhouse 
Gases

Air 
Pollution Water Jobs

Existing 
Fleet 
and New 
Capacity 
Additions 
Combined
(149.5 GW)

$148 billion in 
cumulative eco-
nomic investmentd

$110 billion for 
hydro power gen-
er ation and $38 
billion for PSH

Cumulative GHG 
emissions reduced 
by 5,600,000,000 
metric tons CO2- 
equivalent, saving 
$209 billion in 
avoided global 
damages

$58 billion savings in avoided 
mortality, mor bidity, and 
economic damages from 
cumulative reduction in emis-
sions of SO2, NOX, and PM2.5

6,700–16,200 premature 
deaths avoided

Cumulative 30 
trillion gallons  
of water with-
drawals avoided 
for the electric 
power sector

Over 195,000 
hydropower-
related gross 
jobs spread 
across the 
nation in 2050

Figure O3-7. Selected benefits and impacts from the existing hydropower fleet and from new deployment, 2017–2050

a. Cumulative benefits are reported on a Net Present Value basis ($2015) for the period of 2017 through 2050.

b. Estimates reported reflect central values within a range of estimates as compared to the baseline scenario with no new hydropower. 

c.  Existing fleet includes new projects and plant retirements announced as of the end of 2015; new development reflects the modeled scenario 
titled Advanced Technology, Low Cost Finance, and Combined Environmental Considerations.

d.  Capital investment and annual operating expenses, 2017–2050.
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Impacts: Existing Fleet
Cumulative impacts from avoided power-sector  
GHG and air pollutions emissions from 2017 to 2050 
from the existing hydropower fleet total $184.5 
billion in savings from avoided global damages 
from GHG emissions, and $58 billion in savings from 
avoided mortality, morbidity, and economic dam-
ages from cumulative reduction in emissions of  
SO2, NOX, and PM2.5 (Figure O3-8). The existing 
hydropower fleet also avoids approximately 1,450 
billion gallons of water withdrawals per year com-
pared to the energy sources that would otherwise 
be deployed; and 100 billion gallons of water con-
sumption savings per year as of 2016. These savings 
represent a 4.1% and 7.3% reduction in national  
water withdrawal and consumption, respectively. 
Long-term jobs supported by the existing fleet 
exceed 120,000 in 2050.

Impacts: New Capacity Additions
Relying on the mid-range Advanced Technology,  
Low Cost Finance, Combined Environmental Con-
siderations scenario, the cumulative impacts from 
avoided power-sector GHG emissions from new 
hydropower capacity additions from 2017 to 2050 
total nearly $25 billion in savings from avoided 
global damages (Figure O3-9 and Table 03-5). In 

addition, cumulative capital investment is estimated 
at more than $71 billion. These new investments are 
estimated to support approximately 76,000 new full-
time equivalent jobs.

Impacts: Combined Existing Fleet 
and New Capacity Deployment
The overall impacts to human health from reduced air 
pollution were estimated through 2050 and comprise 
294,000 metric tons of fine particulate matter (PM), 
2,760,000 metric tons of nitrogen oxides (NOX), and 
1,418,000 metric tons of sulfur dioxide (SO2). These 
reductions could result in avoidance of 6,700–16,200 
premature deaths (see Note "d" in Table 03-5 for 
additional detail regarding interactions between air 
pollution impacts of the existing fleet and new hydro-
power capacity). Cumulative capital and operating 
expenditures from 2017–2050 are approximately  
$110 billion for hydropower generation and $38 billion 
for PSH. Cumulative avoided GHG emissions from 
the combined capacity of existing and new hydro-
power were calculated to be 5.6 billion metric tons 
of carbon dioxide from 2017–2050, corresponding to 
$209 billion in avoided global damage (Table O3-5, 
Figure O3-7).

Benefits—Existing Capacity, 2017–2050a,b,c

Economic 
Investment

Greenhouse 
Gases

Air 
Pollution Water Jobs

Existing 
Fleet  
(101.2 GW)

$77 billion in 
cumulative eco-
nomic investmentd

Cumulative GHG 
emissions reduced 
by 4,900,000,000 
metric tons CO2-
equivalent, $184.5 
billion savings

$58 Billion savings in  
avoided mortality, 
morbidity, and economic 
damages from cumulative 
reduction in emis sions of 
SO2, NOX, and PM2.5

Cumulative 30 
trillion gallons  
of water with-
drawals avoided 
for the electric 
power sector

120,500 
hydropower-
related gross 
jobs spread 
across the 
nation in 2050

Figure O3-8. Selected benefits and impacts from the existing hydropower fleet and from new deployment, 2017–2050

a. Cumulative benefits are reported on a Net Present Value basis ($2015) for the period of 2017 through 2050.

b. Estimates reported central values within a range of estimates as compared to the baseline scenario with no new hydropower.

c. Existing fleet includes new projects and plant retirements announced as of the end of 2015.

d. Capital investment and annual operating expenses, 2017–2050.
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Table O3-5. Cumulative Impacts of Hydropower under the Advanced Technology, Low Cost Finance, and Combined 
Environmental Considerations Scenario, 2017–20501

Resource  
Category

Capacity, 2050 
(GW)

Avoided  
GHG Emissions  

($B)

Avoided 
Emissions of 
SO2, NOX, and 

PM2.5 ($B)b

Avoided Water 
Use (trillion 

gallons)c

Annual Jobs 
Supported, 

2050

Existing 
Hydropower 101.2 184.6 57.8 30.1 withdrawals,  

2.2 consumption 120,500

New Hydropower 48.3 24.5 n/ad n/ae 76,000

  Total 149.5 209 57.8 30.1 withdrawals,  
2.2 consumption 196,500

a. As compared to the baseline scenario, under which no new unannounced (as of 2016) hydropower is built.
b. Savings in avoided mortality, morbidity, and economic damages.
c.  Water withdrawal is water that is removed from the ground or diverted from a water source for use, but then returned to that source, Water con-

sumption is water that is removed from the immediate water environment altogether, e.g., through evaporation or use for production and crops.
d. The Clean Power Plan (CPP)—which is estimated to provide substantial air quality benefits [65]—limits total carbon emissions but does not directly 

limit SO2, NOX, and PM2.5 emissions. In the model, once the CPP carbon cap is realized, the addition of new hydropower can displace marginal natu-
ral gas generation, thereby allowing for additional coal generation—and associated criteria pollutant emissions, which reduced the calculated value 
of avoided air pollution emissions for new hydropower deployment by $6.2 billion and avoided water withdrawals by 0.8 trillion gallons over the 
2017–2050 time period. However, this result reflects the model’s use of AEO 2015 Reference Case natural gas prices, which are higher than those in 
the more recent AEO 2016 Reference Case. AEO 2016 data were unavailable for inclusion in the Hydropower Vision analysis, but lower natural gas 
prices could allow new hydropower to displace more coal relative to natural gas. Due to the sensitivity of this result to recently updated natural gas 
price projections, the $6.2 billion reduction in value is not reflected in the total value of avoided SO2, NOX, and PM2.5v. 

e. Cumulative 2017–2050 water use impacts from new hydropower capacity in the Advanced Technology, Low-Cost Finance, and Combined Environ-
mental Considerations scenario include a 0.1% increase in water withdrawals (0.8 trillion gallons) and a 0.0% change in water consumption (0.00 
trillion gallons). Given the magnitude of these impacts relative to those from the existing fleet and model precision limitations generally, these 
results are also not reflected in the avoided water use impacts reported here; they are, however, summarized in the main body of Chapter 3.

Benefits—New Capacity, 2017–2050a,b,c

Economic 
Investment

Greenhouse 
Gases

Air 
Pollution Water Jobs

New Capacity 
Additions 
(48.3 GW)

$71 billion in 
cumu lative 
eco nomic 
investmentd

Cumulative GHG 
emissions reduced by 
700,000,000 metric 
tons CO2- equivalent, 
$24.5 Billion savings 

n/ae n/af 76,000 hydropower-
related gross jobs 
spread across the 
nation in 2050

Figure O3-9. Selected benefits and impacts from new hydropower capacity additions under the Advanced Technology, 
Low Cost Finance, Combined Environmental Considerations scenario, 2017–2050

a. Cumulative benefits are reported on a Net Present Value basis ($2015) for the period of 2017 through 2050. 
b. Estimates reported reflect central values within a range of estimates as compared to the baseline scenario with no new hydropower. 
c. Existing fleet includes new projects and plant retirements announced as of the end of 2015; new development reflects the modeled scenario titled 

Advanced Technology, Low Cost Finance, and Combined Environmental Considerations. 
d. Capital investment and annual operating expenses, 2017-2050.
e. In the model, once the Clean Power Plan carbon cap is realized, the addition of new hydropower can displace marginal natural gas generation, 

thereby allowing for additional coal generation—and associated criteria pollutant emissions which reduced the calculated value of avoided air pollu-
tion emissions for new hydropower deployment by $6.2 billion over the 2017-2050 time period. However, this result reflects the model’s use of AEO 
2015 Reference Case natural gas prices, which are higher than those in the more recent AEO 2016 Reference Case. AEO 2016 data were unavailable 
for inclusion in the Hydropower Vision analysis, but lower natural gas prices could allow new hydropower to displace more coal relative to natural 
gas. Due to the sensitivity of this result to recently updated natural gas price projections, the $6.2 billion reduction in value is not reflected in the 
total value of avoided SO2, NOX, and PM2.5 in the Advanced Technology, Low Cost Finance, and Combined Environmental Considerations scenario.

f. Cumulative 2017-2050 water use impacts from new hydropower capacity in the Advanced Technology, Low Cost Finance, Combined Environmental 
Considerations scenario include a 0.1% increase in water withdrawals (0.8 trillion gallons). Given the magnitude of these impacts relative to those 
from the existing fleet and model precision limitations generally, these results are not reflected in the avoided water use impacts reported here.
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Along with the highlights already noted, several gen-
eral conclusions may be drawn from the full analysis 
presented in Chapter 3:

• Across the breadth of potential scenarios, growth 
of hydropower capacity could also add billions of 
dollars in societal value in the form of avoided GHG 
and air pollution emissions, avoided water con-
sumption, and avoided water withdrawals.

• Although opportunities for new hydropower capac-
ity and generation are less than implied by gross 
resource assessments, they do imply continuation 
and incremental growth of a robust multi-billion 
dollar industry under all scenarios, including 
Business-as-Usual.

• Continued investment in the hydropower industry is 
expected to be significant, as indicated by the $4.2 
billion per year investment estimate under Busi-
ness-as-Usual; and $9.9 billion per year under the 
Advanced Technology, Low Cost Finance, Combined 
Environmental Considerations scenario.

• Comprehensive sustainability and cost reduction 
advances through innovation will play a major role 
in determining what levels of NSD are ultimately 
realized.

• Modeled ranges yield dramatically different results 
based on assumptions, indicating that actions 
defined in the Hydropower Vision roadmap (chap-
ter 4) as well as external factors such as climate 
change (Text Box O3-2) can influence outcomes.

• Due to its large installed capacity and long capital 
lifetime, the existing fleet will continue to contrib-
ute a substantial majority of the societal benefits of 
hydropower as a whole.

Text Box O3-2.  

Hydropower in an Uncertain Climate Future
Climate change creates uncertainty for hydro-
power generation, with potential impacts that 
include increasing temperatures and evapora-
tive losses that result in reductions in available 
water resources and changes in operations; 
changes in precipitation and decreasing 
snowpack that result in changes in seasonal 
availability of resources and changes in opera-
tions; and increased intensity and frequency of 
flooding that results in greater risk of physical 
damage and changes in operations. 

The impact of water availability on future hydro-
power deployment was explored by modeling 
low (Dry) and high (Wet) hydropower water 
availability futures for each of the nine selected 
scenarios. Most upgrades are economically 
attractive even with reduced water availability, 
which leads to less than a 5% change in deploy-
ment under Business-as-Usual conditions. NPDs 
are also similarly unaffected by changing water 
availability under Advanced Technology, Low 
Cost Finance assumptions, which support  

construction of a large fraction of the NPD 
resource even when water availability is 
reduced. In contrast, the range of NSD  
deployment variation across Wet and Dry 
conditions is 42–74% of the reference NSD 
deployment for scenarios in which NSD is 
economically feasible. 

Hydropower energy production varies across 
alternate water availability scenarios, both for 
existing and new resources. From the reference 
long-term average output of 270 terawatt- 
hours (TWh), variation in existing fleet gener-
ation in climate scenario spans 260–290 TWh 
in 2030, and 250–310 TWh in 2050. For new 
hydropower generation, energy production 
across the full range of Wet and Dry variants 
for the nine selected scenarios spans 13–120 
TWh in 2030 and 6–260 TWh in 2050.*

* The low end of the range declines because Business-
as-Usual in Dry conditions does not build enough new 
capacity to replace reduced generation due to declin-
ing water availability for previously built hydropower.
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3.0 Introduction
Hydropower has played a pivotal role in the U.S. elec-
tricity generation sector for more than a century, and 
the technology has the potential to remain an import-
ant source of energy in the nation’s electricity future. 
Chapter 3 of the Hydropower Vision applies detailed 
electric sector modeling and impacts assessment to 
explore an array of possible futures for the hydro-
power industry and to better understand a subset 
of the quantifiable impacts associated with multiple 
scenarios. Within the analysis conducted, no scenario 
or set of scenarios is intended as a hydropower indus-
try forecast. Rather, the work detailed in this chapter 
is intended to provide new quantitative insights and 
understanding regarding future opportunities, costs, 
and benefits associated with the existing hydropower 
fleet and potential new hydropower deployment. The 
results detailed in this chapter are meant to inform 
a variety of stakeholders and decision makers of the 
future potential and value of hydropower technology 
in the nation’s electricity future.

This chapter details analysis considering an array of 
future scenarios for hydropower development, includ-
ing those that maintain existing levels of industry 
activity (Business-as-Usual), as well as several more 
ambitious scenarios, described in Section 3.3. It then 
examines a subset of potential impacts, opportu-
nities, and benefits that might be realized from the 
existing fleet and new hydropower facilities under 
these scenarios. Based on these data, new insights 
on the growth potential of hydropower technologies 
and a detailed understanding of potential drivers and 
influences on future growth are identified. In addition, 
this chapter examines the development potential 
within specific hydropower market segments, and the 
drivers and effects relevant to future growth within 
those market segments. The chapter also explores 
critical uncertainties in hydropower development—
specifically, how future growth may intersect with a 
changing climate and environmental and social con-
siderations that are important to all power generation 
technologies but sometimes have unique implications 
for hydropower.

Analysis work presented in this chapter relies primar-
ily on the National Renewable Energy Laboratory’s 
(NREL’s) Regional Energy Deployment System 
(ReEDS) capacity expansion model ([1], [2]) with 
supplemental analysis methods applied to model 

outputs when analyzing impacts. In addition, Chapter 
3 and its related appendices serve as documentation 
for a synthesis of recent cost and resource assessments 
conducted by Oak Ridge National Laboratory, charac-
terizing the nation’s hydropower resource potential and 
applying it for the first time in the Hydropower Vision.

Section 3.1 describes the electric sector expansion 
model and the approach used for this analysis, which 
includes acknowledging the general challenges and 
limitations in modeling hydropower at a national level. 
This section includes particular focus on hydropower 
modeling assumptions.

Section 3.2 provides an overview of the hydropower 
resources modeled in ReEDS and describes how 
the modeled resource differs from other forms of 
resource estimates, such as physical or technical 
resource potential.

Section 3.3 provides a high-level overview of the 
economic assumptions that characterize hydropower 
opportunities, and briefly documents the input 
assumptions used to describe the existing and future 
electric sector, including generation technology 
resource, cost, and performance; electricity demand; 
fuel prices; and retirements. Additional details are 
included in Appendices B, C, and D. Section 3.4 also 
lays out the full range of scenarios and model input 
parameters that are varied in order to create the 
range of outcomes. This section also defines the 
selected scenarios for which the impact metrics are 
calculated.

Section 3.4 presents and explores the range of future 
hydropower deployment captured by nine selected 
scenarios, identified for their ability to reflect both 
priorities in the hydropower stakeholder community 
(e.g., technology cost reduction, environmental 
considerations) as well as the potential for uncertainty 
in the broader electric sector (e.g., high fossil fuel 
prices). This section explores how the specific market 
and resource conditions embodied in these scenarios 
inform the possibilities for future hydropower growth 
by varying technology cost reduction, long-term asset 
valuation, among other assumptions. One focus spe-
cific to new stream-reach development (NSD) is the 
extent to which development potential intersects with 
selected environmental and social considerations. 
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for innovative technology and planning solutions to 
improve sustainability outcomes. Section 3.4 also 
explores the manner in which changes in water avail-
ability resulting from climate change could impact 
future contributions of hydropower to the grid.

Section 3.5 details a subset of quantifiable impacts 
for future hydropower deployment as well as benefits 
associated with continued operation of the existing 
fleet capabilities through 2050. Impacts discussed 
include electric sector economics, greenhouse gas 

(GHG) emissions, air quality, water usage, and work-
force. In summary, the analytic framework presented 
in Chapter 3 is intended to provide insight into a 
range of possible outcomes for U.S. hydropower and 
to demonstrate potential impacts associated with 
scenarios that result in continued operation of the 
existing hydropower fleet as well as new growth in 
the hydropower industry. These data and insights 
are intended to provide information for a variety of 
stakeholders and decision makers with respect to the 
potential future for hydropower as a source of clean 
and renewable energy for the nation.

3.1 Analytical Approach: Overview
Evaluating potential drivers of growth and quantifying 
a range of future costs and benefits associated with 
the hydropower industry requires multiple methods 
and datasets. Within the quantitative analysis detailed 
in this chapter, existing resource data and characteri-
zations are used in a detailed electric sector modeling 
framework, with other methods derived from the 
literature to quantify potential benefits (e.g., avoided 
GHG damages) and impacts (e.g., hydropower-derived 
employment). Analytical methods are applied to both 
the existing hydropower fleet and varying levels of 
new hydropower deployment in the form of upgrades, 
NSD, powering of non-powered dams (NPD), and 
pumped storage hydropower (PSH). The basic mod-
eling and analysis approaches applied to the existing 
fleet and to new hydropower potential are described 
in this section.

3.1.1 Existing Fleet
With nearly 100 gigawatts (GW) of combined hydro-
power generation and PSH capacity—10% of all U.S. 
generating capacity—the existing fleet has a tremen-
dous national impact on the power system. The meth-
odology and assumptions used to characterize the 
impacts of the existing fleet were a core consideration 

throughout the Hydropower Vision effort. The focus 
included whether to calculate the historical versus 
“as-of” or future value of the existing fleet, as well as 
methodological concerns focused on if and how a par-
ticular impact might be assessed. In order to analyze 
the existing fleet, this analysis ultimately considers the 
benefits of the existing fleet as of 2015 and through 
the future study period. Estimates of historical benefits, 
costs, and environmental impacts were deemed to be 
outside the scope of the Hydropower Vision.

Existing fleet benefits (e.g., GHG emissions) through 
2050 are calculated as a function of the other electric-
ity generators in the grid, on a regional basis. Analysis 
of the existing fleet uses the average characteristics of 
the rest of the regional electric system in a given year 
to characterize the value of existing hydropower in that 
same region and year. In effect, the assumption is that, 
if the existing hydropower fleet were not available, it 
would be replaced by the average characteristics of the 
rest of the electric sector in that region. Estimates for 
the present are based on the average electric sector 
characteristics of 2015, while average electric character-
istics of the future are estimated in ReEDS.

3.1 Analytical Approach: Overview
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3.1.2 Potential New Deployment
For new hydropower potential—including that from 
upgrading the existing fleet, NPD, NSD, and PSH—the 
NREL ReEDS model is used to capture the complex 
dynamics of the power grid and simulate how those 
might evolve under different scenarios. In this mod-
eled context, the future scenarios of hydropower 
industry growth can be explored, with modeled 
representations of hydropower resources competing 
against other generation technologies (and other 
hydropower technologies) to see how the grid may 
evolve most economically. The specific costs and 
benefits of hydropower can be isolated by comparing 
scenarios of growth (such as what might happen if 
technology costs can be decreased) to control sce-
narios (“baselines”) with no hydropower growth. The 
differences between these two sets of scenarios then 
highlight how new hydropower affects the selected 
cost and benefit metrics analyzed.

Although the Hydropower Vision analyzed more than 
50 total scenarios, impact metrics detailed within the 
main report body are calculated for a subset of nine 
selected modeling scenarios chosen to capture key 
hydropower industry priorities (e.g., aggressive cost 
reduction, financial valuation of the long-term asset life 
of hydropower, environmental considerations) as well 
as key electric sector uncertainties (e.g., high fossil fuel 
prices and low variable generation [wind and solar] 
technology costs). Metrics of interest include: primarily 
costs measured in terms of changes in electricity rates 
and cumulative system expenditures; benefits derived 
from changes in power sector GHG emissions, air 
pollution, water consumption, and water withdrawals; 
and other impacts measured in terms of contribution 
to electricity capacity and generation, workforce and 
economic development, changes in electric sector 
sensitivity to fossil fuel price volatility, and reductions 
in consumer expenditures on natural gas. 

Ecological, environmental, and other positive and neg-
ative externalities associated with hydropower were 
not quantified; in this sense, the impacts analysis is not 
comprehensive of all potential costs and benefits of 
new hydropower deployment. However, environmental 
considerations for hydropower growth, particularly 
NSD, are examined for several modeled scenarios.

3.1.3 Regional Energy 
Deployment System (ReEDS)
As noted in Section 3.0, the NREL’s ReEDS2 electric 
sector capacity expansion model is the primary 
analytic tool used to quantify the impacts studied in 
the Hydropower Vision analysis. ReEDS simulates the 
construction and operation of electricity generation 
and transmission capacity while meeting electricity 
demand and other system requirements through 2050 
for each of 134 supply-demand balancing area (BA) 
regions. The model uses a system-wide3 least-cost 
optimization to estimate the type, location, and timing 
of fossil, nuclear, renewable, and storage resource 
deployment; the necessary transmission infrastruc-
ture expansion; and the generator dispatch and fuel 
needed to satisfy regional demand requirements and 
maintain grid reliability. It includes a sophisticated 
representation of variable generation renewable 
resources and the flexible systems necessary for their 
integration, including natural gas and energy storage 
systems such as PSH. ReEDS also incorporates tech-
nology, resource, and policy constraints, including 
state renewable portfolio standard policies, enacted 
tax credits, and the the U.S. Environmental Protec-
tion Agency’s Clean Power Plan (CPP).4 The model 
considers only the continental United States and 
performs the least-cost optimization sequentially in 
2-year solve periods.5 Additional details of the ReEDS 
model formulation are contained in the ReEDS docu-
mentation [1] and more recent publications containing 
ReEDS analysis, particularly the NREL 2015 Standard 
Scenarios Annual Report [2] and the U.S. Department 
of Energy’s (DOE’s) Wind Vision report [3].

2. http://www.nrel.gov/analysis/reeds/description.html

3. The ReEDS model optimizes the electric sector of the continental United States as a system, in contrast to optimizing around impacts to 
individual market actors or specific regions.

4. Model results do reflect the December 2015 renewable energy tax credit extension.

5. Alaska, Hawaii, and Puerto Rico are not currently included in ReEDS due to model limitations. Potential hydropower capacity from canals 
and conduits are also not currently included in ReEDS. ReEDS assumes exogenous estimates of net energy transfers from Canada to the 
United States [4] but ignores the limited interactions with Mexico. 

http://www.nrel.gov/analysis/reeds/description.html
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erate a set of future U.S. electric sector scenarios 
from which the impacts of a growing hydropower of 
a future hydropower industry can be assessed. As 
noted above, ReEDS scenarios are not forecasts or 
projections; rather, they aim to provide a consistent 
framework for understanding the effects of potential 
future conditions.

The primary outputs of the ReEDS model include 
the location, capacity, and generation of all power 
generation technologies built and operated during the 
study period along with the transmission infrastructure 
expansion necessary to support this new generation. 
Capital costs, fixed operating costs, variable operating 
costs, fuel usage and costs, and other associated 
costs are reported, along with transmission capital 
and operating costs. Cost metrics—such as present 
value system cost and an approximation of electricity 
prices (neither of which incorporate environmental 
externalities) can be derived from this raw cost infor-
mation. Capacity expansion and generation results are 
then used to inform impacts assessments (e.g., GHG 
emissions, other environmental and health benefits, 
thermal cooling water use, energy diversity and risk, 
and workforce and economic development). The 
hydropower deployment results are further analyzed 
to more thoroughly assess their physical attributes, 
regional distribution, and potential intersection with 
environmental considerations.

3.1.4 Challenges and Limitations
The development of the Hydropower Vision entailed 
a number of improvements to how hydropower is 
modeled in ReEDS, making the representation of  
U.S. hydropower for this study among the most 
sophisticated and complete to date for models of 
its class. Some modeling limitations and challenges, 
however, persist. These are briefly discussed in this 
section to provide context and acknowledge the 
many important issues about which continued work 
may provide enhanced resolution and better intelli-
gence in future analyses.

Hydropower Technology Representation. A core 
difficulty in modeling hydropower is attempting to 
capture the unique, site-specific dynamics that drive 
technology choice and project economics in the real 
world. In modeling hydropower potential, attributes 
are often approximated from resource and cost 
assessment efforts that necessarily rely on limited 
data and assumptions based on averages across 
site-specific features. The Hydropower Vision analysis 
uses the most current U.S. resource assessment and 
cost data available as of 2015, but these data can still 
only provide generalized, uncertain estimates that are 
more accurate at an aggregate scale than for indi-
vidual projects. The results presented in this chapter 
should be interpreted as capturing large-scale trends 
and identifying regions and areas with economically 
competitive hydropower potential, not necessarily 
implying that a specific dam will be powered at a 
specific cost, or that an individual stream-reach is 
ideal for development.

Future improvements are believed to be most valu-
able for characterizing the full potential of upgrading 
and expanding the existing fleet, as well as predicting 
and estimating the cost of environmental mitigation 
measures for all types of hydropower.

Modeling Sustainability. Issues of sustainability are 
of paramount importance to the development and 
operation of hydropower projects, but are difficult to 
translate into robust modeling assumptions. In prac-
tice, decisions related to hydropower are ultimately 
made through processes that rely on input from a 
variety of stakeholders with an equally diverse set 
of economic, social, and environmental objectives. 
Modeling realities limit the investigation of these 
multiple objectives to the economic optimization 
performed by the ReEDS model, and the Hydropower 
Vision analysis can only begin to explore these issues 
through scenario analyses that observe how eco-
nomics intersect with other considerations. Because 
of this, the Hydropower Vision analysis does not 
claim that sustainability has been approximated in 
the modeling process, only that the bounds of some 
considerations have been explored.
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Costs and Benefits. The cost and benefit metrics 
included in the Hydropower Vision analysis are only a 
subset of those that are typically of interest to hydro-
power’s many stakeholders. In addition, the direct 
cost metrics in the ReEDS model do not include envi-
ronmental or health externalities that are not directly 
incorporated into existing electricity cost structures. 
Some of these externalities (such as electric sector 
GHG emissions) are evaluated separately using the 
outputs of the ReEDS scenarios as described in 
Section 3.5. Many additional hydropower-specific 
considerations, such as impacts on water quality or 
species populations require complex site-specific 
modeling techniques and strategies to resolve and 
therefore cannot be addressed at the national-scale of 
the modeling analysis considered here. As described 
in Section 3.4, this analysis includes some sensitivity 
scenarios that attempt to explore the intersection of 
hydropower deployment and other, non-economic 
considerations. The assumptions embedded in these 
scenarios are not intended to serve as proxies for 
sustainability concerns. Rather, they are simply a 
first step towards identifying and understanding the 
effects of other water uses that new hydropower 
deployment must complement.

It is also not feasible to quantify in an electric sector 
model many of the potential benefits associated 
with hydropower development, including recreation 
opportunities and water supply capabilities. Instead, 
the analysis calculates those metrics where data 
and methods are adequate for scientifically credible 
evaluations. For a more thorough accounting of  
the cost and benefits of hydropower development, 
future research must address these additional quanti-
fication challenges.

Additional Potential Outside of the Modeling Scope. 
The modeling scenarios described in this chapter of 
the Hydropower Vision are not intended to be inter-
preted as representative of the full range of outcomes 
possible for the hydropower industry. Instead, they 
constitute a useful—albeit imperfect—modeling tool 
to explore the major opportunities, challenges, and 
drivers of a 21st century hydropower industry. To that 

A key conclusion from this effort is that better data 
and new modeling techniques would be particularly 
valuable to incorporate sustainability concerns into 
models themselves. Some data advances were made 
during the Hydropower Vision, including the creation 
of national data layers of stream connectivity and 
the predicted habitat of migratory fish species. 
However, further improvement is necessary in the 
development of science-based environmental met-
rics and approaches that can consider hydropower 
development in the context of multiple objectives 
beyond economics.

Modeling Climate Change. Climate change has the 
potential to significantly alter many aspects of the 
power system and its relationships with other sys-
tems such as water supply. Modeling these complex 
interdependencies is difficult, but previous work 
with ReEDS has examined climate impacts such as 
temperature effects on load and the thermal fleet 
operation and expansion [5]. The analysis presented 
here also explores isolated potential impacts of 
climate change on hydropower through the modeling 
of changes in runoff and the resulting magnitude and 
timing of water availability for hydropower gener-
ation. However, fully resolving climate change in a 
modeled context must link together the joint impacts 
on energy and water systems, such as operational 
impacts to thermal generators, changes to electricity 
demand, and the availability and timing of water for 
hydropower generation. Such a comprehensive cli-
mate scenario is outside the scope of the Hydropower 
Vision, so climate change is discussed in this report 
with respect to its direct and isolated effects on the 
hydropower industry only.

The issue of a changing climate also highlights the 
modeling challenges in sustainability and the tech-
nology representation for hydropower discussed 
previously, as changes to water quality and tempera-
ture could influence project design and operations 
to minimize or mitigate environmental and economic 
impacts. Beyond these considerations, adaptation to 
climate may also intersect with hydropower devel-
opment in ways the Hydropower Vision analysis does 
not model, such as adding power generating capabil-
ities to new water resource infrastructure constructed 
to accommodate future changes in the timing and 
availability of water.
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that cannot be modeled in the existing ReEDS model. 
As such, these topics are discussed qualitatively 
throughout the report.

The largest model constraint is that the scope of the 
ReEDS model prevents the explicit modeling of Alaska 
and Hawaii. Hydropower is a potentially important 
resource in these states; their unique hydropower 
resources and power markets are discussed in Chapter 
2 of the Hydropower Vision.

Also absent from ReEDS is the generation poten-
tial from conduits and canals, for which consistent 
site-specific data are not available on a basis that 
allows for integration into a national electric sector 
model. Distributed owner and state-level assessments 
do exist; for example, the resource potential for canals 
owned by the U.S. Bureau of Reclamation (Reclama-
tion) is about 104 megawatts (MW) [6]. Beyond this 
quantity, states such as California, Massachusetts, 
Oregon, and Colorado have all done partial assess-
ments of canal and conduit potential, but there have 
been no nationwide resource assessments that could 
be modeled consistently in ReEDS [7] (Sale et al. 2014).

An additional market segment that is only partially 
modeled is Canadian hydropower and the extent to 
which it interacts with U.S. markets. As of 2015, the 
ReEDS model uses a static forecast from Canada’s 
National Energy Board of new hydropower develop-
ment and anticipated exports of energy to the United 
States [8]. Changing policy and market conditions in 
the United States could result in subsequent changes 
to how Canadian hydropower competes in cross- 
border markets.

Broader Power System Considerations in the 
ReEDS Model. ReEDS is a system-wide least-cost 
optimization model. As such, it does not consider 
revenue impacts for individual project developers, 
utilities, or other industry participants, and does not 
resolve some other factors that may influence power 
system economics. These factors include: 

•  Constraints associated with the supply chain and 
manufacturing sector, which are not included. All 
technologies are assumed to be available up to 
their technical resource potential.6

•  Technology cost reductions from manufacturing 
economies of scale and “learning by doing” are not 
calculated in the model internally; these market 
behaviors are defined as inputs that do not depend 
on the capacity deployed by the model.

•  With the exception of future natural gas fuel costs, 
foresight is not considered explicitly in ReEDS (i.e., 
the model makes investment decisions based on 
the conditions it observes at a given point in time, 
without considering how those conditions may 
change further into the future).

•  ReEDS is deterministic and has limited consider-
ations for risk and uncertainty, so it cannot study 
inter-annual variability in hydropower energy 
availability. As such, the model is restricted to 
projections of average system behavior.

•  As an electric-sector-only model, ReEDS does not 
directly include fuel infrastructure, land competition 
challenges associated with fossil fuel extraction and 
delivery, or water competition challenges with agri-
cultural or other use.7 As is the case for all models, 
these challenges in combination mean that ReEDS 
represents a simpler power system than exists in 
reality. The advances made in the Hydropower 
Vision ensure a thorough examination of many 
key issues surrounding the hydropower industry. 
These include competition with other technologies; 
regional distribution of new deployment; influence 
of economic drivers, such as cost reductions and 
fuel prices; and initial explorations of the potential 
influence of climate change, as well as the inter-
section of possible hydropower development with 
other priority water uses.

 

6. ReEDS does, however, include a growth penalty on capital costs for rapid technology deployment. For hydropower, capital costs will be 
greater than their base defined amounts if annual capacity additions are to exceed 1.44 times the additions in the previous year.

7. The model does include a static resource supply of water availability for new thermal cooling water requirements by new capacity, and this 
resource supply implies relative water availability between the electric sector and other sectors.
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3.2 Hydropower Resource Potential
Understanding and characterizing the potential oppor-
tunity for hydropower in the future begins with a base 
level of knowledge of the existing fleet and the types 
and quantities of new resource development poten-
tial. Details and data presented in this section are 
intended to provide this initial foundation and to assist 
in understanding new power generation and storage 
opportunities presented by hydropower technologies. 
This section will also define the hydropower resource 
representation in ReEDS and help to inform interpreta-
tions of ReEDS scenario results in Section 3.4.

3.2.1 Defining Resource Potential
The opportunities for developing new hydropower 
resources are varied and have been studied at mul-
tiple levels of detail. To understand how differences 
in these studies ultimately influence hydropower 
modeling in ReEDS, it is useful to understand a few 
basic distinctions between different types of energy 
potential estimates:

• Physical Potential is the amount of power or 
energy recoverable for a given resource. For solar, 
this quantity might be regional or global insulation; 
for hydropower, it consists of the average physical 
energy moving through a river system (i.e., flow 
multiplied by elevation change).

• Technical Potential is the “achievable energy 
generation of a particular technology given system 
performance, topographic limitations, environ-
mental, and land-use constraints” [9]. In practice, 
this quantity reflects energy generation and power 
output based on the limits of current commercial 
technologies.

• Modeled Potential in the context of the Hydro-
power Vision analysis is the subset of technical 
potential made available to the ReEDS model. 
Practical and economic reasons discussed later in 
this section motivate removal of some hydropower 
technical potential for ReEDS modeling to better 
characterize hydropower deployment opportunities 
within the modeling framework.

• Market Potential is the amount of a technology 
competitively deployed under specific market 
conditions. The use of the ReEDS model to simulate 
deployment outcomes produces a range of esti-
mates for market potential.

Most existing hydropower resource estimates assess 
technical potential, although variations in the assump-
tions underlying these estimates can produce large 
differences in the results.

3.2.2 Challenges in Modeling of 
New Hydropower Resources
Analysis presented in Chapter 3 draws from the best 
available technical resource potential assessments 
and assumptions in order to construct a modeled rep-
resentation of hydropower resources that are useful 
for exploring market potential in ReEDS. This modeled 
resource builds upon the methodologies and data 
from these technical resource estimates with some 
minor updates and revised assumptions. In its existing 
construction, the modeled resource is intended to be 
a conservative interpretation of hydropower’s techni-
cal potential, meaning that the modeled potential in 
ReEDS is lower for all hydropower resource categories 
than the technical potential described subsequently 
and in Chapter 2 of the Hydropower Vision. The 
differences between technical and modeled potential 
are described here.

Increased Modeling Resolution to Identify Econom-
ically Competitive Hydropower. Existing technical 
potential estimates of NPD and NSD are built from 
site-specific resource estimates at more than 53,000 
existing dams [13] and nearly 230,000 stream-reaches 
[14], respectively. However, the ReEDS model requires 
hydropower resources to be aggregated to its 134 
BAs. To facilitate this aggregation, the modeled NPD 
resource only includes projects greater than 500 
kilowatts (kW), and the modeled NSD resource only 

3.2 Hydropower Resource Potential
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ET includes projects greater than 1 megawatts (MW). 
This simplification allows a more accurate identifi-
cation of economic resources for application within 
the competitive framework in ReEDS. This is because 
smaller facilities are by construction the most expen-
sive resources in the hydropower supply curve and, as 
such, are uneconomical to deploy in the model under 
most conditions. 

These project size thresholds effectively remove 0.5 
GW of NPD and many of the 53,000 existing dams, 
as well as over 20 GW of NSD and approximately 
220,000 reaches, from the technical potential esti-
mates to arrive at the modeled resource. The final 
NPD modeled resource contains 5 GW from 671 dams, 
while the final modeled NSD resource contains 30.7 
GW from nearly 8,000 reaches. So while hundreds of 
thousands of potential projects have been removed, 
thousands of the most economic projects remain. The 
intent is not to dismiss the potential from responsible 
hydropower projects below these size thresholds, 
but instead to allow the ReEDS model to more easily 
identify economically competitive hydropower 
capacity. While these reductions can be significant, 
no Hydropower Vision modeling scenario deploys 
100% of either NPD or NSD resource, so removing this 
resource improves modeled resolution for lower-cost 
hydropower without eliminating opportunities that 
would otherwise deploy in ReEDS.

Lack of Site-Specific Data. Estimates of NPD and NSD 
resource have benefited from rigorous DOE-spon-
sored resource assessments [13, 14]. Other resources 
though, including PSH, canals and conduits, and the 
potential for upgrading and expanding the existing 
fleet lack similarly comprehensive and site-specific 
resource estimates that could be used in ReEDS. The 
Hydropower Vision analysis includes approaches for 
estimating PSH and upgrade potential in order to 
illustrate the impacts of key levers. More technical 
potential (than is modeled) may exist in both cases, 
but any additional potential has not been sufficiently 
quantified to date. The limited data available on canal 
and conduit resource potential prohibits an explicit 
modeling representation. These projects are still 
considered to be an important component of future 
growth in the hydropower industry, however, and 
many of the modeling conclusions drawn from NPD 
and NSD can be instructive for maximizing the use of 
the nation’s existing water supply infrastructure.

3.2.3 Model Representation: 
Existing Hydropower Fleet
The ReEDS model uses net summer capacity (versus 
full rated capacity) in order to better characterize 
electric sector resource adequacy requirements, so 
the modeled hydropower generation capacity of 76 
GW and PSH capacity of 22 GW is slightly lower than 
referenced in Chapter 2 of the Hydropower Vision. 
Notwithstanding this technicality, the total amount 
of generation from existing hydropower is consistent 
with that described in Section 2.1. With the exception 
of announced upgrades, expansion opportunities, and 
200 MW of announced plant retirements (through 
2018), there are no changes to the existing fleet 
represented in ReEDS into the future.

While ReEDS maintains a largely static representation 
of the existing fleet, in practice many future uncertain-
ties may alter the contributions it makes to nation’s 
power grid. In particular, as projects undergo relicens-
ing, they may be subject to new operating conditions 
that could affect future generation and capacity levels. 
In addition, some existing facilities may face condi-
tions including minimum flow requirements and ramp 
rate restrictions that might further impact the future 
contributions of the existing hydropower fleet. While 
these possibilities are not reflected in the model, they 
are important to the discussion of the Hydropower 
Vision for the existing fleet.

3.2.4 Model Resource: Existing 
Fleet Upgrade Potential
The potential to upgrade or expand the existing 
hydropower fleet is the most difficult of the hydro-
power resources to quantify, as there are many 
different types of opportunities at existing facility 
sites. Individual units can be upgraded via the refur-
bishment or replacement of turbines and generators, 
while modifications to the water conveyance system 
could increase generation efficiency, and modified 
impoundment structures could be raised to increase 
plant hydraulic head. The capacity at existing plants 
could also be expanded through the addition of new 
generators in existing or new powerhouses. Opti-
mized dispatch of units at a plant, and the coordi-
nation of plants within a system, can also increase 
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generation from the same amount of water without 
any physical modification to a plant. No efforts 
have fully documented the potential to optimize the 
existing 100 GW of hydropower assets in the United 
States. Limited case studies have shown that in-plant 
upgrade opportunities may increase generation on 
average by 8–10% [10, 11]. The National Academy of 
Sciences believes that untapped generation increases 
from upgrades and rehabilitation at U.S. Army Corps 
of Engineers (Corps) facilities could be at least 20% 
[12]. This latter estimate suggests that upgrade poten-
tial may be much higher than suggested by case 
studies completed as of 2015.

Given ReEDS model limitations, upgrade and expan-
sion potential is modeled generically as a capacity 
increase with the equivalent capacity factor of the 
existing facility. In total, upgrade resource potential at 
1,799 plants comprises 6,856 MW of potential (Figure 
3-1), resulting in the potential opportunity to grow the 
existing fleet by about 9%. Additional details about 
the upgrade resource assessment employed in this 
analysis can be found in Appendix B.

3.2.5 Model Resource: Powering 
Non-Powered Dams
The powering of existing dams that previously lacked 
generation capabilities, or NPD, represents another 
way to expand hydropower production while making 
use of existing waterway infrastructure. Contempo-
rary high-resolution resource assessments covering 
the continental United States have found technical 
potential for 12 GW of new capacity on NPDs [13]). 
Limited NPD potential exists in Alaska and Hawaii; 
however, no studies have been done to systematically 
quantify the opportunity.

The NPD resource included in the ReEDS analysis 
is a refinement of the 12 GW of technical potential 
described by Hadjerioua et. al [13]. In addition to 
minor corrections that were made to adjust resource 
potential for dams slated for removal or with power-
houses under construction, the modeled resource 
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Figure 3-1. Modeled upgrade potential at the state- and plant-level
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entails a significant change in the assumptions used 
to estimate individual NPD potential. Specifically, 
the power and generation potential of the NPD 
resource has been revised to be consistent with the 
methodological advances made between the pub-
lication of the original resource assessment in 2012 
[13], and an NSD resource assessment completed in 
2014 [14]. Applying the economic sizing methodology 
developed for NSD by Kao et. al [14] more accurately 
reflects the size of modern real-world NPD projects, 
improves the modeled economics8 of the NPD 
projects to make them more competitive in ReEDS, 
and allows for full comparability between the NSD 
and NPD resource estimates. This change, however, 
reduces resource potential by more than 50%,  
down to 5.6 GW.

8. In the revised NPD resource, project capacities decline. These lower capacities, however, improve overall economics through increases in 
capacity factor that more accurately reflect common run-of-river-style developments.

Additionally, a minimum facility size of 500 kW 
reduces the total modeled NPD potential to 5 GW 
at 671 facilities (down from more than 50,000), with 
an energy potential of 29 terrawatt-hours (TWh) per 
year. These filters on NPD resource do not reflect 
a belief in absolute limitations in NPD deployment; 
rather, they are targeted towards identifying the most 
economic resources for application within the com-
petitive framework in ReEDS. Even in scenarios with 
the largest growth in NPDs, dozens of small projects 
with challenging economics remain unutilized within 
the modeled 5 GW.

The resulting resource is mapped in Figure 3-2.9 NPD 
resource is located primarily along major rivers  
across the Midwest and South, at sites that are often 
lock-and-dam infrastructure. Appendix B includes 
additional discussion of NPD resource estimates.
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Figure 3-2. State- and project-level distribution of modeled non-powered dams potential

9. NPD resource includes 393 MW across 20 NPD projects are either already under construction as of 2015, or that have been approved and are 
in the near-term pipeline for development. These projects are assumed to be deployed in every Hydropower Vision scenario. These include: 
B. Everett Jordan Hydro Project (NC), Bowersock Mills (KS), Cannelton, Dorena Lake (IN), Lower St. Anthony Falls Hydroelectric Project 
(MN), Meldahl (OH), Red Rock (IA), Robert V Trout Hydropower Plant (CO), Smithland (KY), Turnbull Drop (MT), and Willow Island (WV).
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3.2.6 Model Resource: New 
Stream-Reach Development
The largest source of potential new hydropower 
capacity comes from the development of new projects 
on undeveloped stream-reaches; however, NSD is 
also the most costly and potentially environmentally 
challenging class of hydropower potential due to the 
need for new impoundment structure construction.  
A 2014 DOE resource assessment [13] identified 66 GW 
of NSD potential and forms the basis of the resource 
estimates used in the modeling work detailed here. 
NSD resource estimates are framed by the need to 
minimize disruption to ecosystems. As such, the 
assumption is that impoundment area is minimized 
and NSD would generally operate as “run-of-river” 
with limited water storage capacity so they do not 
disrupt natural flows. As a result, NSD is presumed less  
flexible than much of the existing hydropower fleet. 
Data limitations prevented the extension of these 
systematic assessment efforts beyond the continental 
United States to Alaska and Hawaii. However, Kao et 
al. [14] consolidated existing NSD project inventories to 
generate a lower bound technical potential estimate of 
4.7 GW in Alaska and 145 MW in Hawaii.

For modeling in ReEDS, base resource estimates are 
adjusted to reflect corrections to the original resource 
assessment (noted previously) and to limit the model-
ing of NSD to those projects with a power potential of 
1 MW or more. The latter helps the ReEDS model more 
accurately identify economically competitive NSD 
potential by reducing the number of reaches under 
model consideration to those with the lowest devel-
opment costs and representing high resolution for 
those resources. The resulting modeled NSD resource 
has 30.7 GW capacity and 176 TWh of energy pro-
duction potential at less than 8,000 sites. While this 
number is lower than the original estimate of 66 GW 
at more than 200,000 reaches, it is important to 
note that there are no Hydropower Vision scenarios 
that approach the full deployment of all 30.7 GW of 
modeled NSD resource. Many of the projects that are 
not deployed—and those that are not modeled—are 
small projects with high costs that are not competitive 
under the scenarios explored in this analysis.

The NSD potential is mapped in Figure 3-3 at the 
watershed level, due to the uncertainties inherent in 
estimating NSD resource. See Appendix B for more 
detail on NSD resource assumptions.

 

  ≤ 5      5 – 10      10 – 30      30 – 70      70+HUC-10

State n ≤ 50    n 50 – 100    n 100 – 500    n 500 – 1,000    n 1,000 – 2,000    n 2,000+

NSD Potential (MW):
0 125 250 500 750 1,000

Km

Figure 3-3. Distribution of new stream-reach development resource potential at the state and watershed level
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3.2.7 Model Resource: 
Pumped Storage Hydropower
No national resource assessment exists for PSH, 
and the variety of possible plant configurations 
and designs makes it difficult to characterize PSH 
resources. “Open-loop” systems can be installed at 
existing dams or new reservoirs along existing water-
ways, while “closed-loop” configurations disconnect 
both reservoirs from natural waterbodies. Closed-
loop configurations are possible in any location with 
sufficient elevation change, making PSH construction 
theoretically possible in most geographic regions. 
In this context, historical studies of PSH have found 
potential in excess of 1,000 GW based on physical 
geography [15]. The potential for new closed-loop 
concepts using existing “brownfield” sites, such as 
abandoned mines, has not been quantified.

This modeling analysis uses historical proposed devel-
opment as a lower bound for resource availability by 
examining all PSH projects proposed to the Federal 
Energy Regulatory Commission (FERC) since 1980.  

This exercise produces 108.7 GW of PSH potential 
across 166 sites. This approach reflects only a subset  
of potential PSH projects, however, as some hydro-
power owners and developers either do not need 
FERC authorization to pursue projects (Corps, Recla-
mation, Tennessee Valley Authority), or have potential 
PSH projects defined but have not yet sought to 
secure development rights via the regulatory process.

To avoid overly constraining PSH potential in regions 
without previously proposed projects, every ReEDS 
balancing area is also allowed to deploy one “artificial” 
750 MW closed-loop PSH project, adding another 100 
GW to the total resource base. This example size was 
selected because 750 MW is an approximate aver-
age of the capacity of PSH projects proposed in the 
decade leading up to the Hydropower Vision. Figure 
3-4 illustrates the distribution of the resource derived 
from FERC permit applications. Given the uncertainty 
in the PSH resource, the available supply and deploy-
ment results are shown in aggregate, based on 

 

NERC n ≤ 100    n 100 – 250    n 250 – 400    n 400 – 675    n 675 – 1,200    n 1,200+

PSH Potential (MW):
0 125 250 500 750 1,000

Km

Note: ReEDS balancing areas shaded with slashes indicate no publicly available permits.

Figure 3-4. North American Electric Reliability Corporation regional-level pumped storage hydropower resource potential
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sub-regions defined by the North American Electric 
Reliability Corporation. Balancing areas with only 
artificial resource available are shaded with diagonal 
lines. Appendix B contains additional information on 
PSH resources.

3.2.8 Model Resource 
Potential Summary
Table 3-1 summarizes key characteristics of hydro-
power resources modeled in ReEDS. 

3.3 Hydropower Modeling Economics 
and Scenarios
The hydropower resource data described in the pre-
vious section are crucial to quantifying the range of 
hydropower market potential in the Hydropower Vision 
analysis. In addition to the resource data, however, 
market potential analysis requires characterization of 
existing and future hydropower costs. Potential climate 
change impacts on water availability and environmen-
tal siting considerations must also be considered. The 
subsequent sections describe how each of these facets 
is addressed in this modeling analysis.

3.3.1 Hydropower Costs  
and Cost Projections
Each of the hydropower resources identified in the 
Hydropower Vision has individualized cost dynamics 
that influence economic competitiveness. In general, 
the cost of developing and operating a hydropower 
project is highly site-specific, but the Hydropower 

Vision analysis uses a generalized cost estimation 
methodology for greater consistency and clarity. 
Appendix B includes a full accounting of the methods 
used to derive and assign cost to hydropower resource 
potential, and Table 3-2 summarizes the results of 
current cost estimates. All costs are reported in 2015 
currency (2015$).

Upgrades are often the lowest-cost hydropower 
resource, but some small projects such as those with 
installed capacities of only a few hundred kilowatts 
are estimated to be costly. NPD typically has interme-
diate costs, while NSD is the most expensive hydro-
power generation resource on average. PSH capacity 
costs span a narrower range due to strong economies 
of scale with capacity. Artificial PSH resource is 

Table 3-1. Hydropower Resource Potential Capacity and Energy Statistics

Upgrade NPD NSD PSHa

Total Capacity (MW) 6,856 5,047 30,669 108,742

Potential Project Sites 1,799 671 7,977 166

Average Capacity (MW) 3.9 7.6 3.8 655

Median Capacity (MW) 0.4 1.6 1.9 600

Minimum Capacity (MW) 0.00006 0.5 1.0 5.0

Maximum Capacity (MW) 394 192 357 2,000

Energy Production Potential (TWh) 27 28 176 n/a

Note: Announced projects scheduled to come online by 2018 are not included in these statistics.
a. PSH data detailed here are derived from resource potential reflected in FERC preliminary permit applications.



3

256

3.
3.

1 
H

Y
D

R
O

PO
W

ER
 C

O
ST

S 
A

N
D

 C
O

ST
 P

R
O

JE
C

TI
O

N
S 

costed conservatively at $3,500/kW. Figure 3-5 illus-
trates the full range of existing capital costs across 
hydropower resources modeled in Chapter 3. Fixed 
operations and maintenance (O&M) costs also exhibit 
economies of scale. The smallest NPD resource costs 
$180/kW per year, while larger plants, including the 
nation’s largest hydropower plant, Grand Coulee, 
costs $4.2/kW per year.

The Hydropower Vision employed literature review 
and expert stakeholder input to develop three 
potential future cost trajectories to understand how 
these initial cost assumptions might evolve across 
the study period for NSD, high- and low-head NPD, 
and PSH. The costs of operating, maintaining, and 
upgrading the existing fleet are constant in all three 
scenarios. Table 3-3 summarizes the characteristics of 
each cost trajectory.
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Table 3-2. Summary of Modeled Hydropower Initial Capital Cost

Resource Minimum Cost ($/kW) Average Cost ($/kW) Maximum Cost ($/kW)

Upgrades 800 1,500 20,000

Non-Powered Dams 2,750
5,800 (low head)

9,000
4,200 (high head)

New Stream-reach 
Development 5,200

7,000 (low head)
15,600

6,000 (high head)

Pumped Storage Hydropower 1,750 2,700 4,500

Note: the threshold for low- vs. high-head NPD and NSD is 30 feet.

Figure 3-5. Capital cost of hydropower resources (y-axis truncated above $8,000/kW)
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• The Business-as-Usual cost conditions assume a 
low, learning-based capital cost reduction consis-
tent with the EIA Annual Energy Outlook for NPD, 
NSD, and PSH. All O&M costs and capital costs for 
all other hydropower types remain constant under 
central assumptions.

• The Evolutionary Technology assumptions envision 
a world in which NSD and NPD development is 
increasingly standardized, while automation and 
dissemination of best practices reduce the O&M 
costs for these new projects. PSH capital costs 
also experience modest cost reductions based on 
continued process, contracting, design, and tech-
nological improvements within the conventional 
hydropower and dam construction industries.

• The Advanced Technology assumptions are based 
on major technology advances in NPD and NSD 
from modularity and advanced manufacturing. 
These advances further drive down capital costs for 
these hydropower resources. NPD and NSD O&M 
costs are significantly reduced through modularity 
and design for reduced O&M, in conjunction with 
smart, data-driven monitoring and maintenance 
planning. PSH achieves slightly greater cost reduc-
tions with Advanced Technology assumptions 
than under Evolutionary Technology by using new 
technologies (e.g., penstock materials) and lever-
aging advancements in other, non-hydropower 
construction industries including oil and gas.

3.3.2 Financing Treatment
ReEDS standard financing assumptions include an 8% 
nominal discount rate and 20-year valuation, implying 
a 20-year economic life. Typically, these assumptions 
are applied to all technologies. It is common for 
hydropower projects, however, to have a feasible 
lifetime of 30, 50, or even 100 years. To accommodate 
the difference in hydropower asset life relative to 
wind, solar, or natural gas plants, an alternative asset 
valuation treatment is defined for hydropower and 
denoted as Low Cost Finance.

Low Cost Finance represents an investment envi-
ronment where the long physical life and stable 
revenue stream of hydropower is more highly valued 
during project financing and decision making than is 
historically typical in the industry. Thorough exam-
ination of alternative financing conditions resulted in 
these input conditions being defined as an effective 
40% reduction in the cost of capital. This reduction 
reflects real-world financing conditions seen when 
developers and investors, both in the private and 
public sectors (e.g., municipal or utility districts), 
value the long life of hydropower assets. Whereas 
alternate cost trajectories phase in through time and 
vary across hydropower types, the Low Cost Finance 
assumption is applied immediately to all ReEDS 
solve years and hydropower technologies. Appendix 
B details the conditions surrounding the improved 
asset valuation assumptions.

Table 3-3. Hydropower Vision Analysis Cost Reduction Scenarios (Change From Initial Costs)

Capital Cost
Business-as-Usual 
(relative to 2015)

Evolutionary Technology 
(relative to 2015)

Advanced Technology 
(relative to 2015)

2035 2050 2035 2050 2035 2050

NSD

5% 9%

15% 18% 30% 35%

Low-Head NPD 15% 18% 30% 35%

High-Head NPD 10% 13% 25% 33%

PSH 7% 11% 12% 15%

Upgrades None None None

Fixed O&M Cost

NPD and NSD
None

25% 28% 50% 54%

Other Types None None
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Availability in a Changing Climate
Future water availability trends driven by climate 
change have the potential to alter the economic 
attractiveness of hydropower projects by changing 
the nature of the “fuel” needed by hydropower plants. 
Total annual water availability could change due to 
overall changes to hydro-meteorological variables, 
and the temporal distribution of water availability 
within a year could change. A prime example of this is 
earlier snowmelt from higher temperatures leading to 
earlier reservoir filling [16, 17].

The Hydropower Vision analysis examines two 
alternative water availability futures—one in which 
the United States on average becomes dryer (that 
is, less runoff) through 2050, and one in which it 
becomes wetter. Figure 3-6 illustrates, in terms 
of runoff, the magnitude and regional nature of 
changes in annual and summer water availability 

under Wet and Dry conditions scenarios. Other sea-
sonal changes are detailed in Appendix B along with 
further description of scenario development. At a 
national scale, Wet conditions exhibit an 11% increase 
in runoff in 2030 and a 22% increase in 2050. The 
Dry conditions scenario envisions an average reduc-
tion in water availability of 4% in 2030 and 8% in 
2050. However, regional and seasonal variations 
are apparent and can influence the characteristics 
of hydropower deployment examined within the 
Hydropower Vision analysis.

These scenarios do not resolve the complex relation-
ship within the existing storage fleet between water 
storage capabilities, competing uses, and generation 
capability. Addressing these important interdepen-
dencies to model the seasonal and annual impacts 
of climate change on the existing fleet would require 
additional research.

Average Annual Change by BA

+2.0% 0.0% -1.9%

Total Runo� — Dry Total Runo� — Wet

Summer Runo� — Dry Summer Runo� — Wet

Figure 3-6. Average annual and summer seasonal change in total runoff
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2.  Ocean Connectivity: NSD is avoided at locations 
that would disturb existing river connectivity to 
the ocean. Connectivity in this context is extended 
to reaches on which data for artificial downstream 
passage exist, either through explicit passage 
technology or implicitly through navigation locks. 
This layer was developed uniquely for the Hydro-
power Vision analysis.

3.  Migratory Fish Habitat: NSD is avoided on reaches 
in which potamodromous and diadromous 
fish species are likely to be present, based on 
ocean connectivity and/or reach characteris-
tics such as length and average annual flow 
rates. This layer was developed uniquely for 
the Hydropower Vision analysis.

4.  Species of Concern: NSD is avoided on reaches 
where aquatic species (fish, mussels, and cray-
fish) of concern are known to exist. This includes 
those listed under the Endangered Species Act 
(endangered, threatened, a candidate for listing, 
proposed for listing, or of concern), or as “near 
threatened,” “vulnerable,” “endangered,” or  
“critically endangered” according to the Inter-
national Union for Conservation of Nature. This 
layer was developed uniquely for the Hydropower 
Vision analysis.

5.  Protected Lands: Areas with formal protections 
designated as Status 1 or 2 under the U.S. Geolog-
ical Survey’s Gap Analysis Program10 are avoided 
for development. Gap Analysis Program 1 and 2 
designations cover a variety of areas, ranging from 
state or local parks to formal conservation areas 
managed explicitly for species preservation.

6.  National Rivers Inventory: Development is 
avoided on potentially high-value river systems, as 
approximated by placement on the National Rivers 
Inventory. Note that hydropower potential located 
along designated Wild and Scenic Rivers is already 
excluded in the base Hydropower Vision supply 
curves because of statutory limitations.

10. The Gap Analysis Program is an effort to catalogue and spatially document lands afforded formal protection designations by federal, state, 
local, and private owners.

3.3.4 Hydropower  
Environmental Considerations
The ReEDS model identifies economically favorable 
hydropower development under multiple constraints 
and assumptions; however, the framework does  
not directly include hydropower environmental  
considerations, which can be particularly influential 
for NSD resources. To examine the influence of 
environmental attributes on NSD development  
and provide better context for the future of the 
hydropower industry, the modeling analysis in the 
Hydropower Vision employs a series of sensitivity 
scenarios. These scenarios explore how NSD deploy-
ment intersects with other existing priority uses 
of the nation’s water resources, such as providing 
habitat for valued species. 

In these scenarios, hydropower technologies must 
compete against all other electric sector technolo-
gies but deployment of NSD that overlaps a specific 
consideration or combination of considerations is 
avoided. The intent of these scenarios is not to assert 
that hydropower development in these areas is not 
possible. Instead, these scenarios help illustrate that 
achieving NSD growth must include accommodating 
and complementing the many other values of rivers. 
They also demonstrate the opportunity for addressing 
environmental considerations through innovation, 
when deployment results are compared to scenar-
ios that do not explicitly avoid regions overlapping 
environmental considerations.

The following environmental considerations are 
implemented as sensitivity scenarios in the Hydro-
power Vision analysis. Datasets used in the environ-
mental considerations analysis and the details of 
their geospatial implementation are described more 
thoroughly in Appendix B. Two example maps of 
environmental attributes are shown in Figure 3-7.

1.  Critical Habitat: NSD is avoided in ecologically 
sensitive areas, as defined by their designation as 
critical habitat. The data for this consideration  
were provided by the U.S. Fish and Wildlife Service 
and are also inclusive of species managed by other 
U.S. agencies.
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Status:  Endangered    
 Threatened

Status:  Gap 1
 Gap 2

Gap 1 & 2 Protected Lands

Critical Habitats

Figure 3-7. Spatial distribution of two selected environmental considerations

7.  Low Disturbance Rivers: NSD is avoided on 
stream-reaches that are minimally altered from 
their natural state as approximated by categori-
zation of low or very low levels of disturbance, as 
measured by the National Fish Habitat Action Plan.

8.  Combined Considerations: Three scenarios 
explore the combined influence of multiple 
environmental considerations (as detailed in 1–7). 
Combined Species Concerns includes items 1–4, 

Combined Sensitive Lands includes items 5–7,  
and Combined Environmental Considerations 
includes all seven considerations. Combined Envi-
ronmental Considerations particularly illustrates 
that accommodating the wide variety of use 
values of reaches with NSD potential is essential 
for realizing growth.
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analysis is intended to demonstrate a wide range of 
hydropower futures and how these futures could be 
affected by key factors of relevance to the hydro-
power industry. Alternative policy options for hydro-
power or other technologies are not included in the 
scenario analysis. While energy policy is important 
to the future of hydropower and the electric sector 
as a whole, policy analysis is outside the scope of the 
Hydropower Vision.

3.3.5 Hydropower Vision  
Analysis Scenario Framework
The assumptions described previously and in Appen-
dix D are used in varying combinations within the 
Hydropower Vision analysis to develop a suite of 
modeling scenarios that documents the range of 
market opportunities for hydropower deployment and 
the resulting impacts. As a reference for subsequent 
sections, Tables 3-4 and 3-5 summarize assumptions 
that are constant across all scenarios and those that 
are varied across scenarios. The Hydropower Vision 

Table 3-4. Constants across Modeled Scenarios

Input Type Input Description

Electricity demand AEO 2015 Reference Case (average annual electricity demand growth 
rate of 0.7%)

Fossil technology and nuclear power AEO 2015 Reference Case

Non-hydro/wind/solar photovoltaics 
renewable power costs NREL Annual Technology Baseline 2015 Mid-Case Projections

Policy As legislated and effective on December 31, 2015.a

Transmission expansion
Pre-2020 expansion limited to planned lines; post-2020, economic 
expansion, based on transmission line costs from Eastern 
Interconnection Planning Collaborative

Note: Appendix D describes the non-hydropower technology and other assumptions noted here in additional detail. “AEO” refers to the U.S. 
Energy Information Administration’s Annual Energy Outlook (i.e., EIA [18])

a. Despite the Supreme Court stay of the Clean Power Plan (CPP), the CPP is treated as law in all scenarios and is thus assumed active. The CPP 
is modeled using mass-based goals for all states with national trading of allowances available. Though states can ultimately choose rate- or 
mass-based compliance and will not necessarily trade with all other states, a nationally traded mass-based compliance mechanism is viewed as 
a reasonable reference case for the purpose of exploring hydropower deployment under a range of electricity system scenarios. Scenarios and 
implications resulting from excluding the CPP are discussed in Appendix F.
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Sensitivity Scenario Variation Description Input Data Changes

High and Low Fossil Fuel Cost These scenarios examine 
the sensitivity of results to 
changes in fossil fuel costs.

Fossil fuel costs: High Cost uses AEO 2015 
High Coal Cost Case and AEO 2014 Low Oil 
and Gas Resource Case; Low Cost uses AEO 
2015 Low Coal Cost Case and AEO 2015 High 
Oil and Gas Resource Case (see Appendix D, 
for further detail)

High and Low Variable  
Generator Cost 

These scenarios examine 
the sensitivity of results 
to changes in variable 
generator (wind and solar 
photovoltaics (PV)) costs.

Wind/Solar costs: NREL ATBa High/Low-Case 
Projections for wind. Utility PV reaching the 
DOE 62.5% reduction scenario in 2020 and 
remaining constant thereafter (high cost) or 
reaching the DOE 75% reduction scenario 
by 2020 and remaining constant thereafter 
(low cost). Distributed rooftop PV following 
the DOE 50% reduction scenario (high cost) 
or following the 62.5% reduction scenario 
to 2020 then the 75% reduction scenario by 
2030 (see Appendix D, for further detail)

Evolutionary and 
Advanced Technology

These scenarios examine 
the sensitivity of results 
to changes in hydropower 
costs.

Hydropower costs/financing: Reference 
financing, with AEO Mid/Low Cost Reduction 
Pathways

Low Cost Finance These scenarios examine 
the sensitivity of results 
to changes in hydropower 
asset valuation.

Hydropower costs/financing: Reference 
costs, with long-term asset valuation 
providing an approximate 40% reduction in 
the cost of capital

Dry and Wet scenarios 
of Water Availability 

These scenarios examine 
the sensitivity of results to 
changes in water availability 
for hydropower.b

Hydropower resource: Hydropower water 
availability adjusted over time, based on 
prevailing wet/dry conditions

Environmental Attribute Scenarios:
1. Critical Habitat
2. Ocean Connectivity
3. Migratory Fish Habitat
4. Species of Concern
5. Protected Lands
6. National Rivers Inventory
7. Low Disturbance Rivers
8. Combined Sensitive Lands (5–7)
9. Combined Species Concerns (1–4)
 10. Combined Environmental 

Consideration (all) (1-7)

These scenarios examine 
the sensitivity of results to 
hydropower NSD resource 
avoidance in areas with 
certain environmental attri-
butes. Resource avoidance 
highlights opportunities for 
environmental mitigation 
activities.

Hydropower resource: Portions of 
resource excluded based on the indicated 
environmental attributes

Note: For the purposes of electric sector modeling described in this chapter, variable generators are defined as wind and solar photovoltaic 
generators, based on their variable resource characteristics. While solar thermal technology without thermal storage is also included in the 
ReEDS model as variable generation, economically built CSP in ReEDS uses thermal storage that allows dispatchability. The primary purpose of 
the High and Low Variable Generator Cost scenarios is examining the relationship between hydropower and variable generation, so costs of CSP 
systems with storage are not varied in these scenarios. 

a. National Renewable Energy Laboratory's Annual Technology Baseline

b. Water quality is another possible concern. The ReEDS model is not designed to incorporate water quality metrics, which are better analyzed 
using tools with more spatial and temporal resolution and the ability to model individual power plants and waterways. Though water quality is 
not explicitly included in the ReEDS model analysis, the range of deployment scenarios is expected to encompass most of the influence water 
quality concerns might have on long-term hydropower deployment.
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3.4 Hydropower Market Potential
More than 50 scenarios were simulated for the 
Hydropower Vision by varying the parameters in Table 
3-5 (see Appendix F for results from all scenarios). A 
full list of those parameters is available in Appendix E. 
This large suite of scenarios is used to identify the key 
drivers of future hydropower market potential that are 
the focus of this chapter. Examining this broad suite 
of scenarios revealed the following themes.

• Maintaining the existing fleet allows it to provide 
continued electricity system benefits under a wide 
range of electric sector futures. All scenarios reflect 
the optimization pillar of the Hydropower Vision 
with continued operation of all hydropower facilities 
that are not scheduled to retire, allowing the exist-
ing fleet to continue providing energy and maintain-
ing system reliability under a range of fossil fuel or 
variable generation (VG) cost assumptions.

• Improving hydropower economics is central to 
the growth pillar of the Hydropower Vision. A set 
of scenarios examines the deployment response 
to changes in hydropower costs and value. The 
Advanced Technology and Low Cost Finance set-
tings are applied individually and in combination to 
demonstrate the effect of improved economics on 
the potential for hydropower growth.

• An important factor in the future of the U.S. hydro-
power industry is environmental sustainability, and 
any future with hydropower growth must consider 
the environmental impacts of that growth. Twelve 
scenarios embed an avoidance of NSD resource 
potential that overlaps with certain environmental 
considerations, while incentivizing hydropower 
deployment with Advanced Technology and Low 
Cost Finance assumptions to demonstrate the 
opportunities from mitigating environmental 
impacts of new hydropower (environmental attri-
butes are described in Section 3.3 and Table 3-5). 
Any difference in hydropower deployment between 
these environmental considerations scenarios 
and the Advanced Technology, Low Cost Finance 
scenario represents an opportunity to address the 
relevant environmental considerations through 

• investment in innovation. Upgrades to the existing 
hydropower generation fleet and new NPD growth 
are negligibly affected by these scenarios, but PSH 
deployment can be indirectly affected by reduced 
NSD growth that corresponds to additional fossil or 
renewable technology deployment.

• Non-hydropower technology costs are important 
to the Hydropower Vision because they influence 
the relative competitiveness between hydropower 
and other technologies in the electricity market. To 
better understand the relationship between hydro-
power, fossil fuel, and renewable generation tech-
nologies, the High and Low variants on Fossil Fuel 
and VG Cost are applied to several hydropower cost 
and value combinations. This set of scenarios allows 
a thorough discussion of potential impacts under 
a wide range of deployment and electricity market 
scenarios. Collectively, these scenarios demon-
strate a more comprehensive range of hydropower 
market opportunities than can be described with 
hydropower-only scenario parameters.

Climate uncertainty and the inter-annual variability 
of hydropower generation create the need to include 
sensitivity analysis on hydropower water availability. 
Defining and studying a comprehensive climate 
scenario is outside the scope of the Hydropower 
Vision, and ReEDS is unable to provide a stochastic 
treatment of inter-annual variability. As such, these 
sensitivity scenarios are limited to representing an 
average increase or decrease in regional and seasonal 
hydropower water availability over time. Climate-in-
fluenced water availability is examined by combining 
the Wet and Dry water availability scenarios with 
several other combinations of scenario parameters. 
These scenarios demonstrate the importance of 
long-term water availability on hydropower industry 
growth and operation.

From the full suite of scenarios, nine are chosen that 
collectively support the Hydropower Vision pillars of 
optimization, growth, and sustainability. These nine 
selected scenarios, listed below, demonstrate the 
importance to the U.S. hydropower industry of main-
taining the existing fleet, reducing technology cost, 
valuing the long asset life of hydropower facilities, and 
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that avoid NSD resource with certain environmental 
attributes reveal the opportunities provided by invest-
ment in environmental impact mitigation. Scenarios 
incorporating high fossil fuel costs or low VG costs 
show the effect of non-hydropower technology costs 
on hydropower competitiveness in the U.S. electric 
sector. Wet and Dry water availability scenario vari-
ants are modeled for all nine selected scenarios to 
show how expected future water availability can influ-
ence hydropower deployment. While not inclusive 
of all possible hydropower industry outcomes, these 
scenarios provide a wide range of possible pathways 
for the hydropower industry across many alternative 
notions of the future U.S. hydropower industry and 
the electricity market as a whole.

1. Business-as-Usual: This scenario uses all reference 
input parameters to the ReEDS model.

2. Advanced Technology: This scenario shows the 
effect of technology cost reduction on hydropower 
deployment.

3. Low Cost Finance: This scenario shows the effect 
of long-term asset valuation on hydropower 
deployment.

4. Advanced Technology, Low Cost Finance: This 
scenario explores the combined impact of technology 
cost reduction and long-term valuation on hydro-
power deployment when environmental impacts are 
assumed to be fully mitigated throughout the NSD 
resource base and thus are not avoided.

5. Advanced Technology, Low Cost Finance, Com-
bined Environmental Considerations: This sce-
nario explores a future with improved hydropower 
economics where difficulty mitigating environmen-
tal impacts leads to avoiding NSD resource over-
lapping with any of the environmental attributes 
discussed in Section 3.4.11

6. Advanced Technology, Low Cost Finance, Critical 
Habitat: This scenario represents a future with 
improved hydropower economics and intermediate 
avoidance of NSD resource with environmental 
considerations. The Critical Habitat attribute is part  
of this and other scenarios because when com-
bined with Advanced Technology and Low Cost 
Finance assumptions, it achieves intermediate NSD 

11. As a reminder, the Combined Environmental Considerations scenarios avoids NSD resource overlapping with the following: Critical Habitat, 
Ocean Connectivity, Migratory Fish Habitat, Species of Concern, Protected Lands, National Rivers Inventory, and Low Disturbance Rivers. 

 deployment levels across the full range of scenarios 
examined, not because of a perceived importance 
of critical habitats over other environmental 
attributes.

7. Advanced Technology, Low Cost Finance, Critical 
Habitat, Low VG Cost: This scenario explores the 
influence of a power system that has access to 
low cost variable renewable power with improved 
hydropower economics and intermediate avoidance 
of NSD with environmental considerations. Low-
cost VG can compete with hydropower generation 
(upgrades, NPD, and NSD) while complementing 
PSH growth.

8. Advanced Technology, Low Cost Finance, Criti-
cal Habitat, High Fossil Fuel Cost: This scenario 
explores the influence of high fossil fuel costs with 
improved hydropower economics and intermediate 
avoidance of NSD with environmental consider-
ations. High fossil fuel costs improve competitive-
ness of hydropower generation (upgrades, NPD, 
and NSD) and VG, the latter of which can promote 
PSH growth.

9. Advanced Technology, Low Cost Finance, High 
Fossil Fuel Cost: This scenario explores an upper 
bound of hydropower deployment with improved 
hydropower economics while not avoiding NSD 
with environmental attributes when high future 
fossil fuel costs make fossil energy increasingly 
uncompetitive relative to hydropower and other 
non-fossil resources.

For some result metrics, four scenarios are chosen from 
the set of nine as representative low, intermediate, and 
high hydropower deployment scenarios. This selection 
primarily serves to improve the conciseness of results 
presentation while preserving the range of deploy-
ment outcomes. Business-as-Usual is used as the low 
deployment scenario, Advanced Technology, Low Cost 
Finance, High Fossil Fuel Cost is the high deployment 
scenario, and the two intermediate scenarios are 
Advanced Technology, Low Cost Finance, Combined 
Environmental Considerations and Advanced Technol-
ogy, Low Cost Finance, Critical Habitat.

3.4 Hydropower Market Potential
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Ultimately, the opportunity for new hydropower 
as embodied in this suite of scenarios depends on 
the characteristics of both the hydropower industry 
and the electricity sector as a whole, at the time 
of this report and into the future. The remainder 
of Section 3.4 details the nine selected pathways 
for hydropower deployment and the national-scale 
implications of hydropower’s role in the U.S. electric 
sector, before exploring these scenarios more deeply 
for each hydropower market segment and investi-
gating climate uncertainty. Section 3.5 describes the 
implications of these scenarios on the rest of the 
electric sector and examines a subset of the costs and 
benefits associated with selected scenarios, including 
electricity system costs, greenhouse gas emissions 
reductions, air pollution and human health benefits, 
thermal cooling water usage reduction, and impacts 
on workforce and economic development.

3.4.1 Potential for Growth: 
National Capacity and Energy  
in Selected Analysis Scenarios
This section explores the range of national hydro-
power capacity and energy deployment over the 
study period12 for the nine selected scenarios. Across 
these scenarios, combined new post-2016 deploy-
ment13 of upgrades, NPD, and NSD falls within ranges 
of 5–15 GW in 2030 and 5–31 GW in 2050, while new 
PSH ranges from 0–16 GW in 2030 and 0–55 GW in 
2050. Hydropower generation energy production 
from this new post-2016 capacity (excluding net 
energy use by PSH) ranges from 17–76 TWh in 2030 
and 21–170 TWh in 2050; when added to existing 
hydropower generation, total generation is 290–350 
TWh in 2030 and 290–440 TWh in 2050. The rest of 
this section describes where each of the nine sce-
narios fits within those ranges and explores national 
expansion trends for each hydropower category.

12. While the Hydropower Vision study period is 2017–2050, the ReEDS model solves from 2010–2050, so many results are presented that 
include the historical years 2010–2017. Scenario variables only influence the solution in the 2017–2050 time period. 

13. Unless otherwise stated, all cumulative quantities are reported in text as post-2016 numbers, though figures might show deployment  
beginning in 2010. Deployment from 2010–2016 consists of known projects rather than modeled economic growth.

National Capacity Additions
As mentioned in the introduction to this section, 
capacity growth by 2050 across the nine selected 
scenarios ranges from 5–31 GW in total for upgrades, 
NPD, and NSD and from 0–55 GW for PSH. This spec-
trum of future growth is illustrated in two figures:

• Figure 3-8 plots the cumulative new deployment of 
hydropower capacity from the combined deploy-
ment of upgrades, NPD, and NSD, and that from 
PSH.

• Figure 3-9 plots the cumulative new deployment of 
hydropower capacity from upgrades, NPD, and NSD 
individually.

Many Hydropower Vision analysis scenario results are 
illustrated in this section for the full modeled period  
of 2017–2050; however, discussion is often focused 
on the magnitude of hydropower deployment in 
2030 and 2050 as representative mid- and long-term 
milestone years.

Business-as-Usual Scenario: The Business-as-Usual 
scenario provides a valuable reference point for 
discussing the nine selected scenarios. The Business-
as-Usual scenario reflects conditions representative of 
the existing electricity market (e.g. future electricity 
demand and fossil fuel cost), along with reference 
or central cost and performance projections for all 
electricity technologies as modeled in ReEDS. Busi-
ness-as-Usual assumptions motivate the deployment 
of 5.3 GW new hydropower generation; however, 
all economically deployed hydropower generation 
comes from using 76% of modeled upgrade resource 
potential. Just 500 MW PSH is built in this scenario. 
Throughout this section and the remainder of Chapter 
3, the Business-As-Usual scenario is contrasted with 
numerous scenarios where the Business-as-Usual 
conditions are altered individually or in combination, 
and their implications for growth in the hydropower 
industry and the broader evolution of the electric 
power sector are explored.
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Figure 3-8. Capacity growth of hydropower generation and pumped storage hydropower in select deployment scenarios 
(each panel uses a unique y-axis)
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Figure 3-9. Capacity growth of upgrades, NPD, and NSD in select deployment scenarios (each panel uses a unique y-axis) 
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Hydropower Cost and Financing: Limited growth in 
the Business-as-Usual scenario suggests that existing 
economic conditions result in relatively little hydro-
power growth outside of upgrades to the existing 
fleet, but lower technology costs and long-term 
asset valuation could create an economic climate 
suitable for growth in NPD and NSD. The cost reduc-
tion pathways for NPD, NSD, and PSH assumed in 
the Advanced Technology scenario do not stimulate 
substantial hydropower generation growth beyond 
these upgrades, with only 800 MW of NPD and no 
NSD deployed through 2050. New PSH deployment, 
however, increases to 2.6 GW. Long-term asset valu-
ation, which is assumed applicable to all hydropower 
types, could provide stronger motivation to deploy 
additional hydropower resources, as financing terms 
reflecting the long-lived, stable revenue streams of 
hydropower projects allow a considerable near-term 
and persistent reduction in the cost of capital. The 
40% reduction in capital costs assumed in the Low 
Cost Finance scenario incentivizes an additional 1.1 GW  
of upgrades such that 82% of available upgrades are 
completed by 2030 and 91% by 2050. Long-term 
asset valuation has an even larger impact on PSH 
deployment, with 12 GW installed through 2030 
and 23 GW through 2050. For PSH, intermediate 
deployment levels could be possible even with long-
term asset valuation terms and conditions that have 
relatively lower impact on the cost of capital than is 
represented by the Low Cost Finance scenario.

Coupling Advanced Technology with Low Cost Finance 
conditions allows for a large incremental change in 
growth relative to Business-as-Usual. Most available 
NPD resource becomes economical under these 
conditions, with 63% utilization in 2030 (3.4 GW) and 
89% utilization in 2050 (4.8 GW). A large portion of 
the NSD resource base is also deployed, reaching 17.2 
GW and 56% utilization in 2050. New PSH capacity 
nears 35 GW in this scenario.

Environmental Considerations: Advanced Technology 
and Low Cost Finance are the major growth drivers 
in the scenarios considered here. Equally important 
for the future of hydropower growth, however, are 
sustainable development and environmental impact 
mitigation, particularly for NSD.14 The Advanced 
Technology, Low Cost Finance scenario does not  

14. Upgrades and NPDs would be deployed at sites with previously existing structures. NSD requires new infrastructure development and 
hence has the potential for greater environmental impact.

explicitly avoid any hydropower resource with iden-
tified environmental considerations. Thus, that sce-
nario represents a deployment future that assumes 
successful environmental impact mitigation across 
the modeled NSD resource. To test model sensitiv-
ity to varying degrees of success in environmental 
impact mitigation, Advanced Technology and Low 
Cost Finance assumptions are combined with NSD 
resource avoidance for environmental considerations; 
the Critical Habitat attribute is used as an intermedi-
ate scenario; and Combined Environmental Consider-
ations attributes represents a bounding case in which 
a substantial fraction of NSD resource is avoided due 
to environmental considerations.15

Relative to the case with all NSD resource available 
(Advanced Technology, Low Cost Finance), avoiding 
environmentally sensitive NSD resource necessarily 
lowers overall hydropower deployment with a direct 
reduction in NSD growth. Upgrades and NPD are 
largely unaffected by changes to NSD resource. 
Avoiding critical habitat areas reduces NSD deploy-
ment by only 200 MW through 2030, but deployment 
is 4 GW lower through 2050, as most NSD deploy-
ment occurs later in the study period after less expen-
sive upgrades and NPDs are built. Avoiding resource 
overlapping with all environmental attributes, how-
ever, nearly eliminates NSD growth, with only 200 
MW through 2030 and 1.7 GW through 2050. Under 
a given set of economic conditions, environmental 
considerations are a strong determinant of what 
NSD resource ultimately can be deployed. Additional 
discussion of how environmental considerations 
influence the regional distribution of hydropower 
resources and the characteristics of deployed facilities 
is included in Section 3.4.2.

PSH growth is not directly affected by environmental 
considerations, as little overlap in resource potential is 
assumed and changes are minor across environmental 
consideration scenarios. There are slight increases 
in PSH deployment with all environmentally-based 
NSD resource avoidance restrictions, because NSD 
capacity is displaced partly by VG resources that in 
turn support additional PSH installation. However, 
this effect is small, with only 700 MW more PSH in 
2050 relative to the unconstrained case with all NSD 
resource available. This effect is not observed when 
only critical habitats are avoided.

15. See Section 3.3 for a full list and description of all environmental attributes considered.
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S while NPD is 600 MW lower and NSD is 4.3 GW lower. 
Exchanging Low VG Costs for High Fossil Fuel Costs 
promotes primarily NSD and PSH, with 1.7 GW more 
NSD in 2050 and 21 GW more PSH. High Fossil Fuel 
Costs do not encourage much additional upgrade or 
NPD deployment because all but extremely high-cost 
resources are utilized without the additional incen-
tives provided by High Fossil Fuel Costs. The upper 
bound scenario combining Advanced Technology, Low 
Cost Finance, and High Fossil Fuel Costs with all NSD 
resource available achieves 15 GW new hydropower 
generation in 2030 and 31 GW in 2050; the 2050 
quantity consists of 6.3 GW upgrades, 4.9 GW NPD, 
and 20 GW NSD. New PSH is 11 GW in 2030 and 53 
GW in 2050 for the same scenario. This slightly lower 
quantity versus the equivalent scenario including the 
Critical Habitat consideration is because additional 
hydropower generation displaces VG, indirectly 
suppressing PSH growth. Alternate market conditions 
for upgrades, NPD, and NSD have unique effects 
for each resource class. These are explored in more 
depth, including impacts on regional distribution and 
technical characteristics, in Section 3.3.

While the lower bound on PSH growth is 500 MW 
under Business-as-Usual conditions, the upper-bound 
of new PSH is 16 GW in 2030 and 55 GW in 2050. 
PSH plays a different role in the power system. Its 
ability to provide reserves and dependable capacity 
either does not compete as directly with alternative 
technologies in the same way NPD and NSD do (such 
as with gas technologies), or it instead is potentially 
complementary (such as for VG). This role changes 
the relative economics of PSH and makes its deploy-
ment more sensitive to hydropower cost and value 
drivers than other hydropower technologies, resulting 
in a wider range of potential deployment pathways 
than the other hydropower resources. Deployment is 
also strongly influenced by fossil fuel and VG costs, 
with High Fossil Fuel Costs and Low VG Costs creating 
an electricity system that more highly values the use 
of energy storage to provide grid flexibility.

To add context to these total growth levels, Figures 
3-10 through 3-13 plot historical and modeled new 
annual growth of the hydropower resources for 
representative low, intermediate, and high hydropower 
deployment scenarios that sufficiently characterize 
the range of hydropower deployment across the nine 

Fossil and VG Costs: The competitiveness of hydro-
power resources also depends on non-hydropower 
technology costs, with fossil fuel and VG costs 
expected to play a major role in the future evolution 
of the electric grid. From the large suite of fossil fuel 
and VG cost sensitivity scenarios, three are chosen to 
demonstrate a broader range of hydropower deploy-
ment pathways with Advanced Technology, Low Cost 
Finance assumptions. Two of these scenarios include 
Critical Habitat avoidance to reflect intermediate 
success addressing environmental impacts, with High 
Fossil Fuel Cost representing a scenario that improves 
competitiveness of both hydropower generation 
and PSH, and Low VG Cost representing a scenario 
that supports PSH growth but reduces hydropower 
generation competitiveness with VG. A scenario with 
no NSD avoidance for environmental attributes and 
High Fossil Fuel Costs pairs improved hydropower 
economics with assumed successful mitigation of 
environmental impacts across all NSD resource. This 
scenario thus embodies a modeled upper bound of 
hydropower deployment.

Hydropower resources compete differently in the 
electric sector for providing electricity services and 
thus respond differently to changes in fossil fuel or VG 
costs. While the flexible portion of the existing fleet 
and its potential upgrades can provide grid flexibility 
through reserve provision and load following, new 
NPD and NSD is assumed to be relatively inflexible 
owing to run-of-river operations. These resources are 
built primarily to supply low-cost energy to the grid. 
PSH, on the other hand, is built largely to supply grid 
flexibility through reserves, curtailment reduction, and 
shifting energy production from inflexible baseload 
and VG resource from times of low to high demand. 
Therefore, NPD and NSD (and, to a lesser extent, 
upgrades) compete most directly with energy-fo-
cused resources, such as combined cycle gas turbines, 
wind, and solar photovoltaics (PV). PSH competes 
most directly with flexible combined cycle gas and 
gas combustion turbine resources, while comple-
menting wind and PV growth.

Relative to the Advanced Technology, Low Cost 
Finance, Critical Habitat scenario, including Low VG 
Costs reduces hydropower generation capacity 5 GW 
in 2050 by making VG more attractive, but additional 
VG supports 16 GW more PSH. More expensive 
hydropower generation resources are disproportion-
ally affected; 2050 upgrades fall by only 150 MW 
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Figure 3-11. Post-2010 capacity growth from upgrades, non-powered dams, and new stream-reach development in 
representative low, intermediate, and high deployment scenarios
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Figure 3-12. Historical pumped storage hydropower capacity installations through 2010
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Figure 3-13. Post-2010 pumped storage hydropower capacity growth in representative low, intermediate, and high 
deployment scenarios
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The post-2016 average annual hydropower growth for 
each scenario is plotted for reference, and real-world 
construction would likely fall somewhere between 
a uniform average growth and the variable growth 
produced by the model.

The equivalent figures for PSH demonstrate rapid 
growth through 2030 when Advanced Technology 
and Low Cost Finance are assumed. While growth 
rates sometimes exceed historically observed annual 
PSH construction in high deployment scenarios, aver-
age installation rates are on par with historical values.

Contributions to National Energy Supply
The range of combined upgrade, NPD, and NSD 
deployment across sensitivity scenarios produces 
a corresponding range in energy production,16 and dif-
ferences between scenarios in Figure 3-14 (left panel) 
reflect the capacity differences in Figure 3-8 (left 
panel). As a lower bound, the Business-as-Usual sce-
nario yields only an 8% generation increase from 2016 
levels to 2050, but the full range of selected scenarios 

16. PSH is technically a net consumer of electricity, with round-trip efficiencies of up to 85% (modeled round-trip efficiency is 80%). As it 
serves a fundamentally different role in the power system, its consumption and production of energy are not included in the generation 
totals described throughout the Hydropower Vision document. 

selected scenarios. Results for these four scenarios 
are often shown exclusively within the chapter to 
improve clarity and conciseness, and results for other 
scenarios appear in Appendix F. Figures 3-10 and 3-11 
of hydropower generation installations demonstrate 
the near-term focus on existing fleet upgrades along 
with mid-term growth of NPD and long-term growth 
of NSD in scenarios supporting investment in these 
hydropower types.

Historical installations help put the new deployment 
results in perspective. In these scenarios, an initial 
focus on upgrades and NPD supports the optimiza-
tion pillar of the Hydropower Vision, while the growth 
pillar is potentially reflected in long-term NSD instal-
lations. While annual growth is sometimes sporadic 
and approaches the historical maximum in the high-
est deployment scenarios, practical realities of the 
industry that are not modeled in ReEDS could buffer 
annual variability in hydropower construction. 
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Figure 3-14. Electricity generation and share of national electricity consumption from the existing hydropower fleet and 
growth in upgrades, non-powered dams, and new stream-reach development (excludes net generation from pumped  
storage hydropower)
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S results in 290–350 TWh in 2030 and 290–440 TWh in 
2050, which constitutes 6–28% and 8–61% increases, 
respectively. Higher generation scenarios align with 
high-capacity hydropower generation scenarios. 
Energy production is strongly influenced by expected 
future water availability, which is a strong function of 
climate change expectations. These interactions are 
discussed in Section 3.4.3.

In terms of market share (Figure 3-14), outcomes vary 
widely across scenarios. In scenarios with limited new 
hydropower capacity, the share of generation provided 
by hydropower declines, falling as low as 5.9% in 2050 
in Business-as-Usual as generation remains flat while 
load growth continues. High-deployment scenarios, 
however, reach up to 7.9% share in 2030 and 8.9% 
share in 2050, with the best-case being the upper 
bound Advanced Technology, Low Cost Finance, High 
Fossil Fuel Cost scenario. Maintaining the existing fleet 
is essential to retaining hydropower’s energy contri-
bution to the electricity system, but new growth is 
necessary to grow its relative share of generation.

All scenarios with significant NPD or NSD deploy-
ment experience a greater relative increase in energy 
than capacity because NPD and NSD resources are 
expected to have higher capacity factors than much 
of the existing fleet. These projects are modeled as 
being developed and operated on a run-of-river basis, 
resulting in relatively higher capacity factors (but less 
flexibility) than the existing hydropower fleet, which 
operates with considerable water storage.

Figures 3-15 and 3-16 illustrate category-specific hydro-
power generation growth for representative low, inter-
mediate, and high deployment scenarios. Figure 3-15 
includes existing fleet generation for the Advanced 
Technology, Low Cost Finance, Critical Habitat scenario, 
and known new hydropower built between 2010 and 
2016. Figure 3-16 shows new hydropower generation 
for post-2016 deployment only. Maintaining the 
existing fleet is important to the overall hydropower 
contribution to electricity generation, as it contributes 
the large majority of total hydropower energy through 
2050 in all scenarios. Trends in energy growth by 

hydropower category follow those of capacity growth, 
with energy growth accelerating slightly in the mid- 
to long-term because NPD and NSD resource has 
higher capacity factors than the existing units where 
upgrades are applied. Across selected scenarios, new 
upgrades provide 17–21 TWh in 2030 and 20–24 TWh 
in 2050, new NPD provides 0–22 TWh in 2030 and 
0–27 TWh in 2050, and new NSD provides 0–32 TWh 
in 2030 and 0–116 TWh in 2050.

Pumped Storage Hydropower and  
Variable Generation 
The relationship between PSH and VG is explored 
further in Figure 3-17, which plots new PSH capacity in 
2030 and 2050 versus the percent of demand met by 
VG in those years for the subset of the nine selected 
scenarios that includes Advanced Technology, Low 
Cost Finance assumptions. These results show a 
positive correlation between VG generation and 
PSH capacity, with higher-VG scenarios (High Fossil 
Fuel Costs and Low VG Costs) reaching 50% or more 
demand met by VG in 2050 and 50 GW or more PSH. 
PSH deployment is much lower when VG generation 
is lower in earlier years, or under reference VG and 
fossil cost conditions.
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Figure 3-15. Total electricity generation from hydropower 
(excluding pumped storage hydropower) in the Advanced 
Technology, Low Cost Finance, Critical Habitat scenario 
(existing fleet generation in 2010–2014 adjusted to match 
historical data)
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The exact relationship between PSH and VG, however, 
is dependent on the state of the electricity system, 
and the data shown here do not necessarily imply 
a specific functional relationship between the two 
quantities. For instance, higher assumed PSH costs 
could reduce PSH growth for a given VG generation, 
or other storage technologies (e.g. batteries, com-
pressed air energy storage) could displace PSH if 
lower costs were assumed for those technologies. The 
complementary relationship between PSH and VG 
is supported by model results, but the details of this 
relationship must be borne out by the future realities 
of the electricity system.
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Figure 3-16. Electricity generation from new hydropower in representative low, intermediate, and high deployment scenarios 
(generation from the existing fleet and net energy use by pumped storage hydropower is not shown)
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TS 3.4.2 Growth Considerations 
within Market Segments
Each of the nine scenarios presented in the Hydro-
power Vision analysis produces a different modeled 
outcome for each of the resource classes represented 
in ReEDS—Upgrades, NPD, NSD, and PSH. As men-
tioned previously, the intention of these scenarios is 
not to predict future outcomes for the hydropower 
industry. Instead, they serve a useful analytical pur-
pose in demonstrating the relative sensitivity of each 
resource to key scenario levers such as technology cost, 
financing, the cost of variable generation technologies 
and fossil fuels, and the importance of environmental 
considerations. This investigative approach supports the 
development of the Hydropower Vision’s roadmap by 
highlighting and quantifying the importance of spe-
cific key issues. To that end, this section documents 
key observations from the nine scenarios for each of 
the hydropower resource classes, addressing key com-
ponents of site attributes and regionality. Discussion 
on the impact of climate change is in Section 3.4.3.

Market Potential for Upgrades
As modeled, the capability to upgrade and expand 
the existing fleet is generally the most cost-effec-
tive and economically attractive of the hydropower 
resource options. Because of this cost effectiveness, 
upgrades are the first generation resource to deploy 
and are used extensively in most scenarios, forming 
the foundation of growth in the modeled scenarios. 
Of the 6.9 GW of potential, deployment in 2050 
ranges from 5.2 GW under Business-as-Usual to 
approximately 6.3 GW in most scenarios incorpo-
rating Low Cost Finance assumptions and favorable 
market conditions. Unfavorable market conditions for 
hydropower generation resources, such as increasing 
competition from renewables under Low VG Cost 
assumptions, only slightly reduces deployment levels 
to 6.1 GW. Figure 3-18 illustrates the levels of use 
of upgrades in 2030 and 2050 across the selected 
modeled scenarios.

Upgrade Deployment (GW)

Advanced Technology, Low Cost Finance, 
High Fossil Fuel Cost

Advanced Technology, Low Cost Finance

Advanced Technology, Low Cost Finance, 
Critical Habitat, High Fossil Fuel Cost

Advanced Technology, Low Cost Finance, 
Critical Habitat

Advanced Technology, Low Cost Finance, 
Critical Habitat, Low VG Cost

Advanced Technology, Low Cost Finance, 
Combined Environmental Considerations

Low Cost Finance 

Advanced Technology 

Business-as-Usual

0 1 2 3 4 5 6 7

Upgrade Capacity  
in 2050

Upgrade Capacity 
in 2030

4.5 5.2

5.2

6.3

6.3

6.3

6.3

6.3

6.3

6.1

4.5

5.6

5.6

5.4

5.6

5.7

5.6

5.7

Figure 3-18. Deployment of upgrades in 2030 and 2050 in selected modeling scenarios
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small remaining projects are considered too expen-
sive to be upgraded cost effectively. The challenging 
economics facing these facilities are apparent in 
the fact that no scenario achieves any meaningfully 
higher upgrade deployment. The highest—Advanced 
Technology, Low Cost Finance, High Fossil Fuel Cost—
only deploys an additional 30 MW relative to the Low 
Cost Finance scenario.

Market Potential for NPDs
After upgrades, NPDs are generally the next most 
economically competitive hydropower generation 
resource. Where a significant portion of the upgrade 
resource is competitive under Business-as-Usual 
conditions, the broad powering of non-powered dams 
requires meaningful cost reduction—either through 
access to financing mechanisms that value hydro-
power’s long lifetime (Low Cost Finance) or through 
technology, development processes, and O&M cost 
reductions (Advanced Technology). Figure 3-20 illus-
trates the levels of NPD deployment across different 
market and hydropower economics assumptions.

The difference between the relatively low 5.2 GW 
scenarios and the higher 6.3 GW upgrades scenarios  
are overwhelmingly a function of the Low Cost 
Finance assumption, which improves the economics 
of otherwise marginal upgrade opportunities. Only 
the largest projects that benefit from the economies 
of scale inherent in hydropower development deploy 
in the 5.2 GW scenarios, with that level of deployment 
coming from upgrading 426 projects. The additional 1.1 
GW seen in the higher deployment scenarios requires 
upgrading over 500 additional projects. Figure 3-19 
illustrates the regional differences in these deployment 
levels using Business-as-Usual and Advanced Technol-
ogy, Low Cost Finance, High Fossil Fuel Cost as repre-
sentative high and low outcomes. An additional 500 
small upgrade projects are spread across the United 
States, but produce noticeable increases in upgrade 
capacity in California and the Northeast.

The near-full utilization of potential upgrade capac-
ity in Low Cost Finance scenarios does not mean 
all plants are considered economic to upgrade or 
expand. Generally, between 900 and 1,100 facilities 
are upgraded in these scenarios; however, an addi-
tional 600 to 800 projects with upgrade potential 
totaling approximately 500 MW are not. Owing to the 
economies of scale in the cost of constructing, oper-
ating, and maintaining hydropower projects, these 

Business-as-Usual
5.2 GW Deployed

Advanced Technology, Low Cost Finance,
High Fossil Fuel Cost   6.3 GW Deployed

  1      10      100      250      393
Deployment
by State (MW):

Megawatts
by State: 0 1350

Figure 3-19. Regional deployment of upgrades for representative low and high deployment
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No new previously unannounced NPD capacity is 
deployed economically under Business-as-Usual 
market and economic conditions. With individual 
advances in technology cost reduction or long-term 
valuation, 2050 deployment is between 700-800 MW 
with some minor variation in timing between sce-
narios.17 When both Low Cost Finance and Advanced 
Technology advances are realized, deployment of NPD 
is more significant, ranging between 4.2 and 4.9 GW 
and resulting in the powering of between 450 and 
600 existing dams of the 671 modeled. Both R&D and 
valuation solutions are essential to realizing the broad 
utilization of the nation’s low-head NPD resources. In 
the scenarios with high deployment of 

17. There are also minor changes in the geography of deployment. Where the Low Cost Finance scenarios reduce the cost of all NPD projects, 
the Advanced Technology scenario differentially reduces the cost of low-head versus high-head development (30% versus 25%, respec-
tively, by 2050) and also reduces O&M cost, further changing the relative economics of different NPD projects. 

NPD in excess of 4 GW, the median NPD project has 
a design head of only 40 ft. Without more favorable 
economic parameters such as in the scenarios where 
Advanced Technology or Low Cost Finance are used 
individually, only higher-head, lower-cost projects are 
deployed, and the median project head increases to 
above 90 ft. While canal and conduit projects are not 
modeled in ReEDS, the results from NPD suggest that 
similar approaches to cost reduction and valuations 
could be beneficial to these resource types.

The economically competitive NPDs are generally 
distributed consistent with the location of the 
remaining NPD resource potential; deployment is 
concentrated largely in the Midwest and the South 
at large existing dams along the Mississippi and its 
major tributaries. Figure 3-21 shows the regional 
distribution of these dams.

NPD Deployment (GW)

Advanced Technology, Low Cost 
Finance, High Fossil Fuel Cost

Advanced Technology, Low Cost Finance

Advanced Technology, Low Cost Finance, 
Critical Habitat, High Fossil Fuel Cost

Advanced Technology, Low Cost Finance, 
Critical Habitat

Advanced Technology, Low Cost Finance, 
Critical Habitat, Low VG Cost

Advanced Technology, Low Cost Finance, 
Combined Environmental Considerations

Low Cost Finance 

Advanced Technology 

Business-as-Usual

NPD Capacity in 
2050

NPD Capacity 
in 2030

0 1 2 3 4 5

0.0

0.80.2

0.70.5

4.83.6

4.21.6

4.83.5

4.94.0

4.83.4

4.94.0

Figure 3-20. 2030 and 2050 deployment of NPD in selected modeling scenarios
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and the potential intersection or incompatibility of 
NSD development with environmental considerations. 
Figure 3-22 documents the range of NSD deployment 
in the selected scenarios.

On the basis of economics alone, realizing NSD 
deployment requires effort by industry and stakehold-
ers to drive down costs and better value the long life 
of hydropower assets—and these steps must be done 
in combination for NSD to deploy at all. Neither Low 
Cost Finance nor Low-Hydropower Cost conditions 
can independently motivate deployment of NSD, but 
in combination they provide an economic competi-
tiveness threshold that could support GW of deploy-
ment. As is this case for NPD, cost reductions must 
come in part from innovation targeted at low-head 
development—the median NSD project deployed in 
the selected modeled scenarios has a design head of 
between 30 and 40 feet.

Across all scenarios, a majority of the deployed 
capacity from NPDs is at Corps facilities that lack 
power infrastructure; these facilities are typically flood 
control or navigation structures such as locks and 
dams. In the scenarios combining Advanced Technol-
ogy and Low Cost Finance, 75% of the deployed NPD 
capacity is on Corps infrastructure; at lower levels of 
deployment, this share rises to between 80–90%.

Market Potential for NSD
Of the hydropower generation options, NSD shows 
the highest growth potential—but it also carries the 
greatest uncertainty. Many modeling scenarios show 
no growth for NSD, including the Business-as-Usual 
scenario. Scenarios that do see growth have a wide 
variation in outcomes between 1.7 GW and 20.1 GW 
of cumulative deployment in 2050, with variations 
in growth driven by the evolution of market factors 

Advanced Technology, Low Cost Finance, 
Critical Habitat   4.8 GW Deployed

Advanced Technology, Low Cost Finance, 
High Fossil Fuel Cost   4.9 GW Deployed

Business-as-Usual   0.0 GW Deployed
Advanced Technology, Low Cost Finance, 
All Considerations   4.8 GW Deployed

Deployment
Size (MW):

Deployment by 
State (MW): 0 628  1      10      50      100      191

Figure 3-21. Regional deployment of NPD across a range of selected modeling scenarios
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The environmental considerations described in Section 
3.3 are not proxies for sustainability singularly or in 
combination. They do, however, demonstrate the 
fundamental need for NSD development to accommo-
date, if not support and improve, the other values and 
uses of the nation’s rivers. When NSD development is 
avoided in areas overlapping only one consideration—
Critical Habitat—economic deployment is reduced by 
2.3 GW relative to outcomes from the combination 
of Advanced Technology and Low Cost Finance (14.9 
GW versus 17.2 GW). When development is avoided 
in areas intersecting any of the eight considerations 
modeled in the scenario with Combined Environmental 
Exclusions, only 1.7 GW of growth in NSD occurs.

Figure 3-23 provides two examples illustrating how 
environmental considerations scenarios can alter the 
regional deployment of NSD by mapping 2050 NSD 
deployment for representative low, mid, and high 
deployment scenarios.

In the scenario most favorable on economic merits 
alone—Advanced Technology, Low Cost Finance, and 
High Fossil Fuel Cost—NSD is competitively deployed 
in all but two states (Nevada and Delaware) in the con-
tinental United States, with particularly concentrated 
development in Oregon, Washington, Idaho, Montana, 
Missouri, and Pennsylvania. However, the uncertainties 
introduced by the example Critical Habitat consider-
ation are readily visible, showing that development 
may not be possible in the Pacific Northwest if NSD 
cannot satisfy environmental and social objectives 
alongside the economic objectives optimized by the 

0 5 10 15 20 25

NSD Deployment (GW)

Advanced Technology, Low Cost 
Finance, High Fossil Fuel Cost

Advanced Technology, Low Cost Finance

Advanced Technology, Low Cost Finance, 
Critical Habitat, High Fossil Fuel Cost

Advanced Technology, Low Cost 
Finance, Critical Habitat

Advanced Technology, Low Cost Finance, 
Critical Habitat, Low VG Cost

Advanced Technology, Low Cost Finance, 
Combined Environmental Considerations

Low Cost Finance 

Advanced Technology 

Business-as-Usual

NSD Capacity in 
2050

NSD Capacity 
in 2030

0.0

0.0

0.0

1.70.2

8.80.7

13.12.6

14.95.2

17.22.8

20.15.6

Figure 3-22. 2030 and 2050 deployment of NSD in selected modeling scenarios
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High Fossil Fuel Cost scenario), these needs rise to a 
total of 3,608 projects. This range of project counts 
indicates that for significant NSD deployment, major 
advances are necessary to sustainably—from both 
environmental and logistical perspectives—deploy 
numerous small projects, as the average size of NSD 
across scenarios ranges from 4–8 MW.

Market Potential for PSH
Unlike hydropower generation resources, the advent 
of closed-loop development opportunities ensures 
that the potential supply of pumped storage proj-
ects does not face the same resource availability 
constraints as upgrades, NPD, and NSD. Instead, the 
deployment of PSH is contingent on its ability to 
cost-effectively meet the needs of the evolving power 
system represented in ReEDS. Subsequently, depen-
dent on market and value drivers, the range of overall 

ReEDS model. This result is even more apparent in 
the bounding case of the Combined Environmental 
Considerations scenario, which shows that meaningful 
deployment of NSD at the national scale may prove to 
be prohibitively challenging. The need for a sustainable 
development paradigm is evident, and steps towards 
this goal, both in terms of technology innovation and 
sustainability perspective, are documented in the 
Hydropower Vision roadmap (Chapter 4).

The range of NSD’s potential contribution to the 
future power system also highlights the variation in 
potential logistical and infrastructure needs to sup-
port these scales of development. At the low end of 
deployment (1.7 GW under Combined Environmental 
Considerations), 375 new NSD projects would be 
required by 2050—along with the associated reg-
ulatory, construction, and manufacturing needs. At 
the high end of the NSD deployment spectrum (20.1 
GW for the Advanced Technology, Low Cost Finance, 

Advanced Technology, Low Cost Finance, 
Critical Habitat   13.1 GW Deployed

Advanced Technology, Low Cost Finance, 
High Fossil Fuel Cost   20.1 GW Deployed

Business-as-Usual   0.0 GW Deployed
Advanced Technology, Low Cost Finance, 
All Considerations   1.7 GW Deployed

Megawatts by
Subbasin:

Megawatts 
by State:

Figure 3-23. Regional deployment of NSD for representative low, mid, and high deployment scenarios
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2050 PSH deployment spans from a few hundred MW 
under Business-as-Usual conditions to more than 50 
GW when cost, value, and market conditions align 
favorably. Levels of PSH deployment in 2030 and 
2050 across scenarios are illustrated in Figure 3-24.

While the modest cost reductions for PSH in the 
Advanced Technology scenario support incremen-
tally higher levels of deployment (2.5 GW), the real 
catalyst for use of PSH is application of the Low Cost 
Finance perspective that independently motivates 
the deployment of 22.6 GW of new PSH capacity. 
These conditions together produce somewhat higher 
deployment outcomes, between 34 and 36 GW.  
The highest levels of PSH deployment—50 GW and 
higher—are seen when combining improvements  
in cost and valuation with market conditions more 
favorable to storage technologies, namely Low 
VG Costs and High Fossil Fuel Costs. The increase 
in VG deployment in these scenarios relative to 

Business-as-Usual motivates the development of eco-
nomically competitive PSH. Higher fossil fuel prices, 
however, favorably influence the economics of PSH in 
an additional way, as the natural gas-based combined 
cycle (CC) and combustion turbine (CT) capacities 
that would have otherwise balanced VG become rela-
tively more expensive. Figure 3-25 shows the regional 
implications of the range of PSH deployment possible 
in the Hydropower Vision analysis.

When applying the Low Cost Finance perspective to 
PSH, significant deployment is seen throughout the 
country, with particularly high demand in California, 
the Southwest, Midwest, and Mid-Atlantic regions. 
When adding the modest cost reductions from the 
Advanced Technology conditions, additional deploy-
ment is seen in most regions, but PSH gains a particu-
lar economic edge in backing solar generators in

0 10 20 30 40 50 60
PSH Deployment (GW)

Advanced Technology, Low Cost 
Finance, High Fossil Fuel Cost

Advanced Technology, Low Cost Finance

Advanced Technology, Low Cost Finance, 
Critical Habitat, High Fossil Fuel Cost

Advanced Technology, Low Cost Finance, 
Critical Habitat

Advanced Technology, Low Cost Finance, 
Critical Habitat, Low VG Cost

Advanced Technology, Low Cost Finance, 
Combined Environmental Considerations

Low Cost Finance 

Advanced Technology 

Business-as-Usual

PSH Capacity in 
2050

PSH Capacity 
in 2030

0.5

2.6

16.2

22.6

35.5

12.2

50.015.6

34.014.8

55.213.3

34.812.1

53.011.5

Figure 3-24. 2030 and 2050 deployment of PSH in selected modeling scenarios
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the Southwest. Adding High Fossil Fuel Cost further 
increases deployment, most notably in the Mid- 
Atlantic/New York and Pacific Northwest regions.

As the utility-scale PSH projects available to the 
ReEDS model have large capacities relative to mod-
eled hydropower generation projects, the number 
of new PSH projects necessary to reach the levels of 
modeled levels of deployment is much lower than 
that for upgrades, NPD, and NSD. The average capac-
ity of a PSH plant varies by scenario from 700–1,000 
MW, with the exception of the Business-as-Usual 
scenario that deploys a just one 300-MW plant. 
Thus, there is an approximately linear relationship 
between total capacity deployment and the number 
of required projects, with three projects in Advanced 
Technology, 22 in Low Cost Finance, and more than 70 
when High Fossil Fuel Cost is introduced.

3.4.3 Hydropower in an  
Uncertain Climate Future
As discussed previously, climate change potentially 
creates significant uncertainty about water availabil-
ity for hydropower generation, and this uncertainty 
can affect the long-term outlook of the hydropower 
industry. Water availability affects the energy pro-
duction potential of hydropower resources, which in 
turn influences their economic attractiveness in the 
electric sector. To understand how this uncertainty 
in water availability could influence levels of growth, 
the bounding Wet and Dry conditions documented 
in Section 3.3 were applied to all nine selected sce-
narios. It is important to reiterate that these scenarios 
change only the availability of water for hydropower 
generation; they do not combine these adjustments 
with other potential impacts from a changing climate, 
such as the availability of water for thermal power 

MW by Region

0 12,070

Advanced Technology, Low Cost Finance, 
Critical Habitat   34.0 GW Deployed

Advanced Technology, Low Cost Finance, 
High Fossil Fuel Cost   53.0 GW Deployed

Business-as-Usual   0.5 GW Deployed
Advanced Technology, Low Cost Finance, 
All Considerations   35.5 GW Deployed

Figure 3-25. Regional deployment of PSH across a range of selected modeling scenarios
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tricity demand. These scenarios also do not represent 
the influence of climate change on water quality (e.g. 
temperature), as doing so requires a detailed hydrol-
ogy representation not included in the ReEDS electric 
sector modeling framework.

Even with this limited focus, the modeled scenarios 
can demonstrate a range of national impacts of water 
availability on hydropower deployment potential. 
Figure 3-26 plots the range of 2030 and 2050 new 
hydropower generation capacity deployed across 
the Wet and Dry variants of each of the nine selected 
scenarios, while also plotting the reference deploy-
ment value when water availability is unchanged 

throughout the study period. Most upgrades are 
economically attractive even with reduced water 
availability, so deployment under Business-as-Usual 
conditions changes no more than 5% with changing 
water availability (4.4–4.7 GW vs. 4.6 GW reference). 
Non-powered dams are also similarly unaffected by 
changing water availability when combined Advanced 
Technology and Low Cost Finance assumptions are 
sufficient to support construction of a large fraction of 
NPD resource even under reduced water availability.

In the scenarios implementing Advanced Technology 
and Low Cost Finance assumptions individually, the 
range of 2050 NPD deployment between Wet and Dry 
variants is up to 1.6 GW because water availability is 

Advanced Technology, Low 
Cost Finance, High Fossil 

Fuel Cost

Advanced Technology, 
Low Cost Finance

Advanced Technology, Low Cost 
Finance, Critical Habitat, High 

Fossil Fuel Cost

Advanced Technology, Low 
Cost Finance, Critical 

Habitat

Advanced Technology, Low 
Cost Finance, Critical Habitat, 

Low VG Cost

Advanced Technology, Low Cost 
Finance, Combined Environmental 

Considerations

Low Cost Finance 

Advanced Technology 

Business-as-Usual

2050 New Hydropower 
Generation Capacity (GW)

0 5 10 15 20 25 30 35

2030 New Hydropower 
Generation Capacity (GW)

0 5 10 15 20 25 30 35

Range Reference

Figure 3-26. Range of new hydropower generation capacity in 2030 and 2050 across the Wet and Dry water availability 
scenario variants of the selected scenarios
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important to NPD when these resources are marginal. 
That is, small changes in expected energy production 
can be enough to determine whether or not the capac-
ity is economical in comparison with other available 
technologies. Most of the deployment spread across 
water availability variants, however, is attributed to 
changes in NSD deployment. For the top five deploy-
ment scenarios, the range of 2050 NSD growth varies 
from 6.3–10.5 GW, which accounts for most of the 
6.7–11.2 GW deployment ranges shown in Figure 3-26. 
There is less variation with Combined Environmental 
Considerations because so little NSD resource is avail-
able. The range of NSD deployment variation across 
Wet and Dry conditions is 42–74% of the reference 
NSD deployment for scenarios when NSD is built.

Figure 3-27 plots the range of energy production 
from new hydropower generation built through 2030 
and 2050 when water availability is varied. Energy 
from the existing hydropower generation fleet is 
not shown in the figure but is also influenced by 
assumed water availability. From the reference long-
term average output of 270 TWh, existing fleet gen-
eration in climate scenario variants spans 260–290 
TWh in 2030 and 250–310 TWh in 2050. Note that 
the modeled long-term trends do not assume any 
interannual variability, so actual generation could 
exceed these bounds. For new hydropower genera-
tion, energy production across the full range of Wet 
and Dry variants for the nine selected scenarios 

Advanced Technology, Low 
Cost Finance, High Fossil 

Fuel Cost

Advanced Technology, 
Low Cost Finance

Advanced Technology, Low Cost 
Finance, Critical Habitat, High 

Fossil Fuel Cost

Advanced Technology, Low 
Cost Finance, Critical 

Habitat

Advanced Technology, Low 
Cost Finance, Critical Habitat, 

Low VG Cost

Advanced Technology, Low Cost 
Finance, Combined Environmental 

Considerations

Low Cost Finance 

Advanced Technology 

Business-as-Usual

0 50 100 150 200 250 3000 50 100 150 200 250 300

2050 New Hydropower 
Generation Energy (TWh)

2030 New Hydropower 
Generation Energy (TWh)

Range Reference

Figure 3-27. Range of new hydropower generation energy in 2030 and 2050 across the Wet and Dry water availability 
scenario variants of the selected scenarios
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spans 13–120 TWh in 2030 and 6–260 TWh in 2050. 
The low end of the range declines because Busi-
ness-as-Usual in Dry conditions does not result in 
building of enough new capacity to replace reduced 
generation from previously built hydropower due to 
declining water availability.

Water availability plays a key role in determining the 
economic attractiveness of hydropower resources, 
particularly higher-cost NSD resources that are more 
economical if greater energy production is expected. 
Low water availability scenarios also highlight the 
importance of maintaining and upgrading existing 
infrastructure so that hydropower can maintain its 
contribution to the U.S. electric sector.

Change in 2050 Growth (GW) from Reference 
Water Availability Conditions

Upgrades (Dry)           NPD (Dry)           NSD (Dry)           PSH (Dry)

Upgrades (Wet)          NPD (Wet)          NSD (Wet)          PSH (Wet)

-6 -4 -2 0 2 4 6

Advanced Technology, Low 
Cost Finance, High Fossil 

Fuel Cost

Advanced Technology, 
Low Cost Finance

Advanced Technology, Low Cost 
Finance, Critical Habitat, 

Low VG Cost

Advanced Technology, Low 
Cost Finance, Critical Habitat

Advanced Technology, Low Cost 
Finance, Combined Environmental 

Considerations

Advanced Technology, Low Cost 
Finance, Critical Habitat, High 

Fossil Fuel Cost

Low Cost Finance 

Advanced Technology 

Business-as-Usual

Figure 3-28. Influence of Wet and Dry water availability conditions on 2050 hydropower deployment in selected scenarios



3

285

3.4.3 H
Y

D
R

O
PO

W
ER

 IN
 A

N
 U

N
C

ER
TA

IN
 C

LIM
A

TE FU
TU

R
E 

Seasonal as well as annual changes to hydropower 
generation resources, particularly when reducing 
energy availability, can allow VG technologies to out-
compete NSD (and some NPD) due to reduced capac-
ity factors annually and across key seasons such as 
summer. Increased VG capacity can improve the value 
of PSH, resulting in greater deployment. Additionally, 
lower water availability results in a reduced capability 
for the existing fleet to meet reserve and balancing 
needs, again potentially improving the value of PSH.18 
While PSH variation is on the order of variation in other 
hydropower types, the relative change in PSH deploy-
ment is less than 10% for all water availability scenarios 
except Business-as-Usual and Advanced Technology, 
which deploy less than 3 GW of PSH under reference

18. It should be noted that the simplified water availability scenarios used here may not account for key economic and social impacts asso-
ciated with climate change that may influence hydropower growth. In particular, water rights for hydropower resources are not explicitly 
modeled. This may suggest that PSH could face practical difficulties in securing water rights for development, as even closed-loop systems 
must perform an initial fill and then replenish water lost to evaporation and seepage. 

Figure 3-28 examines the impacts of water availability 
on each scenario by illustrating the impacts of Wet 
and Dry conditions on the 2050 growth of each 
hydropower resource category. Most of the differ-
ences in growth between scenarios are the product of 
changes to NSD deployment. Both NPD and upgrades 
experience higher deployment when more water is 
available and lower deployment when less water is 
available. These changes are within 1 GW except for 
the Advanced Technology Scenario and the Low Cost 
Finance Scenario, where a large fraction of the NPD 
resource is highly competitive with other technologies. 
The directional change in PSH deployment is typically 
opposite of those seen in the hydropower generation 
resources. This outcome is largely the result of regional 
market outcomes, particularly in the West.

Advanced Technology, Low Cost Finance,
High Fossil Fuel Cost, Dry   13.8 GW Deployed

Advanced Technology, Low Cost Finance, 
High Fossil Fuel Cost, Wet   22.5 GW Deployed

Advanced Technology, Low Cost Finance,
High Fossil Fuel Cost   20.1 GW Deployed

Megawatts
by State:

Megawatts by 
Subbasin:

Figure 3-29. Influence of Wet and Dry water availability conditions on 2050 NSD deployment in the Advanced Technology, 
Low Cost Finance, High Fossil Fuel Cost scenario

Advanced Technology, Low Cost Finance,
High Fossil Fuel Cost, Dry   13.8 GW Deployed

Advanced Technology, Low Cost Finance, 
High Fossil Fuel Cost, Wet   22.5 GW Deployed

Advanced Technology, Low Cost Finance,
High Fossil Fuel Cost   20.1 GW Deployed

Megawatts
by State:

Megawatts by 
Subbasin:
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S water availability. On a relative basis, NSD opportuni-
ties are more affected by changing water availability 
than other hydropower types.

To examine the importance of regional differences in 
water availability, Figure 3-29 shows the change in NSD 
deployment across the Advanced Technology, Low Cost 
Finance, High Fossil Fuel Cost scenario and its Wet and 
Dry sensitivities. As the upper bound of NSD deploy-
ment, this scenario demonstrates the full possible 
range of effects from changes in water availability.

The impact of reduced water availability is illustrated 
in the lower deployment of NSD in western states in 
the Dry scenario. Deployment in the Eastern United 
States remains largely unchanged, but significantly 
less capacity is added in Idaho, Oregon, Washington, 
eastern Montana, and California. While the reductions 
in average annual water availability in California are 

modest, the modeled loss of runoff for Northern and 
Central California can exceed 70% during the summer 
months. Losing this much generation capability 
during what are often the most valuable times to 
produce power fundamentally harms the economic 
competitiveness of NSD in these and other areas, 
despite the cost (Advanced Technology) and value 
(Low Cost Finance) advances.

Results from the Wet scenario show a general 
increase in NSD deployment nationwide. However, 
some areas, such as Idaho and Western Montana, see 
a decrease in deployment despite increasing average 
annual water availability. The change in summer 
runoff alters the value proposition for the run-of-river 
NSD resource. By 2050, change in summer runoff for 
this area falls within a range of reductions of 25–40% 
despite an increase in the annual average. 

3.5 Selected Costs, Benefits and Impacts 
of Hydropower Growth Scenarios
This section quantifies the costs and benefits asso-
ciated with future hydropower deployment, as well 
as benefits associated with continued operation of 
the existing fleet through 2050. Future electricity 
rates and system costs; GHG and other pollution; and 
impacts on health, water for thermal cooling, and 
workforce are estimated for the nine selected sce-
narios. To estimate the impacts of new hydropower 
capacity (hydropower generation and PSH), a number 
of result metrics are compared between a given sce-
nario and a corresponding baseline scenario in which 
hydropower electricity market conditions remain the 
same, and no new unannounced (as of the end of 
2015) hydropower is built through 2050.19 

The baseline scenario construct allows for quantifica-
tion of impacts from all future hydropower deployment 
by quantifying the capacity and generation from other 
technologies that is offset by new hydropower, along 
with the corresponding implications within and outside 
the electric sector. It is important for a baseline to have 
consistent non-hydropower electricity market condi-
tions with the scenario being compared, which means 

19. Announced post-2016 hydropower totals 40 MW of planned powering of non-powered dams, which has a negligible effect on the impacts 
assessed for the Hydropower Vision analysis.

there are three baseline scenarios: a High Fossil Fuel 
Cost Baseline for the two scenarios with High Fossil 
Fuel Costs, a Low VG Cost Baseline for the scenario 
with Low VG Costs, and a Central Baseline for all other 
scenarios in which only hydropower parameters are 
varied. Impacts for the existing fleet are estimated by 
comparing the quantified costs and benefits of existing 
hydropower capacity to those that would result if this 
capacity were to be replaced by the composite mix of 
other generation sources in future (model) years under 
a baseline scenario with reference electricity market 
assumptions (e.g., the Central Baseline).

Results are often presented as a range from low to 
high, each corresponding to different methodolog-
ical assumptions. These assumptions may include 
discount rates, different models used to calculate 
impacts, and assumptions about the growth of indus-
tries in the United States that support hydropower. 
Results ranges are also presented as a function of the 
nine modeled scenarios, which vary in future hydro
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power deployment (see Section 3.4). In many cases, 
the former methodological ranges are larger than the 
latter ranges of impacts across the four hydropower 
deployment scenarios analyzed.

The impacts discussion begins by examining the 
electric sector capacity and generation mix over time, 
which includes consideration of which technologies 
are displaced by incremental hydropower growth and 
a focused discussion of the role of PSH in providing 
operating reserves. Economic impacts within the elec-
tric sector are discussed next, with the key metrics 
being changes in national average electricity price, 
the present value of post-2016 electric system costs, 
and expenditures within the hydropower industry. 
Fossil fuel displacement then allows a discussion of 
energy diversity and risk. Changes in GHG and air 
pollution emissions are discussed, and these impacts 
are translated into an economic benefit using a range 
of social cost metrics in the literature. The thermal 
cooling water use reduction with displaced genera-
tion is then quantified. Finally, economic development 
impacts of hydropower deployment scenarios are 
discussed in the context of jobs and workforce needs.

Section 3.5 is organized as follows to characterize the 
listed impacts: 

3.5.1 Impacts on the electric sector

3.5.2 National average electricity prices

3.5.3 Present value of electricity system costs

3.5.4 Hydropower industry expenditures

3.5.5 Energy diversity and risk reduction

3.5.6 Greenhouse gas emissions

3.5.7 Air pollution and human health

3.5.8 Thermal cooling water use

3.5.9 Workforce and economic development

While the array of impacts detailed this section is 
extensive, it is by no means exhaustive. In particu-
lar, detailed site- and basin-specific environmental 
impacts of new hydropower deployment are not 
discussed, as such an assessment requires a level of 
detail that is outside the scope of the Hydropower 
Vision. Instead, this report uses scenarios with dif-
ferent environmental considerations to examine the 
high-level implications of local environmental char-
acteristics and opportunities to address them. Lack 

of a broadly accepted methodology also prevents 
inclusion of biogenic emissions in the GHG discus-
sion or water losses due to reservoir evaporation 
and leakage in the water use discussion. In addition, 
methodological limitations prevent quantification of 
indirect economic impacts from changes in water use 
or non-hydropower industry workforce changes.

3.5.1 Impacts on the  
Electric Sector
The U.S. electricity sector generated 4,093 TWh in 
2014. This electricity comprised 39% coal, 27% natural 
gas, and 19% nuclear generation. Hydropower gener-
ation provided the most electricity of any renewable 
generation type at 6.3% in a lower-than-typical 
hydropower year, followed by 4.4% from wind, and 
2.4% from other renewable generation including solar, 
geothermal, and biomass. The 6.3% of U.S. electricity 
produced by hydropower generation equated to 
about 260 TWh from the existing fleet [62]. Existing 
PSH consumed roughly 6 TWh of electricity in 2014 
due to pumping efficiency losses, but PSH generation 
provided necessary flexibility services and reserves in 
the regions where it is available. The 102 GW of total 
existing hydropower constitutes 9.4% of the approx-
imately 1,060 GW of total installed U.S. capacity at 
year-end 2014 [63].

Using these generation statistics as a reference 
point, this section describes the evolution of the 
U.S. electricity generation and capacity mix in the 
selected scenarios, focusing in some cases on the 
representative low, intermediate, and high scenarios 
for hydropower deployment. The scenarios examine 
several possible electric sector futures driven by fuel 
and technology costs, hydropower economics, and 
success with mitigating hydropower environmental 
impacts. These scenarios facilitate discussion of many 
variables important to the Hydropower Vision, but do 
not constitute a full range of possible outcomes. In 
addition, uncertainty exists in all electric sector results 
and increases as results extend further into the future. 
Factors that can influence electric sector outcomes 
include electricity load growth and distribution, plant 
retirement decisions, and future policy developments. 
While important, full consideration of all these issues 
is outside the scope of the Hydropower Vision.
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Evolution of the Electric Sector
It is important to understand the Hydropower Vision 
in the context of broader U.S. electricity system 
development, because many factors outside the 
hydropower industry can shape the future of U.S. 
hydropower. Fossil fuel and VG costs are two such 
variables discussed within this report; while other 
factors influence the electric sector, these two help 
examine a broader range of possible impacts.

The national capacity and energy mix over time 
demonstrates overarching long-term trends in electric 
sector scenarios; these results are shown for the rep-
resentative low, intermediate, and high deployment 
scenarios in Figures 3-30 and 3-31. Through 2030, 
total electricity sector capacity growth is modest, 
with most changes resulting from replacement of 
retiring fossil-fueled capacity with new renewable 
capacity. In the Business-as-Usual scenario, total 
hydropower generation capacity grows by 5 GW 
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Note: Solar Photovoltaics (PV), Concentrating Solar Power (CSP), Compressed Air Energy Storage (CAES), Pumped Storage Hydropower (PSH), 
Combustion Turbine Natural Gas (NG-CT), Combined Cycle Natural Gas (NG-CC), Oil-Based Generators and Gas-Steam Boilers (OGS).

Figure 3-30. Installed capacity by technology type and year in representative low, intermediate, and high deployment scenarios
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through 2030, while new PSH grows by 200 MW. At 
the same time, wind capacity grows by 110 GW and 
PV by 140 GW, and natural gas-based capacity grows 
by 45 GW to meet both reserve and electricity load 
requirements. Coal-based capacity declines by 50 GW 
and nuclear capacity is relatively stagnant (declining 
by 9 GW), as these technologies are not chosen 
over renewables or natural gas-based facilities after 
existing units retire. Near-term policy drivers such 

as renewable energy tax credits and the CPP help 
motivate success of renewables over fossil fuels and 
nuclear in this time period.

From 2030 to 2050, ReEDS predicts a rapid increase in 
capacity needs as fossil fuel and nuclear plants retire, 
electricity load increases, and economics favor VG with 
lower capacity value than the conventional resources 
being retired. For Business-as-Usual in 2050, wind 
capacity reaches 330 GW, while PV capacity reaches 
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Note: Solar Photovoltaics (PV), Concentrating Solar Power (CSP), Compressed Air Energy Storage (CAES), Pumped Storage Hydropower (PSH), 
Combustion Turbine Natural Gas (NG-CT), Combined Cycle Natural Gas (NG-CC), Oil-Based Generators and Gas-Steam Boilers (OGS).

Figure 3-31. Annual generation by technology type and year in representative low, intermediate, and high deployment scenarios
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490 GW; combined, these resources supply 44% of 
electricity load. The grid flexibility needs required by 
new VG are provided by natural gas-based resources, 
primarily combustion turbines in the 2030s and 
combined-cycle units in the 2040s. Natural gas com-
bustion turbines comprise a large portion of capacity 
but never supply more than 0.5% of electricity con-
sumption in a year, as this capacity is used almost 
exclusively for peaking generation and reserves.

Scenarios that exclusively vary hydropower assump-
tions have a qualitatively similar national electricity 
mix as Business-as-Usual despite up to 31 GW of new 
hydropower generation and 55 GW new PSH. Differ-
ences are described in greater detail in subsequent 
sections of this chapter. Though the hydropower 
industry is substantially changed in many of these 
scenarios, particularly those including Advanced Tech-
nology and Low Cost Finance assumptions, the incre-
mental change in hydropower remains small relative to 
the total electricity system size. As such, the national 
electric sector evolution remains largely the same.

In contrast, High Fossil Fuel Costs in the high hydro-
power deployment scenario example (Advanced 
Technology, Low Cost Finance, High Fossil Fuel Cost) 
drive the system towards greater use of renewable 
electricity and reduced use of natural gas. In 2050, 
wind capacity nears 440 GW, and PV capacity 
exceeds 600 GW. Together, those two generation 
sources supply 53% of electricity load, while the share 
of natural gas-based electricity falls to 17% from 28% 
in Business-as-Usual. Because variable generation 
has lower capacity value than the fully dispatchable 
resources it replaces, this scenario requires 210 GW 
more total capacity to meet planning and operating 
reserve requirements. Energy storage capacity also 
increases with VG penetration, reaching 105 GW of 
storage capacity in 2050.

The only other of the nine selected scenarios having  
a capacity expansion noticeably different from Busi-
ness-as-Usual is the Advanced Technology, Low Cost 
Finance, Critical Habitat, Low VG Cost scenario. This 
scenario deploys less VG than when fossil fuel costs 
are high—but still more than Business-as-Usual—with 
430 GW wind and 420 GW PV in 2050, which collec-
tively supply 50% of 2050 electricity load. Assumed 

cost reduction trajectories are proportionally more 
favorable towards wind than PV, resulting in less PV 
capacity than Business-as-Usual. Natural gas-based 
generation supplies 22% of load, while storage capac-
ity grows to 88 GW to provide grid flexibility.

Technology Displacement Due to 
Hydropower Construction
Electric sector evolution is overall similar between 
Business-as-Usual and scenarios adjusting hydropow-
er-specific parameters. Still, constant electricity load 
across all scenarios means that any additional electric-
ity produced by hydropower resources must displace 
other technologies, and this generation displacement 
drives many of the impacts discussed in subsequent 
sections. Notably, such displacement is not unique 
to, or caused by hydropower and is germane to any 
technology that experiences growth in the context 
of total load remaining relatively constant. Regional 
differences in incremental hydropower deployment 
can also shift the regional distribution of VG and fossil 
fuel electricity, potentially resulting in high interannual 
variability in national displacement trends.

Figure 3-32 shows the difference in non-hydropower 
generation types between the representative low, 
mid, and high hydropower deployment scenarios 
and a baseline with no new hydropower. Positive 
numbers represent higher generation in the baseline 
scenario relative to the scenario allowing hydropower 
deployment.

Through the mid-2030s, hydropower displaces a mix 
of non-hydropower renewable energy (VG), as well as 
coal and natural gas. Past 2030, as VG growth accel-
erates and natural gas-based capacity and coal-fired 
units retire, hydropower displaces more natural gas and 
non-hydropower VG. Business-as-Usual builds 5 GW of 
new hydropower generation. These are primarily near-
term upgrades, which tend to displace some natural 
gas and shift some electricity supply toward non- 
hydropower RE in early years and toward coal in later 
years, when remaining coal-based resources are used 
for flexible generation. When Advanced Technology 
and Low Cost Finance improve hydropower economic 
competitiveness, incremental hydropower resources 
displace a mix of natural gas and non-hydropower 
renewable energy. Relative displacement of natural gas 
is higher in scenarios with lower overall hydropower 
deployment (e.g., Advanced Technology, Low Cost 
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Capacity displacement follows similar trends. For mid 
and high hydropower deployment scenarios, a greater 
share of natural gas-based capacity is displaced as 
compared to natural gas-based generation, because 
PSH displaces gas-based combustion turbines for 
reserve provision (and neither PSH nor combustion 
turbines contribute significantly to energy produc-
tion). This effect is not observed with Business-as-
Usual, because little new PSH is built. Across the 
representative low, mid, and high hydropower deploy-
ment scenarios, differences in 2050 capacity are in 
the range of 0–3 GW for coal, 1–54 GW for natural gas, 
and 5–42 GW for non-hydropower renewable energy.

Finance, Combined Environmental Considerations), 
with scenarios achieving higher levels of hydropower 
growth demonstrating non-hydropower RE displace-
ment of a similar order as natural gas displacement.

Changes in coal-based generation vary, but many 
years have higher coal generation because new 
hydropower does not provide as much system flexi-
bility as does the combination of natural gas and VG 
it replaces, particularly when new hydropower com-
prises inflexible NPD and NSD resource. These results 
demonstrate that under more favorable hydropower 
conditions, the technology could compete effectively 
with wind, PV, and natural gas-based resources. None-
theless, the scale of this displaced generation—on the 
order of 0–100 TWh—represents a relatively small 
fraction of the electric sector as a whole (i.e., 2050 
load is projected at more than 4,900 TWh).
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Figure 3-32. Difference in technology-specific generation between the baseline scenario and representative low, intermediate, 
and high deployment scenarios
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Pumped Storage Hydropower Role 
in Providing Electricity Reserves
Section 3.4.1 discussed the relationship between PSH 
and VG generation, demonstrating that scenarios with 
higher VG generation support greater PSH deploy-
ment. One reason PSH can complement VG is its 
ability to provide reserve capacity. Load growth and 
VG growth increase operating reserve needs in the 
ReEDS model, as VG installation induces additional 
operating reserve requirements in the model. VG also 
has limited ability to provide planning reserves.

Figures 3-33 and 3-34 compare operating reserve 
provision by technology in 2010, 2030, and 2050 for 
the representative low, mid, and high deployment 
selected scenarios in the summer afternoon (Figure 

3-33) and spring night (Figure 3-34). Summer after-
noon is when national electricity load is the highest, 
so most generating capacity provides energy and 
little is left available for reserves. Spring night is when 
national electricity load is the lowest, so this time 
period reveals the preferred resources for reserves 
when there is a large amount of available capacity. In 
both time periods, operating reserves are provided 
primarily by NG-CC (natural gas combined cycle), 
NG-CT (natural gas-fired combustion turbines), and 
PSH, with some coal contribution in the short- to 
mid-term and some CAES in the mid- to long-term. 
Oversupply of reserves can occur if capacity can be 
made available for reserves at negligible cost. In 

Summer Afternoon Operating Reserves Provided (GW)

Advanced Technology, Low Cost 
Finance, High Fossil Fuel Cost

Advanced Technology, Low Cost 
Finance, Critical Habitat

Advanced Technology, Low Cost Finance, 
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Note: Solar Photovoltaics (PV), Concentrating Solar Power (CSP), Compressed Air Energy Storage (CAES), Pumped Storage Hydropower (PSH), 
Combustion Turbine Natural Gas (NG-CT), Combined Cycle Natural Gas (NG-CC), Oil-Based Generators and Gas-Steam Boilers (OGS).

Figure 3-33. Comparison of summer afternoon operating reserves provision between representative low, intermediate, and 
high deployment scenarios
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Business-as-Usual, nearly all PSH capacity is commit-
ted to providing operating reserves in all years, and 
very little PSH is supplying energy. The cost of being 
available for reserves is negligible, so PSH is an attrac-
tive technology for operating reserves. When sub-
stantial new PSH capacity is constructed in scenarios 
with Advanced Technology and Low Cost Finance 
assumptions, its contribution to operating reserves 
grows in kind, displacing natural gas-based capacity. 
In these scenarios, PSH provides more operating 
reserves20 than any other technology by 2050.

20. In addition to operating reserves, ReEDS also requires a certain level of planning reserves in the power system. Given its inherent flexibility, 
PSH can provide its full capacity towards planning reserves, supporting the deployment of variable wind and solar energy technologies that 
provide only a fraction of total capacity towards planning reserves.

3.5.2 National Average Retail 
Electricity Price
Electricity prices are the most tangible and visible 
metric by which consumers experience the changing 
economics of the power system. As described in 
Section 3.1, the ReEDS model estimates a cost-of-
service electricity price over time in each scenario. 
While ReEDS does not have sufficient resolution for 
this price to directly represent individual or regional 
consumer electricity prices, comparing national 
aggregate electricity prices provides an understand-
ing of the incremental impact of a given scenario on 
electricity prices.

Summer Afternoon Operating Reserves Provided (GW)

Advanced Technology, Low Cost 
Finance, High Fossil Fuel Cost

Advanced Technology, Low Cost 
Finance, Critical Habitat

Advanced Technology, Low Cost Finance, 
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Note: Solar Photovoltaics (PV), Concentrating Solar Power (CSP), Compressed Air Energy Storage (CAES), Pumped Storage Hydropower (PSH), 
Combustion Turbine Natural Gas (NG-CT), Combined Cycle Natural Gas (NG-CC), Oil-Based Generators and Gas-Steam Boilers (OGS).

Figure 3-34. Comparison of spring night operating reserves provision between representative low, intermediate, and high 
deployment scenarios
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ST Figure 3-35 plots the incremental change in ReEDS 
electricity price of the selected scenarios compared 
to a baseline scenario with no new hydropower. 
Allowing economic hydropower construction allows 
for slightly lower electricity prices in most years 
across all scenarios. Scenarios with Advanced Tech-
nology and Low Cost Finance assumptions tend to 
see greater improvements in the long-term due to 
increased deployment of economic hydropower. All 
changes to electricity price, however, are relatively 
small and of a similar order of magnitude because 
incremental new hydropower is a relatively small 
portion of the system. Electricity price reductions are 
typically on the order of 0.1¢/kilowatt-hour (kWh) 
or less, which corresponds to a 1% change or less. 
Across a wide range of future possible hydropower 
deployment scenarios, electricity prices are not likely 
to be strongly affected.

3.5.3 Present Value of  
Total System Cost
The total present value of expenditures within the 
modeled power system is a single-value economic 
metric for all capital and operating costs across the 
entire ReEDS study period. Total system costs are 
calculated for all scenarios. Changes in total system 
costs, as a function of changes in scenario inputs, 
are subsequently used to demonstrate the economic 
impact of changing the power system conditions.

Business-as-Usual has a total system cost of $3,960 
billion (which represents a savings relative to the 
baseline). More than half of this cost comes from nat-
ural gas, coal, and nuclear fuel. The biggest drivers of 
system cost across the scenario sensitivities are fossil 
fuel and VG costs, as these variables alter the costs of 
the predominant technology types. Selected scenarios 
with High Fossil Fuel Costs have total system costs of 
$4,030 billion, while the Advanced Technology, Low 
Cost Finance, Low VG Cost scenario reduces costs to 
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Figure 3-35. Incremental average electricity prices in selected scenarios relative to their corresponding baseline scenarios
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to less than a 1% change for the scenario assuming 
Advanced Technology, Low Cost Finance, and no NSD 
resource avoidance.

While the effects of hydropower-specific variables 
are less than the changes caused by fossil fuel and 
wind/solar costs, the relative power system cost and 
savings of the selected scenarios can still be evalu-
ated. To illustrate this comparison, Figure 3-37 plots 
the incremental present value of system savings for 
the selected scenarios relative to the baseline.

$3,760 billion. Scenarios varying these cost assump-
tions in the opposite direction (not shown) change 
system costs by a similar magnitude in the opposite 
direction.

Relative to these major power system cost drivers, 
hydropower economics and resource variables have 
a less noticeable impact on system costs as a whole 
(Figure 3-36). System costs for scenarios varying 
hydropower economics and resource are $0–$26 
billion less than Business-as-Usual, which corresponds 
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Storage Capital All Transmission 
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Figure 3-36. Present value of total system cost for the selected scenarios
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The range of savings across selected scenarios is 
$27 billion to $63 billion, corresponding to 0.7–1.4% 
of total system costs. Absent any improvements to 
hydropower technology costs or financing, Business-
as-Usual produces $31 billion in savings, primarily by 
allowing economic hydropower generation upgrades 
that produce low-cost electricity. While an additional 
$6 billion is spent on renewables due to direct and 
indirect expenditures from hydropower growth, $36 
billion is saved in fossil and nuclear fuel and capital 
costs. The bulk of the latter is in fossil fuel savings.21

For other scenarios, savings are largely proportional 
to hydropower deployment, which follows from the 
hydropower economics and resource assumptions in 
these scenarios. The scenario with highest deploy-
ment, Advanced Technology, Low Cost Finance, High 
Fossil Fuel Cost, achieves $63 billion in savings. Renew-
able and storage costs increase by $75 billion, but 
these added costs are more than offset by fossil and 
nuclear cost savings of $134 billion. Though the relative 
costs and savings from each cost category vary across 

21.  The remaining balance is storage capital, storage operations and maintenance, and transmission costs. 

scenarios, savings are consistently achieved primarily 
through reduced fossil and nuclear costs, with the 
largest contributor being fossil fuel costs.

The notable exception to the relationship between 
savings and hydropower deployment is the Advanced 
Technology, Low Cost Finance, Critical Habitat, Low VG 
Cost scenario. With Low VG Costs, lower baseline natu-
ral gas usage and prices lead to a smaller incremental 
benefit from displacing natural gas-based generation 
with hydropower. Though Low VG Costs lead to an 
overall lower-cost system than Business-as-Usual, this 
system with high renewable generation and low fossil 
fuel generation reduces the opportunity for hydro-
power to displace fossil fuel generation and cost.

Though substantial in magnitude for the hydropower 
industry, incremental cost savings on the order of 1% 
remain relatively small in the context of total system 
costs. While the Hydropower Vision analysis scenarios 
reduce electric sector costs under a wide range of 
system conditions, the absolute change is much 
smaller than the stronger market drivers such as fossil 
fuel or VG costs.

Incremental Present Value of Total System Savings (billion $)
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Figure 3-37. Incremental system costs of selected scenarios, relative to their corresponding baseline scenarios
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3.5.4 Hydropower Capital and 
Operating Expenditures
Capital and operating costs for hydropower are 
shown for representative low, mid, and high deploy-
ment scenarios in Figure 3-38. Capital costs follow 
largely from trends in capacity deployment, while 
operating costs grow over time as new capacity 
comes online. Before 2018, expenses in all scenarios 
are primarily operating costs of the existing fleet and 
capital costs attributed to announced hydropower 
projects that come online through 2018. After 2018, 

costs in the Business-as-Usual scenario are primarily 
attributed to continued operation of the existing fleet, 
with the only notable difference being pre-2030 cap-
ital costs for upgrades. Other scenarios deploy NPD 
and NSD resource, so capital costs for hydropower 
generation are much higher than Business-as-Usual in 
many years. The temporary reduction in new capacity 
in the early 2030s can be attributed to the stagnating 
stringency of the CPP, which temporarily reduces 
incentives for low-carbon electricity before demand 
growth motivates additional low-carbon capacity 
growth. The highest-cost time periods are those when 
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Figure 3-38. Hydropower industry investments by market segment in Advanced Technology, Low Cost Finance, Critical 
Habitat scenario and representative low, mid, and high deployment scenarios
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N large quantities of both NSD and PSH are deployed. 
While NSD deployment tends to fall in the later years, 
PSH deployment remains strong in scenarios support-
ing high deployment.

Annual variance in industry costs is likely higher than 
what would be observed in practice due to supply 
chain constraints, financing behavior, and construc-
tion schedules. The average post-2016 expenditures 
are $4.2 billion/year in Business-as-Usual; $9.9 billion/
year in Advanced Technology, Low Cost Finance, Com-
bined Environmental Considerations; $13.0 billion/year 
in Advanced Technology, Low Cost Finance, Critical 
Habitat; and $18.2 billion/year in Advanced Technol-
ogy, Low Cost Finance, High Fossil Fuel Cost. For a 
given scenario, annual industry costs would likely be 
somewhere between this average and the range of 
values observed in model years.

3.5.5 Energy Diversity  
and Risk Reduction
Electric sector resource planning must account for 
unique risk profiles for different sources of elec-
tricity. For instance, capital-intensive technologies 
are subject to construction material prices, while 
fossil fuel-based technologies are subject to risks 
in fuel supply and price. Additional risks result from 
environmental impacts and the potential for social 
or political barriers to cost-effective construction 
and operation of electricity systems. Hydropower is 
exposed to risk in capital prices (and interest rates), 
environmental impacts, and variability in long-term 
and year-to-year water availability. Once built, 
however, hydropower becomes a low-cost electricity 
source with high predictability on the daily to weekly 
time scales that are important for balancing electric-
ity supply and demand.

The impact of the selected scenarios on system cost 
uncertainty and risk can be examined in the context 
of the ReEDS model by comparing how hydropower 
growth reduces the range of potential system costs 
when other market variables are uncertain. With 

reference hydropower assumptions, the present value 
of system costs can range widely depending on the 
trajectory of fossil fuel and VG prices; high fossil fuel 
costs increase power system costs 14%, while low 
costs reduce this cost by 15%. Variation in VG costs 
with reference hydropower assumptions increases 
power system cost by up to 10%, or reduces it by 5%. 
Hydropower deployment under Advanced Technology, 
Low Cost Finance scenario conditions reduces these 
uncertain ranges by less than 1% in each case, as new 
hydropower deployment makes up a small fraction of 
the system as a whole.

New hydropower also reduces fossil fuel use, which 
can affect the supply-demand equilibrium for fossil 
fuels and, as such, potentially reduce fossil fuel prices. 
Figure 3-39 plots the difference in coal and natural 
gas usage between the nine selected scenarios and a 
no new hydropower baseline. Positive values indi-
cate higher fuel use or cost than the baseline, while 
negative values indicate lower fuel use or cost than 
the baseline. Modeled coal use throughout the study 
period varies from 15–16 quadrillion British thermal 
units (Btu) in 2016 to 6–9 quadrillion Btu in 2050, 
while natural gas use is 7 quadrillion Btu in 2016 and 
6–10 quadrillion Btu in 2050. As such, the differences 
shown in these figures are on the order of 10% or less 
of the total. For scenarios varying only hydropower 
assumptions, coal usage is slightly higher in many 
years to replace flexible generation capabilities lost 
when hydropower displaces flexible natural gas-
based capacity. Across these scenarios, coal usage 
ranges from a 1.8 quadrillion Btu reduction to a 4.3 
quadrillion Btu increase. With High Fossil Fuel Costs or 
Low VG Costs, however, new hydropower generation 
more persistently results in reduced coal usage, with 
a 2017–2050 reduction of 3.1–5.6 quadrillion Btu. 
Consistent with the generation displacement results 
shown in Figure 3-32, natural gas usage is lower for 
scenarios when improved hydropower economics lead 
to substantial new deployment.
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ReEDS does not contain a full fossil fuel supply sector 
model, but it does incorporate natural gas supply 
curves to represent price elasticity to natural gas 
demand in the electric sector.22 This framework pro-
duces modeled natural gas prices, which are then used 
to produce Figure 3-40 plotting differences in national 
average natural gas prices between each scenario and 
a no new hydropower baseline. Trends follow those in 
natural gas usage, with lower gas usage correspond-
ing to lower prices for a given set of electricity market 
conditions23. Gas prices vary from approximately $5/
MMBtu (one million British Thermal Units) in 2018 to 
$9/MMBtu in 2050 for scenarios with reference fossil 
fuel costs and reach $11.5/MMBtu with High Fossil Fuel 

22. Coal prices are exogenously specified in ReEDS as described in Section 3.1 and Appendix D.

23. For example, scenarios with High Fossil Fuel Costs, while having higher absolute natural gas prices, are compared to a High Fossil Fuel Cost 
baseline, so the price changes are of the same order as other scenarios.

Costs, making price differences in Figure 3-40 within 
3% of the baseline in all years and scenarios. Though 
this change is small, the absolute impact can be more 
noticeable given the large volumes of natural gas 
used. For instance, if the ReEDS gas price reductions 
were applied to AEO 2015 Reference Case projections 
of non-electric sector natural gas usage, the result is a 
net present value range across scenarios (from 2017 to 
2050 discounted at 3% real) of $11 billion to $31 billion 
in natural gas cost savings to consumers outside of the 
electric power sector [19].24

Year

D
i�

er
en

ce
 in

 E
le

ct
ric

 S
ec

to
r C

oa
l U

sa
ge

 
(q

ua
dr

ill
io

n 
B

tu
)

2010 2020 2030 2040 2050
-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

Year

D
i�

er
en

ce
 in

 E
le

ct
ric

 S
ec

to
r N

at
ur

al
 

G
as

 U
sa

ge
 (

qu
ad

ril
lio

n 
B

tu
)

-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3

2010 2020 2030 2040 2050

Advanced Technology, Low Cost Finance, High Fossil Fuel Cost
Advanced Technology, Low Cost Finance
Advanced Technology, Low Cost Finance, Critical Habitat, High Fossil Fuel Cost
Advanced Technology, Low Cost Finance, Critical Habitat
Advanced Technology, Low Cost Finance, Critical Habitat, Low VG Cost
Advanced Technology, Low Cost Finance, Combined Environmental Considerations
Low Cost Finance 
Advanced Technology 
Business-as-Usual

Figure 3-39. Differences in electric sector fossil fuel usage in selected hydropower generation and pumped storage 
hydropower deployment scenarios relative to a no new hydropower baseline (differences taken as scenario value minus 
baseline value)

24. This consumer savings constitutes primarily a transfer from producers (including owners and investors) to consumers, and, as such, it does 
not necessarily represent an economy-wide increase in disposable income. In addition, this calculation does not take into account any 
possible increase in natural gas demand due to reduced prices. A detailed economic analysis that fully accounts for fuel supply and demand 
equilibrium is outside the scope of this report, but the calculations herein demonstrate that the Hydropower Vision could allow fossil fuel 
cost savings both within and outside the electric sector, particularly to consumers.
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are considered relative to a baseline scenario with no 
new hydropower construction. The impact of poten-
tial GHG emissions avoided by retaining the existing 
hydropower fleet is also assessed by assuming that, 
if existing hydropower were not available, it would 
be replaced by the average generation mix in the 
remainder of the fleet, in a given region, in a given 
ReEDS solve year (see also Section 3.1). GHG impacts 
are estimated on a life cycle basis and are based on a 
review of peer-reviewed publications and knowledge 
as of 2016 of GHG emissions from hydropower and 
other electricity generation technologies.25 The eco-
nomic value of the GHG reductions associated with 

25. A life cycle-based assessment considers upstream emissions, ongoing combustion and non-combustion emissions, and downstream emissions. 
Upstream and downstream emissions include emissions resulting from raw materials extraction, materials manufacturing, component manu-
facturing, transportation from the manufacturing facility to the construction site, on-site construction, project decommissioning, disassembly, 
transportation to the waste site, and ultimate disposal and/or recycling of the equipment and other site material. For more information on 
the life cycle emissions (and associated uncertainties) for a range of renewable and non-renewable electricity generating technologies, see 
Appendix G, which includes results from an extensive database of published life cycle assessments on electricity generation technologies avail-
able through the National Renewable Energy Laboratory’s Life Cycle Assessment Harmonization project: www.nrel.gov/harmonization. Direct 
combustion-related emissions for ReEDS scenarios are calculated but not reported quantitatively in this section of the Hydropower Vision.

3.5.6 Greenhouse Gas  
Emissions Reductions
The majority of scientists agree that significant 
changes will occur to the Earth’s climate on both multi-
decadal and multi-century scales as a result of past 
and future anthropogenic GHG emissions [16]. Renew-
able energy (including hydropower) could be deployed 
to reduce projected GHG emissions, which, in turn, 
could help to decrease the likelihood and potential 
severity of future climate-related damages [20, 21].

This section discusses estimates of the potential GHG 
reductions resulting from new hydropower growth 
within the nine selected scenarios explored in detail 
within the Hydropower Vision analysis. All scenarios 
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Figure 3-40. Differences in electric sector natural gas prices in selected hydropower generation and pumped storage 
hydropower deployment scenarios relative to a no new hydropower baseline (differences taken as scenario value minus 
baseline value)

http://www.nrel.gov/harmonization
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reduced carbon dioxide emissions are then estimated 
based on a range of independently developed social 
cost of carbon (SCC) estimates, in terms of present 
value dollars [22, 23].26

The Hydropower Vision acknowledges that there are 
important scientific questions surrounding the poten-
tial for GHG emissions from bacterial processes in 
waters and soils (hereafter “biogenic GHG emissions”) 
of any freshwater systems, including impoundment 
systems such as hydropower reservoirs. However, given 
the state of scientific understanding and discourse, the 
Hydropower Vision does not attempt to address hydro-
power-related biogenic GHG emissions given per-
sistent, large uncertainties. Instead, an introduction to 
biogenic GHG emissions and a review of the literature 
focused in this field are described in Text Box 3-1. This 
limitation is acknowledged as a source of uncertainty 
generally in the estimation of life cycle GHG emissions 
as a function of hydropower deployment.

In addition to GHG emissions, this chapter also 
considers another related metric—energy return on 
investment (or EROI)—that is often used to compare 
energy technologies on a life cycle basis, and one 
in which hydropower electricity performs well in 
comparison to other electricity generation sources. 
The literature on the EROI of different electricity 
generation technologies, including hydropower, is also 
summarized (Text Box 3-2).

Hydropower Electricity and Reduced 
Greenhouse Gas Emissions
Maintaining the existing fleet and achieving the 
hydropower deployment levels of the nine selected 
scenarios explored here will generally reduce fossil 
energy use, leading to reduced fossil fuel-based GHG 
emissions in the electric sector. At a sub-national level, 
existing fleet contributions to avoided combustion 
emissions are concentrated in the Pacific Northwest 
and in New York. Similarly, combustion GHG emissions 
avoided with new hydropower are concentrated in 
portions of Arkansas and New York, as well as parts of 
the Southeast, Midwest, and West Coast.

26. The SCC methods applied here are consistent not only with those used by U.S. regulatory agencies [24], but also with those used in the 
academic literature [25, 26, 27, 28, 29].

27. The rebound effect is a reduction in expected gains from the use of new technologies due to several potential economic reactions. Increased 
use of the new technology lowers the costs of alternatives that can be substituted, decreased new technology costs allow increased house-
hold consumption of other goods and services, and new technologies allow for the new technological possibilities that build on the new 
technology

28. Spillover effects are a specific instance in which the use of a new technology within a defined geographic area leads to rebound effects 
specifically outside that geographic area.

On a life cycle basis, GHG emissions from hydropower 
electricity generation are lower than fossil fuels and 
similar to other renewable technologies (see Appen-
dix G). As a result, the nine scenarios evaluated for the 
Hydropower Vision result in life cycle GHG emission 
reductions larger in absolute terms than combus-
tion-only carbon dioxide (CO2e) reductions. Figure 
3-41 and Table 3-6 show the life cycle emissions 
reductions associated with the selected scenarios 
through time, relative to a baseline scenario.

Initially, the existing hydropower fleet avoids annual 
emissions of around 0.25 gigatonnes (GT) of carbon 
dioxide equivalent (CO2e)/year near 2016. This value 
gradually declines to near zero by 2050 as carbon 
intensity of the remaining non-hydropower genera-
tion mix declines. Cumulative avoided GHG emissions 
by the existing fleet from 2017–2050 are estimated at 
4.9 GT CO2e. Annual emissions reductions from new 
hydropower deployment scenarios vary from 0—0.10 
GT CO2e/year between 2017–2050. Cumulative GHG 
emission reductions (2017–2050) from new hydro-
power deployment range from 0.2–1.3 GT CO2e, with 
increased hydropower deployment and high fossil 
fuel prices contributing to outcomes with greater 
GHG reductions.

While estimates in Figure 3-41 and Table 3-6 suggest 
potential for hydropower electricity in reducing GHG 
emissions, there are two key factors that introduce 
some uncertainty in these results and may affect the 
actual emissions savings from hydropower growth. 
First, as discussed in Text Box 3-1, all freshwater 
systems have potential for biogenic GHG emissions. 
Second, GHG reductions in the electric sector may 
induce secondary impacts throughout the economy, 
including economy-wide rebound27 and spillover28 
effects. Moreover, the model used for the Hydropower 
Vision analysis focuses on the electric sector, and the 
analysis is intentionally policy-agnostic. 
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Figure 3-41. Annual life cycle greenhouse gas emissions avoided by the existing fleet and emission reductions of the 
selected scenarios

Table 3-6. Total Cumulative Life Cycle Emissions Reductions

Scenario
2017–2030 2017–2050

Reduction
(GT CO2e)

Percent
Change

Reduction
(GT CO2e)

Percent
Change

Existing Fleet 2.7 (8.9%) 4.9 (7.2%)

Business-as-Usual 0.2 (0.6%) 0.2 (0.3%)

Advanced Technology 0.2 (0.6%) 0.3 (0.4%)

Low Cost Finance 0.2 (0.7%) 0.3 (0.5%)

Advanced Technology, Low Cost Finance, Combined  
Environmental Considerations

0.2 (0.8%) 0.7 (1.1%)

Advanced Technology, Low Cost Finance, Critical Habitat 0.2 (0.8%) 0.5 (0.7%)

Advanced Technology, Low Cost Finance 0.2 (0.8%) 0.5 (0.8%)

Advanced Technology, Low Cost Finance, Critical Habitat, 
High Fossil Fuel Cost

0.4 (1.4%) 1.2 (1.9%)

Advanced Technology, Low Cost Finance, High Fossil Fuel Cost 0.4 (1.3%) 1.2 (2.0%)

Advanced Technology, Low Cost Finance, Critical Habitat,  
Low VG Cost

0.7 (2.4%) 1.3 (2.0%)
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Literature has shown that spillover and rebound 
effects can impact GHG savings, as can the specific 
policy mechanisms used to support renewable energy 
deployment [21]. Depending on how policies are 
deployed,29 the significance of rebound and spillover 
effects, and the potential for biogenic emissions, 
actual GHG reductions estimated may either be 
higher or lower than the results presented here.

Economic Benefits of Hydropower in 
Limiting Climate Change Damages
The economic benefits of hydropower energy resulting 
from its ability to limit damages from climate change 
can be estimated through the use of the SCC. The 
SCC reflects, among other things, monetary damages 
resulting from the future impacts of climate change 
on agricultural productivity, human health, property 
damages, and ecosystem services [81]. The method-
ology for estimating the benefits from reduced GHG 
emissions involves multiplying the emissions reduction 
(on a life cycle, CO2e basis) in any given year by the 
SCC for that year, and then discounting those yearly 
benefits to the present.30 Because of the significant 
role that the existing hydropower fleet plays in carbon 
abatement, benefits are calculated for new hydro-
power under the nine selected scenarios as well as for 
the existing fleet.

Estimating the magnitude and timing of climate 
change impacts, damages, and associated costs is 
challenging, especially given the many uncertainties 
involved [20, 23, 44, 47, 48, 49, 50, 81]. Models of climate 
response to GHG emissions and damage functions 
associated with that response are imperfect. Even 
when looking to events over the several decades lead-
ing up to 2014, such as the upward trend in damage 
costs associated with extreme environmental events 

[51], caution is necessary to separate causation from 
correlation [52]. In addition, because the majority of 
effects will be felt decades and even centuries in the 
future, the choice of discount rate becomes a key

29. In particular, there is general agreement that GHG savings will be greater and/or achieved at lower cost when met, at least in part, through 
economy-wide carbon pricing, and lower when met solely through sector-specific financial incentives for low-carbon technologies [21, 30, 31, 

32, 33, 34, 35, 36, 37]

30. The discount rate varies for any individual calculation to be consistent with that assumed in the SCC estimate.

concern when estimating the present value of future 
damages. The choice of discount rate can greatly 
influence the relative benefits and timing of alternative 
strategies to reduce carbon emissions [53, 54].

In part as a result of these challenges, a number of 
widely ranging estimates of the SCC are available [21, 
49, 55]. Key uncertainties about the SCC result from: (1) 
difficulties in estimating future damages associated 
with different climate-related causes, as well as uncer-
tainties about the likelihood, timing, and potential 
impact of (nonlinear) tipping points; (2) the high sensi-
tivity of the SCC to assumptions about growth in world 
population, gross domestic product, and greenhouse 
gas emissions; and (3) large differences in the present 
value of estimated damages depending upon choice of 
discount rate [49, 56, 57].

Though these uncertainties have led to some sugges-
tions of possible improvements to SCC estimates [54, 58, 

59, 60] and to questions about the use of these estimates 

[57], U.S. government regulatory bodies regularly use 
SCC estimates when formulating policy [24, 59]. Under 
Executive Order 12866, U.S. agencies are required, to the 
extent permitted by law, to assess monetary costs and 
benefits—even though these are considered difficult to 
quantify—during regulatory proceedings. To that effect, 
in 2010, the U.S. Interagency Working Group (IWG) on 
the SCC31 used three integrated assessment models to 
estimate the SCC under four scenarios [22]. The IWG SCC 
reflects global damages from GHGs, and IWG recom-
mends use of global damages. That approach is followed 
in the Hydropower Vision analysis, recognizing that lower 
values are obtained if only damages within the United 
States are considered.32 In 2013, the IWG updated its esti-
mates based on improvements in the integrated assess-
ment models, which led to an increase in SCC values [23]. 
These numbers were revised again in 2015 [61]. IWG SCC 
estimates have been widely used in regulatory impact 
analyses in the United States, including in numerous 
proposed or final rules from the U.S. Environmental 
Protection Agency (EPA), DOE, and others [24].

 

31. U.S. agencies actively involved in the process included the EPA and the Departments of Agriculture, Commerce, Energy, Transportation, and 
Treasury. The process was convened by the Council of Economic Advisors and the Office of Management and Budget, with active participa-
tion from the Council of Environmental Quality, National Economic Council, Office of Energy and Climate Change, and Office of Science and 
Technology Policy.

32. The IWG notes that a range of values from 7–23% should be used to adjust the global SCC to calculate domestic effects, but also cautions 
that these values are approximate, provisional, and highly speculative [22].
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Text Box 3-1.  

Freshwater biogenic greenhouse gas emissions
All freshwater systems, whether natural or 
manmade,a emit biogenic GHG emissions as 
a result of bacterial processes in waters and 
soils (see figure). Carbon in organic matter, 
either submerged under water or in the water 
column, is decomposed by bacteria to produce 
CO2 and methane (CH4); the produced CH4 can 
then be oxidized by bacteria to CO2. Nitrogen 
in organic matter forms nitrous oxide (N2O) 
through bacterial denitrification. There are 
generally three pathways for emission of GHGs 

from hydropower systems to the atmosphere: 
diffusive flux,b degassing,c and bubbling [38].d 
All freshwater systems also bury some carbon 
in the sediments, where eventual exposure of 
these accumulated carbons to the atmosphere 
also can lead to the formation of biogenic GHG 
emissions [39, 40].

Any water retaining structure has the potential  
to lead to biogenic GHG emissions. Biogenic 
CO2 and CH4 emissions occur during two 
phases in the life cycle. GHG emissions related 
to the on-going operation of the water retain-
ing structure arise from bacterial decom-
position of inundated carbon and from CH4 

oxidization. GHG emissions related to decom-
missioning of a dam arise from the disturbance 
of sediments collected over the life of the struc-
ture that exposes accumulated carbon. N2O 
emissions have not been well studied but may 
be important for systems with large inundation 
areas or in tropical areas [38]. The potential for 
biogenic GHG emissions from new water retain-
ing structures and for hydropower-generating 
and non-powered dams is a complex issue and 
the subject of continuing scientific research.

Existing literature suggests that gross GHGs 
emitted from reservoirse are non-zero and 
variable [39]. Research suggests that newly 
impounded tropical reservoirs may emit 
significant amounts of methane with low to 
negligible emissions in cold and temperate 
climates, respectively [38]. Uncertainties still 
remain in the measurement methods and the 
scope of measurement needs to account for 
gross emissions [41].

Estimating net emissions from new reser-
voirs—the emissions that arise owing to the 
retaining structure and not what would have 
been emitted if the structure were not in 

Bubbling Methane

Phytoplankton

OXICLINE

Di�usive Flux Flux through Macrophytes
CH4CO2 

CO2 , CH4

O2

CO2 , CH4 O2

O2
Aerobic CH4 Oxidation

Organic Matter

CH4

CH4 + 2O2 CO2 + 2H2O

CH4 + CO2

Flooded 
Organic Matter

(Soils, Plant Material)

Dam

Degassing
CO2 , CH4

CO2 , CH4

Aerobic CH4 Oxidation
CH4 + 2O2 CO2 + 2H2O

Anaerobic Degradation 
Methanogenesis

Fluvial Organic Matter

Carbon dioxide and methane pathways in a freshwater reservoir.
Note: The light tan represents soils present prior to constructing the reservoir. The above processes illustrate gross GHG emissions. 
Many of these pathways would have been active without the reservoir, but the reservoir could increase and accelerate these pathways. 

Source: Intergovernmental Panel on Climate Change
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Text Box 3-1 (continued)place—is more challenging [42]. Inundation 
areas are collection points for material flow-
ing downstream, including organic matter 
from terrestrial ecosystems and anthropo-
genic sources such as agricultural run-off and 
domestic sewage. 

Estimating net GHG emissions requires know-
ing the local context such as emissions from 
natural and anthropogenic sources before and 
after building the water retaining structure. An 
assessment of net emissions involves: a) an 
estimation of natural emissions from the ter-
restrial ecosystem, wetlands, rivers, and lakes 
that were located in the area before impound-
ment; and b) an estimation of the effect of 
carbon inflow from the terrestrial ecosystem 
from natural and anthropogenic activities on 
net emissions before and after building the 
structure. Such quantification is a major topic 
of new research. 

Uncertainty is leading to a lack of scientific 
consensus on methods for estimating net 
emissions from freshwater reservoirs [38]. Few 
existing studies assess net emissions from 
on-going or decommissioning activities [38], 
and uncertainty and the lack of study preclude 
the consideration of net emissions in Hydro-
power Vision analysis. 

Despite these uncertainties, any new U.S. 
water retaining structure located mostly in 
cold or temperate climates are likely to be low 
emitters of net GHG relative to fossil fuels [38, 42]. 
New deployments of low-impact hydropower 
on undeveloped streams that do not lead to 
large inundation areas are also likely to have 
low biogenic GHG emission impacts. Powering 
of existing NPDs is unlikely to lead to changes 
in biogenic GHG emissions, since the dam has 
already been built [43]. 

The United Nations Educational, Scientific and 
Cultural Organization and the International 
Hydropower Association are among those 
working to standardize measurement tech-
niques and tools for assessing net biogenic 
GHG emissions from reservoirs, including those 
used for hydropower. Those two organizations 
published the GHG Measurement Guidelines 
for Freshwater Reservoirs in 2010 [43] to enable 
standardized measurements and calculations 
worldwide. Subsequently, they aim to develop 
a database of emissions estimates for a rep-
resentative set of hydropower systems world-
wide. The final outcome of the project will be 
validated predictive modeling tools to assess 
the emissions status of unmonitored reservoirs 
as well as new reservoir sites.

a. Natural systems include rivers, lakes, and wetlands, while manmade systems include reservoirs and canals.
b. Transfer of GHG emissions from surface water to the atmosphere, both upstream and downstream of the water retaining structure.
c. Transfer of GHG emissions from any water retaining structure’s outlet water to the atmosphere
d. Methane emissions resulting from carbonation, evaporation or fermentation from a water body
e.  These studies are of existing hydropower facilities, which are multi-purpose. Therefore, not all GHG emission can be attributed solely 

to hydropower.
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Text Box 3-2.  

Net energy requirements for different electricity generation technologies
A large body of literature has sought to estimate, on 
a life cycle basis, the amount of energy required to 
manufacture and operate energy conversion tech-
nologies or fuels (i.e., “input” energy). This concept 
helps inform decision makers on the degree to 
which various energy technologies provide a “net” 
increase in energy supply and is often expressed as 
Energy Return on Investment (EROI).

EROI expresses the lifetime amount of energy 
returned from a system per unit of energy invested 
(or embodied) in its construction, operation, and 
decommissioning. EROI indicates the sustainability 
of an energy system in terms of energy inputs.

This text box summarizes published estimates of 
this metric for hydropower technologies, in com-
parison to estimates for other electric generation 
technologies as presented in a recent report from 
the Intergovernmental Panel on Climate Change 
[44] and updated in Mai et al. [45]. Thirteen refer-
ences reporting more than 30 EROI estimates for 
hydropower were reviewed using the same litera-
ture screening approach as was used for discuss-
ing life cycle GHG emissions (see Appendix G). 
Ranges in EROI estimates reflect current technol-
ogy as well as future projections in the literature.

The figure below presents a summary of the 
review. These results are reported from studies 
that exhibit considerable methodological variabil-
ity. The literature remains diverse, unconsolidated, 
and there has been only some analysis of the key 
issues that can influence results [46]. Variability in 
the results for hydropower, for example, may in 
part be due to difference in the assumed system 
lifetime, capacity factor; and technology evaluated 
(e.g., size of the dam). Pumped storage hydro-
power has received little study, but EROI was 
expected to be highly variable due net electricity 
generation being highly variable. This variability is 
related to pumped storage hydropower being used 
primarily as to store energy rather than as a net 
energy producer.

Notwithstanding these caveats, the results sug-
gest that EROI is generally higher for renewable 
technologies (owing to technological advances) 
while being lower for conventional fossil fuel 
technologies (owing to resource depletion). In 
many cases, reservoir-based hydropower has 
been found to have an EROI higher than many 
other electricity sources. High hydropower EROI is 
likely linked to longer lifetimes. 
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estimates based on literature review detailed in Appendix G.
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To reflect the inherent uncertainties, the IWG [23] has 
published four SCC trajectories. Figure 3-42 illustrates 
these four trajectories from 2010 to 2050. Three of 
the four trajectories are based on the expected value 
of the SCC (estimated by averaging the results of the 
three IWG models), assuming discount rates of 2.5%, 
3%, and 5% respectively.33 A fourth trajectory rep-
resents a 95th percentile of the SCC estimates across 
all three models at the central 3% social discount rate. 
This 95th percentile case is intended to reflect a much 
less likely outcome, but one with a much higher than 
expected impact.34

As an alternative to valuing GHG reductions based 
on the SCC, those reductions are also valued based 
on the possible cost of complying with legal require-
ments to reduce GHG emissions.35 Some U.S. states 
and regions have already enacted carbon reduction 
policies; the U.S. Congress has considered such 
policies in the past; and the EPA has established 
regulations that will limit emissions from existing and 

33. The use of this range of discount rates reflects uncertainty among experts about the appropriate social discount rate [22, 55].

34. Each of the integrated assessment models estimates the SCC in any given year by modeling the impact of GHG emissions in that year 
on climate damages over a multi-century horizon (discounted back to that year). The SCC increases over time because, as IWG explains, 
“future emissions are expected to produce larger incremental damages as physical and economic systems become more stressed in 
response to greater climate change” [22].

35. The approach used here and the discussion of incorporating compliance costs (including Figure 3-43) closely follows that used in the recent 
On the Path to SunShot study about the benefits of achieving the DOE’s SunShot goals [64].

new power plants through the CPP [65, 66].36 Especially 
when binding cap-and-trade programs are used to 
limit GHG emissions, as envisioned in part by the CPP, 
the climate change benefits of hydropower energy 
may best be valued based on cost of complying with 
legal requirements to reduce carbon emissions [26, 

28]. In this case, the GHG co-benefits of hydropower 
come in the form of hydropower helping to meet the 
carbon reduction target, thereby offsetting some of 
the “marginal” costs of complying with the policy.

GHG reductions are valued in Hydropower Vision 
analysis based on two sets of estimates for this com-
pliance cost. The first is EPA estimates of the average 
national cost of complying with the CPP under both 
mass-based and rate-based application [65]37. Those 
estimates are provided by EPA for 2020, 2025, and 
2030. The Hydropower Vision analysis interpolates 
between these years to estimate costs in intervening 
periods, and it presumes that the 2030 cost remains 

36.. As a result of the attention to carbon reduction, many utilities already regularly consider the possibility of future policies to reduce GHGs in 
resource planning, and thereby treat renewable energy sources as options for reducing the possible future costs of climate mitigation [66, 67, 68].

37. Rate-based refers to CO2 emissions per megawatt-hour, while mass-based refers to the total tons emitted.
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Figure 3-42. Interagency Working Group social cost of carbon estimates
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There are notable uncertainties in the benefits asso-
ciated with existing hydropower (and the different 
hydropower growth scenarios that follow) that extend 
beyond alternative estimates of the SCC. This includes 
uncertainties in the evolution of the electricity system 
and the corresponding influence on hydropower’s 
ability to reduce GHG emissions. This uncertainty 
exists for a variety of reasons, including the impact 
of uncertainty in future fossil prices, the timing and 
nature of carbon or other regulation, accuracy in 
assumed financing terms, and assumptions embed-
ded in the ReEDS capacity expansion model. In part 
for these reasons, the balance of this section focuses 
on the IWG SCC valuation methods across the full 
range of the nine selected model scenarios.

Figure 3-45 shows, for the four IWG cases, the 
present value of the estimated global benefits of life 
cycle GHG reductions from 2017 to 2050 for the nine 
selected scenarios explored in depth in the Hydro-
power Vision analysis, compared to their respective 

constant through 2050. The analysis also uses Syn-
apse Energy Economics [66] estimates of carbon costs 
under “low,” “medium,” and “high” trajectories. These 
estimates consider and assume the possibility of more 
stringent long-term carbon reduction goals than envi-
sioned by the CPP, and, as such, entail higher costs 
than those from EPA [65]. Figure 3-43 summarizes 
both sets of resulting carbon compliance costs.

Using the four IWG SCC estimates and the five com-
pliance scenarios, Figure 3-44 shows the present value 
of the estimated global benefits of life cycle GHG 
reductions from 2017 to 2050 from the existing fleet 
(assuming no rebound or spillover effects). For the 
IWG central value case, discounted present value ben-
efits are estimated to be $185 billion. Across the three 
expected-value cases, benefits range from $46 billion 
(for the 5% discount rate case) to $286 billion (for 
the 2.5% discount rate case). The fourth case, which 
accounts for the limited possibility of more extreme 
global climate damages, results in a benefit estimate 
of $555 billion.38 The values for the compliance cases 
are lower on average and show less variation.
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Figure 3-43. Estimated social cost of carbon for compliance based on U.S. Environmental Protection Agency estimates  
and Synapse estimates

38. Annual benefits reflecting the discounted future benefits of yearly avoided emissions are as follows: (1) low: $2.86 billion (2020), $2.6 billion 
(2030), $0.31 billion (2050); (2) central: $10.0 billion (2020), $8,26 billion (2030), $0.8 billion (2050); (3) high: $14.8 billion (2020), $12.1 
billion (2030), $1.1 billion (2050); (4) higher-than-expected: $29.4 billion (2020), $25.1 billion (2030), $2.43 billion (2050) [2015$].
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Figure 3-44. Estimated benefits of the existing fleet based on estimated avoided climate change damages and estimated 
avoided compliance costs
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information, but includes the present value of social 
benefits of the existing fleet.39 The present values of 
the benefits associated with the existing hydropower 
fleet are larger than those anticipated for new hydro-
power under any of the new hydropower scenarios 
explored, as the existing fleet produces the majority 
of hydropower energy across all scenarios.

The present value of the estimated global benefits of 
life cycle GHG reductions from 2017 to 2050 from new 
hydropower growth in the nine selected scenarios 
varies substantially. For the IWG central value case, 
discounted present value benefits are estimated to be 
in the range from $8.8 billion for Business-as-Usual to 
$46.4 billion for Advanced Technology, Low Cost 

 

Finance, Critical Habitat, Low VG Cost scenario. Under 
the IWG central value case assumptions, new hydro-
power deployment increases the total present value 
of GHG benefits by 5% to 25% over that achieved 
from existing hydropower alone.

Across the three expected-value cases, benefits range 
from $2.3 billion to $11.2 billion for the 5% discount 
rate case and from $13.5 billion to $72.0 billion for 
the 2.5% discount rate case. The fourth case, which 
accounts for the limited possibility of more extreme 
global climate damages, results in a benefit estimate 
ranging from $26.1 billion to $139 billion.40
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Figure 3-46. Estimated benefits of the nine selected scenarios and the existing fleet due to avoided climate change damages

39. Compliance cases are not included, as the similarity and differences of compliance to IWG cases are shown in Figure 3-44 (including the 
similarity of the median Synapse case to the central IWG case).

40. As suggested by the IWG, domestic benefits might be 7–23% of these global estimates [22]
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3.5.7 Air Pollution Emissions, 
Human Health, and  
Environmental Benefits
Combusting fuels to generate electricity produces 
air pollutants that harm human health and cause 
environmental damage [69]. Epidemiological studies 
have shown a causal association between increased 
mortality (and morbidity) and exposure to air pollu-
tion (for examples of the association with mortality, 
see Dockery et al. 1993 [70]; Krewski et al. 2009 [71]; 
Lepeule et al. 2012 [72]). Lim et al. [73] estimate more 
than 3 million premature deaths globally, each year, 
are attributable to outdoor particulate air pollution.

In the United States, a number of studies have evalu-
ated the potential air quality and public health bene-
fits of reducing combustion-based electricity genera-
tion. For example, Driscoll et al. [74] found that policies 
aimed at reducing power-sector CO2 emissions would 
also reduce fine particulate matter (PM2.5) and ozone, 
preventing as many as 3,500 premature mortalities in 
2020. Siler-Evans et al. [26] value the health and envi-
ronmental benefits of displaced conventional gener-
ation from new solar and wind power at 1¢/kWh to 
10¢/kWh, with the range largely reflecting locational 
differences. The EPA has estimated that its CPP would 
provide $14 billion to $34 billion of monetized health 
co-benefits in 2030, based mostly on reductions in 
premature mortality [65].

Though all energy sources have environmental 
impacts, most renewable and non-combustion based 
electricity sources—including hydropower—have no 
direct air pollution emissions and low life cycle air 
pollution emissions [44, 75]. Therefore, the existing 
and new hydropower generation resource estimated 
by ReEDS has the potential to reduce air pollution 
emissions into the future.

To evaluate the air quality benefits of existing hydro-
power and new hydropower deployment in the nine 
modeled scenarios, the changes in emissions of SO2, 
NOx, and PM2.5 from 2017 to 2050 due to hydropower 
electricity generation are estimated. Based on the 
emission changes, the public health and environmen-
tal impacts are quantified in the form of mortality and 
morbidity outcomes, as well as in monetary terms. 
Given uncertainty in pollutant transport, transfor-
mation, and exposure as well as uncertainty in the 
human response to ambient PM2.5 and ozone, multiple 
established methods are used to quantify the health 
and environmental outcomes and monetary benefits 
of the emissions changes. The overall approach used 
to calculate the benefits of new capacity under the 
capacity expansion scenarios is similar to that used in 
DOE’s Wind Vision report [3], and is broadly consistent 
with methods used in Cullen [28], Driscoll et al. [74], 
EPA [65], Fann et al. [76], Johnson et al. [25], Novan [77], 
NRC [69], McCubbin and Sovacool [27], and Siler-Evans 
et al. [26]. In addition to calculating the benefits of 
new capacity, a modified approach is used to calcu-
late the benefits of maintaining the existing fleet. The 
two approaches are described below.

The emission benefits of new capacity under each 
future scenario is found as the difference between 
ReEDS-estimated, power-sector combustion-related 
SO2 and NOx emissions in each of the nine selected 
scenarios relative to a baseline scenario with no new 
hydropower growth. Power-sector PM2.5 emission 
benefits are calculated similarly, except they are a 
function of ReEDS generation by power plant type and 
location.41 Incorporated in these estimates are assump-
tions about power sector regulations that apply 
to emissions of SO2, NOX, and/or PM2.5, such as the 
Mercury Air Toxics Rule (MATS) and the Cross-State 
Air Pollution Rule (CSAPR).42 Of particular importance 
to this analysis, EPA’s CPP has been incorporated into 
ReEDS. The CPP limits CO2 emissions but does not 
directly address emissions of criteria pollutants.

41. PM2.5 emission estimates are developed for both scenarios as a function of the product of ReEDS generation outputs (MWh, by generation 
type and vintage) and average emission rates (grams/MWh, by generation type). Average PM2.5 emissions rates (reported by Argonne 
National Laboratory [78, 79]) are differentiated by generation type (coal, gas, or oil) and U.S. state. Additionally, PM2.5 emission factors are 
adjusted over time to comply with scheduled PM2.5 MATS limits for existing plants (for more details see Appendix L of the Wind Vision 
report [3]).

42. Although CSAPR is represented in ReEDS, it is essentially non-binding due to the SO2 reductions required for MATS and due to the long-
term substitution of natural gas and other generation sources for coal power generation. Although MATS and CSAPR are both under some 
legal uncertainty, it is assumed that MATS or something like MATS will remain as an active regulation (supporting this assumption, to a 
significant degree, the effect of MATS has already been seen, though actual and announced coal plant retirements).
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culated solely for a baseline “no new hydropower” 
scenario. Specifically, the average non-hydro-
power emission rate (in grams per megawatt-hour 
(MWh)-non-hydropower) for SO2, NOX, and PM2.5 
is calculated for each year (2017–2050) over three 
large regions defined by EPA [65]. Following this step, 
the electricity generated by hydropower within each 
region and for each year is multiplied by the corre-
sponding non-hydropower emission rate, providing a 
total emission benefit.43

Based on these emission changes, two different 
peer-reviewed approaches are used to calculate a 
range of health and environmental benefits (including 
reduced morbidity and mortality outcomes and total 
monetary value). Each approach accounts for pollut-
ant transport and chemical transformation as well as 
population exposure and response: (1) the Air Pollu-
tion Emission Experiments and Policy analysis model 
(AP2, formerly APEEP; created by and described in 
Muller et al. [80]), and (2) EPA’s benefit-per-ton meth-
odology developed for the Clean Power Plan [65].44 
The EPA CPP approach includes two estimates of the 
health impacts in order to span the uncertainty in the 
underlying epidemiological studies.45 The two outputs 
from the EPA CPP approach are identified as ‘EPA 
Low’ and ‘EPA High.’ The ‘low’ and ‘high’ classifications 
correspond to differences only between the under-
lying health impact functions employed by EPA, and 
EPA notes they do not favor either of its estimates 

43. The benefits of the existing fleet were also calculated with the AP2 model, following a similar methodology. In this case, the emissions 
in the baseline without the existing fleet needed to be calculated for each of the 134 ReEDS regions to match the resolution of the AP2 
model. The percentage emission increase for each of the pollutants, across the three EPA regions and for each year, was applied to each of 
the corresponding ReEDS regions. In this way, the total emission changes found at the EPA region were simply distributed to each smaller 
ReEDS region and weighted by the baseline level of emissions.

over the other. The simple average of all three benefit 
estimates is used as the “central” value. One import-
ant assumption across all methods used is the  
monetary value of preventing a premature mortality 
(or the Value of Statistical Life). Consistent with the 
broader literature, all use a Value of Statistical Life of 
approximately $6 million dollars in year 2000.46

Several additional aspects of the methodology, and 
possible related limitations, warrant noting:

• The focus is on a subset of air emissions impacts: 
SO2, NOx, and PM2.5. Non-quantified impacts include 
heavy metal releases, radiological releases, waste 
products, and land use impacts associated with 
power and upstream fuel production, as well as 
noise, aesthetics, and others. Only emissions from 
power plant operations are considered, ignoring 
the smaller upstream and downstream life-cycle 
impacts.

• The air emissions impact estimates are inherently 
uncertain, in part due to the impact of uncertain 
policy and market factors on those reductions.

• The methodology presumes that the MATS is main-
tained or replaced with a similar regulation such 
that SO2 and NOx cap-and-trade programs, such  
as CSAPR, are essentially non-binding over time.  
Otherwise, the benefits of the new capacity in the 

44. Benefits calculated by AP2 and EPA CPP differ in a number of respects. For example, the AP2 model accounts for not only mortality and 
morbidity, but also air pollution-induced decreases to timber and agriculture yields, visibility reductions, accelerated materials degradation, 
and reductions in recreation services; while benefits calculated with the EPA CPP benefit-per-ton approach include only mortality and 
morbidity. Both the EPA CPP benefit-per-ton approach and the AP2 model include the benefits from primary and secondary particulate 
reductions and from ozone reductions; however, the exact pollutants considered in terms of primary particulate exposure varies.

45. EPA Low is based on research summarized in Krewski et al. [71] and Bell et al. [82], whereas EPA High is based on research presented in 
Lepeule et al. [72] and Levy et al. [83]. Both sets of epidemiological research have different strengths and weaknesses, and EPA indicates that 
it does not favor one result over the other.

46. The AP2 model contains monetized benefit-per-ton estimates based on emissions in the year 2008, so damages from AP2 are scaled over 
time based on Census population projections [85] and per capita income growth projections used by AEO [85], using an elasticity of the 
value of statistical life to income growth consistent with NRC [69]. EPA benefit-per-ton (BPT) values are developed for each year, within 
each of three regions, by linearly extrapolating EPA’s provided BPT values. In this manner, there is implicit representation of the population 
and income growth assumptions incorporated in the EPA’s analysis. The 2017–2025 BPT values are based on the linear trend established by 
EPA’s 2020 and 2025 BPT values. The 2026–2050 BPT values are based on the linear trend established by EPA’s 2025 and 2030 BPT values. 
The same process is used for EPA’s health incidence-per-ton (mortality and morbidity outcomes) estimates.
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 future scenarios should arguably be calculated 
based on allowance prices to reflect savings in the 
cost of complying with the cap [26].47

• Estimates of the health and environmental benefits 
associated with emissions reductions are inherently 
uncertain. Some, but not all, of those uncertainties 
are reflected by calculating benefits using two 
approaches (AP2, EPA) leading to three different 
estimates (AP2, EPA Low and High).

Air Pollution Reduction Benefits from 
New Hydropower Capacity
New hydropower deployment provided cumulative 
air quality benefits in scenarios combining Advanced 
Technology, Low Cost Finance with the following 
assumptions: 1) High Fossil Fuel Cost; 2) Critical 
Habitat, High Fossil Fuel Cost; and 3) Critical Habitat, 
Low VG Cost. In the Low VG Cost scenario, the addi-
tional hydropower generation allowed for greater 
new non-hydropower renewable generation, pri-
marily wind. Under these conditions, combined new 
hydropower and new non-hydropower renewables 
led to reduced total criteria pollutant emissions and 
associated public health burdens. In the High Fossil 
Fuel Cost scenarios, the additional hydropower offsets 
both coal and natural gas, providing air quality ben-
efits. In contrast, new hydropower in the remaining 
scenarios reduced natural gas generation but facili-
tated additional coal generation along with non-hy-
dropower renewables. On balance, this increased total 
criteria pollutant emissions, causing a slight increase 
to air quality burdens.

Representation of EPA’s CPP influences the sign and 
magnitude of the air quality impacts. The CPP limits 
total carbon emissions, but does not directly limit 
SO2, NOx, and PM2.5 emissions. As the combustion 
emissions of CO2 associated with coal generation are 
larger than that of natural gas generation (on a per-
MWh basis), the implementation of the CPP within 
ReEDS limits generation from coal in both the 

47. This is because under strictly binding caps, renewable electricity does not reduce emissions per se, but it instead alleviates the need to reduce 
emissions elsewhere in order to achieve the cap. In this instance, the benefits of hydropower electricity derive not from reduced health and 
environmental damages but instead from reducing the cost of complying with the air-pollution regulations. As mentioned above, ReEDS 
simulations indicate CSAPR SO2 and NOx caps are largely non-binding over time, due to the presumed existence of MATS. This result also 
follows historical experience, as the largest regional SO2 and NOx cap-and-trade program (EPA’s Clean Air Interstate Rule) was non-binding 
in 2013 [86, 87]. Therefore, estimates are not calculated for the benefits of new capacity in the Hydropower Vision from the perspective of 
reducing pollution regulation compliance costs. Nonetheless, this alternative valuation approach is mentioned because it is possible that 
future cap-and-trade regulations applied either nationally or regionally could impact the size and nature of the benefits from the scenarios 
analyzed here. It is also possible that our emissions treatment may not incorporate some more-localized existing binding cap-and-trade 
programs; however, the geographic extent of these programs is limited, so this limitation will not substantially bias the results. 

baseline and new hydropower scenarios. However,  
in the new hydropower scenarios, the new deploy-
ment of combustion-free hydropower allows for the 
ratio of coal to natural gas generation to increase 
without increasing total CO2 emissions. In fact, rela-
tive to the baseline scenarios, the new hydropower 
scenarios (with the exception of the High Fossil 
Fuel Cost and Low VG Cost scenarios) show higher 
absolute coal generation along with lower absolute 
natural gas generation.

This analysis does not suggest the CPP causes any 
air quality damages; in fact, the CPP is estimated to 
provide substantial air quality benefits [65]. However, 
after those CPP benefits are realized, the addition of 
new hydropower can allow for additional coal genera-
tion in the specific scenarios analyzed here.

Figure 3-47 shows emission impacts from 2017–2050. 
The figure illustrates that, as the CPP becomes more 
restrictive closer to 2030, all the selected scenarios 
have increased emissions of SO2, NOx and PM2.5 
compared to their baselines. The High Fossil Fuel 
Cost scenarios show reduced emissions again soon 
after 2030, and the Advanced Technology, Low Cost 
Finance, Critical Habitat, Low VG Cost scenario shows 
reduced emissions by roughly 2040. Table 3-7 shows 
cumulative emission changes (new hydropower 
deployment, relative to the respective baseline 
scenario) for 2017–2025. The largest reductions were 
seen for Advanced Technology, Low Cost Finance, 
Critical Habitat, Low VG Cost scenario, with SO2, NOx, 
and PM2.5 reduced by 460,000; 801,000; and 71,000 
metric tons or 1.5%, 2.2%, and 1.3%, respectively, 
over 2017–2050. The largest increases to emissions 
were found in the Advanced Technology, Low Cost 
Finance, Critical Habitat scenario. In that scenario in 
2017–2050, SO2, NOx, and PM2.5 emissions increased 
by 226,000; 160,000; and 41,000 metric tons or 0.7%, 
0.5%, and 0.1%, respectively.
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Figure 3-47. Power sector SO2, NOx, and PM2.5 emissions impacts of new hydropower capacity
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health and environmental impacts values across all 
the scenarios. The central estimates48 of premature 
mortality incidences ranges from an increase of 1,600 
to a decrease of 5,400.

While these results indicate a range of potential air 
quality impacts from new deployment of hydropower, 
there is no attempt to pick a ‘most likely’ scenario or 
create an overall average impact estimate. As such, 
the conclusion must be a qualified statement: Given 
the constraints of the CPP, air quality impacts from 
new deployment of hydropower are positive only 
under conditions that either favor additional non-hy-
dropower renewable deployment or that discourage 
additional fossil fuel generation, including additional 
coal generation.

48. The central estimate of mortality incidences is the simple average mortality estimate between EPA Low and EPA High (as mortality inci-
dences were not available for AP2).

To summarize the emission impacts, the Hydropower 
Vision analysis scenarios only provide cumulative air 
quality benefits under conditions that favor addi-
tional, non-hydropower, renewable energy deploy-
ment, or in scenarios with higher fossil fuel prices. 
Criteria pollutants are found to increase in the remain-
der of the new hydropower deployment scenarios. 
These patterns are a result of the inclusion of the CPP 
within the modeling framework.

These emission changes would lead to changes in  
air quality and health outcomes across the conti-
nental United States. Specifically, the cumulative, 
discounted present value of the U.S. health and  
environmental impacts range from a penalty of $6.4 
billion to a benefit of $26.5 billion across the central 
estimates of the nine scenarios (in 2015$). Figures 
3-48 and 3-49 and Table 3-8 show the range of total 

Table 3-7. Cumulative Power Sector SO2, NOx, and PM2.5 Emissions Impacts of New Hydropower Capacity

SO2 NOX PM2.5 
(metric 

tons)

Percent 
Change

(metric 
tons)

Percent 
Change

(metric 
tons)

Percent 
Change

Business-as-Usual 81,000 0.2% -10,000 0.0% 16,000 0.3%

Advanced Technology 69,000 0.2% -10,000 0.0% 16,000 0.3%

Low Cost Finance 124,000 0.4% 17,000 0.0% 20,000 0.4%

Advanced Technology, Low Cost Finance, 
Combined Environmental Considerations 222,000 0.7% 129,000 0.4% 36,000 0.7%

Advanced Technology, Low Cost Finance, 
Critical Habitat 226,000 0.7% 160,000 0.5% 41,000 0.8%

Advanced Technology, Low Cost Finance 171,000 0.5% 128,000 0.4% 34,000 0.6%

Advanced Technology, Low Cost Finance, 
Critical Habitat, Low VG Cost -506,000 -1.5% -761,000 -2.2% -70,000 -1.3%

Advanced Technology, Low Cost Finance, 
Critical Habitat, High Fossil Fuel Cost -323,000 -1.0% -436,000 -1.3% -48,000 -0.9%

Advanced Technology, Low Cost Finance, 
High Fossil Fuel Cost -274,000 -0.9% -396,000 -1.2% -43,000 -0.8%
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benefits from the existing fleet fall in the range of 
$39 billion–$94 billion on a discounted, present-value 
basis, depending on the method used to quantify 
those benefits (see Figure 3-50).

Reduction of SO2 and the subsequent reduction of  
particulate sulfate concentrations account for a 
majority of the monetized benefits. For example, the 
reduction of SO2 emissions accounted for 55%, 69%, 
and 64% of the AP2, EPA Low, and EPA High benefits. 
The benefits of reduced tropospheric ozone (due to 
reduced NOx emissions) account for 8% and 15% of the 
EPA Low and High benefit estimates, respectively.49 

49. An estimate of ozone benefits, separate from the total benefits and corresponding to the AP2 valuation, was not available within the model. 

Air Pollution Reduction Benefits from 
Existing Hydropower Capacity
The air quality impacts of the existing hydropower 
fleet are calculated as a function of the average 
regional emission rates of non-hydropower genera-
tion within the baseline scenario. The existing fleet is 
found to reduce emissions of SO2, NOx, and PM2.5 by 
1.6, 2.8, and 0.3 million metric tons (or 5%, 9%, and 
6%), respectively, over 2017–2050. These emission 
reductions lead to improved air quality and health 
outcomes across the continental United States. 
Specifically, total U.S. health and environmental 

-20 

-10 

0 

10 

20 

30 

40 

50 

AP2 EPA Low Central Est. EPA High 

Pr
es

en
t V

al
ue

 A
ir 

Em
is

si
on

s 
Be

ne
fit

s 
(p

os
iti

ve
) a

nd
Pe

na
lti

es
 (n

eg
at

iv
e)

, 2
0

17
–2

0
50

, B
ill

io
n 

20
15

$ 
  

Business-
as-Usual

Advanced 
Technology 

Low Cost 
Finance

Advanced Technology, 
Low Cost Finance, 
Combined Environmental 
Considerations

Advanced Technology, 
Low Cost Finance

Advanced Technology, Low Cost 
Finance, Critical Habitat

Advanced Technology, 
Low Cost Finance, 
Critical Habitat, Low VG Cost

Advanced Technology, 
Low Cost Finance, Critical Habitat, 
High Fossil Fuel Cost

Advanced Technology, Low Cost 
Finance, High Fossil Fuel Cost

Figure 3-48. Estimated value of SO2, NOX, and PM2.5 impacts of new capacity with benefits and penalties stacked separately
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Figure 3-49. Estimated central value and range of SO2, NOX, and PM2.5 impacts of new capacity

Table 3-8. Estimated cumulative, 2017–2050, discounted value of SO2, NOX, and PM2.5 impacts of new capacity (million 2015$)

AP2 EPA Low Central 
Estimate EPA High

Business-as-Usual -2,300 -1,800 -2,600 -3,700

Advanced Technology -2,200 -1,300 -2,100 -2,600

Low Cost Finance -2,600 -2,000 -2,900 -4,000

Advanced Technology, Low Cost Finance,  
Combined Environmental Considerations -4,000 -4,600 -6,200 -10,000

Advanced Technology, Low Cost Finance,  
Critical Habitat -4,100 -4,700 -6,400 -10,400

Advanced Technology, Low Cost Finance -3,600 -2,900 -4,200 -6,300

Advanced Technology, Low Cost Finance,  
Critical Habitat,Low VG Cost 10,800 20,000 26,500 48,700

Advanced Technology, Low Cost Finance,  
Critical Habitat, High Fossil Fuel Cost 5,300 12,800 16,300 30,800

Advanced Technology, Low Cost Finance,  
High Fossil Fuel Cost 4,100 11,500 14,500 27,900
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(directly or indirectly from emissions of SO2, NOx and 
PM2.5) is the primary driver of health outcomes.

Most of the health benefits come from avoided 
premature mortality, again associated primarily with 
reduced chronic exposure to ambient PM2.5 (which 
derive largely from the transformation of SO2 to 
sulfate and NOx to nitrate particles). Based on the EPA 

Figure 3-50. Estimated value of SO2, NOX, and PM2.5 impacts of new capacity with benefits and penalties stacked separately 
and with the existing fleet benefits for comparison
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approach, the existing fleet is found to prevent 6,700 
to 16,200 premature mortalities in total from 2017 to 
2050. It is also estimated that the existing fleet would 
reduce numerous forms of morbidity outcomes (see 
Table 3-9), including 8,500 hospital admissions for 
respiratory and cardiovascular symptoms, 0.7 million 
lost work days, and 0.9 million missed school days.
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Table 3-9: Emissions Reductions, Monetized Benefits, and Mortality and Morbidity Benefits over 2017–2050 for the Existing Fleet

Impacts SO2 NOx PM2.5 Total

Emissions Reductions (millions metric tons)

Existing Fleet impacts 1.64 2.76 0.33 —

Existing Fleet Total Monetized Benefits (Present Value)

EPA Low benefits (Billions 2015$) 27 7 5 39

EPA High benefits (Billions 2015$) 60 22 12 94

AP2 benefits (Billions 2015$) 22 12 6 40

Existing Fleet EPA Total Mortality Reductions

EPA Low mortality reductions (count) 4,700 1,100 900 6,700

EPA High mortality reductions (count) 10,600 3,500 2,100 16,200

Existing Fleet EPA Morbidity Reductions from Primary and Secondary PM2.5 Impacts

Emergency department visits for asthma (all ages) 1,500 200 300 2,000

Acute bronchitis (age 8–12) 6,700 1,100 1,300 9,100

Lower respiratory symptoms (age 7–14) 85,100 13,800 17,200 116,100

Upper respiratory symptoms (asthmatics age 9–11) 127,800 20,000 24,600 172,400

Minor restricted-activity days (age 18–65) 3,247,200 484,900 625,000 4,357,100

Lost work days (age 18–65) 538,700 81,200 104,600 724,500

Asthma exacerbation (age 6–18) 295,900 49,400 58,500 403,800

Hospital Admissions-Respiratory (all ages) 1,400 200 300 1,900

Hospital Admissions-Cardiovascular (age > 18) 1,700 200 300 2,200

Non-fatal Heart Attacks 5,300 700 1,000 7,000

Non-fatal Heart Attacks (Pooled estimates—4 studies) 600 100 100 800

Existing Fleet EPA Morbidity Reductions from NOx — Ozone Impacts

Hospital Admissions, Respiratory (ages > 65) — 2,900 — 2,900

Hospital Admissions, Respiratory (ages < 2) — 1,500 — 1,500

Emergency Room Visits, Respiratory (all ages) — 1,300 — 1,300

Acute Respiratory Symptoms (ages 18–65) — 2,723,700 — 2,723,700

School Loss Days — 943,900 — 943,900

Notes: All values accumulated from 2017–2050. All monetized benefits are discounted at 3%; however, the mortality and morbidity values are 
simply accumulated over the time period. EPA and AP2 $ benefits include mortality and morbidity estimates from primary and secondary PM2.5 
effects from SO2, NOX, and direct PM2.5 emissions and ozone benefits from reduced NOX emissions during the ozone season (May–September). 
AP2 benefits also include environmental effects such loss of visibility and crop damage. Both AP2 and EPA benefit estimates are dominated by 
mortality benefits.
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Usage Reduction
The electric sector beyond hydropower relies on read-
ily available supplies of water for reliable operations. 
Most water requirements in the energy sector are for 
thermal power plant cooling, but all life cycle stages 
of energy production require water. Although energy 
supply can also affect water resources through 
changes in water quality and temperature, water use 
is typically categorized into two metrics: withdrawal 
and consumption. Withdrawals are defined as the 
amount of water removed or diverted from a water 
source for use, while consumption is the amount 
of water evaporated, transpired, incorporated into 
products or crops, or otherwise removed from the 
immediate water environment [88]. The U.S. power 
sector is the largest withdrawer of water in the nation, 
at 38% of total withdrawals [89]. Its share of consump-
tion is much lower, around 3% nationally, but can be 
regionally important [90].

Prior studies have evaluated the impact of a range of 
U.S. electric sector futures on water demands [2, 91, 92, 

93, 94, 95, 96, 97]. Many renewable energy technologies 
have low operational (see Macknick et al. [98] and 
Methodology discussion in the next section) and life 
cycle (see Meldrum et al. [99]) water use compared 
to fossil and nuclear technologies. As a result, prior 
work generally found that future scenarios designed 
to meet carbon reduction goals also result in water 
savings, particularly when renewable-based path-
ways are envisioned [94, 100]. No studies to date 
have evaluated the potential changes in water use 
that could result from scenarios of high hydropower 
deployment.

Hydropower technologies are unique in that water 
is not diverted away from a water body in the same 
way it is for other uses; water is used for hydropower 
operations and generally remains in, or is returned to, 
the water body. However, characterizing withdrawal 
metrics is not uniform across all forms of hydropower 
and at the national scale. Consumption metrics, which 
could be measured by evaporation and loss from 
reservoirs, also have challenges associated with the 
geometric and geographic diversity of reservoirs; 

temporal variations in water levels and evaporation 
rates; and inter-year variations in operational releases 
and water levels that can affect evaporation rates. 
Withdrawal and consumption metrics are also com-
plicated by the multiple uses of reservoirs (e.g., water 
supply, recreation, flood control) and the different 
methods of allocating evaporation to electricity 
production or other uses [101, 102, 103]. Given that this 
modeling analysis, along with many others, does not 
project any new large hydropower reservoirs to be 
built or to be retired, this impact analysis does not 
consider withdrawal or consumption from existing 
reservoirs that contain hydropower technologies. This 
modeling analysis focuses on run-of-river hydropower 
technologies as well as upgrades to existing facilities 
or powering non-powered dams, which entail little to 
no increase in water consumption above current levels. 

Notwithstanding the uncertainties noted previously, 
new hydropower deployment is expected to reduce 
thermal cooling water use in some areas, potentially 
providing economic and environmental benefits. 
Some states have already proposed measures to 
reduce the water intensity of the electricity produced 
in their states, and EPA has invoked the Clean Water 
Act to propose various measures to limit the impacts 
of thermal power plant cooling on aquatic habitats 
[104]. To the extent that new hydropower deployment 
considered in this analysis can reduce power-sector 
water demands, it might also reduce the cost of 
meeting future policies intended to manage water 
use. The rest of this section details calculations of 
the water withdrawal and consumption impacts of 
the nine selected scenarios explored in greater depth 
within the Hydropower Vision analysis, both nationally 
and regionally. The economic benefits of water-use 
reductions are described qualitatively due to limita-
tions in monetary quantification.

Methodology
ReEDS was used to compute power-sector water  
withdrawal and consumption in each scenario and its 
corresponding baseline scenario with no new unan-
nounced hydropower construction. ReEDS incorporates 
the cost, performance, and water use characteristics 
of different generation technology and cooling system 
combinations, and the model considers water avail-
ability as a limiting condition for new power plant 
construction [105]. Cooling systems for thermal power 
plants implemented in ReEDS fall into four categories: 
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once-through, pond, recirculating, and dry cooling.50 
Consistent with prior studies and proposed EPA  
regulations, this analysis does not allow new power 
plants in ReEDS to employ once-through cooling 
technologies [94, 96]. The basic approach used here 
has been applied in multiple studies evaluating the 
national and regional water impacts of the U.S. elec-
tricity sector [3, 94, 100, 105, 106].

Water withdrawal and consumption impacts of the 
existing hydropower fleet are calculated as a function 
of the baseline scenarios. Avoided water withdrawal 
and consumption are calculated utilizing regional 
average water use rates (gallons per MWh of elec-
tricity generated) for non-hydropower generation. 
The electricity generated by hydropower within each 
region and for each year is multiplied by the regional 
water withdrawal and consumption rate to provide 
water impact results.

The Hydropower Vision analysis focuses exclusively 
on operational water-use requirements. These 
requirements can vary depending on fuel type, power 
plant type, and cooling system, and many renewable 
energy technologies have relatively low operational 
water withdrawal and consumption intensities (Figure 

3-51). Thermal power plants using once-through cool-
ing withdraw more water for every MWh of electricity 
generated than do plants using recirculating cooling 
systems. For water consumption, however, once-
through cooling has lower demands than recirculating 
systems. Dry cooling can be used to reduce both 
water withdrawal and consumption for thermal plants, 
but at a cost and efficiency penalty [107]. Non-thermal 
renewable energy technologies (such as PV, wind, 
and the hydropower technologies considered in this 
analysis) do not require water for cooling and, thus, 
have low operational water-use intensities. These 
water requirements for non-thermal technologies 
are, however, included in the calculations. Several 
additional aspects of the methodology, and possible 
related limitations, deserve note:

• This analysis does not estimate full life cycle 
water uses, including upstream processes such 
as construction, manufacturing, and fuel supply. 
Including these requirements would likely increase 
the water savings from many scenarios, but asso-
ciating upstream water uses to specific geographic 
regions is challenging. Moreover, prior work has 
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Figure 3-51. Operational water withdrawal and consumption requirements by generation technology and cooling system

50. Cooling systems for the existing fleet are assigned to ReEDS balancing area generating capacity based on an analysis of individual elec-
tric-generating units aggregated at the ReEDS balancing-authority level, as described elsewhere [108, 109].
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demonstrated that thermoelectric water withdraw-
als and consumption during plant operations are 
orders of magnitude greater than the demands 
from other life cycle stages [99].

• Power-sector water use will be impacted by 
various possible changes in the electric sector, such 
as coal plant retirements, new combined-cycle 
natural gas plant construction, and increased use 
of dry cooling. These changes may be driven in 
part by future, uncertain water policies, and they 
could affect the estimated water savings under the 
scenarios analyzed.

• Although water resource impacts are described 
regionally at the state level, there can be consid-
erable variation in water resource availability and 
impacts within a given state; evaluating water 
impacts on a smaller watershed level could partially 
address this limitation.

• The benefits of water-use reductions are not 
quantified in monetary terms owing to challenges 
associated with quantifying the value of water 
resource services [3].

Results
Both the existing hydropower fleet and new hydro-
power deployment reduce national power-sector 
water withdrawal and consumption, when compared 
with historical use and across selected scenarios.

The existing hydropower fleet contributed to approx-
imately 1,450 billion gallons of water withdrawal 
savings per year and 100 billion gallons of water con-
sumption savings per year as of 2016, representing 
a 4.1% and 7.3% reduction in water withdrawals and 
consumption, respectively. Over time, water with-
drawal and consumption savings decline as water-in-
tensive energy technologies (e.g., coal, nuclear) and 
cooling systems (e.g., once-through cooling), are 
replaced by lower water intensity natural gas and 
renewable energy technologies. In 2050, the existing 
hydropower fleet contributes to a 2.9% reduction in 
water withdrawals (200 billion gallons) and a 4.6% 
reduction in water consumption (40 billion gallons) 
due to the existing fleet. Cumulative water savings 
for 2017–2050 total 30.1 trillion gallons of withdrawals 
and 2.2 trillion gallons of consumption.

Regionally, the existing fleet provides different  
benefits depending on the water intensity of the non- 
hydropower fleet. In the arid West, where many 
existing hydropower projects are concentrated, water 

withdrawal and consumption rates of the non- 
hydropower fleet tend to be lower than in the East. 
Figure 3-52 shows national water withdrawal and 
consumption savings associated with the existing 
hydropower fleet.

Figure 3-53 shows the decline in annual power-sector 
water withdrawals for all scenarios considered. On a 
national level, withdrawals decline substantially over 
time under all scenarios, largely owing to the retire-
ment and reduced operations of once-through-cooled 
thermal facilities and the assumed replacement of 
those plants with newer, less water-intensive genera-
tion and cooling technologies. In all scenarios, once-
through-cooled plants are largely replaced by new 
thermal plants using recirculating cooling and a com-
bination of renewable energy technologies. Although 
national-level withdrawal estimates are relatively 
similar across scenarios with reference electricity 
market conditions within each set of baseline scenar-
ios (no more than 1% difference across scenarios for 
all years), withdrawal estimates have greater variation 
across scenarios with different market conditions. The 
Advanced Technology, Low Cost Finance, Critical Hab-
itat, Low VG Cost scenario has greater penetrations 
of wind and solar PV technologies than the Busi-
ness-as-Usual scenario, and the low water intensity 
of wind and PV have the effect of reducing national 
level water withdrawals in 2050 by 9.6% (~680 billion 
gallons) from Business-as-Usual (680 billion gallons 
represents the annual water usage of approximately 
4.8 million U.S. households). This effect is amplified in 
scenarios with High Fossil Fuel Cost, where increases 
in fossil fuel costs lead to a sharper reduction in fossil 
fuel generation, also resulting in greater penetrations 
of non-thermal electricity technologies. Withdrawal 
estimates in the High Fossil Fuel scenarios in 2050 are 
approximately 33% (2.3 trillion gallons) lower than 
those in Business-as-Usual.

Across the nine selected scenarios, 2050 water with-
drawal impacts relative to their respective baseline 
range from a 0.5% increase (in the Low Cost Finance 
scenario) to a 4% decrease (in the two High Fossil 
Fuel Cost scenarios). Table 3-10 and Figure 3-54 
highlight the range of results for all scenarios as they 
relate to their corresponding baseline. Cumulative 
withdrawal reductions for 2017–2050 range from a 
0.1% increase for several scenarios, to a 1.2% decrease 
in the Advanced Technology, Low Cost Finance, Critical 
Habitat, Low VG Cost scenario.
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Figure 3-52. Water withdrawal savings (left) and water consumption savings (right) of the existing fleet
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Figure 3-53. Power-sector water withdrawal impacts of selected scenarios
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Figure 3-54. Annual water withdrawal savings under selected scenarios
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Table 3-10. Water Withdrawal in 2050 under Multiple Scenarios Relative to the Baseline

2050 
Withdrawal 

(trillion 
gallons)

Reduction in 2050  
Withdrawal from baseline 

Reduction in 2017–2050  
Withdrawal from baseline 

(trillion gallons) (%) (trillion gallons)  (%)

Business-as-Usual 7.02 -0.03 -0.4% -1.1 -0.1%

Advanced Technology 7.01 -0.02 -0.3% -0.5 -0.1%

Advanced Technology, Low Cost Finance 6.97 0.02 0.3% -0.4 -0.1%

Advanced Technology, Low Cost 
Finance, Critical Habitat 6.99 0.00 0.0% -0.7 -0.1%

Advanced Technology, Low Cost 
Finance, Critical Habitat, High Fossil 
Fuel Cost

4.71 0.20 4.0% 7.7 0.9%

Advanced Technology, Low Cost 
Finance, Critical Habitat, Low VG Cost 6.35 0.22 3.3% 10.2 1.2%

Advanced Technology, Low Cost 
Finance, Combined Environmental 
Considerations

6.99 0.00 0.1% -0.8 -0.1%

Advanced Technology, Low Cost 
Finance, High Fossil Fuel Cost

4.71 0.20 4.0% 7.2 0.9%

Low Cost Finance 7.03 -0.03 -0.5% -0.4 0.0%
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Figure 3-55 shows the change in annual power-sector 
water consumption for the selected scenarios. National 
power-sector water consumption declines over time in 
all scenarios, but to a lesser extent than water with-
drawals. Similar to withdrawals, there is little variability 
in national water consumption across scenarios using 
reference fossil fuel and VG costs (no more than 3% 
difference across scenarios and years). The scenario 
with Low VG Cost leads to national reductions in con-
sumption in 2050 of 9.7% (85 billion gallons), relative 
to Business-as-Usual. Under scenarios with High Fossil 
Fuel Cost, national reductions in consumption in 2050 
are 11–12% (~100 billion gallons). As with withdrawals, 
these changes can be attributed to the amount of 
low-water-intensity renewable generation sources that 
are deployed, as compared with high-water-intensity 
thermal technologies. Consumption differences are 
smaller than withdrawal differences due to the transi-
tion from once-through-cooled to recirculating-cooled 
thermal technologies, with the latter having a higher 
water consumption rate.

There is greater variation in impacts on national water 
consumption than there is for withdrawal. Across 
selected scenarios, water consumption impacts range 
from a 2.3% increase (in Business-as-Usual) to a 7.6% 

decrease (in the Advanced Technology, Low Cost 
Finance, Critical Habitat, High Fossil Fuel Cost scenario) 
in 2050 compared to the baseline scenarios. Cumu-
lative 2017–2050 consumption impacts range from a 
0.4% increase (in the Business-as-Usual and Advanced 
Technology scenarios) to a 2.6% decrease in scenar-
ios with High Fossil Fuel Cost. Table 3-11 and Figure 
3-56 highlight the water consumption impacts for all 
selected scenarios. Consumption reductions in 2050 
are seen only for the High Fossil Fuel Cost scenarios 
and the Advanced Technology, Low Cost Finance sce-
nario, when compared with the baseline. The Advanced 
Technology, Low Cost Finance, Critical Habitat scenario 
and the scenario with Low VG Cost achieve consump-
tion reductions over the 2017–2050 time frame.

Water withdrawal impacts under all scenarios are not 
uniform throughout the continental United States, 
and considerable regional differences can mask 
relatively small national-level differences. Figure 3-57 
shows state water withdrawal differences in 2050 
for representative low, mid, and high hydropower 
deployment scenarios, compared with the baseline. 
In the Business-as-Usual scenario, only 18 states show 
withdrawal savings compared with the baseline, yet 
for the Advanced Technology, Low Cost Finance, High 
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Figure 3-55. Power-sector water consumption impacts of selected scenarios
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Table 3-11. Water Consumption in 2050 Compared across Multiple Scenarios and Relative to the Baseline

2050 
Withdrawal 

(trillion 
gallons)

Reduction in 2050  
Withdrawal from baseline 

Reduction in 2017–2050  
Withdrawal from baseline 

(trillion gallons) (%) (trillion gallons)  (%)

Business-as-Usual 0.88 -0.02 -2.3% -0.17 -0.4%

Advanced Technology 0.87 -0.02 -1.9% -0.15 -0.4%

Advanced Technology, Low Cost Finance 0.86 0.00 0.3% 0.06 0.2%

Advanced Technology, Low Cost Finance, 
Critical Habitat 0.86 0.00 -0.5% 0.05 0.1%

Advanced Technology, Low Cost Finance, 
Critical Habitat, High Fossil Fuel Cost 0.77 0.06 7.6% 1.04 2.6%

Advanced Technology, Low Cost Finance, 
Critical Habitat, Low VG Cost 0.79 -0.01 -0.7% 0.40 1.0%

Advanced Technology, Low Cost Finance, 
Combined Environmental Considerations 0.87 -0.01 -1.0% 0.00 0.0%

Advanced Technology, Low Cost Finance, 
High Fossil Fuel Cost 0.78 0.06 7.1% 1.05 2.6%

Low Cost Finance 0.88 -0.02 -2.2% -0.08 -0.2%

Business-as-Usual
Advanced Technology
Low Cost Finance
Advanced Technology, Low Cost Finance, Combined Environmental Considerations
Advanced Technology, Low Cost Finance, Critical Habitat, Low VG Cost
Advanced Technology, Low Cost Finance, Critical Habitat
Advanced Technology, Low Cost Finance, Critical Habitat, High Fossil Fuel Cost
Advanced Technology, Low Cost Finance
Advanced Technology, Low Cost Finance, High Fossil Fuel Cost
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Figure 3-56. Annual water consumption under selected scenarios
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of water, potentially avoiding power-sector reliability 
events and/or the effects of reduced thermal plant 
efficiencies—concerns that might otherwise grow 
as the climate changes [111]. Additionally, increased 
non-consumptive hydropower deployment can free 
up water for other productive purposes (e.g., agri-
cultural, industrial, or municipal use) or to strengthen 
local ecosystems (e.g., benefiting wildlife owing to 
greater water availability and lack of temperature 
change). Reducing the quantities of fossil fuels used 
can help alleviate other power-sector impacts on 
water resource quality and quantity that occur during 
upstream fuel production [110].

Quantifying in monetary terms the societal value of 
these water-use reductions is difficult, however, as no 
standardized methodology exists in the literature. One 
potential approach is to consider hydropower deploy-
ment as avoiding the possible need to otherwise 
employ thermal power plants with lower water use, or 
to site power plants where water is available and less 
costly. ReEDS already includes the cost and perfor-
mance characteristics of different cooling technologies 
in its optimization, as well as the availability and cost 
of water supply; these costs and considerations are 
embedded in the results presented earlier. If water 
becomes scarcer in the future and/or if water policy 
becomes stricter, however, additional costs might 
be incurred. In such an instance, a possible upper 
limit of the incremental cost of water-use reductions 
associated with conventional thermal generation can 
be estimated by comparing the cost of traditional wet 
cooling with the cost of dry cooling. Dry cooling adds 
capital expense to thermal plants and reduces plant 
efficiencies. The total cost increase of dry cooling for 
coal generation has been estimated at 0.32–0.64¢/
kWh [112]. For natural gas combined cycle plants, 
Maulbetsch and DiFilippo [113] estimate an “effective 
cost” of saved water at $3.80–$6.80 per 1,000 gallons, 
corresponding to approximately 0.06–0.17¢/kWh [3]. 
These estimated incremental costs for dry cooling are 
relatively small, and they likely set an upper limit on 
the water-related cost savings of hydropower or any 
other power technology intended, in part, to reduce 
water withdrawal and consumption.51

51. The actual benefits, in terms of cost savings, would be lower than these figures for a few reasons. First, many regions of the country are 
not facing water scarcity, so the economic benefits of reduced water use are geographically limited. Second, to the extent that hydropower 
offsets more electricity supply (kilowatt-hours) than electricity capacity (kilowatts), it may not be able to offset the full capital and oper-
ating cost of less water-intensive cooling technologies. Third, few plants to date have been required or chosen to implement dry cooling; 
alternative, lower-cost means of obtaining and/or reducing water have predominated, including simply locating plants where water is 
available. Alternative water resources, such as municipal wastewater or shallow brackish groundwater, could also be more cost-effective 
than dry cooling in some regions [114]. These lower-cost methods of reducing water use are likely to dominate for the foreseeable future. 

Fossil Fuel Cost scenario, there are 33 states with 
withdrawal savings. This is largely a reflection of 
where new hydropower capacity is deployed, where 
other renewable energy technologies are deployed, 
and where the most water-intensive thermal plants 
are offset. Certain states, such as Mississippi, 
Nebraska, and New Jersey, show withdrawal savings 
across all scenarios. Other states, such as Illinois, 
Tennessee, and Texas, show withdrawal increases 
across all scenarios. Most states, however, includ-
ing California, show either withdrawal increases or 
decreases depending on the scenario considered and 
the regional deployment of technologies. The largest 
changes in magnitude for water withdrawals are 
concentrated in the areas with high levels of once-
through cooling (e.g., Midwest, Southeast, Texas).

Water consumption impacts under all scenarios are 
also diverse throughout the continental United States, 
showing substantial regional differences that are not 
apparent in national level results. Figure 3-58 shows 
state water consumption differences in 2050 for rep-
resentative low, mid, and high deployment scenarios 
compared with the baseline. In the Business-as-Usual 
scenario, only 17 states show consumption savings 
compared with the baseline; yet for the Advanced 
Technology, Low Cost Finance, High Fossil Fuel Cost 
scenario, 39 states show consumption savings. 
Regionally, more states show water consumption 
savings for all scenarios than for withdrawal savings, 
and fewer states show consumption increases for 
all scenarios than withdrawal increases. Notably, 
many water-stressed states (e.g., Texas, California, 
and other parts of the arid West), show larger water 
consumption savings than withdrawal savings. The 
largest increases in consumption tend to be located 
in the Southeast, whereas the largest reductions in 
consumption tend to be located in the arid West.

The ability of new hydropower to reduce power-sector 
water withdrawals and consumption in certain regions 
offers economic and environmental benefits, espe-
cially in regions where water is scarce. By reducing 
power-sector water use, hydropower technologies 
considered in this analysis can reduce the vulnerability 
of electricity supply to the availability or temperature 
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Annual Withdrawal Savings in 2050   (% Change from Baseline)

  < -20%       -20% – -10%       -10% – 0%       0% – 10%       10% – 20%       20% – 30%       > 30%

Advanced Technology, Low Cost Finance, Critical Habitat Advanced Technology, Low Cost Finance, High Fossil Fuel Cost

Business-as-Usual
Advanced Technology, Low Cost Finance,
Combined Environmental Considerations

  

  

Annual Withdrawal Savings in 2050   (% Change from Baseline)

  < -20%       -20% – -10%       -10% – 0%       0% – 10%       10% – 20%       20% – 30%       > 30%

Advanced Technology, Low Cost Finance, Critical Habitat Advanced Technology, Low Cost Finance, High Fossil Fuel Cost
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Advanced Technology, Low Cost Finance,
Combined Environmental Considerations

Figure 3-57. Water withdrawals savings in 2050 for representative low, mid, and high deployment scenarios

  

  

Annual Consumption Savings in 2050   (% Compared with Comparable Baseline)

  < -20%       -20% – -10%       -10% – 0%       0% – 10%       10% – 20%       20% – 30%       > 30%

Advanced Technology, Low Cost Finance, Critical Habitat Advanced Technology, Low Cost Finance, High Fossil Fuel Cost

Business-as-Usual
Advanced Technology, Low Cost Finance, 
Combined EnvironmentalConsiderations

Figure 3-58. Water consumption savings in 2050 in representative low, mid, and high deployment scenarios

  

  

Annual Consumption Savings in 2050   (% Compared with Comparable Baseline)

  < -20%       -20% – -10%       -10% – 0%       0% – 10%       10% – 20%       20% – 30%       > 30%

Advanced Technology, Low Cost Finance, Critical Habitat Advanced Technology, Low Cost Finance, High Fossil Fuel Cost

Business-as-Usual
Advanced Technology, Low Cost Finance, 
Combined EnvironmentalConsiderations
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3.5.9 Workforce and Economic 
Development Impacts
Many studies have been conducted that seek to 
quantify potential jobs and economic activity sup-
ported by the construction and operation of energy 
facilities [3, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130]. This sec-
tion continues and builds on these efforts by quan-
tifying future gross jobs52, earnings, gross domestic 
product (GDP), and economic output supported by 
the hydropower industry.

Jobs estimates include employment resulting from 
servicing and maintaining the existing fleet as well 
as potential additional employment resulting from 
new hydropower plant development, construction, 
and operation. Replacement needs within the current 
workforce through 2030 are also estimated. Economic 
activity is similarly quantified based on: (1) new invest-
ment in maintenance of the existing hydropower fleet, 
and (2) new investment in facility upgrades, powering 
of non-powered dams and new hydropower facilities 
(hydropower generation and PSH).

Methodology
The National Renewable Energy Laboratory’s Hydro-
power Jobs and Economic Development Impacts, or 
JEDI, model is used to estimate job impacts from the 
construction and operation of facilities in the mod-
eled scenarios. Appendix H contains a more detailed 
description of JEDI, including detail on how the 
model works and its limitations. To better illustrate 
the trends through time, economic impacts for any 
given year are reported as a 4-year moving average. 
Estimates are inclusive of new investments in both 
hydropower generation and PSH.

The number of U.S. jobs, especially those supported 
throughout the supply chain, depends on the portion 
of expenditures made by developers and operators 
that accrue to companies within the United States. 
Proportions are estimated from two proprietary 
sources. First, public- and private-sector contributors 
to this study contacted manufacturers and other com-
panies within the hydropower supply chain to acquire 

 52. The difference between gross and net impacts is discussed more thoroughly in Appendix H. The gross impacts estimated in this study solely 
consider impacts supported by expenditures made by hydropower operators and developers. They do not consider a full range of impacts 
such as utility rate changes, changes in land values, taxes, or displaced economic activity.

information about where those respondents operate 
and the factors that influence location decisions. 
Second, Oak Ridge National Laboratory surveyed 
hydropower operators in 2013 about where compo-
nents are sourced. These two sources of information 
provide a range of potential local expenditures. 
Based on these data, a low domestic content and a 
high domestic content result was estimated for each 
modeled hydropower scenario. Domestic content pro-
portions are shown in Tables 3-12 and 3-13. While this 
range of potential results helps to illustrate the uncer-
tainty inherent in these estimates, it is not intended 
to show the lowest and highest possible impact. It is 
also not intended to assert a potential probability or 
likelihood associated with either of these scenarios.

The proportions of domestic content are assumed to 
be constant throughout the period of analysis. This 
simplifying assumption is applied due to substantial 
uncertainty regarding factors that could lead to 
increases or decreases in local content. Such factors 
include changes in technology, international trade, 
economic development incentives, hydropower 
development outside of the United States, and the 
preferences of producers and developers.

Workforce replacement estimates come from a 
demographic cohort-component model. Cohort-com-
ponent models are often used to project changes 
in populations in which age, sex,53 and factors that 
influence entry and exit from the population are rea-
sonably known. The U.S. Census Bureau, for example, 
uses a cohort-component model in its population 
projections. Entry and exit from the population are 
determined by estimating births, deaths, and in- and 
out-migration [116]. The cohort-component model 
used in this study splits the workforce into groups, 
or cohorts, characterized by occupation, age, and 
sex. Each cohort is aged over time, and members 
are removed based on estimates of mortality and 
retirement. The analysis assumes that workers who 
are removed need to be replaced; i.e., as workers age, 
they are more likely to retire or potentially pass away.

53. Demographers use the term “sex” to refer to biological differences between males and females, which differs from the meaning of “gender.” 
In this case, “sex” is more accurate. For more information, see the U.S. Census Bureau’s “About Age and Sex” [115].
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Low High

Land Purchases 100% 100%

Preparation, Prefabricated Structures, Site Access 60% 100%

Turbines and Generators 20% 80%

Balance of Plant 30% 80%

Transformers, Switchyard, and Interconnection 0% 0%

Installation Labor 80% 100%

Mitigation 80% 95%

Licensing, Permitting, Interconnection 80% 100%

Engineering and Other Professional Services 15% 50%

Insurance and Other Development Costs 75% 100%

Table 3-13. Domestic Content of Operations and Maintenance Expenditures

Low High

Onsite operations labor 100% 100%

Supplies, tools, vehicles 40% 80%

Replacement parts 25% 80%

Regulatory compliance 80% 95%

Retirements are estimated based on changes in labor 
force participation over time. Labor force participation 
can be seen decreasing as older workers age, reflect-
ing both a smaller absolute size of the older popula-
tion due to mortality and workers choosing to retire.54 
Retirement in this report refers to workers who exit 
the labor force by ceasing to work or actively seek 
employment. Retirement estimates by year, age, and 
sex are derived from Bureau of Labor 

54. This definition of retirement does not describe financial arrangements such as pensions or social security. For example, a worker who for-
mally retires to begin collecting a pension and then returns to work as a contractor does not exit the labor force. Despite technically retiring 
from a specific employer, this worker would not be considered a retiree because she or he remains in the labor force

Statistics projections [116]. These projections contain 
existing and forecasted labor force participation rates 
by age and sex through 2022. It is assumed that 
annual average changes in labor force participation by 
age and sex beyond 2022 continue on the same linear 
trajectory as the Bureau of Labor Statistics forecasts 
between 2012 and 2022.
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Mortality estimates in this analysis are from the Cen-
ters for Disease Control and Prevention’s Wide-rang-
ing Online Data for Epidemiologic Research database. 
These are present-day mortality rates by age and 
sex, not forecasts. This analysis assumes no change in 
mortality rates into the future.

Results
Total hydropower-derived employment estimates 
have been calculated as function of all future invest-
ments in hydropower facilities (on-site, supply chain, 
induced jobs) under conditions with varying levels of 
new hydropower deployment. More specifically, total 
hydropower-derived estimates have been made for 
each of the nine scenarios identified and described in 
Section 3.4 and under both the low and high domes-
tic content assumptions noted in Tables 3-12 and 3-13.

Total hydropower investment employment estimates 
for 2030 and 2050 are shown in Table 3-14. Under 
Business-as-Usual conditions, the existing labor force 
grows to approximately 137,800 to 140,600 jobs (full-
time equivalents) in 2030 and holds essentially steady 
at that level through 2050. The scenario with the 

largest hydropower capacity expansion—Advanced 
Technology, Low Cost Finance, High Fossil Fuel Cost—
consistently supports the highest number of jobs, 
with impacts in 2030 and 2050 ranging from a low 
of 317,500 (2050 low domestic content) to a high of 
410,000 (2030 high domestic content).

Earnings, gross domestic product, and economic 
output (total economic activity) are also associated 
with operation and expansion of hydropower facilities. 
Table 3-15 highlights these results across represen-
tative low, mid, and high hydropower deployment 
scenarios for 2030. Table 3-16 highlights these results 
across the same four scenarios for 2050. Relative to 
the baseline, new hydropower deployment supports 
76,000 new jobs (averaged across low and high 
domestic content estimates) in the Advanced Tech-
nology, Low Cost Finance, Combined Environmental 
Considerations Scenario. Estimates of jobs supported 
by the existing fleet change over time, with 119,600–
119,700 jobs supported in 2030 and 120,300–120,700 
jobs supported in 2050 (ranges are across low and 
high domestic content).

Table 3-14. Jobs (Full-time Equivalents) in 2030 and 2050 Supported by New Hydropower Deployment Scenario with Low 
and High Domestic Content

2030 2050

Low Domestic 
Content

High Domestic 
Content

Low Domestic 
Content

High Domestic 
Content

Business as Usual 137,800 140,600 137,600 139,000

Advanced Technology 132,600 135,200 137,200 140,300

Low Cost Finance 173,500 197,100 144,800 149,200

Advanced Technology, Low Cost Finance, 
Critical Habitat, Low VG Cost 203,600 238,900 219,700 251,100

Advanced Technology, Low Cost Finance, 
Critical Habitat 214,700 260,500 190,000 208,000

Advanced Technology, Low Cost Finance 252,700 297,200 270,300 290,400

Advanced Technology, Low Cost Finance, 
High Fossil Fuel Cost, Critical Habitat 271,800 325,000 274,300 300,500

Advanced Technology, Low Cost Finance, 
Combined Environmental Considerations 214,100 250,800 191,500 202,300

Advanced Technology, Low Cost Finance, 
High Fossil Fuel Cost 329,700 410,000 317,500 352,500
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Scenarios in 2030, Showing Low and High Domestic Content (dollars in $2015 millions)

2030 Domestic 
Content Onsite Supply Chain Induced Total
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Jobs
Low 25,000 60,200 52,700 137,800

High 25,600 61,400 53,700 140,600

Earnings
Low $31,370 $75,540 $66,130 $172,910 

High $32,130 $77,040 $67,380 $176,420 

Output
Low $2,350 $4,110 $3,290 $9,740 

High $2,400 $4,280 $3,330 $10,010 

GDP
Low $2,410 $15,370 $9,990 $27,750 

High $2,490 $15,800 $10,100 $28,390 
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Jobs
Low 49,500 81,300 83,400 214,100

High 60,900 93,400 96,400 250,700

Earnings
Low $4,430 $5,490 $5,110 $15,020 

High $5,370 $6,500 $5,840 $17,700 

Output
Low $5,500 $20,810 $15,530 $41,840 

High $7,190 $23,990 $17,740 $48,910 

GDP
Low $4,580 $13,210 $9,100 $26,880 

High $5,630 $14,700 $10,400 $30,710 
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Jobs
Low 56,400 74,500 83,900 214,600

High 70,900 89,400 100,200 260,400

Earnings
Low $5,030 $5,490 $5,190 $15,690 

High $6,240 $6,660 $6,100 $18,990 

Output
Low $6,350 $17,910 $15,770 $40,020 

High $8,500 $22,070 $18,530 $49,090 

GDP
Low $5,210 $10,730 $9,240 $25,180 

High $6,570 $12,760 $10,860 $30,180 
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Jobs
Low 84,300 122,000 123,500 329,700

High 111,200 146,700 152,100 409,900

Earnings
Low $7,500 $7,990 $7,410 $22,880 

High $9,800 $9,930 $9,030 $28,750 

Output
Low $9,710 $31,650 $22,510 $63,850 

High $13,650 $37,840 $27,440 $78,920 

GDP
Low $7,830 $20,100 $13,190 $41,110 

High $10,410 $23,190 $16,080 $49,670 
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Table 3-16. Jobs, Earnings, Output, and GDP Impacts of Representative Low, Mid, and High Deployment Scenarios in 2050, 
Showing Both Low and High Local Content (dollars in $2015 millions)

2050 Domestic 
Content Onsite Supply Chain Induced Total
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s 

U
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Jobs
Low 24,200 60,500 53,000 137,600

High 24,200 61,200 53,500 138,900

Earnings
Low $2,280 $4,130 $3,310 $9,700 

High $2,280 $4,270 $3,320 $9,860 

Output
Low $2,280 $15,450 $10,060 $27,790 

High $2,300 $15,780 $10,080 $28,150 

GDP
Low $2,280 $10,060 $5,900 $18,220 

High $2,290 $10,070 $5,910 $18,250 
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Jobs
Low 31,600 78,900 81,000 191,400

High 34,400 83,000 84,900 202,200

Earnings
Low $2,910 $5,250 $5,040 $13,190 

High $3,140 $5,650 $5,240 $14,030 

Output
Low $3,170 $20,510 $15,300 $38,980 

High $3,590 $21,640 $15,920 $41,140 

GDP
Low $2,950 $13,380 $8,970 $25,280 

High $3,200 $13,820 $9,330 $26,340 
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Jobs
Low 37,900 68,400 83,900 190,000

High 42,900 74,900 90,300 207,900

Earnings
Low $3,500 $5,100 $5,300 $13,900 

High $3,900 $5,600 $5,700 $15,200 

Output
Low $3,900 $16,600 $16,100 $36,500 

High $4,600 $18,600 $17,200 $40,300 

GDP
Low $3,600 $10,200 $9,500 $23,100 

High $4,000 $11,200 $10,100 $25,200 
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Jobs
Low 51,700 137,800 128,200 317,500

High 62,400 149,600 140,600 352,400

Earnings
Low $4,670 $8,820 $7,780 $21,260 

High $5,570 $9,790 $8,480 $23,830 

Output
Low $5,530 $36,510 $23,640 $65,670 

High $7,080 $39,520 $25,750 $72,350 

GDP
Low $4,780 $24,020 $13,850 $42,650 

High $5,780 $25,500 $15,100 $46,360 
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TS In 2030, total contributions to output could be as high 
as $78.9 billion and contributions to GDP could be as 
high as $49.7 billion. In 2050, total contributions to 
output could be as high as $72.4 billion and contribu-
tions to GDP could be as high as $46.4 billion.

Communities will often be most interested in local 
impacts. To illustrate the potential geographic dis-
tribution of on-site jobs, Figure 3-59 details on-site 
jobs by state for representative low, mid, and high 
hydropower deployment scenarios: Business-as-
Usual; Advanced Technology; Low Cost Finance; All 
Environmental Considerations; Advanced Technology, 
Low Cost Finance, Critical Habitats Consideration; and 
Advanced Technology, Low Cost Finance, High Fossil 
Fuel Cost. Data presented in Figure 3-59 assume that 
all onsite jobs occur within the states where facilities 
are built and operated. Supply chain and induced 
employment impacts are not estimated on a state or 
regional basis, as they may be procured from local or 
non-local suppliers.

As shown in Section 2.8, the hydropower industry 
supported approximately 118,000 total full-time 
equivalent jobs from O&M investments related to the 
existing fleet (based on estimated 2013 annual expen-
ditures). Approximately 23,200 of these are identified 
as direct onsite hydropower industry jobs. These jobs 
and associated impacts are expected to continue 
throughout the duration of the modeled hydropower 
scenarios and are included in the total hydropower-re-
lated employment estimates shown in Figure 3-59. 
However, some portion of existing fleet workers will 
need to be replaced as the workforce ages.

The occupational distribution of the share of existing 
hydropower-supported jobs that are direct onsite  
jobs (approximately 20%) is summarized in Table 3-17.  
Figure 3-60 subsequently shows the age distribu-
tion of all U.S. workers, as well as the workers in the 
hydropower industry jobs categories in Table 3-17. 

Note that many hydropower workers are older than 
36 years, especially those in managerial or supervi-
sory occupations, and the greatest concentration is in 
the 46- to 55-year-old cohort. These occupations  
will thus be the most affected by retirements in the 
next 10–20 years.
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Figure 3-59. Onsite employment (full-time equivalents) by state under representative low, mid, and high deployment scenarios
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Figure 3-60. Age and occupational distribution of the existing hydropower workforce

Table 3-17. Distribution of 2013 Onsite Hydropower Operations and Maintenance Workers by Occupationa

Occupation Category Sample Jobs Employment (2013)

Craft workers, unskilled Construction laborers, helpers 1,500

Craft workers, skilled Heavy equipment operators, mechanics 6,200

Supervisory craft workers Managers of electricians, mechanics 1,500

Managers Program manager,
operations manager 1,100

Engineering Civil, electrical, environmental 2,800

Administration Accountant, clerical workers 3,000

Professional Biologists, hydrologists, regulatory, compliance 
support workers 7,100

a. Appendix I-Workforce contains further detail about specific occupations included in each category. 

Source: DOE [118]
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Based on these data, Table 3-18 summarizes projected 
retirements and subsequent replacement needs for 
the onsite workers through 2030. On a cumulative 
basis, the most significant workforce replacement 
needs are for skilled craft laborers and professional 
occupations, each representing approximately 2,500 
jobs. Cumulative total jobs replacements through 2030 
are estimated at approximately 8,880 on-site O&M-re-
lated jobs. Although managerial and supervisory staff 
tend to be older, absolute replacement totals for these 
staff suggest that this not necessarily problematic. 
These individuals also may start out in other fields and 
eventually become supervisors or managers, further 
reducing workforce concerns for this group.

Table 3-18. Cumulative Projected Workforce Replacement 
Needs by Occupation

2025 2030

Craft—Supervisory 460 650

Engineering 800 1,110

Managerial 340 480

Craft—Skilled 1,650 2,320

Professional 2,070 2,800

Craft—Unskilled 330 480

Administration 750 1,040

Total 6,400 8,880

Source: DOE [118]

Meeting both the replacement and incremental 
employment needs of the hydropower workforce 
may present challenges, especially if existing opera-
tors must compete with new operators for talented 
workers. Many positions require advanced educa-
tional backgrounds in science, technology, engineer-
ing, and mathematics fields, while others require 
post-secondary vocational training or trade certifica-
tion. Workers may be hesitant to relocate to remote 
rural locations that offer limited employment alterna-
tives if workers choose to leave their jobs [119, 120]. At 
same time, both the overall magnitude of potential 
workforce needs and the timing of incremental 
demand suggest that securing the requisite labor for 
the hydropower industry will be manageable.

In summary, the existing hydropower fleet provides 
a substantial workforce foundation to replenish and 
build from over time. Total employment supported 
by the existing fleet is estimated at approximately 
118,000. Approximately 38% of these jobs are expect 
to require replacement by 2030. Opportunities for 
new hydropower deployment (hydropower gener-
ation and PSH) present further demand to expand 
the hydropower workforce. Under Business-as-Usual 
conditions, the hydropower-supported workforce 
could expand by 17–19% by 2030 and remain largely 
at that level through 2050. Under the largest new 
hydropower growth considered in modeling analysis, 
the hydropower workforce could grow 180–250% 
by 2030 before declining slightly and stabilizing 
at levels that are approximately 170–200% larger 
than the current workforce. Under the largest new 
hydropower growth scenario considered in modeling 
analysis, total annual contributions to GDP could 
approach levels of $40 billion–$50 billion per year by 
2030 and remain at that level through 2050.
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