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Each option to upgrade existing nuclear, 
hydro, and transmission assets should 
be considered on a case-by-case basis 
to understand site-specific costs and 
engineering challenges.

1 O’connor, Patrick, Saulsbury, Bo, Hadjerioua, Boualem, Smith, Brennan T., Bevelhimer, Mark, Pracheil, Brenda M., Kao, Shih-Chieh, Mcmanamay, Ryan A., Samu, icole M., 
Uria Martinez, Rocio, Bonnet Acosta, Marisol, Johnson, Megan, Waldoch, Connor J., & Miller, L. James. Hydropower Vision A New Chapter for America’s 1st Renewable 
Electricity Source. United States. https://doi.org/10.2172/1502612

LEVERAGING EXISTING ENERGY INFRASTRUCTURE TO HELP MEET 2030 
GREENHOUSE GAS REDUCTION GOALS

Expanding the capacity and operational capabilities of 
existing hydropower, nuclear, and transmission assets 
offer realistic opportunities for comparatively low-cost 
carbon reduction. Nuclear and hydropower upgrades 
increase the amount of firm, flexible, carbon-free 
capacity to support the rapid expansion of solar and 
wind, while partially offsetting essential grid reliability 
services lost with coal plant retirements. Transmission 
upgrades can help maintain reliability while integrating 
more distant, variable generation.

Enhance Nuclear Operational Flexibility and 
Plant Capacity 
U.S. nuclear power fleet operating licenses can be 
extended to 80 and potentially 100 years to increase 
the generation from existing units by 106%. There is 
also potential to add flexibility and capacity. Key plant 
capability enhancements include:
 Enable operational flexibility for power decreases from 

100% of maximum output to 25% through enhanced 
maintenance strategies and new technologies 

 Add up to 11 GW of nuclear generation capacity by 
uprating existing nuclear power plants 

Increase Output of Hydropower Generation
The U.S. hydropower fleet output could increase by 
8-10%1 through equipment and plant uprates at existing 
facilities and even more by powering non-powered 
dams. Key options include:
 Improve installed hydraulic turbine efficiency and 
increase plant discharge and gross head 

 Evaluate the 91,000 unpowered dams in the U.S. for 
up to 12 GW in techno-economic potential

Leverage Existing Transmission Lines and Rights-of-Way
Key options for increasing the capacity of existing 
transmission lines and Rights-of-Way (ROW) include:
 Uprate lines and install underground cables and high-
capacity overhead lines in existing/new ROW 

 Add 100% more line capacity by increasing voltage 
and 250% through a.c.-to-HVDC conversion

To engage and learn more contact: 
Ron Schoff - rschoff@epri.com (Hydro Generation) 
Heather Feldman - hfeldman@epri.com (Nuclear Generation) 
Andrew Phillips - aphillip@epri.com (Transmission Lines)

NEXT STEPS

EPRI is exploring various options to upgrade existing 
nuclear, hydro, and transmission assets on a case-by-
case basis to improve understanding of site-specific 
costs and engineering challenges.

By the end of 2021, EPRI will develop a) roadmap 
on nuclear plant life extensions, enhanced flexible 
operations, and capacity factor and uprate 
increases, b) programmatic research that examines 
reliability, operations, and maintenance cost 
implications of efforts to increase hydropower 
production and flexibility, and c) white papers on 
promising transmission upgrade options 

Link to the full white paper
Leveraging Existing Nuclear, Hydropower, and Transmission 
Infrastructure to Help Meet 2030 Greenhouse Gas (GHG) 
Reduction Goals

August 2021 Leveraging Existing Infrastructure   |  Draft Paper for Summer Seminar 2021 2

EXECUTIVE SUMMARY

https://doi.org/10.2172/1502612
mailto:rschoff%40epri.com?subject=
mailto:hfeldman%40epri.com?subject=
mailto:aphillip%40epri.com?subject=
http://mydocs.epri.com/docs/public/EPRI-Report-LeveragingExistingInfrastructure-20210804.pdf
http://mydocs.epri.com/docs/public/EPRI-Report-LeveragingExistingInfrastructure-20210804.pdf
http://mydocs.epri.com/docs/public/EPRI-Report-LeveragingExistingInfrastructure-20210804.pdf
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LEVERAGING EXISTING INFRASTRUCTURE – HYDROPOWER GENERATION

INTRODUCTION
As the energy industry pursues increasingly near-term and deep decarbonization goals, the role of existing low-carbon 
generation assets should be reviewed and expanded, if possible. 

Globally, hydropower generation represents 16% of electricity supply (7.5% in the U.S.) with 400 GW of new generating 
capacity added since 2005 – mostly in the developing world. In the U.S., recent capacity additions have been rare 
(growing by only 2 GW, or 2%, since 1995) and mostly limited to plant uprates as the existing fleet continues to age. 
At the same time, the fleet has been asked to provide increasingly important flexibility to the power system, though 
markets have not changed to fully compensate owners for these services.

According to a recent study1, the potential exists to increase the energy production from the U.S. hydropower fleet 
by 8-10% through equipment and plant uprates. There is further potential to add up to 12 GW of additional generating 
capacity through powering of non-powered dams. The International Energy Agency (IEA)2 projects that the US will 
add 3 GW of capacity by 2030 – 1.3 GW for pumped storage and the balance in large scale reservoir or run-of-river 
systems, representing a 3%-increase over the current combined installed capacity of 103 GW (81.4 GW hydropower; 
21.6 GW pumped storage).

The potential for increasing capacity and production of the U.S. fleet is clear and may be desirable to support 
decarbonization goals by increasing low carbon energy production while adding flexibility to the power system.

APPROACH
EPRI has reviewed the literature and held discussions with 
industry participants to understand the technical options 
for increasing production at individual sites and to estimate 
the expansion potential for the existing fleet as well as the 
potential for powering non-powered dams. 

FINDINGS
Hydropower generation facilities have fixed physical 
dimensions and designs that typically limit opportunities for 
increasing power production, including the size and height of 
the dam, hydraulic steel structures dimensions, and electro-

mechanical equipment design. There are other time-varying 
limitations, such as the availability of water, mandates to 
manage water flows, and environmental permits that may 
also affect energy production. That said, there is potential for 
increased plant output, which several owners are leveraging 
through capital infrastructure projects. Key options for 
increasing output include:

Improving the Turbine’s Efficiency
Most widely installed hydraulic turbines are mature assets 
dating back more than 100 years with current  efficiency 
values ranging from 90-96%. Incremental efficiency 
improvements may be possible, especially when evaluating 

1 O’connor, Patrick, Saulsbury, Bo, Hadjerioua, Boualem, Smith, Brennan T., Bevelhimer, Mark, Pracheil, Brenda M., Kao, Shih-Chieh, Mcmanamay, Ryan A., Samu, 
Nicole M., Uria Martinez, Rocio, Bonnet Acosta, Marisol, Johnson, Megan, Waldoch, Connor J., & Miller, L. James. Hydropower Vision A New Chapter for America’s 1st 
Renewable Electricity Source. United States. https://doi.org/10.2172/1502612

2 IEA (2021), Hydropower Special Market Report, IEA, Paris https://www.iea.org/reports/hydropower-special-market-report

https://doi.org/10.2172/1502612
https://www.iea.org/reports/hydropower-special-market-report
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production over the wider range of operating conditions that 
are expected as the power system continues to decarbonize. 

Pursuing this method poses no major civil construction 
impacts and minor improvements could be achieved by 
re-designing secondary power unit components, such as 
wicket gates, stay vanes, and implementing minor draft tube 
modifications. Improving the turbine’s efficiency using modern 
technology may provide a 2-5% capacity increase, depending 
on the plant. This approach is the most common in the 
hydropower industry as it does not change the project design 
conditions (gross head or downstream discharge) but uses 
technology advances to improve the plant's overall efficiency. 

New York Power Authority, Southern Company, Tennessee 
Valley Authority, and the United States Army Corps of 
Engineers (USACE), among others, are in the process or have 
already executed rehabilitation projects like this that will not 
only modernize and extend the life of specific generating 
units, but also increase their efficiency. 

Increasing the Plant’s Discharge
When modernizing a plant, a new runner design could increase 
the plant’s output by increasing its rated discharge. Doing so 
requires a detailed engineering analysis of the plant hydraulics 
and equipment design to ensure that operating at a higher 
output on a consistent basis is feasible. 

Duke Energy Bad Creek Pumped Storage facility in South 
Carolina is working on an upgrade and refurbishment of its 
four reversible Francis-type pump-turbines, projected to be 
complete in 2023. The newly designed pump-turbine runners 

will pass water at a higher flow rate between the upper and 
lower reservoirs which will result in an increase of the project’s 
maximum hydraulic capacity of up to 15 percent during 
generation.3 By uprating the facility, Duke Energy leveraged 
the ability to maximize the plant’s installed capacity while 
avoiding the regulatory risk and costs associated with large 
civil projects.

Adding Units
Installing new electro-mechanical equipment can also increase 
existing capacity. 

Although not typical, there are cases where this approach has 
been taken, such as the Blue Lake Expansion project in Sitka, 
Alaska, and the Holtwood Expansion Project in Pennsylvania. 
In addition, some hydro projects were planned to house more 
units than originally were commissioned, such as the BC Hydro 
Revelstoke project on the Columbia River north of Revelstoke, 
British Columbia, Canada where four generating units were 
originally commissioned in 1984. Later in 2011 a fifth unit was 
installed and a sixth one is planned for 2029.4 

Powering Non-powered Dams, Irrigation Canals, 
and Conduits
According to the U.S. Army Corps of Engineers National 
Inventory of Dams, there are approximately 91,000 dams in 
the U.S. Most were constructed to store water or for flood 
control. Only about 3% generate electricity.5 If the suitable non-
powered dams built are implemented with power generation, an 
estimated 12 GW of installed capacity could be added.5
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3 FERC Federal Register /Vol. 83, No. 92 / Friday, May 11, 2018 /Notices
4 https://www.bchydro.com/energy-in-bc/projects/revelstoke-unit-6.html
5 M.M. Johnson, S.-C. Kao, N.M. Samu, and R. Uria-Martinez, Existing Hydropower Assets, 2020. HydroSource. Oak Ridge National Laboratory, Oak Ridge, TN

https://www.bchydro.com/energy-in-bc/projects/revelstoke-unit-6.html
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Red Rock Hydroelectric Project in South Dakota successfully 
retrofitted 55 MW of renewable power generation to a non-
powered dam.6

Increasing the Plant’s Gross Head
The gross head is the elevation difference between the plant’s 
upper and lower reservoir elevations. One of the methods 
to leverage existing infrastructure is to increase the overall 
elevation difference between reservoirs. 

The Blue Lake Expansion project in Sitka, Alaska, successfully 
increased the height of the original 145-foot-tall 1950s-era 
concrete arch dam by 83 feet. Thanks to additional water 
inflow, increase of dam height and a new powerhouse 
with three new turbines, the approximate average annual 
generation was increased by 54%.7

Due to the complexity and cost as well as potential impacts 
to the local community and ecosystem by raising the water 
level, this option may not be viable at many plants, but can be 
considered.

IMPLICATIONS
Regulatory 
The Federal Energy Regulatory Commission (FERC) is 
responsible for licensing and inspecting private, municipal, and 
state hydropower projects. Aside from the technical paths to 
increase installed capacity, hydropower operators must be 
aware of FERC requirements when considering uprating their 
fleet. There are multiple key considerations and strategies 
that could be pursued depending on whether the process 
follows a capacity/non-capacity amendment process only or a 
relicensing coupled with capacity increase. 

According to FERC, the plant licenses of 281 hydropower 
power plants will expire between 2020-29, accounting 
for 4.7 GW of conventional hydropower (about 6% of the 
conventional fleet) and 9.1 GW of pumped storage (with 
hydropower capacity of 42% of the pumped storage fleet).8 
Hydropower owners and operators with plants currently in 
or entering the relicensing process may want to evaluate the 
opportunity to increase output. 

Environmental
There are several environmental aspects that need to be 
analyzed and that are also part of the regulatory process 
to comply with necessary FERC guidelines for non-federal 
hydropower dams. These include:

 Flow changes: If a plant uprate will increase the plant’s 
discharge, impact studies may be needed to understand the 
impact on river flows. This may also be needed if reservoir 
characteristics change.

L E V E R A G I N G  E X I S T I N G  I N F R A S T R U C T U R E    |    H Y D R O P O W E R  G E N E R A T I O N 

6 Stantec. https://www.stantec.com/en/projects/united-states-projects/r/red-rock-hydroelectric-project
7 Aaron Larson. Blue Lake Expansion Project, Sitka, Alaska. Power Magazine. 06/25/2021. https://www.powermag.com/blue-lake-expansion-project-sitka-alaska/
8 U.S. Hydropower Market Report. United States. https://doi.org/10.2172/1764637

 Water quality: Studies may be required to analyze 
whether operational changes have a direct impact on the 
downstream dissolved oxygen and total dissolved gas levels, 
spatial and temporal changes in water temperature, and 
other environmental impacts.

 Sediment transport: Power plant operations may also affect 
sediment transport patterns which may impact local aquatic 
habitats.

 Fish impacts: Changes in power plant operation may affect 
fish migration patterns.

CONCLUSION
Hydropower is an important, clean, and renewable energy 
resource, providing flexibility and energy storage, especially 
as decarbonization efforts continue and the power system 
becomes even more dynamic. Increasing the production of 
the hydropower fleet is possible and should be considered as 
an option. Continued holistic economic analyses of options will 
provide more informed decisions of where capital investments 
can make the most impact. 

The detailed analyses conducted by the U.S. Department of 
Energy and the IEA demonstrate clear potential for expanding 
the role of hydropower in a decarbonizing power system. 
While the costs and benefits will vary from project to project, 
the opportunity exists to increase energy production by 
as much as 10% while adding flexibility and powering non-
powered dams. 

EPRI is actively researching options for increasing production 
and expanding flexibility of hydropower generation 
assets while also evaluating impacts to plant reliability and 
operational/maintenance costs. Effective stakeholder 
engagement and regulatory discussions are warranted 
to explore pathways to shorten project timelines and 
reduce project costs while maintaining a sharp focus on 
environmental responsibility. 

https://www.stantec.com/en/projects/united-states-projects/r/red-rock-hydroelectric-project
https://www.powermag.com/blue-lake-expansion-project-sitka-alaska/
https://doi.org/10.2172/1764637
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LEVERAGING EXISTING INFRASTRUCTURE – NUCLEAR POWER

INTRODUCTION
In the U.S. today, nuclear power plants generate 20% of all electricity, comprising over half of carbon-free electricity 
generation. Together, nuclear and hydropower plants supply virtually all of the firm, carbon-free power around the 
globe, providing an increasingly valuable balancing resource as variable generation takes on an increasing role. 

While the development of the next generation of nuclear plants will not come soon enough to play an appreciable 
role in meeting 2030 greenhouse gas emission targets, the existing nuclear fleet plays an important role. Specifically, 
continuing operation of existing units, expanding plant capacities where possible, extending their operating lives, 
and increasing their operational flexibility are important opportunities to leverage this firm, carbon free source of 
power.1 Combined with a commitment to create the next generation of advanced reactors, this continued investment 
in existing infrastructure can help maintain and build the supply chain infrastructure and workforce needed to keep 
nuclear as a viable, long-term option.

EPRI is undertaking a global study and developing a technical roadmap for increasing the capabilities of the existing 
fleet over the next decade and beyond. Detailed results from that effort are planned for later in 2021. This section 
provides a high-level preview of the opportunities, focusing on the current U.S. nuclear fleet. 

1 Continued operation of the existing nuclear fleet is assumed in published studies of pathways to achieve the U.S. 2030 target of a 50-52% greenhouse gas reduction 
(from 2005 levels) by 2030 conducted by the University of California-Berkeley, University of Maryland, Natural Resources Defense Council, Environmental Defense, 
and EPRI have all assumed continued operation of the nuclear fleet to achieve the this goal. [Reference EPRI 50x30 paper which shows this result (and references the 
original paper].

2  IEA, Nuclear Power in a Clean Energy System, https://www.iea.org/reports/nuclear-power-in-a-clean-energy-system

BACKGROUND
Nuclear power has been the largest source of carbon-
free power in the U.S. (and much of the developed world) 
for almost a half century (see Figure 1). Over the last few 
decades, economic and political pressures have contributed 
to shutdowns of nuclear plants, particularly in developed 
economies. A net effect of these nuclear closures has 
been that globally the carbon-free share of generation has 
remained at 36% for over two decades despite the remarkable 
growth of solar and wind generation over that period.2

Three actions leverage the existing fleet:

1. Extending plant operating life. Operating licenses for up to 
80 years, and potentially to 100 years – in combination with 

enhancements and modernization efforts – can provide 
long-term, firm clean power.

2. Expanding plant flexible operations. Flexible operations 
and, in some cases, multiple products, can increase the 
value of nuclear plants in a future with increasing variable 
renewable power. 

3. Increasing generation capacity. Further investment in 
plants to uprate their capacity or increase their capacity 
factor to increase generation output. 

Assessments in this white paper are limited to a preliminary 
screening of the U.S. fleet to examine how widely these 
actions might be applied and their impact.

https://www.iea.org/reports/nuclear-power-in-a-clean-energy-system
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3  Nuclear Energy Institute. August 2020. Nuclear by The Numbers. Washington, DC. Sourced from: https://www.nei.org/resources/fact-sheets/nuclear-by-the-numbers  
4 U.S. Energy Information Administration. 2021. “Total Energy.” accessed June 25, 2021. Sourced from: https://www.eia.gov/totalenergy/data/browser/?tbl=T01.02#/?f=A
5 U.S. Nuclear Regulatory Commission. 2021. “Approved Applications for Power Uprates.” Last modified February 5, 2021. Sourced from:  

https://www.nrc.gov/reactors/operating/licensing/power-uprates/status-power-apps/approved-applications.html  

Figure 1. U.S. Carbon-Free Generation by Fuel Share % (1949-2020) 4
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FINDINGS
Flexible Power Operations
Low-priced, variable renewable energy sources and low-priced 
natural gas have challenged many U.S. nuclear plants' ability 
to maintain economic operation at full power. Flexible power 
operation where the plant electricity output is adjusted to 
respond to grid conditions has been standard practice for 
decades in some countries. For example, France has been 
employing it as a part of regular operating strategy since the 
1980s where power output is reduced to as low as 25% twice 
a day in some operating modes. Over a dozen U.S. plants have 
implemented flexible power operations. New maintenance 
strategies are allowing these plants to achieve typical operation 
as low as 70% of full power. Projections indicate that further 
decreases in power will improve plant value as additional 
variable generation sources come onto the grid. 

Approach
To enable power decreases to 25% in legacy baseload units in 
the U.S., EPRI, through its Flexible Power Operations Program, 
is evaluating the impact of flexible operating strategies on fuel 
reliability, including advanced reactivity control (for example, 
the grey rods used in the French fleet). EPRI is also evaluating 
plant materials and condenser hardening to allow for steam to 
continuously bypass the generating turbine before entering 
the condenser.

Nuclear Capacity Increase
To increase nuclear capacity, three types of power uprates are 
available and enable an increase of 1.7 – 20%. Power uprates 
can be implemented by using enhanced techniques for 
calculating reactor power, changing instrument set points, and 
making major plant modifications. 

EPRI conducted a preliminary assessment of U.S. Nuclear 
Regulatory Commission (NRC) data5 and found that the 
existing U.S. fleet, on average, has uprated by about 8.7% 
above initially licensed capacity and has the potential to uprate 
to a current limit of 20%. Based upon an initial evaluation of 
unit data, EPRI estimates that between 66 and 88 U.S. nuclear 
units have not uprated to the maximum potential using today’s 
methods and technology. Applying these approaches could 
expand the capacity of the existing U.S. fleet by 3.9 to 11.0 GW. 

In the U.S., 8.4 GW of nuclear capacity has been lost over the 
past decade as 11 nuclear units closed prematurely (i.e., before 
the end of their operating licenses). The Nuclear Energy 
Institute has estimated that an additional 8.1 GW (8 units) of 
U.S. nuclear generation may be lost due to premature closures 
over the next 3 years3. These closures raise the risk of losing 
nuclear capability going forward. 

https://www.nei.org/resources/fact-sheets/nuclear-by-the-numbers
https://www.eia.gov/totalenergy/data/browser/?tbl=T01.02#/?f=A
https://www.nrc.gov/reactors/operating/licensing/power-uprates/status-power-apps/approved-applications.html
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Figure 2 illustrates possible nuclear capacity changes by 
2030 under differing assumptions about premature closures, 
license expirations and the potential for capacity uprates. 
Additional research is planned to identify limitations that could 
prevent these uprates and potential solutions to overcome any 
identified limitations. 

Approach
There may be site-specific limitations that prevent or limit 
the extent of an uprate, such as transmission constraints, 
limitations on plant systems, and factors affecting regulated 
or non-regulated utilities. Research is needed to determine 
the limiting factor(s) preventing uprates and to assess whether 
these limitations can be overcome.

Emerging data validation and reconciliation technology may 
provide a cost-effective method for improving feedwater 
mass flow rate measurements for calculating reactor power 
for nuclear units where traditional methods may be technically 
or physically prohibitive. Research into new fuel designs (such 
as enhanced accident tolerant fuel), may reveal that plants 
could operate with higher core average power. The research 
could support uprates for sites facing technical limitations with 

today’s fuel designs, and potentially allow for further uprates at 
plants that have performed them in the past.

Future plans include a collaborative effort to collect and 
analyze industry data to identify and address the main 
technical limitations preventing remaining plants from 
performing additional uprates. 

Nuclear Generation Increase
For a plant with a given capacity, generation can be 
increased by extending the lifetime of the plant (i.e., long-
term operation) or by increasing the fraction of the time it 
operates (i.e., its capacity factor). Long-term operation of 
existing nuclear power is a mature, firm, low-cost resource for 
sustainable carbon-free energy.6   7

In the U.S., NRC initial operating licenses allow plants to 
operate up to 40 years. The NRC can grant license renewals 
extending an existing license in increments of 20 years. To 
date, the longest license granted is for 80 years of operation. 
Other countries follow similar regulatory review and approval 
processes that allow continued operation in increments of 10 
to 20 years. 

L E V E R A G I N G  E X I S T I N G  I N F R A S T R U C T U R E    |    N U C L E A R  P O W E R

Figure 2: 2030 U.S. Nuclear Generation Capacity % Change from 2021 8   9   10   11
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6 International Energy Agency. 2020. Projected Costs of Generating Electricity 2020 Edition. Paris, France: OECD Publishing. Sourced from:  
https://www.iea.org/reports/projected-costs-of-generating-electricity-2020 

7 Program on Technology Innovation: Integrated Generation Technology Options. 2017. EPRI, Palo Alto, CA: 2018. 3002011806.
8 Nuclear Energy Institute. August 2020. Nuclear by The Numbers. Washington, DC. Sourced from: https://www.nei.org/resources/fact-sheets/nuclear-by-the-numbers
9 U.S. Nuclear Regulatory Commission. 2021. “Approved Applications for Power Uprates.” Last modified February 5, 2021. Sourced from:  

https://www.nrc.gov/reactors/operating/licensing/power-uprates/status-power-apps/approved-applications.html  
10 U.S. Nuclear Regulatory Commission. 2021. “Status of Initial License Renewal Applications and Industry Initiatives.” Last modified January 22, 2021. Sourced from: 

https://www.nrc.gov/reactors/operating/licensing/renewal/applications.html 
11 U.S. Nuclear Regulatory Commission. 2021. “Status of Subsequent License Renewal Applications.” Last modified June 21, 2021.  

https://www.nrc.gov/reactors/operating/licensing/renewal/subsequent-license-renewal.html

https://www.iea.org/reports/projected-costs-of-generating-electricity-2020
https://www.nei.org/resources/fact-sheets/nuclear-by-the-numbers
https://www.nrc.gov/reactors/operating/licensing/power-uprates/status-power-apps/approved-applications.html
https://www.nrc.gov/reactors/operating/licensing/renewal/applications.html
https://www.nrc.gov/reactors/operating/licensing/renewal/subsequent-license-renewal.html
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If the remaining eight units that have 40-year operating 
licenses were granted a 20-year extension, EPRI estimates 
that an additional 1,380,000 GWh of generation would 
be produced – an increase of 9% when compared to the 
generation allowed under their current remaining operational 
licenses.16 If all units were granted license extensions to 80 
years, EPRI estimates that 15,780,000 GWhs of generation 
would be produced – a 106% increase when compared to the 
current remaining operational licenses.

Approach
With continued research in aging management, analytics, 
artificial intelligence, robotics, and digital transformation, 
nuclear units could operate at reduced operational costs 
to 80 or possibly 100 years. EPRI estimates that this would 
provide an additional 31,190,000 GWhs of generation over 
the remainder of the lifetime of these plants – an increase of 
209% when compared to the current remaining operational 
licenses. 

Opportunities for capacity factor increases through outage 
duration reduction and/or longer fuel cycles (i.e., longer 
intervals between plant shutdowns for refueling) are being 
studied, as well as potential knowledge gaps and technical 
barriers to 100-year life extensions. 

L E V E R A G I N G  E X I S T I N G  I N F R A S T R U C T U R E    |    N U C L E A R  P O W E R

12  U.S. Nuclear Regulatory Commission. 2021. Memorandum “Closure of Activity to Consider License Renewal for 40 Years of Additional Nuclear Power Plant   
  Operation”. https://www.nrc.gov/docs/ML2111/ML21117A007.pdf 

13  U.S. Nuclear Regulatory Commission. 2021. “Approved Applications for Power Uprates.” Last modified February 5, 2021. Sourced from:  
https://www.nrc.gov/reactors/operating/licensing/power-uprates/status-power-apps/approved-applications.html  

14  U.S. Nuclear Regulatory Commission. 2021. “Status of Initial License Renewal Applications and Industry Initiatives.” Last modified January 22, 2021. Sourced from:   
  https://www.nrc.gov/reactors/operating/licensing/renewal/applications.html 

15  U.S. Nuclear Regulatory Commission. 2021. “Status of Subsequent License Renewal Applications.” Last modified June 21, 2021.  
 https://www.nrc.gov/reactors/operating/licensing/renewal/subsequent-license-renewal.html

16    Assuming the existing capacity factor for each unit.
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Figure 3 summarizes the current license status for the 93 
operating nuclear units in the U.S. Key points are:

 40-year license: Eight units, five of which expire by the 
end of 2030 and a total of seven by 2035, have clear 
relevance for meeting the U.S. 2030 overall target and the 
2035 electric sector goal. Applications for extensions are 
expected to be submitted for four of these units in the next 
three years.

 60-year license: 79 units, with six expiring by the end of 
2030 and 29 by the end of 2035. License applications for 
seven of these units are currently under review by the NRC 
and applications for two more units are expected to be 
submitted to the NRC in 2021.

 80-Year License: Six units, all expiring after 2050. 

In the U.S., the Nuclear Regulatory Commission (NRC) has 
held public meetings to explore the possibility of extending 
reactors' operating life to 100 years. The regulator’s next 
step “is identify recommendations on extension of on-going 
research activities to achieve greater exposure levels (e.g., 
higher fluence levels) to address expected conditions for 100 
years of operation.”12

https://www.nrc.gov/docs/ML2111/ML21117A007.pdf
https://www.nrc.gov/reactors/operating/licensing/power-uprates/status-power-apps/approved-applications.html
https://www.nrc.gov/reactors/operating/licensing/renewal/applications.html
https://www.nrc.gov/reactors/operating/licensing/renewal/subsequent-license-renewal.html
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IMPLICATIONS
Increasing generation, capacity factor and capacity are 
important opportunities to continue and increase nuclear 
generation. 

Increasing existing nuclear plant operational life to 80 or 
possibly 100 or more years – with evaluations of potential, 
or plant refinements to enhance flexible operations as part 
of an integrated energy system – will be a vital enabler in an 
integrated energy system. 

CONCLUSION
The opportunities to increase the capabilities of the existing 
nuclear fleet over the next decade include extending the 
operating life to 80 years or possibly 100 years, expanding 
plant flexible operations, and increasing generation capacity.  
A roadmap is under development for release later in 2021. 
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LEVERAGING EXISTING INFRASTRUCTURE – INCREASING THE CAPACITY 
OF TRANSMISSION LINES AND RIGHTS-OF-WAY

INTRODUCTION
Significant efforts are underway to transition from fossil fuel-based generation to renewable and other low-carbon 
resources and sources and timing of demands are changing, but this cannot be done in isolation as the existing 
transmission system needs to evolve to handle the resulting change in system. The following factors are or will be 
driving changes to the current transmission system:

 The balancing of large-scale renewables with more traditional generation resources when renewable output is low, 
for example, when there is little wind (for wind power) or at night with no sun (for solar photovoltaic [PV]). Adding 
energy resources throughout the grid can create possibilities for overloading lines and equipment during normal or 
contingency operation. Also, large-scale renewables are often located in remote areas, presenting the challenge of 
transmitting bulk power over long distances to load centers and creating new connections to the existing grid and 
changing the direction and timing of flows through it.

 Electricity demand increases due to electrification, for example, by the transportation sector converting from fossil 
fuels to electricity. Concentrations of increased power flow created by the new demands can overload lines and 
equipment.

 Stricter resilience and reliability requirements due to society’s increasing dependance on electricity. Low-probability 
contingencies that might not have been acted on previously, will begin to inform transmission expansion plans.

 Loop flows (power flows that go through systems for which they were not intended) or other overload conditions 
could be created by market incentives and open access to transmission. These might need to be mitigated through 
transmission expansion.

 Difficulty siting and financing new transmission. Leveraging existing lines and rights-of-way can potentially save both 
money and time.

Given rapidly changing demands and the challenges in rapidly building new transmission, an important option to 
reach carbon emission reduction goals can be to significantly increase the power transfer capacity of the existing 
transmission system and the utilization of existing rights-of-way (ROW). There are numerous technical challenges that 
must be met to ensure that the required transmission capacity is reached while maintaining or improving the reliability 
of the system. Increasing capacity will require new action in all aspects of the transmission process, including grid 
operations and planning, and addressing new and existing asset designs. 

EPRI research is exploring options for increasing the capacity of existing and new lines to increase the capacity of 
power flowing along ROWs.
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Figure 1. Universal loadability curve of ac lines1
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APPROACH 
This paper outlines opportunities and challenges faced in efforts 
to increase the capacity of existing transmission ROWs and 
introduces approaches to better utilize ROWs. It is based upon 
the experience EPRI’s transmission team has gained working 
with individual members to execute increased power flow 
projects. These studies include the detailed modeling, analysis, 
laboratory tests, and field implementations needed to evaluate 
cost, reliability, compatibility, and future maintenance needs. 

Through EPRI’s collaborative model, the lessons from each 
project can provide broader member and societal benefit.

The paper provides a preview of much more detailed 
assessments of line and ROW uprating approaches that are 
planned for publication later in 2021.

BACKGROUND: TRANSMISSION CAPACITY 
LIMITATIONS
For alternating current (ac) lines, power flow is limited by one 
of the following:

 Thermally limited. The rated current of the conductor 
system, which is largely determined by the characteristics of 
the conductor, e.g. the area of Aluminum Strands. 

 Voltage drop limited. The voltage at the end of the line drops 
below the established operational limits due to current 
flowing through the line impedance. 

 Stability limited. On long lines, small changes in load 
can result in unstable receiving-end voltages due to the 
relatively large series impedance of the line. 

In general, the dominant limitation depends on the line length 
as illustrated in Figure 1. 

In contrast to ac lines, the power flow on high-voltage direct 
current (HVDC) lines, is limited only by the rated current of 
the conductor system and is thus primarily thermally limited.

Depending on the type of limitation, the power flow capacity 
of a line can be increased by:

 Increasing the maximum allowable current flow in the line 
(line uprating);

 Increasing the nominal operating voltage of the line (voltage 
upgrading);

 Reducing or compensating for the line impedance (reduce 
impedance; for ac lines only). Line compensation is achieved 
by capacitors, reactors or power electronics installed in 
substations. Discussion of this approach is outside of the 
scope of this paper.

Each of these options can address different types of 
limitations, as shown in Table 1.

Table 1. Options for increasing power flow in transmission lines  
(* For ac lines only; **reducing impedance at the line 
terminations is not discussed in depth in this paper) 

Limitation
Thermal Voltage Drop* Stability*

Line uprating X
Voltage Upgrading X X X
Reduce 
Impedance*

X X

1 P. Kundur, Power System Stability and Control. EPRI and McGraw-Hill, 1994. ISBN0-07-035958-X.
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Although this paper is focused on lines, power flow may also 
be limited by the rating of the terminal equipment (at the ends 
of the lines) or other system operational constraints.

INCREASING THE CAPACITY OF EXISTING 
ROWS
A Right of Way (ROW) is a strip of land used to construct, 
operate, maintain, and repair transmission lines that are 
installed on the ROW. The ROW is generally clear of trees, 
vegetation and structures that could interfere with a line. 
Obtaining new ROWs for transmission lines is an uncertain 
and lengthy process because easements must be acquired, 
regulatory requirements must be met, and public opposition 
can be significant. Thus, it is advantageous to use existing 
ROWs whenever possible to increase transmission capacity. 

A recent Electric Power Research Institute (EPRI) report2 
summarizes 37 projects where utilities have increased the 
power flow in existing ROWs. Figure 2 graphs the potential 
increase in capacity of each option against the cost range 
relative to building a new line.3

Line Uprating
For short lines the current-carrying capacity can be increased 
by 5–50% through a range of methods aimed at addressing 
conductor temperature, which in-turn impacts sag (i.e., 
clearances) and the probability of exceeding the conductor 
system temperature rating. These methods are situation-
dependent and include:
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 Reconductoring by increasing the temperature rating, size 
or number of conductors per phase. 

 Addressing ground clearance issues by applying 
advanced low-sag conductors, or implementing structure 
modifications and/or conductor re-tensioning can be used 
to overcome clearance limitations.

 Implementing ambient adjusted line ratings by using real-
time or forecasted ambient temperatures to predict the 
conductor temperature, assuming that all other factors in 
the rating equations are held constant (i.e., windspeed / 
direction and solar radiation). 

 Deploying dynamic line ratings which directly measure 
or infer (using monitoring technologies or multivariable 
weather stations that measure wind speed/direction, 
ambient temperature, and solar radiation) the conductor 
temperature can allow line ratings to change with real-time 
conditions rather than assuming a static (unchanging) rating. 

 Applying high-emissivity coatings to conductors that enable 
more heat to radiate, providing increased line ratings under 
certain conditions. 

 Adjusting static ratings using a risk-informed approach 
based on a probabilistic assessment of the simultaneous 
occurrence of variables such as the minimum wind speed, 
maximum temperature, and load.

Figure 2. Potential capacity increase of each option and the 
associated cost relative to building a new line on an existing 
ROW. 3  4
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2 Summary of Recent Increased Transmission Line Utilization Projects: 115 kV and Above. EPRI, Palo Alto, CA: 2020. 3002020158.
3 CIGRE Technical Brochure 425, “Increasing Capacity of Overhead Transmission Lines”, Joint Working Group, B2/C1.9, Electra No. 251, August 2010.
4 EPRI Increased Power Flow Guidebook–2020: Increasing Power Flow in Lines, Cables, and Substations (Platinum Book). EPRI, Palo Alto, CA: 2020. 3002019086.
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Phase Spacing

Insulator 
Length
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Figure 3. Example of a 230kV H-frame structure upgraded  
from 115kV.

Table 2 summarizes challenges to these approaches along with 
the general experience level that the electric utility industry 
has applying them. Some of the approaches yield increases in 
power flow under all conditions (denoted as continuous) while 
others provide weather-dependent increases.

An assessment of terminal equipment is paramount when 
considering line uprating. An EPRI survey found that a 
significant percentage of transmission circuits are limited by 
the substation equipment rating rather than the line rating.4

Voltage Upgrading
Line capacity can be increased by more than 100% by raising 
the operating voltage. In some cases, a modest increase in 
system voltage can be made with limited physical changes, 
e.g., from 380 kV to 420 kV, without impacting reliability. In 
other cases, a larger increase can be obtained through more 
significant physical changes. For example, insulator assemblies, 
and phase spacings, are modified to convert a line to a higher 
voltage e.g. from 115 kV to 230 kV (see Figure 3).2

When voltage upgrading results in phase spacings and 
insulator lengths shorter than normal, the design is referred 
to as compact. Voltage upgrading, with due consideration of 
insulation coordination practices, clearance requirements, 
audible noise from corona and the ability to perform 
maintenance under energized conditions, is only feasible for 
line designs that offer sufficient margins. 

Conversion from a.c. to DC
Converting an existing a.c. line to HVDC operation can 
significantly increase the capacity of longer lines for the same 
insulator lengths and phase spacing. Capacity increases of up 
to 250% have been achieved in some cases. Conversion to 
HVDC lines creates engineering challenges, such as electric 
field issues, contamination flashover, and audible noise; all 

Table 2. Summary of line uprating approaches and challenges
Reconductoring, 
re-tensioning, 
structure mods

Advanced 
Conductors

Ambient Adjusted 
Ratings

Dynamic Ratings Risk- Informed 
Ratings

High- 
Emissivity 
Coatings

Current Increase Continuous Continuous Weather- dependent Weather- 
dependent

Continuous Continuous but 
lower

Experience >100 years ~ Decade < Decade Pilot projects 5 years < 3 years of 
pilot projects

Challenges Structural 
strength & sag

Life expectancy 
& maintainability

Planning & 
operations 
integration. 
Uncertainty in 
forecast

Planning & 
operations 
integration. 
Limited forecasting 
capability.

Presently 
assumed risk 
may already be 
high.

Life expectancy 
and maintain 
ability.

2 Summary of Recent Increased Transmission Line Utilization Projects: 115 kV and Above. EPRI, Palo Alto, CA: 2020. 3002020158.
4 EPRI Increased Power Flow Guidebook–2020: Increasing Power Flow in Lines, Cables, and Substations (Platinum Book). EPRI, Palo Alto, CA: 2020. 3002019086.
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can be mitigated and managed through existing engineering 
practices. A bigger challenge is that converter stations 
connecting the HVDC line to the ac grid are expensive, but 
they also provide additional capabilities, such as increased 
controllability and islanding, aiding network operation.

Adding Cables to the ROW
Adding cables, where the energized wire strands are covered 
with an insulating material which is then surrounded by a 
metallic layer, to an existing ROW can be used to increase the 
capacity of a ROW. Cables can be placed below ground or on 
the surface.

In general, underground cables are significantly more 
expensive than overhead lines due to the cost of civil work 
and the cables themselves. Public acceptance is often greater 
because they are less visible, and the ROW is already acquired. 
Interactions between the overhead and underground lines 
need to be addressed. These include access for maintenance, 
corrosion, and the concern that faults on the overhead lines 
may result in faults on the cable reducing the redundancy of 
the transmission system.

Opportunities & Challenges with upgrading,  
AC-DC conversion and cable addition
Table 3 provides a summary of the opportunities and 
challenges that may be encountered when increasing the 
capacity of existing ROWs by voltage upgrading, AC-DC 
conversion and adding cables. Broad ranges are given for 
power flow increase and cost as they are project dependent 
and can only be refined by performing detailed studies. 
Furthermore, the cost basis for the new line in Table 3 does 
not include ROW acquisition, clearing and access roads costs, 
which can be significant. 

Building New High-Capacity ROWs
Traditional overhead line designs generally require relatively 
wide ROWs and have conservative designs that are not 
specifically optimized for maximal power transmission 
capacity. Consequently, insulator lengths, clearances, and 
interphase spacings are large so that lightning and switching 
surge flashovers are minimized. Another benefit of these large 
geometric distances is that the extra space makes it easier to 
perform work under energized conditions. 
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Table 3. Challenges that need to be addressed for increasing capacity of ROWs (N/A-not applicable).

Voltage Upgrade AC-to-DC Conversion Adding Cable to ROW
Power flow Increase 50–100% 150–200% 50–100%

Reliability
Lightning Medium Low Low

Switching Surges High Low Low

Contamination Medium High N/A

Compatibility

Electric Fields Medium High N/A

Magnetic Fields Low N/A Medium

Audible Noise (Corona) High High N/A

Ground Clearances Medium to High Medium to High N/A

Maintainability

Live Work High High N/A

Access to ROW N/A N/A Low

Corrosion N/A High Medium

Fault Currents Medium Low Medium

Cost compared to new ac overhead line of 100% 
capacity  (excl. ROW acquisition, clearing and 
access roads) 

50-80% 100-150% 200-500%
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Opportunities exist to adjust standard line designs to maximize 
the utilization of the ROW without compromising reliability, 
resiliency, or public and environmental compatibility. 

A vision of a more highly utilized ROW is illustrated in Figure 4, 
which shows the possibilities of leveraging various approaches 
and technologies to increase the power flow capacity. ROWs 
will preferably contain multiple transmission circuits as well as 
distribution under-build. Optimized conductor configurations 
and insulator designs increase capacity while not reducing 
reliability. Built in monitoring technology is utilized to take 
advantage of dynamic ratings. The ROW includes buried or 
above ground high-voltage cables and pipelines that transport 
various forms of gas, for example energy carriers such as 
hydrogen or natural gas, or other gases such as CO2. Portions 
of the ROW could also be used to support the installation of 
renewable energy resources, such as PV systems. Advantage 
can be taken of other infrastructure such as highways and 
railways.
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 Figure 4. New transmission ROW taking advantage of multiple options to increase power flow and utilization.

Stakeholder Engagement
Internal stakeholders from diverse parts of the organization 
should be engaged early in the process to obtain agreement 
and identify potential obstacles and solutions, and leadership 
must provide direction and guidance to ease impediments. Key 
internal stakeholders to engage include:

 Grid planning

 Special studies and insulation coordination

 Line design and standards

 Construction and project management

 Line maintenance

 ROW acquisition and permitting 

 Vegetation management

 Policy and compliance
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External stakeholders also need to be engaged, including 
regulators, the public, and other infrastructure owners, e.g., 
railway or pipeline owners. The benefits and trade-offs that 
either the upgraded, or highly utilized new, ROW provides 
should be clearly articulated. The intention to provide safe, 
reliable and affordable electricity with reduced impact on the 
public and the environment should be communicated. 

IMPLICATIONS
Increasing the capacity of the transmission system is a vital 
enabler to meet U.S. and global carbon reduction goals while 
maintaining or improving the reliability and resiliency of the 
electric grid. 

When increasing the power flow of an existing ROW, the 
benefits should be traded off against the cost, reliability, and 
engineering challenges.

The challenges associated with increasing the capacity of 
existing lines and building new high-capacity ROWs must be 
addressed through specialized knowledge, analysis and testing 
combined with field implementation and monitoring.
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CONCLUSION
Aesthetic new line designs are needed that maximize the 
power flow capacity of ROWs, increase public acceptance, 
and enable increased utilization of other infrastructure, such 
as pipelines and renewable energy resources. 

Collaborating to understand what others have achieved to 
minimize implementation risks is vital. EPRI is an essential 
partner that can leverage previous research to provide 
a strong technical basis to electric utilities for informing 
decisions. 

To support effective utilization of existing ROW, EPRI is 
developing detailed white papers on each of the options 
discussed here with publication planned for late 2021.

Bibliography
EPRI AC Transmission Line Reference Book 200 kV and 
Above (Red Book), 2020 Edition. EPRI, Palo Alto, CA: 2020. 
3002018956.

EPRI Underground Transmission Systems Reference (Green 
Book): 2019 Edition. EPRI, Palo Alto, CA: 2019. 3002015535.

EPRI Transmission Line Reference Book: 115-400 kV Compact 
Line Design, 2018 Edition. EPRI, Palo Alto, CA: 2018. 
3002012638. 



Electric Power Research Institute 
3420 Hillview Avenue, Palo Alto, California 94304-1338 • PO Box 10412, Palo Alto, California 94303-0813 USA  

800.313.3774 • 650.855.2121 • askepri@epri.com • www.epri.com

© 2021 Electric Power Research Institute (EPRI), Inc. All rights reserved. Electric Power Research Institute, EPRI, and TOGETHER . . . SHAPING THE FUTURE OF ELECTRICITY are registered 
service marks of the Electric Power Research Institute, Inc.

The Electric Power Research Institute, Inc. (EPRI, www.epri.
com) conducts research and development relating to the 
generation, delivery and use of electricity for the benefit of 
the public. An independent, nonprofit organization, EPRI brings 
together its scientists and engineers as well as experts from 
academia and industry to help address challenges in electricity, 
including reliability, efficiency, affordability, health, safety and the 
environment. EPRI also provides technology, policy and economic 
analyses to drive long-range research and development planning, 
and supports research in emerging technologies. EPRI members 
represent 90% of the electricity generated and delivered in the 
United States with international participation extending to nearly 
40 countries. EPRI’s principal offices and laboratories are located 
in Palo Alto, Calif.; Charlotte, N.C.; Knoxville, Tenn.; Dallas, Texas; 
Lenox, Mass.; and Washington, D.C.

Together…Shaping the Future of Energy™

 August 2021

DRAFT PAPER FOR SUMMER SEMINAR 2021

mailto:askepri%40epri.com?subject=
http://www.epri.com/Pages/Default.aspx

