1 Introduction

The world is demanding more clean energy across the electricity, industrial, and transportation
sectors. This is evident in many regional, national, and organizational clean energy goals that have
been established (Benahmed and Walter 2019). Meeting clean energy goals will require leveraging
all of the clean energy sources available, including emissions-free dispatchable and variable
sources, as well as large-scale energy storage and transmission upgrades.
The purpose of this report is to explore the potential roles of flexible nuclear energy generation in
current and future clean energy systems. These systems will inherently require greater flexibility
to accommodate the increasing contributions from variable renewable generation sources. This
report brings together analysis from different parts of the globe to quantify the need and value of
flexibility in diverse clean energy systems. This effort aims to provide a foundation for further
research on groundbreaking capabilities in flexible nuclear systems to interested Clean Energy
Ministerial (CEM) countries. For the purposes of this report, flexible nuclear energy is defined as:
“The ability of nuclear energy generation to economically provide energy services at the time and
location they are needed by end-users. These energy services can include both electric and
nonelectric applications utilizing both traditional and advanced nuclear power plants and
integrated systems.”
To realize a clean and resilient energy future, new patterns of energy generation, distribution, and
use are emerging. Nuclear energy is the largest contributor to low-emissions electricity in
advanced economies and totals 18% of total generation in 2018 in these countries as defined by
the International Energy Agency (IEA) (IEA 2020a). The contribution from nuclear energy to
clean electricity generation is even more significant in member countries of the CEM Nuclear
Innovation: Clean Energy Future (NICE Future) initiative; however, the nuclear share of global
electricity supply has been declining in recent years. The nuclear fleets are aging, many plants
built in the 1970s and 1980s have been retired, and additions of new capacity have been limited.
Simultaneously, renewable energy technologies have been deployed in significant numbers around
the world over the past decade. This includes growth in electricity generated by variable
renewables such as wind and solar, and dispatchable renewables such as hydropower and
geothermal resources. Despite expansion by all clean energy sources, including over 60 nuclear
reactors currently under construction worldwide (IEA 2020a), global emissions only flattened in
2019, even as power sector emissions decreased (IEA 2020b). This suggests that additional work
needs to be done to expand clean energy in the power sector and innovate technologies such as
nuclear, wind, and solar, to provide energy services beyond electricity.
With the growing diversity of electricity sources, flexibility is a vital characteristic of reliable
electricity systems, and may also provide value in serving nonelectric energy needs. Flexibility
can be achieved in a number of ways on both the generation side and the use side. On the generation
side, flexibility may entail ramping the power up or down to meet demand; energy may also be
stored for later use, and used to produce alternative products such as thermal, electrical, or
chemical energy, depending on the required time and power demand. On the use side, demand
response approaches may be employed to shift demand when possible, thereby reducing peaks,
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slowing ramp rates, and limiting stress on the grid. The CEM NICE Future initiative’s Flexible
Nuclear Campaign focuses on the potential roles of nuclear flexibility to supply both electric and
nonelectric products for economy-wide flexibility needs.
In countries with substantial contribution from nuclear energy, nuclear power plants can be called
on to reduce output at times to balance electricity supply and demand, following seasonal, weekly,
and daily demand changes. Nuclear plants in France, for example, already have decades of
experience in flexible operation due to the significant fraction of generation from nuclear energy
(currently at approximately 70% but higher in previous years) (IEA 2019c). This high penetration
of nuclear power requires plant output to be reduced at times in response to reduced demand.
Nuclear power plants operating in regions with significant hydropower generation, such as the
Columbia Generating Station in the United States or the Bruce Nuclear Generating Station in
Ontario, Canada, reduce power seasonally due to increased generation from hydroelectric sources
in the spring. While this operating experience will be helpful to designers of next generation
systems, it is important to note that the current driver for further increasing the flexibility of nuclear
power systems—variable renewable generation—will require a very different dynamic response
(e.g., response frequency and necessary magnitude of change may be significantly different).
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2 Report Motivation and Structure

This report provides a broad overview of flexibility in energy systems and then focuses on a
technology-specific context regarding how flexibility applies to nuclear energy. The report
provides examples of experience in the flexible operation of nuclear plants. It also highlights
important studies being conducted by participant countries and partners of the NICE Future
initiative on modeling of the physical and economic value of flexible nuclear operation. Looking
to the future, this report illustrates additional analytical work that, if conducted, could increase our
understanding of the value of nuclear energy as a flexible energy resource. In particular, the report
evaluates new revenue streams that could have a transformative impact for nuclear energy. This
report features potential opportunities to expand international collaboration, showcased by our
distinguished expert contributors. Our diverse contributors have shared specific ideas that can
support the realization of a suite of flexible nuclear energy resources that can contribute to clean
energy systems globally and can enhance the ability of nuclear energy and renewables to operate
in greater harmony. As our contributors suggest, nuclear and renewables can be mutually enabling,
and these two communities can learn from each other’s technology approaches and experiences.
A purpose of the Flexible Nuclear Campaign is to explore opportunities to maximize nuclear
innovations happening globally. This report begins by providing background information on
flexibility in power systems generally, and in nuclear systems specifically. Subsequent chapters
were provided external organizations to showcase perspectives, experiences, and analyses from
partners of the NICE Future initiative.
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3 Background of Power System Flexibility

Energy systems around the world are facing new operating constraints that did not exist a decade
ago. As developing countries modernize, global energy demands are expected to nearly double
while countries are simultaneously working to reduce emissions (UNDP 2018; IEA 2019a). The
last decade has seen new generator technologies, such as wind and solar, emerge as cost
competitive in the electricity sector. Sources like wind and solar energy have no fuel costs but are
based on variable resources and require increased grid integration considerations to match their
output to end-user loads. This chapter covers the changes in power systems resulting in greater
flexibility in operations and then focuses on additional flexibility potential for nuclear power
systems.

3.1 Trends in Flexibility in Power Systems

A major change occurring in the electric power sector is a shift away from a traditional base load
model, where one generation source meets minimum system demand and is supplemented by fastresponding resources, toward a power system in which load is met by a diverse mixture of energy
resources. Current trends suggest that the future grid is likely to include few base load operators
that serve a minimum load all the time. Instead, trends suggest that a combination of “variable”
and “dispatchable” resources will be used to reliably meet load (Chang et al. 2017). Such a
combination is more complicated to operate but has the potential to be more reliable and affordable
than current systems by optimally dispatching the least-cost generation technology when it is
available. Figure 1 shows how grids have been operated historically using data from the Electric
Reliability Council of Texas (ERCOT) and capacity expansion models. Historically, the grid has
relied on base load operators that consume fuel to produce electricity (e.g., nuclear, fossil fuels),
as roughly illustrated in Figure 1. When a large generation station fails in this configuration, the
grid is subject to failure or to the requirement to bring on higher-cost generators. In modern grids,
as demonstrated in Figure 2, Variable renewable energy (VRE) is being deployed rapidly, resulting
in more variable production of electricity that is not synchronized to demand. Due to this
mismatch, some generators can be curtailed. Depending on market structure, this can either be
VRE, where energy is wasted, or more traditional generators such as nuclear reactors that are
required to ramp down. (Dolley 2018). In either case, energy generation capacity is being wasted
and overall system costs are increase. Figure 2 shows examples of these curtailments.
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Figure 1. ERCOT generation by fuel source July 1, 2007
Source: (ERCOT 2020)

Figure 2. California Independent System Operator (CAISO) generation by fuel source May 1, 2020
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Source: (“FERC: Documents & Filing - Forms - Form 714 - Annual Electric Balancing Authority Area and Planning
Area Report - Data Downloads” n.d.)

3.1.1 Nonelectric Energy Services
The future grid is expected to incorporate flexible generators and loads while also providing
economy-wide energy services to support high power system efficiency and reliability (BraggSitton et al. 2016). This future scenario needs to move beyond the grid shown in Figure 2. It needs
to incorporate nonelectric products to provide reliable electricity, high renewable energy
penetrations, and economic compensation for dispatchable generators such as nuclear.
Today a majority of the energy generated by renewables (excluding technologies such as biomass,
geothermal, and solar thermal) and nuclear generation technologies supports electricity demand.
The transition to a more flexible energy system, for both electric and nonelectric applications, has
the potential to create new value streams for all energy sources. While electricity is important,
future nuclear energy systems could be designed to flexibly provide thermal and/or electrical
energy to end uses when and where it is needed to realize the full potential of this low-emission,
high energy-density resource. This creates a unique opportunity for the nuclear and renewable
energy communities to build partnerships that expand energy services beyond the traditional
electricity sector.
3.1.2 Sources of Power System Flexibility
Current electric power systems generally achieve flexibility via three mechanisms:
•

Fast ramping energy generation sources (physical or virtual)

•

Flexible energy loads (e.g., demand response or energy storage)

•

Geographic market structures for energy imports and exports (Katz, Milligan, and Cochran
2015).

Fast ramping, flexible loads, and geographic imports apply to multiple energy systems (e.g.,
natural gas, water distribution, and telecommunications), but the electric power system is a useful
example. Electric power systems have been procuring flexibility in order to provide instantaneous
power for decades. Figure 3 shows electrical energy services mapped to their respective timescales.
Besides energy and capacity there exist categories of operating reserves and ancillary services that
have analogs in thermal and chemical power systems (Denholm, Sun, and Mai 2019).
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Figure 3. Electricity system generation sources and their respective operational timescales (all
MW are in MWe)
Source: (Denholm, Sun, and Mai 2019)

Figure 4 provides an expansion on the information shown in Figure 3. In general, the electricity
grid employs daily scheduling of slow ramping sources on the 12- to 24-hour timescale based on
day-ahead weather and load forecasts. Load following occurs on the order of minutes to hours.
Regulation occurs on the order of seconds to minutes (NREL 2011).

Figure 4. Energy services classified by timescales shown over load data from CAISO
Source: (CAISO 2020; NREL 2011)
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3.1.3 Demand Response and Energy Storage
In electric systems, if peak load is unmet, significant measures such as load shedding or ramping
reserves must be called upon. In order to prevent such effects, the available infrastructure capacity
must exceed peak demand even if that demand occurs rarely. Electric utilities have been pioneers
in the investigation of demand response and energy storage. These approaches essentially reduce
and/or shift system demand to reduce infrastructure and generation capacity needs (O. Ma et al.
2016). Examples of demand response, such as precooling a space or regulating electric vehicle
charging, can be employed to successfully reduce the overall system peak load to provide
economic and operational value. Many large-scale load end-users could potentially participate in
demand response. Energy storage, which can be employed in various forms (e.g., electrical,
thermal, mechanical, chemical) plays a similar role in shifting supply to times of higher load.
3.1.4 Geographic Markets for Flexible Operation
A major benefit to flexible operation of electricity generators and grid asset utilization (especially
in the case of large-scale plants) is to have large regional grids with inter-regional connections.
Interconnections allow geographic diversity to minimize the impact of localized weather events
that can affect all generation sources. Additionally, increasing electricity market granularity by
moving from an hourly to a 15- or 5-minute electricity market can help to direct flexible resources
where they provide the most value (Cui et al. 2017). Although flexibility derived from market
structures is fundamentally tied to energy sources such as flexible generation and demand
response, market structures and energy trading provide a value mechanism necessary for procuring
flexible resources. For the United States, a study was conducted to estimate the value of increasing
interconnections across the Western Electricity Coordinating Council. This study demonstrated
that increased transmission capacity and cooperation among major balancing area authorities could
increase the flexible operation of the electricity grid, particularly for enabling increased penetration
of VRE and providing increased value for providers of flexible energy sources (GE Energy and
NREL 2010).

3.2 Flexibility in Nuclear Systems

Nuclear power plants are fundamentally thermal energy (heat) generators that require power
conversion systems to produce electricity, similar to fossil, solar thermal, and geothermal
generators. Currently, the thermal energy that is released via fission reactions in the nuclear reactor
core is captured by a working fluid and passed to a steam turbine to produce electricity. Advanced
reactors will use many working fluids, including steam, as well as others, which is uncommon
today. Therefore, future references in this report to steam turbines could also apply to other
working fluids such as helium and molten salt, and other power conversion systems such as gas
turbines. Hence, many of the back-end applications that create flexibility in other thermal systems
are also applicable to nuclear energy. Key approaches to flexible operation of a nuclear plant
include ramping core power via control maneuvers, reduced flow through the turbine (either via
steam venting or redirection to alternate users in integrated systems), and energy storage providing
options for demand response.
3.2.1 Core Ramping
Reducing the reactor thermal output by reducing fission is one approach to flexible nuclear
operation. This can be accomplished by control rod movement or by modification of boron
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concentrations in the reactor core, which impact neutron absorption. Partial insertion of control
rods that are specially designed to contain lower amounts of neutron absorbers than traditional
control rods is one approach. While not always necessary, these “grey” control rods, if included in
the design, are the standard approach to reducing the core thermal output; this is the typical
approach used by plants in France (Jenkins et al. 2018; Ludwig et al. 2010; Morilhat et al. 2019).
France has the most extensive operational experience in flexible nuclear plant operation using grey
control rods (see Chapter 5 for further details).
Traditionally, the French nuclear fleet has operated flexibly due to the large fraction of nuclear
generation on the grid, requiring plants to be ramped up or down due to seasonal, weekly, and
daily changes in load. Since 2010, France has added approximately 1.8 GW of variable renewable
generation capacity annually and has been able to maintain grid reliability by matching the output
of variable renewable and flexible nuclear generation (Morilhat et al. 2019). Multiple studies have
demonstrated that flexible operation of the current nuclear fleet can complement variable
renewable generation on certain timescales (Jenkins et al. 2018).
While very useful, core ramping has limitations. From a physics perspective, reducing core power
results in the buildup of neutron absorbing isotopes that limit rapid cyclical ramping of core power.
Additionally, reducing or increasing core power rapidly changes fuel temperatures, which can
cause thermal and mechanical stresses that limit ramping rate and could potentially reduce fuel
lifetime (Jenkins et al. 2018). From an economics perspective, core ramping is generally
uncompensated, meaning that the reactor is generating less energy but incurring the same operating
costs without receiving compensation. Nuclear operators are, therefore, not economically
incentivized to participate in all energy markets. Although this is not true for all jurisdictions, such
as France where the nuclear fleet is operated by a centralized authority, core ramping through grey
control rods is often viewed as the first step, rather than the endgame, of flexible nuclear operation.
3.2.2 Integrated Energy Systems
Another mechanism for reducing electricity production from a nuclear plant is to vent steam before
it reaches the generating turbine to rapidly ramp down power generation. While possible, and
occasionally used in emergency scenarios, this ramping can be unprofitable and may result in
decreased operational lifetime of the turbine assembly, so is not widely practiced (IAEA 2018a).
Integrated energy systems seek to provide value in this approach to nuclear plant flexibility by
redirecting this excess steam, thermal energy, and/or electricity to coupled, non-grid applications.
When grid electricity demand is low, nuclear plants can divert energy from the turbine assembly
to coupled processes (e.g., desalination, hydrogen production, district heating, industrial facilities).
Some of these processes may also require electrical input, which could be provided directly by the
nuclear plant behind the grid interconnect. Preliminary analyses indicate that this technology is
economically viable in a range of scenarios and provides an alternative to wasting the heat merely
to throttle electrical output (Alameri and King 2013; Garcia et al. 2013; M. F. Ruth et al. 2014).
Similar to steam bypass operation, impact to the turbine assembly must be considered when
defining maximum ramp rates and turndown that is possible without making additional
modifications to the plant secondary. Significant research is currently being conducted to identify
synergistic approaches to couple nuclear plant output with thermal loads (Boardman et al. 2019;
Epiney et al. 2019; Frick, Talbot, et al. 2019).
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Figure 5. Interconnection mechanisms for nuclear flexibility
Source: (Suman 2018)

3.2.3 Demand Response and Energy Storage
Demand response and energy storage can shift energy production and demand across time. These
approaches are being deployed rapidly at grid scale. For many large-scale operations, such as
manufacturing and energy generation, a key is to move these processes “behind-the-meter,” 1
essentially making their operation appear flexible to the serving utility. This is particularly useful
when a utility’s tariff structure includes demand charges that increase cost based on the highest
15-minute average energy demand in a billing period or other similar tariffs. This is likewise the
case for jurisdictions that have significant fluctuations in seasonal and diurnal electricity demand
and pricing, which creates both challenges and opportunities (Bassett, Rupp, and Ting 2018). Since
nuclear energy is both a large generator and has large “house loads,” there exist many opportunities
to locate behind-the-meter demand response or energy storage to shift electricity production and
house loads for maximum economic benefit. This was shown to be economically valuable in the
Finnish grid and for behind-the-meter lithium-ion battery storage, even though battery storage has
not yet achieved economic competitiveness for pure energy arbitration (Forsberg, Brick, and
Haratyk 2018; McLaren, Gagnon, and Mullendore 2017; Olkkonen et al. 2018). Although there
have been economic cases for electrical energy storage, the fact that nuclear energy generation is
a thermal generator means it would likely be more economical to pair it with thermal energy
Behind the meter refers to assets, either generation or consumption, that exist behind a connection to the
energy grid and often refers to assets that are “invisible” to a utility but provide local resilience or economic value.
Since the metered electricity is often a customer’s cost or generator’s compensation, behind the meter assets are
designed to align the generator’s output or customer’s demand with the most beneficial energy prices or provide
resilience services.

1

This document encompasses one section of a larger report, titled Flexible Nuclear Energy for Clean Energy Systems. The full report can be
found at https://www.nrel.gov/docs/fy20osti/77088.pdf. The author(s) of each section is/are solely responsible for its content; the
publication of these perspectives shall not constitute or be deemed to constitute any representation of the views or policies of any
Governments, research institutions, or organizations within or outside the NICE Future initiative.

storage, which is some of the most promising work in this space (Forsberg, Brick, and Haratyk
2018), as is further discussed in Chapter 7.
3.2.4 Modeling Techniques for Nuclear Flexibility
A necessary precursor to flexible nuclear energy use is accurate and detailed modeling that can
demonstrate and quantify benefits to the grid. Disseminating these modeling results to key
stakeholders can influence policy and inform investors and operators, paving the way for increased
use. Later in this report, contributions from partner organizations showcase the cutting edge of
modeling flexible nuclear operation. Different categories of modeling efforts are described in this
section.
3.2.4.1 Physics-Based Modeling
Sometimes referred to as “balance of plant” models, the goal of physics-based modeling of the
nuclear power plant is to demonstrate the behavior of the nuclear system as the power is ramped
up and down. This is particularly important to ensure the safe operation of nuclear plants and to
understand how a change in nuclear reactor thermal output propagates through the nuclear power
plant. In modeling the physics of a nuclear power plant, both core reactor physics and thermalfluid hydraulics must be considered. Multiple studies have been conducted to simulate the balance
of plant for a variety of reactor systems, including both large-scale nuclear plants and small
modular reactors (SMRs). Depending on their design and plant configuration, many studies show
that SMRs can often be a valuable source of flexible output due to their smaller size and modular
operation (Ingersoll et al. 2015; Q. Ma et al. 2019; Subki 2017).
3.2.4.2 Economic Dispatch Modeling
Although operational experience clearly demonstrates that it is physically possible for a nuclear
reactor to safely ramp and provide power system flexibility, there may not be an economic
incentive supporting flexible operation. Many electricity markets currently do not compensate
flexible resources. These electricity markets could be restructured to incentivize such operation
(Varro et al. 2019) as an initial step to creating a more flexible electricity grid. The purpose of
economic modeling is to understand the economic competitiveness of energy system operation,
potentially providing insight to the economic benefits of flexible nuclear operation and possible
compensation mechanisms that could incentivize its development. There are multiple valuation
mechanisms for a plant, some of which include net present value, overall profitability, and the
effect of flexible nuclear operation on the locational marginal pricing of a power system. While
today this is mostly focused on electricity markets, this effect is also applicable to thermal and
chemical power systems. While analysis results can be varied as a function of the assumptions,
deployment region, and technologies selected, among other variables, many studies have found
that flexible nuclear energy can be economically competitive. This finding suggests that nuclear
energy has a vital role to play in high-renewable energy future scenarios (Ingersoll et al. 2015;
Jenkins et al. 2018; NEA 2019).
3.2.4.3 Large-Scale Studies of Flexibility in Nuclear Energy
Beyond evaluating individual unit behavior, there is a branch of modeling and simulation devoted
to long-term energy planning. Because energy generation and transmission facilities are large
capital investments with multiyear payback periods, this type of modeling attempts to provide
scenario planning decades in the future. These studies utilize both physics and economics
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modeling. While not ideal for capturing the value of flexible unit operation, they do specify a
certain necessary capacity of flexible grid resources for power system reliability (Brown et al.
2020b; EPRI 2020a) and play an important role in demonstrating to governments and grid
operators the importance of flexible nuclear energy.
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