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Summary

All nuclear power in the United States is generated by light water reactors (LWRs), which were commercialized in the 1950s and early 1960s and are now used throughout most of the world. LWRs are cooled by ordinary ("light") water, which also slows ("moderates") the neutrons that maintain the nuclear fission chain reaction. High construction costs of large conventional LWRs, concerns about safety raised by the 2011 Fukushima nuclear disaster in Japan, and other issues have led to increased interest in unconventional, or "advanced," nuclear technologies that could be less expensive and safer than existing LWRs.

An "advanced nuclear reactor" is defined in legislation enacted in 2018 as "a nuclear fission reactor with significant improvements over the most recent generation of nuclear fission reactors" or a reactor using nuclear fusion (P.L. 115-248). Such reactors include LWR designs that are far smaller than existing reactors, as well as concepts that would use different moderators, coolants, and types of fuel. Many of these advanced designs are considered to be small modular reactors (SMRs), which the Department of Energy (DOE) defines as reactors with electric generating capacity of 300 megawatts and below, in contrast to an average of about 1,000 megawatts for existing commercial reactors.

Advanced reactors are often referred to as "Generation IV" nuclear technologies, with existing commercial reactors constituting "Generation III" or, for the most recently constructed reactors, "Generation III+." Major categories of advanced reactors include advanced water-cooled reactors, which would make safety, efficiency, and other improvements over existing commercial reactors; gas-cooled reactors, which could use graphite as a neutron moderator or have no moderator; liquid-metal-cooled reactors, which would be cooled by liquid sodium or other metals and have no moderator; molten salt reactors, which would use liquid fuel; and fusion reactors, which would release energy through the combination of light atomic nuclei rather than the splitting (fission) of heavy nuclei such as uranium. Most of these concepts have been studied since the dawn of the nuclear age, but relatively few, such as sodium-cooled reactors, have advanced to commercial scale demonstration, and such demonstrations in the United States took place decades ago.

The 115th Congress enacted two bills to promote the development of advanced nuclear reactors. The first, the Nuclear Energy Innovation Capabilities Act of 2017 (NEICA), was signed into law in September 2018 (P.L. 115-248). It requires DOE to develop a versatile fast neutron test reactor that could help develop fuels and materials for advanced reactors and authorizes DOE national laboratories and other sites to host reactor testing and demonstration projects "to be proposed and funded, in whole or in part, by the private sector." The second, the Nuclear Energy Innovation and Modernization Act (NEIMA, P.L. 115-439), signed in January 2019, would require the Nuclear Regulatory Commission to develop an optional regulatory framework suitable for advanced nuclear technologies. The 115th Congress also appropriated $65 million for R&D to support development of the versatile test reactor in the Energy and Water Development Appropriations Act, FY2019, along with funding for ongoing advanced nuclear research and development programs (Division A of P.L. 115-244).

Continued debate over advanced reactor issues is anticipated in the 116th Congress. A fundamental question may be the role of the federal government in advanced nuclear power development. DOE's budget request for FY2020 focuses the federal role on "early stage research" rather than the more expensive stages of demonstration and commercialization. Controversy is also likely to continue over the need for advanced nuclear power. Supporters contend that such technology will be crucial in reducing emissions of greenhouse gases and bringing carbon-free power to the majority of the world that currently has little access to electricity. However, some observers and interest groups have cast doubt on the potential safety, affordability, and sustainability of advanced reactors. Because many of these technologies are in the conceptual or design phases, the potential advantages of these systems have not yet been established on a commercial scale. Concern has also been raised about the weapons-proliferation risks posed by the potential use of plutonium-based fuel by some advanced reactor technologies.

Other current issues related to advanced reactors include criteria for hosting private-sector demonstration reactors at DOE sites, the licensing framework for non-LWR reactors, longer time periods for federal agreements to purchase power from advanced reactors, and the supply of the high-assay low enriched uranium fuel that would be needed for some advanced reactor designs. There also may be congressional interest about potential federal assistance for demonstration reactors, which are expected to cost billions of dollars apiece. Major options for such assistance include federal cost sharing, loan guarantees, power purchase agreements, purchase of reactor capacity for research uses, and tax credits.











Introduction

The nuclear power industry is facing severe economic challenges in the United States. High capital costs, low electricity demand growth, and competition from cheaper sources of electricity such as natural gas and renewables have dampened the demand for new nuclear power plants and accelerated the retirement of existing reactors. As of April 2019, seven nuclear reactors had closed in the United States since 2012, and another 12 had announced that they would retire by 2025. There are currently 98 operating U.S. reactors. As aging reactors reach the end of their operating licenses in 2030 and beyond, the number of retirements is projected to increase. In addition, cost and schedule overruns have hindered recent efforts to build new nuclear units in the United States. The only power reactors currently under construction in the United States—two new units at the Vogtle nuclear plant in Georgia—are five years behind schedule and nearly double their original estimated cost.1

All nuclear power in the United States is generated by light water reactors (LWRs), which were commercialized in the 1950s and early 1960s and are now used throughout most of the world. LWRs are cooled by ordinary ("light") water, which also slows ("moderates") the neutrons that maintain the nuclear fission chain reaction. Conventional LWRs are large—with 1,000 megawatts electric generating capacity (MWe) or more—in order to spread their high construction costs among the maximum possible number of kilowatt-hours of electricity over their operating lifetime.

At the same time conventional reactors are facing an uncertain future, some in Congress contend that more nuclear power plants, not fewer, are needed to help reduce U.S. greenhouse gas emissions and bring low-carbon power to the majority of the world that currently has little access to electricity.2 Proponents of this view argue that the key to increasing the number of nuclear power plants is investment in "advanced" nuclear technologies, which they say could overcome the economic problems, safety concerns, and other issues that have stalled the growth of conventional LWRs.

Congress enacted legislation in September 2018 that defines "advanced nuclear reactor" as "a nuclear fission reactor with significant improvements over the most recent generation of nuclear fission reactors" or a reactor using nuclear fusion (P.L. 115-248). Titled the Nuclear Energy Innovation Capabilities Act of 2017 (NEICA), the law requires the Department of Energy (DOE) to take several actions to support advanced reactor development, including studying the need for a versatile fast neutron test reactor that could help develop fuels and materials for advanced reactors. Congress included $65 million for R&D to support development of the versatile test reactor in the Energy and Water Development Appropriations Act for FY2019 (Division A of P.L. 115-244), and the Trump Administration has requested $100 million more for FY2020.3

A similar definition of "advanced nuclear reactor" is included in the Nuclear Energy Innovation and Modernization Act (NEIMA, P.L. 115-439), which was signed January 14, 2019. NEIMA would require the Nuclear Regulatory Commission (NRC) to develop a regulatory framework that could be used for advanced nuclear technologies.

Advocates of nuclear power cite a variety of reasons in addition to greenhouse gas reduction for preserving and expanding the U.S. nuclear industry. They contend that a robust domestic nuclear energy industry would contribute to such goals as energy security and diversification, electricity grid resilience and reliability, promotion of a domestic nuclear component manufacturing base and associated exports, clean air, and preservation and enhancement of geopolitical influence. The U.S. Navy uses nuclear energy to power submarines and aircraft carriers. Some observers have suggested that the Navy and other national security organizations benefit from maintaining a strong domestic nuclear energy industry, which provides a post-military career path for many naval reactor personnel, as well as expanding the base of qualified engineers and technicians, and strengthening the infrastructure for training and knowledge transfer.4

NEICA lists a number of potential advantages of advanced nuclear reactors over conventional LWRs, including "inherent safety features, lower waste yields, greater fuel utilization, superior reliability, resistance to proliferation, increased thermal efficiency, and the ability to integrate into electric and non-electric applications."5 Advanced reactors encompass a wide range of technologies, including next-generation water-cooled reactors (e.g., small modular light water reactors, supercritical water-cooled reactors), non-water-cooled reactors (e.g., lead or sodium fast reactors, molten salt reactors, and high temperature gas reactors), and fusion reactors. Some advanced reactor concepts are relatively new, while others have been under consideration for decades.

Not all observers are optimistic about the potential safety, affordability, proliferation resistance and sustainability of advanced reactors.6 Because many of these technologies are in the conceptual or design phases, the potential advantages of these systems have not yet been established on a commercial scale.7 Testing and demonstration would be required to determine the validity of advocates' claims. Many environmental advocates contend that nuclear power would not be necessary to decarbonize world energy supplies, and that public policy should instead focus on renewable energy and efficiency.8

The U.S. advanced nuclear industry has expanded in recent years to encompass an array of developers, suppliers, and supporting institutions. By one count, there were 35 U.S. companies developing advanced nuclear reactor technologies as of November 2018.9 Some have projected that the first U.S. advanced reactor could be providing electricity to the grid by the mid-2020s. For example, the advanced reactor company NuScale predicts that its first nuclear plant will "achieve commercial operation in 2026."10

This report discusses the history of advanced reactor technologies, briefly describes major categories of advanced reactors, provides an overview of federal programs on advanced nuclear technology, and discusses current issues and legislation.

Advanced Reactor Technologies

Advanced or unconventional reactor designs seek to use combinations of new and existing technologies and materials to improve upon earlier generations of nuclear reactors in one or more of the following areas: cost, safety, security, waste management, and versatility. To achieve these improvements, advanced designs may incorporate one or more of the following characteristics: inherent or passive safety features, simplified or modular designs, enhanced load-following capabilities, high chemical and physical stability, fast neutron spectrums, and "closed" fuel cycles (see text box on Fast Reactors). Advanced reactor technologies are often referred to as "Generation IV" nuclear reactors, with existing commercial reactors constituting "Generation III" or, for the most recently constructed reactors, "Generation III+."

Advanced reactor designs may be grouped into three primary categories:


	Advanced water-cooled reactors, which provide evolutionary improvements to proven water-based fission technologies through innovations such as simplified design, smaller size, or enhanced efficiency;

	Non-water-cooled reactors, which are fission reactors that use materials such as liquid metals (e.g., sodium and lead), gases (e.g., helium and carbon dioxide), or molten salts as coolants instead of water; and

	Fusion reactors, which seek to generate energy by joining small atomic nuclei, as opposed to fission reactors, which generate energy by splitting large atomic nuclei.



A fourth, cross-cutting category of advanced reactors is the small modular reactor or SMR. DOE defines SMRs as reactors with electric generating capacities of no more than 300 MW,11 which "employ modular construction techniques, ship major components from factory fabrication locations to the plant site by rail or truck, and include designs that simplify plant site activities required for plant assembly."12 Both advanced water-cooled reactors and non-water-cooled reactors may be configured as SMRs. Microreactors are relatively small-capacity SMRs, defined by DOE as producing 1-20 megawatts of thermal energy (MWt), which could be used directly as heat for industrial processes or to generate electricity. Microreactors could be transported by truck and installed at a remote location or military base within a week, according to DOE.13

Advanced reactor concepts may be characterized along a continuum of technological maturity. Light water-cooled SMRs, high-temperature gas-cooled reactors, and sodium-cooled fast reactors are considered to be among the most mature of the unconventional reactor technologies.14 Molten salt reactors, gas-cooled fast reactors, and fusion reactors are generally considered to be further from commercialization.

Expert estimates of timeframes for commercialization of these technologies range widely, from the mid-2020s for the first small modular LWRs to midcentury or later for some advanced reactor concepts, such as molten salt reactors and gas-cooled fast reactors. Companies developing similar reactor technologies may be at different stages of design and manufacturing readiness. While some experts predict that molten salt reactors will not be available before 2050, Chinese research institutions and a Canadian/U.S. company, Terrestrial Energy, have announced plans to bring a molten salt reactor online in the next decade.15








	Fast Reactors

A large proportion of advanced reactor concepts are fast neutron reactors (FNRs or fast reactors), which have fundamental differences from conventional LWRs. Some of these unique characteristics could provide advantages over conventional nuclear technology, although there are potential drawbacks as well.

Thermal nuclear reactors—the majority of those currently in operation worldwide—rely on a "moderator" to slow the movement of neutrons in the nuclear chain reaction. Slower-moving neutrons, or thermal neutrons, have a higher likelihood of producing a new fission reaction in the fissile uranium isotope U-235, which makes up about 0.7% of natural uranium. The remaining 99.3% is non-fissile U-238. Nuclear fuel is usually "enriched" to increase the percentage of U-235. Thermal reactors that use low-enriched uranium (under 5% U-235) as the primary fuel use a moderator to ensure that fission occurs at a sufficient rate to produce a sustaining chain reaction. Common moderators include ordinary (light) water, heavy water (water whose hydrogen component includes a neutron), and graphite, with light water being the most prevalent.

Fast reactors, by contrast, do not use a moderator to slow neutron movement. Thus, in order to sustain a chain reaction, the fuel must have relatively high concentrations of U-235 or other fissile isotopes (generally 20%-90%) to counteract the lower rate of fission that occurs at high neutron energies. FNRs often are designed to use fissile plutonium (Pu-239) as a primary fuel because at high neutron energies plutonium produces more neutrons per fission event than uranium. Fast reactor coolants must have no neutron moderating effect. Possible coolants include molten salts, liquid metals such as sodium, lead, and lead-bismuth, and gases such as helium or carbon dioxide. To date, most experimental FNRs that have been built used sodium as a coolant.

Non-fissile U-238 can be transmuted to fissile Pu-239 through neutron capture, which occurs at a higher rate in fast reactors than in thermal reactors. If a reactor produces more fissile material (such as Pu-239) than it consumes (such as U-235), it is considered to be a "breeder." A reactor that produces less than it consumes is a "burner" or "converter." Most breeder reactors are fast reactors because of their neutron capture efficiency, but fast reactors can be configured as either breeders or burners.

Fast neutrons are also more effective than thermal reactors at fissioning plutonium and actinides, which are converted to relatively short-lived fission products such as cesium 137 and strontium 90. This effectiveness at fissioning a wide variety of isotopes allows fast reactors to operate well with fuel made from the plutonium and uranium separated during the reprocessing (or "recycling") of spent nuclear fuel. Unlike thermal reactors, fast reactors could theoretically re-use their spent fuel indefinitely—disposing only of the highly radioactive fission products. Such a "closed" fuel cycle would be in contrast to the current "open" or "once through" fuel cycle, in which spent fuel would be permanently disposed of in a deep repository without reprocessing.

In theory, the closed fuel cycle (with the re-use of uranium and plutonium) could extend fuel supplies and potentially reduce duration of the radioactive hazard of nuclear waste from more than a million years to less than 1,000 years. If breeder reactors were employed to maximize the conversion of U-238 to plutonium, the amount of energy released from a given quantity of natural uranium could be increased by a factor of 60.16 A drawback of the closed fuel cycle is that the separation of plutonium from spent fuel is widely perceived as a nuclear weapons proliferation risk, because plutonium is a key weapons material. As a result, U.S. policy has been based on the once-through fuel cycle since the mid-1970s.

FNRs are not a new concept. The first FNR was built in 1946 in the United States,17 and the world's first reactor to generate electricity was a U.S.-built fast reactor.18 Since the 1940s, there have been more than 20 fast reactors built—including 10 in the United States—mostly for either experimental or demonstration purposes.19 There are five fast reactors currently in operation globally.20 Despite that experience, the commercial viability of FNRs, as with other types of advanced reactors, remains uncertain.








Advanced Water-Cooled Reactors

Small Modular Light Water Reactors

Small modular reactors are defined by DOE as reactors with an electric generating capacity of up to 300 MW, as opposed to the average capacity of existing U.S. commercial reactors of about 1,000 MW. Light water reactor SMR designs are based on existing commercial LWR technology but are generally small enough to allow all major reactor components to be placed in a single pressure vessel. The reactor vessel and its components are designed to be assembled in a factory and transported to the plant site for installation, potentially reducing construction time and costs from those of large LWRs. If large numbers of identical SMRs were ordered, mass production could further reduce manufacturing costs and construction schedules, according to proponents of the technology.

Shortening the timeframe before a new reactor begins producing revenue could reduce interest payments and shorten payback periods. In addition, each SMR would require a fraction of the capital investment of a large conventional nuclear unit, further reducing the financial risk to plant owners. Some observers have suggested that the smaller size of SMRs would reduce the economies of scale available to larger reactors, potentially negating any SMR cost advantages.21

A 60 MWe  reactor module by U.S. company NuScale Power is currently considered the most mature light water SMR design under development. The design would allow between 6 and 12 SMR modules—depending on the energy needs of the site—to be co-located in a central pool of water, which serves as a heat sink and passive cooling system. NRC plans to complete its safety evaluation report on the design in September 2020 and subsequently issue a final design certification, although no date is currently scheduled.22 NuScale is planning to begin operating its first 12-module plant in the mid-2020s. It is to be built at Idaho National Laboratory (an 890-square-mile DOE site) with a combination of federal government and non-federal support.23 As with other SMR concepts, the major components of the NuScale plant are designed to be factory-fabricated and shipped to the plant site for installation.24

Companies in several countries are currently developing light water SMRs. In addition to NuScale, examples of U.S.-based companies developing this technology include Holtec, Westinghouse, and GE Hitachi.

Supercritical Water-Cooled Reactor

The supercritical water-cooled reactor (SCWR) is a high-temperature variant of existing LWR technologies. SCWRs would use supercritical water—water which has been brought to a temperature and pressure at which the liquid and vapor states are indistinguishable—to improve plant efficiency (which may approach 44% in SCWRs, compared with 34-36% for current reactors). As in a conventional boiling water reactor (BWR), liquid water would pass upward through the reactor core and turn directly to steam, which would drive a turbine-generator (Figure 1). The superheated conditions would eliminate the need in current BWRs for reactor coolant pumps and steam separators and dryers.25 Supercritical water has already been used to boost plant efficiency in some advanced coal- and gas-fired power plants. SCWRs could be designed to operate in either the fast or thermal neutron spectrums, and to use either light or heavy water as the coolant and/or moderator. Organizations in Canada, China, the European Union, Japan, and Russia are developing SCWRs.26









	Figure 1. Supercritical Water-Cooled Reactor




	



	Source: U.S. Department of Energy, modified by CRS.








Non-Water-Cooled Reactors

High Temperature Gas Reactors

High temperature gas reactors (HTGRs), including very high temperature gas reactors (VHTRs), are helium-cooled, graphite-moderated thermal reactors. As their names imply, they would operate at higher coolant outlet temperatures than most existing reactors—700-1,000°C compared to 330°C for existing LWRs.27 This higher temperature threshold allows for the provision of heat for industrial processes, such as the cogeneration of electricity and hydrogen, and high-temperature processes in the iron, oil, and chemical industries. While previous R&D programs focused on achieving very high outlet temperatures, more recently the focus has shifted to reactor designs with more modest outlet temperatures (700-850°C), based on the assessment that lower temperature reactors may be more commercially viable in the short term.28

There are two primary design variants: In one, the core is composed of graphite blocks with removable sections that have been embedded with fuel particles; in the other, many billiard ball-sized graphite spheres, or "pebbles," with embedded fuel particles are loaded into the core to form a "pebble bed." The spheres are steadily removed from the bottom of the reactor, tested for their level of burnup, and returned to the top of the reactor if they are still viable as fuel and replaced if not. Many HTGRs have been designed as SMRs.

A unique feature of these reactors is their fuel, which is composed of poppy seed-sized fuel particles that have been encased in silicon carbide and other highly heat-resistant coatings (Figure 2).29 Coupled with the high heat capacity of the graphite moderator, the reactor and its fuel are designed to withstand the maximum core heat attainable during an accident. Therefore, according to HTGR proponents, even the loss of active cooling systems would not result in a core meltdown and radioactive releases to the environment.

HTGRs are among the most technologically mature of the advanced reactor concepts. Since the 1960s a number of experimental and commercial HTGRs have been built in multiple countries, including the United States, United Kingdom, Japan, Germany, and China.30 A small, two-unit pebble bed HTGR plant is currently under construction in China.31

Development of HTGRs was promoted in the United States by the Next Generation Nuclear Plant (NGNP) program, established by the Energy Policy Act of 2005 (P.L. 109-58). In 2016, DOE awarded X-energy $53 million over five years to develop a modular pebble bed HTGR design. X-energy received a second DOE contract for $10 million in 2018. X-energy is also working with DOE and others to develop the fuel technology that would be used in an HTGR pebble bed reactor. Other U.S. companies developing HTGRs include HolosGen32 and Hybrid Power Technologies.33









	Figure 2. Very High Temperature Reactor
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	Source: U.S. Department of Energy, modified by CRS.








Gas-Cooled Fast Reactor

Gas-cooled fast reactors (GFRs) would be high-temperature, closed fuel cycle fast reactors using helium as a primary coolant (Figure 3). The primary difference between the HTGR (see above) and the GFR is the neutron spectrum: HTGRs operate in the thermal spectrum, while GFRs operate in the fast spectrum. Therefore, the GFRs would not require the massive graphite moderator of HTGRs to slow the neutrons. The GFR would use a closed U-Pu fuel cycle in which the plutonium and uranium would be recycled from the spent fuel to provide a greatly expanded fuel source if configured as a breeder. GFRs would have operating temperatures similar to those of HTGRs—850°C compared to 330°C for existing LWRs—making them suitable for providing process heat for industrial purposes, in addition to producing electric power. One disadvantage of this design is the lower heat removal capability of the helium gas coolant compared to liquid metal coolants such as sodium and lead in the event of an accident.

In 2015, a consortium of European countries, including the Czech Republic, Hungary, Poland, and Slovakia, launched a project to jointly develop a demonstration GFR based on a French design. The group set a goal of completing the conceptual design for the ALLEGRO reactor by 2025, with construction to begin thereafter. If successful, ALLEGRO would be the first demonstration of a GFR to date.34 General Atomics is an example of a U.S. company developing a GFR design, the Energy Multiplier Module (EM2).35









	Figure 3. Gas-Cooled Fast Reactor




	



	Source: U.S. Department of Energy, modified by CRS.








Sodium-Cooled Fast Reactor

Along with HTGRs, sodium-cooled fast reactors (SFRs) are among the most technologically mature of the unconventional nuclear concepts. SFRs use fast reactor technology with liquid sodium as the primary coolant. The use of a liquid metal as the coolant allows the primary coolant circuit to operate under lower, near-atmospheric pressure conditions. In addition, even in an emergency without backup electricity, the high heat-transfer properties of liquid sodium (100 times greater than water) would allow for passive cooling through natural circulation.36 The SFR coolant outlet would reach a temperature of 500-550°C. This lower temperature (compared to 850°C for the GFR) would allow for the use of materials that have been developed and proven in prior fast reactors. SFRs come in two main design variants: loop-type and pool-type designs (see Figure 4). In the pool-type SFR, the reactor core and primary heat exchanger are immersed in a single pool of liquid metal, while the loop-type houses the primary heat exchanger in a separate vessel. SFR technologies are conducive to modularization.

A disadvantage that has been raised about using sodium as a coolant is that it reacts violently with both air and water. As a result, the primary sodium coolant system (which contains highly radioactive sodium) is often isolated from the steam generation system by an intermediary coolant to prevent a release of radioactivity in the case of an accident. This adds costs and complexity to the system, complicates maintenance and refueling, and introduces an additional safety concern. Fires resulting from sodium leaks have caused shutdowns in several SFRs that have been built to date.37

Most SFR designs would use a closed fuel cycle in which plutonium and uranium would be re-used from the spent fuel to provide an indefinite fuel source when configured as a breeder; the process would be similar to that used for the GFR (above). Other designs would rely on future advances in fuel technology to extend the fuel cycle to the point where refueling would only need to occur once in a number of decades. SFRs can achieve high burnup of actinides in spent fuel, potentially reducing the long-term radioactivity of high-level nuclear waste.

The first SFR was built in the United States in 1951.38 Since then, approximately 20 SFRs have been built around the world, most of which have been experimental. The United States maintained SFRs as a high priority focus of its nuclear R&D program (primarily due to the technology's plutonium breeding capabilities) up until the cancellation of the Clinch River Breeder Reactor demonstration plant in 1983 amid public opposition, rising construction costs, and increased concern over weapons proliferation.39 There are five SFRs currently in operation worldwide: one in China, three in Russia, and one in India. Several others are expected to start up by 2020.40

Examples of U.S. companies developing SFRs include Advanced Reactor Concepts, Columbia Basin Consulting Group, General Electric-Hitachi, Oklo, and TerraPower. General Electric-Hitachi's PRISM design is the only SFR to have passed the NRC preapplication review process, and has been selected to support the Department of Energy's Versatile Test Reactor program.41









	Figure 4. Pool-Type and Loop-Type Sodium-Cooled Fast Reactors




	



	Source: U.S. Department of Energy, modified by CRS.








Lead-Cooled Fast Reactor

Lead-cooled fast reactors (LFRs) are designed to use a closed fuel cycle with either molten lead or lead-bismuth eutectic (LBE) alloy as a primary reactor coolant (see Figure 5). The use of lead as a coolant is seen to confer several advantages. As with the SFR, the use of a liquid metal coolant allows for low-pressure operation and passive cooling in an accident. In contrast to liquid sodium, however, molten lead is relatively inert, adding additional safety and economic advantages. Lead also has a high rate of retention of radioactive fission products, which offers benefits in an accident that could release radioactive materials. In such an accident, the chemical properties of the lead could prevent many of the harmful radionuclides from escaping into the atmosphere. LFRs can also be designed for high burnup of waste actinides, allowing for reduced long-term radioactive wastes.

Lead does present some challenges that may require further research and innovation to overcome. At high temperatures, lead tends to corrode structural steel. Achieving commercialization for designs in the higher temperature ranges would thus need further technological advances in corrosion-resistance for structural steel components coming into contact with the liquid lead coolant. Lead is also highly opaque, presenting visibility and monitoring challenges within the core, and very heavy, due to its high density. The high melting point of lead also presents challenges in terms of keeping the lead in liquid form so that it can continue to circulate under lower-temperature scenarios.42

Russia is the world leader in LFR R&D, with experience building and operating seven LFRs for use in submarines. Russia has announced near-term development of two pure LFR facilities and a third facility that would be capable of using lead coolant for test purposes, in addition to other coolants.43 Members of the European Union have also announced a collaboration to develop an LFR through the Advanced Lead Fast Reactor European Demonstrator (Alfred).44 Other countries exploring LFR technologies include China, Japan, Korea, and Sweden. U.S. companies pursuing LFRs include Hydromine and Westinghouse.









	Figure 5. Lead-Cooled Fast Reactor




	



	Source: U.S. Department of Energy, modified by CRS.








Molten Salt Reactors and Fluoride Salt-Cooled High Temperature Reactors

Any reactor that uses molten salts as a coolant or fuel may be considered a molten salt reactor (MSR). Salt-cooled MSRs (also known as fluoride-cooled high temperature reactors or FHRs) employ molten salts to cool the core, which is composed of solid fuel blocks configured much like an HTGR. Salt-fueled MSRs, by contrast, are unique in that the fuel is not solid, but rather is dissolved in the molten salt coolant.45

MSRs vary in their design; there are fast and thermal variants, and different moderator materials have been proposed for the thermal variants. Molten salt fast reactors (MSFRs) exhibit high potential for waste actinide burnup and fuel resource conservation. Different molten salts may also be used, depending on the other design features. Outlet temperature specifications range from 700-1000°C, although there are challenges to operating at these temperatures that would need technological advances to resolve.

Unique to MSR salt-fueled designs is a safety feature called a "freeze plug" below the reactor core, consisting of a salt plug that is cooled to a solid state (see Figure 6). In the event of an incident that causes heat to rise in the core, the plug will melt, allowing the molten salt fuel to drain by gravity into a basin that is designed to prevent the fuel from undergoing further fission reactions and overheating. It is unknown whether spent MSR fuel could be safely stored in the long term without undergoing additional treatment after removal from the reactor.46

MSR technology has been under development for decades. Two thermal-spectrum experimental reactors were built in the United States at Oak Ridge National Laboratory in the 1950s and 1960s. The first molten salt fuel irradiation tests since the completion of those early experiments were conducted in 2017 in the Netherlands, where research on waste treatment is also being pursued.47 China is currently developing two prototype MSR microreactors with expected start dates in the 2020s.48 Terrestrial Energy, a Canadian company with a U.S. subsidiary, is in the second stage of design review with the Canadian Nuclear Safety Commission for its integral molten salt reactor (IMSR). The IMSR is the first advanced reactor design to complete phase one of the Canadian pre-licensing process.49 Terrestrial Energy has announced a goal of commercialization by the late 2020s. Examples of other U.S. companies developing MSRs include Alpha Tech Research Corp., Elysium Industries, Flibe Energy, Kairos Power, TerraPower, Terrestrial Energy USA, ThorCon Power, Thoreact, and Yellowstone Energy.









	Figure 6. Molten Salt Reactor




	



	Source: U.S. Department of Energy, modified by CRS.








Fusion Reactors

Fusion reactors would fuse light atomic nuclei—as opposed to the fissioning of heavy nuclei—to produce power. Fusion R&D has received significant R&D investment, including over $20 billion in international cooperative funding anticipated to build the International Thermonuclear Experimental Reactor (ITER), a fusion research and demonstration reactor under construction in France. The United States is a major participant in the project.

Fusion power would require light atoms, generally isotopes of hydrogen, to be heated to 100 million degrees to form a plasma, a state of matter in which electrons are stripped away from the atomic nucleus. Holding the plasma together while it is heated sufficiently to create a fusion reaction is a major technical challenge. ITER would do this with a powerful magnetic field, while other approaches would compress a pellet of hydrogen with lasers or other intense energy sources. Fusion reactions are routinely produced at the laboratory scale, but none of these reactions have yet achieved "burning plasma," in which energy produced by fusion at least equals the energy needed to heat the plasma. A fusion power reactor would need to achieve "ignition," in which the fusion energy itself would keep the plasma heated. ITER is scheduled to produce its first plasma by the end of 2025, with full operations, including burning plasma experiments, scheduled to begin in 2035.

Several U.S. companies are pursuing various approaches toward achieving burning plasma with the aim of commercializing fusion power. According to the Fusion Industry Association, "fusion produces no harmful emissions or waste fuel. A fusion power plant is physically incapable of having a meltdown. There is no fissile radioactive waste left over."50 However, some reactor materials would be made radioactive by neutron exposure during a fusion reaction, and tritium, a primary anticipated fuel source, is radioactive, although far less so than fission products.

Examples of U.S. companies developing fusion technologies include AGNI Energy, Brillouin Energy, Commonwealth Fusion Systems, General Atomics, Helion Energy, HyperV Technologies, Lawrenceville Plasma Physics, Lockheed Martin, Magneto-Inertial Fusion Technologies, NumerEx, and TAE Technologies.

Major Criteria for Evaluating Unconventional Technologies

Cost

Investment in electricity generating technologies is largely determined on the basis of cost. Nuclear energy has historically had high capital costs,51 but relatively low production costs. In recent years, however, conventional nuclear plants have struggled to compete with falling electricity prices driven largely by natural gas and renewables, particularly in parts of the country that are served by competitive electricity markets. The success of advanced reactors in entering these markets may depend on their ability to reduce capital costs relative to conventional reactors and to offer electricity prices that are competitive with non-nuclear sources of baseload power.

Capital Costs

High capital costs present a significant barrier to deployment of new nuclear plants in the United States. Conventional nuclear reactors are more expensive to build than most other electric power plants.52 Nuclear plants must submit to much more rigorous safety regulation and quality standards than other producers of electricity because of the risk posed by a release of radioactive materials. As a result, they require highly specialized construction materials (e.g., nuclear-grade steel), engineering knowledge, and construction expertise, all of which add to a plant's costs. Large conventional reactors also require a great deal of on-site fabrication of structures and components that are too large to be built in a factory, further adding to costs.

Capital cost estimates for advanced reactors vary by technology and design. Some designs, such as SMRs, may allow for greater factory fabrication than conventional designs. Costs will remain highly uncertain until demonstration plants are constructed. According to an MIT study, conventional nuclear capital costs are dominated by labor and engineering costs (approximately 60%).53 By contrast, the actual reactor and associated turbine components comprise less than 20% of the capital cost of the median historical U.S. light water reactor.54 Accordingly, achieving cost reductions relative to these conventional plants would require that advanced reactor developers find ways to improve upon existing construction methods for nuclear reactors.

One advanced reactor design innovation that holds potential for reducing construction costs is modularization of structures and components. Modularity is intended to increase factory production of nuclear components. Manufactured components could then be delivered to the construction site for installation, cutting down on onsite labor, reducing the specialized knowledge needed to custom-build each component on-site, and potentially improving quality. Modularized construction has been shown to improve the pace of construction and reduce costs in other industries, as well as in some recent nuclear construction projects in Asia.55 NuScale, a U.S.-based SMR vendor, has estimated "overnight" 56 cost savings of approximately 10% due to modular construction of structures in its proposed SMR plant.

Advanced reactor developers and advocates have also highlighted the cost reduction potential of such characteristics as simplified reactor designs, standardized reactor components, and smaller overall reactor sizes. Advanced reactors may also offer the potential to reduce financing costs as a result of shorter construction times and, in the case of SMRs, the ability to begin generating revenue after the installation of the first module, even as work continues on additional modules.

Operational Costs

Some advanced reactor concepts also show potential for reducing operational costs. Some designs would utilize simpler systems or increased automation to reduce human labor costs during operation. Many advanced reactor developers contend their designs would improve upon the thermal efficiencies of older generations of nuclear plants by operating at higher temperatures or through use of more efficient power conversion technologies. More-efficient plants may be able to reduce their payback periods relative to their less efficient peers.

Not all aspects of advanced reactor concepts would lead to cost reductions. Some reactor designs would have lower power ratings and/or lower power densities (less power for a given core volume) than conventional reactors, which could reduce the cost advantages that existing large reactors achieve through economies of scale. The majority of advanced designs would require fuels with a fissile isotope enrichment of between 5% and 20%, compared with 3-5% for most existing commercial reactors. Enriching fuel to these higher percentages would add costs. Some designs would use as-yet-unlicensed fuel forms, which may be associated with higher fuel fabrication costs. Some advanced reactors would also require spent fuel reprocessing and treatment on the back end before wastes could be safety stored, which may in turn require higher levels of security in order to limit risks of proliferation. These factors have the potential to add substantial costs to reactor operations compared with those of existing light water reactors.57

Some research on SMRs has suggested that their small size will prevent them from achieving economies of scale. Modularization may allow this disadvantage to be balanced by so-called "economies of multiples." One analysis found that, while SMRs may be cheaper than traditional reactors to construct, the cost per unit of power generated is likely to be higher.58

Cost Estimates for Advanced Reactors

It is difficult to accurately estimate the costs of advanced reactors. Many advanced reactor concepts remain in the early stages of design and development, and vendor companies generally do not include detailed costs in their publicly available content. Academic analyses of the costs of non-traditional reactors have produced a range of results.

A common metric for measuring and comparing the cost of electricity production among sources is the levelized cost of electricity (LCOE). LCOE is a measure of the unit cost of producing electricity from a given generating source (e.g., coal, natural gas, solar, wind, etc.) and is calculated by dividing the total costs of constructing and operating a plant over its lifetime by its total electricity output over the same period. LCOE can be a useful tool for comparing production costs across sources; however, because there are additional factors that influence the economic competitiveness of a proposed plant, relying upon a single metric for comparison may be misleading. Other possible cost measures include the cost of construction per kilowatt or megawatt of electric generating capacity and the costs of air emissions.

One standardized analysis of cost projections from eight advanced reactor vendors59 found the average projected LCOE for "nth-of-a-kind" (NOAK)60 reactors to be $60/MWh for the included reactor designs.61 A separate study projected LCOEs in the range of $110 to $120/MWh for included advanced reactor designs. 62 By comparison, the LCOEs per MWh for competing electricity sources are estimated as follows: large LWRs, $112-$183; coal, $60-$143; natural gas combined cycle, $42-$78; wind, $30-$60; utility-scale solar, $43-$53.63 Such estimates typically exclude costs that are not currently the responsibility of plant owners, such as greenhouse gas emissions.

Size

Advanced reactor designs come in a wide range of sizes, from less than 15 MWe to 1,500 MWe or more. In some cases, the optimal reactor size may be influenced by the particular characteristics of a given design. In others, the size may be determined by the needs of the customer or site.

A commonality among many unconventional reactor concepts is an increased focus on small reactor designs. As noted earlier, advanced SMRs, 300 MWe and below, "employ modular construction techniques, ship major components from factory fabrication locations to the plant site by rail or truck, and include designs that simplify plant site activities required for plant assembly," according to DOE.64 The smallest of these—under 20 MW of thermal energy—may also be referred to as microreactors. As noted above, most existing conventional reactors in the United States have an electrical generating capacity of 1,000 MWe or more.

The small size and modular nature of SMRs gives them the potential to expand the types of sites and applications for which nuclear energy may be considered suitable (see section on Versatility).65 SMR designs with multiple reactor modules may allow for size customization based on the needs of the customer or characteristics of the host site.

Safety

Safety with respect to nuclear energy refers primarily to the minimization of the risk of release of radioactivity into the environment. Advanced reactor systems may have both safety advantages and disadvantages in comparison with existing reactors as a result of their size and design, and the chemical properties of their main components (e.g. the coolant, fuel, and moderator). Because many of these technologies are in the design phase, the operational safety of many of these systems has not yet been established in practice. Testing and demonstration would be needed to validate the safety claims of advanced reactor vendors.

Conventional nuclear plants use multiple independent and redundant safety systems to minimize risk. In the majority of cases, these systems are "active," meaning that they rely on electricity or mechanical systems to operate. Advanced nuclear reactors tend to incorporate passive and inherent safety systems as opposed to active systems. Passive systems refer primarily to two types of safety features: (1) the ability of these reactors to self-regulate the rate at which fission occurs through negative feedback mechanisms that naturally reduce power output when certain system parameters (such as temperature) are exceeded, and (2) the ability to provide sufficient cooling of the core in the event of a loss of electricity or other active safety systems.66

The chemical properties of various advanced coolants, fuels, and moderators may also contribute inherent safety advantages. Examples include higher boiling points for coolants, higher heat capacities for fuels and moderators, and higher retention of radioactive fission products for some coolants. Some advanced reactor coolants (such as liquid metals) remain at atmospheric pressure under high reactor temperatures, putting less stress on primary reactor components than high-pressure coolants such as water. Advanced reactors that can operate at or near atmospheric pressure enable simplification of the coolant system design and safety systems, as well as the potential for improved economic performance.

Proponents of small reactors have suggested that SMRs, and microreactors in particular, may pose less of a safety risk due to the smaller total volume of radioactive material on site and lower risk of release to the environment. Consequently, some have argued that they should face streamlined approval processes in line with the NRC's approach of risk-informed regulation.67 The smaller size of SMRs and microreactors may also enable innovations in siting that could contribute to plant safety. Some have suggested that siting these reactors underground or on floating platforms at sea could reduce risks related accidental release of radioactive materials and seismic activity, respectively.68

While some advanced reactor coolants and moderators may have the advantages described above, some also have chemical properties that pose safety concerns. Examples include reactivity, toxicity, or corrosiveness of the primary coolant in the case of sodium, lead, and molten salts, respectively. Molten salt-cooled reactors would incorporate the dissolved fuel into the coolant, posing a safety concern for plant workers who must be shielded from the higher levels of radioactivity flowing through the coolant system as a result. Opaque coolants present additional challenges to visual core monitoring and inspection compared to transparent coolants like water.

Advanced reactors, and even some existing conventional reactors, may also make use of advances in fuel technologies and accident-tolerant fuels (ATFs). ATFs are designed to better withstand losses in cooling capacity during an accident, reducing the risk of fuel meltdown and allowing reactor operators more time to respond to accidents. Near-term ATF concepts (e.g. coated zirconium cladding, iron-chrome-aluminum-based cladding) may be commercially available as soon as the mid-2020s, while longer-term ATF concepts (e.g. metallic fuels, silicide fuel, and silicon carbide cladding) would need more testing before they could be licensed.69

Security and Weapons Proliferation Risk

In addition to producing energy for peaceful purposes, nuclear fuels such as uranium and plutonium can be used by states to manufacture nuclear weapons material for military use or diverted by non-state actors to produce weapons of mass destruction. The risk of weapons proliferation from civilian nuclear materials presents a challenge for all nuclear energy reactors to varying degrees, and for international controls on nuclear materials. Advanced reactor designs may offer both advantages and disadvantages with respect to their potential effects on nuclear weapons proliferation.

Advocates contend that many advanced reactor designs would be more resistant to weapons proliferation than existing LWRS because of factors such as "sealed" or difficult-to-access core designs, infrequent refueling, smaller inventories of fissile materials in the core, and remote monitoring capabilities, among others. Some designs may produce waste that is less attractive for weapons proliferation for a variety of reasons.70

Advanced reactors may also present unique inspection and monitoring challenges. In a 2017 workshop report, the International Atomic Energy Agency (IAEA), which functions as an inspector of nuclear states to ensure compliance with international nonproliferation agreements, noted that some of the characteristics of advanced reactors may make them more difficult to monitor and safeguard.71 For instance, the opacity of certain advanced coolants, such as sodium, lead, and molten salts, may make it more difficult to monitor reactor cores to ensure nuclear materials are not being diverted. In contrast, inspectors can visually see through cooling water to determine whether fuel rods and assemblies are present or have been removed, possibly for plutonium separation.

The IAEA report identified several advanced reactor technologies that pose unique and particularly difficult safeguarding challenges, including transportable reactors, pebble-bed design HTGRs, molten salt reactors, and certain waste reprocessing facilities. The report also noted that "proliferation resistance and ease to verify (safeguardability) are not interchangeable; and most of the features lending proliferation resistance to Generation-IV reactors actually make safeguards nuclear material accountancy more difficult."72

The utilization by some advanced reactors of more highly enriched fuels could create additional nonproliferation challenges. Many advanced designs would utilize fuel with a fissile isotope enrichment of between 5% and 20% or higher (compared to 5% or lower for most current reactors). At these higher enrichments, even very small reactors would likely contain more than enough fissile material to produce multiple nuclear weapons with further enrichment.73 The work required to enrich uranium to weapons-grade levels declines as the initial enrichment level rises.74 Some designs would also produce spent fuel with higher concentrations of isotopes that are desirable from the point of view of weapons production, making them a more attractive target of diversion than current LWR fuel. Additional security measures may be necessary to safeguard against such eventualities.

The need to safeguard nuclear materials is present not just at reactor sites, but through the entirety of the nuclear supply chain. This includes during the fuel fabrication process, in transit, and, if applicable, during fuel reprocessing. Many advanced reactors would require or would offer the option to reprocess the spent fuel to extract remaining fissile materials. Some advanced reactor technologies rely on reprocessing to make them cost-effective. Separating these materials from the radioactive wastes makes them more attractive both to thieves for making radiological dispersal devices and to countries that might use them to produce weapons. France, Japan, and the United Kingdom have been engaged in civilian nuclear fuel reprocessing for decades. In the process, they have accumulated more than 290 metric tons of separated plutonium across various civilian facilities as of January 2017.75 For reference, the minimum fissile inventory required to produce a nuclear weapon from plutonium is generally cited as 10 kg of Pu-239. This figure may vary considerably based on the percentage of other plutonium isotopes mixed with Pu-239 and the sophistication of weapons designs.76

For existing nuclear power plants in the United States, security and proliferation risks are generally considered to be low, given the current fuel cycle and safeguards regimes in place. In particular, the low-enriched uranium fuel (3%-5% U-235) in U.S. reactors cannot be used for a nuclear explosive device without separation and further enrichment, and the United States lacks commercial facilities for chemical separation of plutonium. Many observers view the lack of reprocessing in the United States as a policy signal to other countries that the country with the largest number of nuclear power plants in the world has been able to support this fleet without reprocessing. The variety of advanced nuclear power plant designs have the potential to further reduce this relatively low risk, or to increase the risks, depending on the technical and policy choices and how they are implemented.

Versatility

Many advanced reactor designs are smaller than the existing fleet of LWRs and are designed for modular installation. Because the number of modules may be altered to meet the power and heating needs of the site, SMRs are intended to accommodate a range of sizes and types of uses, including those that may have been considered too small in the past. SMRs and microreactors have potential applications in providing power to remote and isolated areas, on-site heating for industrial or municipal clients, and heat or power to mobile or temporary clients (e.g. remote construction sites and temporary military stations). The Department of Defense (DOD) has expressed interest in using SMRs to power remote bases, such as the Eielson Air Force Base in Alaska. The John S. McCain National Defense Authorization Act for Fiscal Year 2019 instructs DOE to produce a report on how a program could be undertaken to pilot at least one microreactor at a military or DOE site by the end of 2027.77 DOD issued a request for information about microreactor prototype designs on January 22, 2019, as a first step in its study.78

A recent MIT study cautioned that small size alone would not necessarily give advanced reactors a market edge:

The industry's problem is not that it has overlooked valuable market segments that need smaller reactors. The problem is that even its optimally scaled reactors are too expensive on a per-unit-power basis. A focus on serving the market segments that need smaller reactor sizes will be of no use unless the smaller design first accomplishes the task of radically reducing per-unit capital cost.79

Advanced reactors may also be designed for new applications or to capture new markets. Many advanced nuclear reactors would operate at higher temperatures (500-1,000°C) than existing commercial reactors (approximately 300-330°C). Higher operating temperatures would allow some advanced reactors to tap into the large market for heat for industrial processes.

Industrial users consume 25% of all primary energy produced in the United States, 80% of which is in the form of process heat. A report by MIT estimates that 17%-19% (or 134-151 GWt) of the U.S. market for industrial heat could be supplied by small (150-300 MWt) advanced reactors.80 Potential applications include providing process heat for district heating,81 desalination, petroleum refining and oil shale processing, steam reforming of natural gas, cogeneration, biomass or coal gasification, and hydrogen production, among others. Advanced reactors may nevertheless face steep barriers to entry into these markets in the form of competition from other sources, such as natural gas plants (with or without carbon capture and storage), that are perceived as being less risky, both physically and economically.

Waste Management

The radioactivity of nuclear waste presents waste management and facility contamination challenges that are unique to nuclear energy. Radioactivity builds up in a nuclear reactor in three primary ways: 1) through the accumulation of radioactive "fission products" that result from the splitting of fissile nuclei, 2) through the accumulation of radioactive "actinides" that form when heavy atoms in the reactor core absorb a neutron but do not undergo fission, and 3) through the generation of "activation products" in the coolant, moderator, or reactor components that occurs when these materials are made radioactive by absorbing neutrons. The vast majority of the initial radioactivity in nuclear waste comes from the fission products. Due to the long half-lives of some of these radioactive materials (several hundred thousand years and longer), nuclear waste poses long-term health hazards.

In 2018, the U.S. inventory of spent nuclear fuel exceeded 80,000 metric tons of uranium (MTU).82 This is projected to rise at a rate of approximately 1,800 MTU per year, resulting in an estimated 138,000 MTU by 2050. Because no long-term repository or consolidated storage facility for high-level nuclear waste has been licensed by NRC, newly discharged spent nuclear waste is currently stored onsite at nuclear plant locations. 83

Unconventional reactors may offer some waste management advantages over existing commercial reactors. Fast reactors, and some other unconventional reactors, would be more effective at destroying actinides compared with commercial reactors. Actinides are responsible for the vast majority of the radioactive hazard that remains in nuclear waste after the first few centuries.84 Reducing the prevalence of these long-lived waste products by transmuting them to short-lived radionuclides may reduce the health risk associated with a release of spent fuel that occurs far in the future (when storage containers may be more likely to fail).

Actinides are not the only long-lived nuclear wastes, however; some fission products remain radioactive hazards for hundreds of thousands of years and longer. The presence of these fission products in nuclear wastes might not be appreciably reduced by unconventional reactors. As a result, some have argued that, even if advanced reactors are able to deliver the improvements in actinide management that some advocates have claimed are possible, adoption of these reactors at scale would not materially alter the need for a long-term waste repository.85

Some advanced reactors would use new or non-conventional fuel forms, such as metallic fuels or dissolved molten fuels. Some of these fuels pose additional waste management challenges as a result of their tendency to corrode storage containers or otherwise react with the environment in ways that complicate their safe storage and disposal. Research on the safe management and disposal of advanced reactor waste will be a key element in commercializing these technologies.

Environmental Effects

Environmental impacts for any electric power source must be evaluated based on air emissions, water discharges, and waste management challenges, considering the full life cycle of the technology. The recent focus for nuclear power environmental impacts has been on air emissions, specifically the greenhouse gas footprint. Historically, however, much attention has been given to the waste management challenges associated with nuclear power. The environmental impacts of current LWR nuclear technologies are well studied. The stated goal of many advanced reactor technologies is to reduce environmental impacts. The impacts for newer advanced technologies would need to be evaluated on a case-by-case basis, and assessed empirically to determine whether the impacts are greater or less than current technologies, and whether advanced technologies eliminated any existing challenges in practice or raised new challenges requiring new technologies, regulatory systems, and support industries.

Nuclear energy is a low-carbon source of electricity, with no direct emissions from the fission process. As such, it is one of a number of energy technologies available for reducing the carbon emissions associated with electricity production (and potentially other uses of energy, such as industrial heat). The nuclear energy industry is not zero-carbon, however. Historically, fossil fuel-powered plants and equipment have provided energy to support the nuclear supply chain. Uranium enrichment facilities, in particular, have high energy requirements, and U.S. enrichment plants in the past used electricity primarily from coal-fired power plants. Current uranium enrichment plants use only a fraction of the electricity of older enrichment technology and are generally less reliant on coal-fired generation. A study by the DOE National Renewable Energy Laboratory of the life-cycle greenhouse gas emissions of major electric generating technologies found that conventional nuclear reactor emissions were similar to those of renewable energy technologies and only a fraction of coal and natural gas plant emissions.86 Emissions of conventional air pollutants (e.g., sulfur oxides, nitrogen oxides, mercury, and particulates) from nuclear power operations and fuel cycle activities are similarly very low.

Advanced reactors are expected to have similar life-cycle air emissions, as non-combustion energy sources. Supporters of advanced reactor technologies contend that they could reduce the obstacles to nuclear power expansion related to cost, safety, waste management, and fuel supply and therefore allow nuclear power to play a greatly expanded role in worldwide greenhouse gas reduction strategies.

Some have argued that decarbonization goals could be achieved more effectively through improvements in existing light water reactor technologies. In particular, such a strategy could avoid additional waste management technical challenges and potential costs associated with the processing of radioactive waste from some classes of advanced reactors.87 On the other hand, as noted above, proponents of advanced reactor technologies contend that nuclear fuel recycling/reprocessing could reduce the long-term radioactivity of nuclear waste and produce waste forms more resistant to deterioration than LWR spent fuel.88

Plants with higher thermal efficiencies reject less heat into the environment per kilowatt-hour (KWh) of electricity generated. This can help reduce ecosystem impacts related to heat rejection. For example, increased efficiency may contribute to significant reductions in the amount of water used for waste heat rejection (up to 50% less)89 per unit of electricity generated, and reduce the amount of heat absorbed by adjacent water bodies. This could have particularly significant implications for the use of nuclear energy in arid environments.

DOE Nuclear Energy Programs

The Department of Energy supports the development of advanced nuclear technologies through research and development (R&D) programs housed in two primary offices: the Office of Nuclear Energy and the Office of Science.90 Collectively, advanced nuclear R&D programs (advanced fission and fusion) within these two offices received 23% of funding for energy R&D in fiscal year (FY) 2019, more than existing nuclear, renewables, or fossil energy (see Figure 7).91 The Advanced Research Projects Agency—Energy (ARPA-E) also provides funding for early stage R&D for advanced nuclear projects.









	Figure 7. FY2019 Energy R&D Appropriations




	



	Source: Compiled by CRS from Joint Explanatory Statement of the Committee of Conference on H.R. 5895, Division A—Energy and Water Development and Related Agencies Appropriations Act, 2019.

Notes: Total energy R&D appropriations for FY2019 were $3.69 billion. R&D funding from ARPA-E is not included in this figure because appropriations for this office are not broken out by energy technology. Funding for fusion includes $432 million for nuclear fusion R&D and $132 million for the U.S. contribution to the International Thermonuclear Reactor (ITER).








Office of Nuclear Energy

The Office of Nuclear Energy (NE) "focuses on three major mission areas: the nation's existing nuclear fleet, the development of advanced nuclear reactor concepts, and fuel cycle technologies," according to DOE's FY2020 budget justification.92 NE primarily supports nuclear fission technologies. NE has established a goal for advanced reactor development that "by the early 2030s, at least two non-light water advanced reactor concepts will have reached technical maturity, demonstrated safety and economic benefits, and completed licensing reviews sufficient to allow construction to go forward."93 According to one analysis, NE reported spending approximately $2 billion on advanced reactor R&D between 1998 and 2015.94 Analysts have contended that much higher spending levels would be needed for DOE to support the latter stages of advanced reactor R&D, such as demonstrations and commercialization.95

In FY2019, Congress appropriated $753 million for NE's nuclear R&D programs.96 Of that, Congress directed $319.5 million (42%) to be used specifically for advanced nuclear technology R&D within the following programs and activities:97


	Supercritical Transformational Electric Power R&D: $5 million appropriated to develop a supercritical carbon dioxide Brayton cycle for thermal-to-electric energy conversion in sodium-cooled fast reactors;

	Advanced Small Modular Reactor R&D: $100 million appropriated for this new, one-year subprogram that is to support "cost-shared public-private R&D partnerships" to address technical challenges and accelerate development of SMR reactor designs and supply chains;

	Advanced Reactor Technologies: $111.5 million appropriated to conduct early-stage R&D on advanced reactor technologies, including SMRs;

	Versatile Fast Test Reactor: $65 million appropriated for R&D to support development of a versatile fast test reactor, also called the versatile test reactor;

	Material Recovery and Waste Form Development: $38 million appropriated to activities related to "the improvement of the current back end of the nuclear cycle [waste management and reprocessing]," of which $27 million were specifically directed towards activities supporting advanced nuclear technologies.98



In addition to the programs that focus exclusively on advanced reactor R&D, several cross-cutting NE programs directly or indirectly support advanced nuclear technologies. NE's Nuclear Energy Enabling Technologies (NEET) program includes several subprograms focused on cross-cutting research to support both existing and advanced nuclear technologies. Subprograms of NEET support DOE's Gateway for Accelerated Innovation in Nuclear (GAIN) initiative, which provides technical, financial, and regulatory support for existing and advanced nuclear technologies by providing enhanced access to DOE's network of national labs and unique nuclear R&D capabilities, as well as through competitive industry funding opportunities. GAIN industry funding opportunities include


	U.S. Industry Opportunities for Advanced Nuclear Technology Development, a five-year funding opportunity announcement initiated in December of 2017 that offers cost-sharing opportunities for advanced reactor development, demonstration, and regulatory assistance, and for other nuclear R&D.99 Applications are reviewed and awards are announced on a quarterly basis. DOE expects to award a total of $400 million over the five-year program.100

	Nuclear Energy Voucher Program, which provides industry awardees with access to DOE nuclear expertise and capabilities in the form of vouchers redeemable for research and technical support activities at one of DOE's national laboratories. Vouchers are not direct financial awards, but rather fund the work done by the national laboratory on behalf of the awardee. Recipients are required to provide a 20% minimum cost-share. As of October 16, 2018, GAIN had distributed vouchers worth approximately $10.7 million to 22 companies.101



In the past, NE has also provided support for the review and licensing of advanced reactors by NRC. From FY2012 to FY2017, the NE SMR Licensing Technical Support program provided cost-sharing arrangements with industry to support first-of-a-kind costs associated with NRC design certification, design licensing, and site licensing. The program provided support for the NRC's review of NuScale's SMR design. DOE brought the program to a close at the end of FY2017.

Office of Science

Support for nuclear fusion technologies comes from DOE's Office of Science. Congress appropriated $432 million for nuclear fusion R&D in FY2019, more than for all other advanced nuclear technologies combined. Congress provided a further $132 million for the U.S. contribution to the ITER fusion project, as discussed above.

ARPA-E

DOE's ARPA-E invests in early-stage energy technologies with high potential for transformational impact. In 2017, ARPA-E announced a funding opportunity for "technologies to enable lower cost, safer advanced nuclear plant designs" as part of a new program entitled Modeling-Enhanced Innovations Trailblazing Nuclear Energy Reinvigoration program (MEITNER). In June of 2018, MEITNER awarded $24 million in funding for 10 industry and university projects focused on advanced nuclear technologies.102 ARPA-E announced grants for five nuclear-related projects totaling $12 million in December 2018.103

Offices of Environmental Management and Legacy Management

The DOE's Office of Environmental Management (EM) and Office of Legacy Management (LM) provide a variety of functions supporting advanced reactor R&D.

First, EM provides waste management services for ongoing advanced reactor R&D activities. For example, EM manages the spent nuclear fuel from the Advanced Test Reactor at the Idaho National Laboratory. DOE describes the Advanced Test Reactor as "the only U.S. research reactor capable of providing large-volume, high-flux neutron irradiation in a prototype environment … to study the results of years of intense neutron and gamma radiation on reactor materials and fuels for … research and power reactors."104

Second, EM funds and manages environmental remediation and decontamination and decommissioning for several advanced reactor facilities, including the Energy Technology Engineering Center at the Santa Susana Field Laboratory in California, various facilities at the Idaho National Laboratory, and the Hanford site in the state of Washington. At Hanford, EM has conducted decontamination and decommissioning activities at the Fast Flux Test Facility (FFTF) since 1992, which operated for 10 years (1982-1992) as a 400 MWt liquid-metal (sodium)-cooled nuclear research and test reactor to develop and test advanced fuels and materials for the Liquid Fast-Breeder Reactor Program.

Third, EM funds facility overhead operations for facilities where advanced reactor R&D is occurring or planned. "Overhead" (or "Landlord") costs can include infrastructure maintenance (e.g., power, water, roads, bridges), site safeguards and security, worker health and safety, and program direction and administration. For example, EM funds site overhead costs at the Hanford and Savannah River sites, home of the Pacific Northwest and Savannah River National Laboratories, where advanced reactor and fuels research has been conducted.

Congressional Issues

Role of the Federal Government in Technology Development

What is the appropriate level of federal support for each stage of technology development? That is a fundamental question in the longstanding national debate over R&D policy writ large. For nuclear energy technology development, major stages include research on fuels and materials, development of reactor concepts and designs, component testing and evaluation, licensing by NRC, demonstration, and commercialization. Typically, the earliest stages of development involve laboratory-scale work and computer modeling and simulation, some of which may be relatively inexpensive and applicable to a broad range of nuclear technology. The later stages focus on specific reactor designs and require construction of full- or nearly full-scale nuclear power plants potentially costing billions of dollars. Even early-stage nuclear research often requires the construction and operation of test reactors, shielded hot cells for remote handling of intensely radioactive materials, and other expensive facilities and infrastructure.

The Trump Administration contends that federal support should focus on the early stages of research, where the private sector may have a tendency to underinvest.105 "The Federal role in supporting advanced technologies is strongest in the early stages of research and development," according to DOE's FY2019 budget justification."106

Consistent with that policy, the Administration opposes funding for "late stage or near commercial ready technology."107 Opponents of federal funding for energy demonstration and commercialization contend that such activities should be conducted by the private sector, where market forces would determine which technologies would succeed. As asserted by the Heritage Foundation, "By attempting to force government-developed technologies into the market, the government diminishes the role of the entrepreneur and crowds out private-sector investment. This practice of picking winners and losers denies energy technologies the opportunity to compete in the marketplace, which is the only proven way to develop market-viable products."108

The conferees on FY2019 DOE appropriations did not adopt the Administration's proposed focus on early-stage research, saying, "The Department is directed throughout all of its programs to maintain a diverse portfolio of early-, mid-, and late-stage research, development, and market transformation activities."109 Supporters of a broader federal role contend that mid- and late-stage federal support is necessary for new technologies to survive the "valley of death," after federally funded early-stage research is completed but before a promising technology is able to attract private-sector funding for the more-expensive later development, demonstration, and commercialization phases. Obtaining funding for expensive and risky demonstration projects has been described as a particularly difficult obstacle. According to former DOE Under Secretary John Deutch, "energy innovation is constrained not by an absence of new ideas, but by the absence of early examples of successful implementation."110

Perceived Need for Advanced Nuclear Power and Competing Alternatives

World electricity generation is projected by the U.S. Energy Information Administration to grow by nearly 50% between 2015 and 2040. While renewable energy and nuclear power are projected to rise substantially during that period, fossil fuels would still constitute about 55% of total generation if current policies and trends continue.111 Proponents of unconventional nuclear power contend that advanced reactors could mitigate the concerns about safety, cost, radioactive waste, weapons proliferation, and fuel supply that are seen as inhibiting greater utilization of nuclear energy. Under that view, advanced nuclear technology would be indispensable for meeting the world's rapidly increasing demand for electricity without emitting greenhouse gases.

"In the 21st century the world faces the new challenge of drastically reducing emissions of greenhouse gases while simultaneously expanding energy access and economic opportunity to billions of people," according to a recent study by the Massachusetts Institute of Technology. The study found that the cost of worldwide greenhouse gas reductions could be minimized by the deployment of lower-cost nuclear generation.112

That finding is disputed by various environmental and other groups that contend that a combination of renewable energy and efficiency is the lowest-cost option for eliminating greenhouse gas emissions and could be implemented more quickly. "With technology already available, renewable energy sources like wind, solar, and geothermal can provide 96 percent of our electricity and 98 percent of heating demand—the vast majority of U.S. energy use," according to the environmental advocacy group Greenpeace USA.113 Some environmental groups contend that the safety and other risks posed by nuclear make it unacceptable in any case, even with advanced technology. The Nuclear Information and Resource Service advocacy group says, "There is nothing environmentally friendly about nuclear power. It only creates different environmental problems than fossil fuel energy sources. But neither fossil fuels nor nuclear power are safe, sustainable, or healthy for humans and the environment."114

Germany adopted a policy after the Fukushima disaster in 2011 to greatly reduce carbon emissions through renewable energy and efficiency while eliminating nuclear power. The policy, called "Energiewende," or energy transition, calls for Germany's consumption of primary energy (the initial energy content of fuels and other energy sources) to be reduced by 50% in 2050 from its 2008 level, while greatly increasing the use of renewable energy throughout the economy. According to the German government, "By 2050 renewable energies should make up 60 percent of the gross final consumption of energy, and 80 percent of the gross electricity consumption."115 A 2017 study by an academic team developed "roadmaps" for 139 countries to convert to 100% renewable energy by 2050. The study concluded that renewable energy production could be expanded with more certainty than nuclear and other non-emitting sources.116

The National Renewable Energy Laboratory issued a study in 2012 of the impact of increasing U.S. renewable electricity generation to up to 90% by 2050. The study found that renewables could "adequately supply 80% of total U.S. electricity generation in 2050," with nuclear, coal, and gas supplying the remaining 20%. Nuclear power plants were projected to be located almost entirely east of the Mississippi River for economic and other reasons.117

Versatile Test Reactor

Supporters of advanced reactor technologies are urging DOE to construct a fast spectrum Versatile Test Reactor (VTR),118 which they consider critical for the development of nuclear fuels, materials, instrumentation, and sensors for fast neutron and other advanced reactors. "To support the innovative R&D required to revive a competitive U.S. nuclear industry, a new test reactor is required with capabilities that far exceed those of the few remaining test reactors," a senior executive from the nuclear firm General Atomics testified to Congress in 2015.119 According to DOE's Idaho National Laboratory (INL), "Currently, only a few capabilities are available for testing fast neutron reactor technology in the world and none in the U.S."120

Requirements for DOE to plan and develop a "versatile reactor-based fast neutron source" by the end of 2025 are included in the Nuclear Energy Innovation Capabilities Act of 2017 (NEICA), signed into law September 28, 2018 (P.L. 115-248). In the 116th Congress, the Nuclear Energy Leadership Act (NELA, S. 903), introduced March 27, 2019, by Senator Murkowski, would authorize DOE to "provide" the facility. Funding of $65 million for R&D to support development of the VTR (referred to as a "versatile fast test reactor") is included in the Energy and Water Development and Related Agencies Appropriations Act, 2019 (Division A of P.L. 115-244). Citing the enactment of NEICA, Energy Secretary Rick Perry announced the official launch of the VTR project on February 28, 2019.121 The Trump Administration is requesting an additional $100 million for the VTR project in FY2020.122

DOE announced a contract award on November 13, 2018, to GE Hitachi Nuclear Energy to help develop a conceptual design and cost estimate for the VTR, which is to be adapted from the company's PRISM sodium-cooled fast reactor design.123 According to INL, which is managing the project, the conceptual design and cost and schedule estimates are to be completed in 2021, after which another contract would be awarded for final design and construction. The VTR is currently scheduled to be operational by October 2026.124 An INL official estimated in February 2019 that a sodium-cooled VTR would cost $3 billion to $3.5 billion in today's dollars.125 The Nuclear Energy Research Infrastructure Act of 2018 (H.R. 4378, 115th Congress), which passed the House February 13, 2018, but was not enacted, would have authorized $1.99 billion through FY2025 for the project.

Some who are skeptical of the VTR project have questioned whether there would be enough potential users—primarily companies developing fast reactors—to justify its construction and operating costs. Some advanced nuclear reactor developers have doubted that the VTR will begin operating before their designs are completed.126 Concerns have also been raised about whether new facilities would be required to fabricate fuel for the VTR, and how much those might cost, and the cost of handling and disposing of highly radioactive spent fuel from the reactor. The potential use of plutonium-based fuel in the VTR has drawn opposition because of the usability of such fuel in nuclear weapons.127

DOE Hosting of Private-Sector Experimental Reactors

Proposals to authorize DOE to host privately funded experimental and demonstration reactors have been included in several bills in the 114th and 115th Congresses, including a provision enacted in NEICA. Supporters of the idea contend that reactor developers could benefit from the expertise and facilities at DOE national laboratories. Safety oversight of private-sector experimental reactors at national laboratories could possibly be conducted by DOE and not require NRC licensing.128 NEICA specifies that reactors intended to demonstrate commercial suitability would require NRC licenses, even at DOE sites.

NEICA added section 958 to the Energy Policy Act of 2005 (P.L. 109-58), which authorizes a DOE National Reactor Innovation Center (NRIC). This program would "enable the testing and demonstration of reactor concepts to be proposed and funded, in whole or in part, by the private sector." Such testing and demonstration would take place at DOE national laboratories or other Department-owned sites. In implementing the NRIC program, DOE is to coordinate with NRC on sharing technical expertise on the advanced reactor technologies under development.

DOE announced an agreement on February 18, 2016, with Utah Associated Municipal Power Systems (UAMPS) "to support possible siting" of a first-of-a-kind NuScale SMR plant at INL. Under the agreement, "UAMPS is currently working to identify potential locations that may be suitable" at the 890-square-mile INL site for construction of the plant, according to DOE.129 The NuScale SMR is currently undergoing NRC review for a design certification, which is to be issued sometime after 2020.130

In 2012, DOE announced three agreements "to develop deployment plans" for privately funded SMRs at the Department's Savannah River Site in South Carolina. The agreements with Hyperion Power Generation (now Gen4 Energy), Holtec International, and NuScale were intended to help the companies "obtain information on potential SMR reactor siting at Savannah River and provide a framework for developing land use and site services agreements to further these efforts," according to DOE.131

Because NEICA says reactor testing and demonstration projects would be funded "in whole or in part" by the private sector, the potential federal share of such projects could be a future issue before Congress. NEICA requires DOE to submit a report to Congress on costs and other issues that could be raised by the hosting of reactor testing and demonstration projects, including


	DOE's capabilities for safety review and oversight of privately funded advanced reactor research;

	potential DOE sites that could host privately funded experimental advanced reactors;

	contractual mechanisms that could be used for such projects; and

	responsibility for management and disposal of waste.



Funding of Demonstration Reactors

A crucial stage in the commercialization of nuclear technology is the construction of demonstration reactors, which are expected to cost several billion dollars apiece, depending on their size and level of technical maturity. As noted above, the VTR, which would serve as a test reactor and as a demonstration of GE's PRISM reactor (although downsized from 840 MWt to 311 MWt),132 is estimated to cost up to $3.5 billion to construct. The first 12-module NuScale plant, at 684 MWe, is estimated to cost $3 billion.133 Including the demonstration stage, bringing a new reactor technology to the market could require up to 30 years and cost up to $15 billion, according to one recent estimate.134

The majority of U.S. advanced reactor companies surveyed in 2017 have raised only a small portion of the funding that would be necessary for commercial-scale demonstration of their designs.135 One analysis found that commercialization of advanced reactor concepts would require significantly higher levels of public funding.136

DOE has a range of options for supporting the construction of demonstration reactors and helping bring them to the commercial market.

Cost Sharing

DOE can carry out technology demonstration projects on a cost-shared basis under Sec. 988 of the Energy Policy Act of 2005 (P.L. 109-58). At least 50% of demonstration costs must come from non-federal sources, although the Secretary of Energy can reduce the non-federal share based on technological risk and other factors. Repayment of the federal contribution is not required. In addition to construction costs, federal cost sharing can apply to licensing, design work, and "first of a kind" engineering, such as the assistance provided to NuScale under the DOE small modular reactor licensing technical support program.

Full Funding

Construction of research facilities such as the VTR may be completely funded through congressional appropriations, with users of the facility paying to conduct research (sometimes with DOE grants or vouchers). The VTR would also demonstrate the PRISM technology, as noted above, but it would be smaller than the planned commercial version and would not produce power.137

Federal Payments for Power and Research Use

The federal government can purchase power generated by demonstration reactors and also pay for research use of the reactors. For the proposed NuScale demonstration, DOE announced a memorandum of understanding (MOU) in December 2018 with the Utah Associated Municipal Power Systems (UAMPS), which would own the plant. 138 The MOU calls for DOE to purchase power from one of the 60 MWe modules in the plant. DOE would use another module for research under the Joint Use Modular Plant (JUMP) program. "The research is expected to focus principally on integrated energy systems that support the production of both electricity and non-electric energy products," according to DOE's announcement.139

Loan Guarantees

DOE can issue loan guarantees to build advanced nuclear reactors under Title XVII of the Energy Policy Act of 2005. DOE currently has $8.8 billion in loan guarantee authority for advanced nuclear energy projects.140 To receive a DOE loan guarantee, projects must be found financially viable and they must pay an up-front fee called a "subsidy cost." The subsidy cost is the present value of the government's potential cost of the loan guarantee that could result from future loan defaults. A project considered to be relatively risky would be assessed a relatively high subsidy cost. Title XVII loan guarantees cannot be given to projects that would use federal funds other than the federally guaranteed funding (P.L. 111-8, Division C). DOE has awarded $12 billion in Title XVII loan guarantees for the construction of two new reactors at the Vogtle nuclear power plant in Georgia.141

Tax Credits

Power plants using advanced nuclear technology are eligible for a federal tax credit of 1.8 cents per kilowatt-hour of electricity generated, as extended by P.L. 115-123. The nuclear production tax credits do not have an expiration date, but total credits are limited to 6,000 MW of capacity, limited to $125 million per year per 1,000 MW of capacity for eight years of operation. The availability of the tax credits could help nuclear demonstration projects procure financing and reduce the subsidy cost of DOE loan guarantees.

Choosing Projects for Federal Funding

Because the federal government may have limited funding for multibillion-dollar nuclear demonstration projects, a methodology for selecting which projects and technologies to support would likely be necessary. While this would appear to put DOE in the position of "picking winners," as discussed above, it is conceivable that some market-based selection criteria could be at least part of the selection process for demonstration reactor support. One such criterion could be evidence of a customer base, which could include letters of intent for future orders (perhaps conditioned on successful demonstration). Another market-based criterion could be the extent of private matching funds raised for the project, such as firm contracts for power sales from the demonstration plant, or other private funding. Many other criteria could also be considered, such as technology maturity level (the level of technical risk) and the financial and technical strength of the project sponsor. The potential goal of demonstrating the widest possible range of advanced technologies might also be a consideration.

Licensing Framework for New Technologies

The U.S. nuclear industry has argued that current NRC procedures for reviewing and licensing new nuclear reactors are overly burdensome and inflexible, contributing to high regulatory costs and long reviews.142 Existing licensing pathways and safety regulations, which tend to be based on conventional LWR designs, are not necessarily well-suited to accommodate newer, advanced reactors. Consequently, industry groups and some outside experts have argued for a transition to a technology-neutral regulatory framework, a process which these groups have estimated may take up to five years to complete. The industry has also called for greater flexibility in making changes during reactor construction without regulatory delays.143

In response to such concerns, NEIMA includes several provisions on advanced nuclear reactor licensing. In the near term, NRC is required to establish "stages in the licensing process for commercial advanced nuclear reactors," which would allow license applicants to gain formal approval for completing each step in the licensing process, such as a conceptual design assessment. A 2016 industry report recommending staged licensing noted that such a process is currently used in Canada and the United Kingdom. "The step-wise pre-licensing design review processes in Canada and the UK provide earlier opportunities for reactor vendors to demonstrate to their investors and potential investors that the reactor design technology will be licensable," according to the report.144

NEIMA also requires NRC to develop procedures for using "licensing project plans," which are described by the committee report as "agreements between the agency and applicants early in the application process that reflect mutual commitments on schedules and deliverables to support resource planning for both the agency and the applicant."145 NRC must also increase the use of risk-informed and performance-based licensing evaluation techniques "within the existing regulatory framework." Using such techniques, the evaluation of specific safety and other issues would be informed by the calculated level of risk, and performance standards would be used to evaluate safety, "when appropriate," rather than specific reactor design requirements.

NEIMA requires NRC to issue a "technology-inclusive" regulatory framework for optional use by advanced reactor applicants. As noted above, NRC regulations currently focus on light water reactors, which are the only commercial reactors currently used in the United States. NRC also must issue a report that would include an evaluation of the need for additional legislation to implement such a regulatory framework. Prior to NEIMA's enactment, NRC had begun preparing for the potential licensing of advanced reactors, issuing implementation action plans for the near, mid-, and long terms.146

New nuclear fuels are also subject to NRC regulation. Depending on the design, it can take up to six years to develop, test, and license new fuels.147 Transporting these new fuel forms may require additional innovation and regulation.

The nuclear industry has contended that fees charged by NRC for reviewing reactor designs, new fuels, and license applications constitute a significant obstacle to advanced reactor deployment, particularly by relatively small, independent companies. NEICA authorizes DOE to provide grants to advanced reactor license applicants to cover some of their NRC fees throughout the licensing process.

Power Purchase Agreements

Federal agency agreements to purchase power from advanced reactors could substantially improve the financial feasibility of such projects, both at the demonstration and commercialization stages. Such power purchase agreements (PPAs) would provide a projected revenue stream that could help advanced reactor projects obtain financing and potentially reduce their financing costs. Federal agencies could also offer above-market prices for the power to encourage commercialization of nuclear technologies, if authorized by Congress.

Proposals to address this issue are included in NELA (S. 903), noted above. Section 2 of NELA would authorize the General Services Administration (GSA) to enter into PPAs for up to 40 years, an increase from the current limit of 10 years. Under 40 U.S.C. §501, GSA can delegate all or part of this authority to other agencies.148 Under a PPA, the federal government signs a contract to purchase electricity from a public utility for a specific time period.

Electricity payments during a PPA contract period, along with any other customer revenues, are intended to be sufficient to allow the power plant developer to recover its construction and other costs, plus a profit, if applicable. The proposed lengthening of the 10-year limit on PPAs is intended to allow enough time for nuclear reactor construction costs to be recovered, according to NELA's sponsors.149

NELA Section 3 would require DOE to enter into at least one PPA to purchase power from a commercial nuclear reactor by the end of 2023. "Special consideration" would be given to "first-of-a-kind or early deployment nuclear technologies" that could provide reliable power to important national security facilities, especially facilities disconnected from the electricity grid. If a PPA met those criteria, then electricity rates under the agreement could be higher than the average market rate. PPAs with currently operating commercial nuclear plants would not qualify for above-market rates.

Federal PPAs of any duration are subject to cancellation each year if sufficient funds are not appropriated by Congress, and to cancellation at any time for the convenience of the government.150

DOE's Western Area Power Administration (WAPA), which markets electricity from federal dams and other projects in much of the Western United States, has the authority to sign power sale contracts for up to 40 years (43 U.S.C. 485h(c)). This authority could potentially facilitate PPAs for demonstration reactors at INL or elsewhere in the WAPA service area. According to a 2017 report produced for DOE, "A federal agency located within WAPA's jurisdiction may leverage WAPA's long-term contract authority by entering into an Interagency Agreement with WAPA and allowing WAPA, in turn, to enter into a PPA with a power provider on such federal agency's behalf for a term of up to 40 years."151 Under that scenario, WAPA could reach an interagency agreement with a military base in California under which WAPA would award a 40-year PPA on behalf of the base to a demonstration reactor at INL and then deliver the power to the base.

Advanced Reactor Fuel Availability

Many advanced reactors would use fuels that are not currently commercially available, either due to lack of demand or technological immaturity. These include higher-enriched versions of existing uranium fuel as well as new types of fuels that are currently under development. Without near-term investment in fuel processing and fabrication capabilities, there may be insufficient supply of next generation fuels to support the deployment of some advanced reactors.

Particular concern has been raised about the availability of high-assay low enriched uranium (HALEU), which would be necessary to power many advanced nuclear reactors. Existing U.S. commercial nuclear reactors are fueled by uranium that has been enriched to between 3% and 5% of the fissile isotope U-235. HALEU is enriched to between 5% and 20%. (At 20% and above, uranium is considered highly enriched and potentially useable for weapons.) Because HALEU is not used in existing commercial reactors, it is not readily available for advanced reactor development, according to the nuclear industry.152

Section 7 of NELA would require DOE to sell, transfer, or lease high-assay low enriched uranium (HALEU) for use in advanced nuclear reactors. HALEU containing at least 2 metric tons of U-235 is to be made available by the end of 2022 and a total of at least 10 metric tons by the end of 2025. The FY2019 Energy and Water Development Appropriations Act (P.L. 115-244, Division A) requires DOE to submit a plan to Congress for HALEU development and provides $20 million for preparation and testing.

DOE is currently pursuing two approaches for developing HALEU supplies. One approach is to use DOE-owned HALEU currently stored at INL to fabricate fuel for advanced reactors. DOE issued an environmental assessment on January 17, 2019, that found no significant environmental impact from fabricating the fuel at existing INL facilities.153 In the other approach, DOE announced January 7, 2019, that it intended to sign a sole-source contract with Centrus Energy to build 16 centrifuges at DOE's Portsmouth, OH, site to enrich "a small quantity" of uranium to 19.75% U-235 by October 2020.154

The Nuclear Energy Institute has estimated that it would take a minimum of seven years to establish the infrastructure to supply this fuel for commercial purposes. DOE has proposed to downblend a supply of high enriched uranium to bridge this gap.155 By some assessments, 32 GWe of deployed advanced reactor capacity would be required to ensure the economic viability of new fuel fabrication and other fuel cycle facilities.156

International Organizations

International Framework on Nuclear Energy Cooperation

The International Framework on Nuclear Energy Cooperation (IFNEC) is an international body dedicated to ensuring that the "use of nuclear energy for peaceful purposes proceeds in a manner that is efficient and meets the highest standards of safety, security and non-proliferation."157 IFNEC was formed in 2010 by the members of its precursor organization, the Global Nuclear Energy Partnership. Its membership includes 34 participant countries, 31 observer countries, and 4 international observer organizations. The United States is a participating country. IFNEC working groups focus on issues related to nuclear infrastructure development, reliable fuel services and spent fuel management, and nuclear supply chains and supplier-customer relationships.

Generation IV International Forum

The Generation IV International Forum (GIF) is a collaborative international initiative to promote the development of the next generation of nuclear energy systems through shared R&D. GIF was created in 2000 with nine original members: Argentina, Brazil, Canada, France, Japan, South Korea, South Africa, the United Kingdom, and the United States. Switzerland, the European Union, China, Russia, and Australia joined subsequently.

In 2002, after reviewing 130 advanced reactor designs, the GIF identified 6 nuclear energy systems for further development. Collectively, these are known as Generation IV reactors.

The six Generation IV reactor technologies are:


	Gas-Cooled Fast Reactor,

	Lead-Cooled Fast Reactor,

	Molten Salt Reactor,

	Sodium-Cooled Fast Reactor,

	Supercritical Water-Cooled Reactor, and

	Very High Temperature Reactor.



Factors used in selecting the designs include safety, sustainability, economics, physical security, proliferation resistance, and waste minimization, and they represent a range of technologies. The GIF has suggested that commercialization of some of these technologies may occur as early as 2030, with demonstration of some technologies possibly occurring within the next decade. Each of these technologies is at a different level of technical maturity. Of these, sodium-cooled fast reactors are considered to be the most mature. Gas-cooled fast reactors, lead-cooled fast reactors, and molten salt reactors are not expected to reach commercialization until 2050 under current rates of development, although some vendors and academics have put forth more optimistic timelines.158

Appendix. 



Table A-1. Existing Global Fast Reactors

Location and Status of Existing Fast Reactors












	Country

	Reactor Name

	Operation Years

	Current Status




	India

India

Japan

Japan

	FBTR

PFBR

Joyo

Monju

	1985-present

Expected 2019

1978-2007

1994-1996, 2010

	Active

Under construction

Inactive

Inactive




	Russia

	BOR-60

	1969-present

	Active




	Russia

	BN-600

	1980-present

	Active




	Russia

	BN-800

	2014-present

	Active







Source: World Nuclear Association, "Fast Neutron Reactors," November 2018, http://www.world-nuclear.org/information-library/current-and-future-generation/fast-neutron-reactors.aspx.; Times of India, "Kalpakkam Fast Breeder Reactor May Achieve Criticality in 2019," https://timesofindia.indiatimes.com/india/kalpakkam-fast-breeder-reactor-may-achieve-criticality-in-2019/articleshow/65888098.cms.







Table A-2. Characteristics of Advanced Fission Reactors













	Reactor

	Neutron Spectrum

	Coolant

	Outlet Temperature (°C)

	Fuel Cycle




	Light Water SMR

	Thermal

	Water

	300-330

	Open




	SCWR

	Thermal/Fast

	Water

	510-625

	Open/Closed




	HTGR/VHTR

	Thermal

	Helium

	700-1,000

	Open




	GFR

SFR

	Fast

Fast

	Helium

Sodium

	850

500-550

	Closed

Closed




	LFR

	Fast

	Lead

	480-570

	Closed




	MSR

	Thermal/Fast

	Molten Salts

	700-800

	Open/Closed







Source: GIF, https://www.gen-4.org/gif/jcms/c_40486/technology-systems.

Note: SMR=small modular reactor, SCWR=supercritical water-cooled reactor, HTGR=high temperature gas-cooled reactor, VHTR=very high temperature reactor, GFR=gas-cooled fast reactor, SFR=sodium-cooled fast reactor, LFR=lead-cooled fast reactor, MSR=molten salt reactor.
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