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SUMMARY

When considering potential energy production technologies for the future, a variety of characteristics
can be used to evaluate the positive and negative impacts for a specific technology. For this report, we
have relied on domain knowledge and reviewed technical, policy, and regulatory documents to determine
what types of characteristics could be considered when assessing energy technology impacts. For
example, the National Environmental Policy Act provides a focus on environmental aspects that are
important to actions such as construction of power production facilities. A second example is the United
States goal to reach 100 percent carbon pollution-free electricity by 2035.

We have categorized our observations into two high-level groups of characteristics: (1) impacts that
may be minimized via a “net zero” concept and (2) attributes that provide other considerations typically
factored into technology selection processes (e.g., economics). Here, the term “net zero” implies that the
technology has a zero or minimal impact on the public and environment while still providing benefits by
way of electricity, heat, and other products such as hydrogen and water. And, these potential impacts must
be considered over the lifecycle of the technology deployment, from design, construction, operation, and
disposition. The first high-level group of characteristics focused on potential net-zero (i.e., having no to
almost negligible contribution) elements, of which we grouped into five net-zero pillars:

e Greenhouse gas emissions, including carbon dioxide (CO,), methane, nitrous oxide, and fluorinated
gases such as ozone-depleting gases

e  Water consumption

e Material resource consumption

¢ Disposition of wastes

e Impacts to the health and safety of the public and the environment.

As the United States replaces fossil fuels in the energy mix, policy mandates the need to consider the
possible impacts of adopted technologies. For example, the Executive Order on Catalyzing Clean Energy
Industries and Jobs Through Federal Sustainability sets the policy directing the Federal Government to
achieve carbon-free electricity generation by 2035 and a net-zero emissions (for greenhouse gas)
economy by 2050. This Order also brings in considerations of water use and waste reductions.

In this report, we describe a variety of characteristics related to the five elements above to provide a
factual and scientific assessment of nuclear fission as an energy providing technology. By better
understanding how nuclear energy via fission power impacts the five elements above, decisionmakers can
better assess nuclear energy’s role in the overarching goal to provide society with a low-impact energy
source.

Using the net-zero pillars and addition technology attributes as guides, we assembled science-based
facts for these groups of characteristics demonstrating that nuclear power leads all other energy
production technologies by providing the ability to lower greenhouse gas in the atmosphere; provide
potable water to communities; minimize the global resources needed to provide cooling, heat, and
electricity; dramatically reduce the amount of waste going to landfills; and ensure public and
environmental safety is commensurate with the energy provided.
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Characteristics of U.S. Energy Production using
Nuclear Fission

1. INTRODUCTION

The purpose of this report is to describe the technical and societal characteristics of nuclear fission
energy production. While this report focuses on United States (U.S.) experience, many of the identified
insights and observations may also apply to the experiences of other nations worldwide.

Impact assessment of energy production, the generation of electricity and heat, requires a lifecycle
approach that recognizes impacts of material acquisition, manufacturing, operation, and disposition.
Regardless of the technology used to produce energy, all technologies have risks (i.e., performance
shortfalls) that are realized during different phases of the lifecycle. This report adopts an approach
recognizing lifecycle impacts and risks involved in nuclear energy production.

Around the world, nuclear power plants (NPPs) provide 26% of the low-carbon electricity production
(Ritchie and Roser 2020). In the United States, nuclear provided 52% of the country’s low-carbon
electricity in 2020 (DOE 2021a). Currently, the operating commercial nuclear reactors in the United
States consist of light-water reactors (LWRs), of which there are 62 pressurized-water reactors and 31
boiling-water reactors (EIA, 2021b). Figure 1 shows the locations of these facilities in the United States.

There has been renewed interest in building NPPs since 2010 to address the baseload power
requirements of an emission-free economy. In 2012, permits were granted to build the first new NPPs
since 1986. The Watts Bar Generating Station, Unit 2, was completed from an earlier mothballed state in
2016. The two units under construction at the Vogtle Electric Generating Plants (Units 3 and 4) were
started in 2013 and are scheduled for completion in 2022 (Southern Co. 2021).
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Figure 1. Locations of U.S. NPPs (EIA 2021b). Note: Indian Point Energy Center north of New York City
shut down in 2021.

There is also increasing interest in building advanced technology NPPs in the United States. There are
multiple advanced NPP developers currently cooperating with the U.S. Department of Energy (DOE)
Gateway for Accelerated Innovation in Nuclear (GAIN) program developing a range of reactors. The



GAIN program produces an advance nuclear technology directory that included 27 reactor developers
covering several different fuel and coolant technology types (INL 2021):

e Fast reactors including sodium cooled, lead cooled, gas cooled, and molten salt.
e High temperature reactors including gas and molten salt cooled.
e Uranium and thorium fueled reactors.

These reactor types captured in the GAIN directory span many different power output sizes, ranging
from micro-reactors to small modular reactors (SMR) to large reactors (INL 2021).

By 2030, it is expected that three advanced LWRs will be in service on the U.S. electrical grid (one
pressurized-water SMR being deployed as part of the Carbon Free Power Project led by the Utah
Associated Municipal Power System and the two large-scale pressurized-water reactors at Vogtle).
Additionally, it is anticipated that at least two advanced reactors will be providing electricity to the U.S.
electrical grid in this decade, for example TerraPower’s sodium-cooled fast reactor and X-energy’s high-
temperature gas reactor designs are both targeting grid connection by 2028 as part of the DOE Advanced
Reactor Demonstration Program (ANS 2021). At U.S. national laboratories, multiple designs of micro-
sized high-temperature gas reactors, two high-temperature SMR designs, and two fast neutron reactors
will be in demonstration. By 2035, it is expected that these designs will start to replace and add to the
currently operating U.S. NPPs.

As current light-water NPPs age, they require additional licensing to continue operation. Due to
strong maintenance programs and advances in technology and materials, it is expected that many of these
reactors could continue operating for at least 100 years. But it is expected that around 2050 most currently
operating U.S. NPPs will be at the end of their operational lifespans. It is anticipated that the newer
technology NPPs will be licensed over the next 30 years, steadily replacing the current NPPs to provide a
major portion of the emission-free baseload energy needs of the United States.



2. CHARACTERISTICS OF NUCLEAR FISSION ENERGY
PRODUCTION

The goal of the data and information in this section is to provide detailed comparisons among
different energy production technologies so that informed long-term decisions can be made for
technology selection. While the information provided spans the technology lifecycle (from mining,
manufacturing, deployment, operation, and disposition), a key focus is also on potential impacts to
society. Minimizing these impacts will provide a path to a sustainable energy technology that would be
net-zero (i.e., having no or almost negligible contribution thereby reducing harms to societal objectives)
on multiple facets, not just on greenhouse gas (GHG) emissions. To maximize an energy production
technology’s value, it should have low costs while minimizing:

1. GHG emissions, including carbon dioxide (CO-), methane, nitrous oxide, and fluorinated gases such
as ozone-depleting gases

Water consumption
Material resource consumption

Disposition of wastes

A

Impacts to the health and safety of the public and the environment.

These “net-zero pillars” are illustrated in Figure 2. To create these net-zero pillars, we relied on
domain knowledge and reviews of technical, policy, and regulatory documents to determine the types of
characteristics that may be considered when assessing energy technology impacts. For example, the
National Environmental Policy Act provides a focus on environmental aspects that are important the
construction of power production facilities. A second example is the United States Executive Order on
Catalyzing Clean Energy Industries and Jobs Through Federal Sustainability that sets the policy directing
the Federal Government to achieve carbon-free electricity generation by 2035 and a net-zero emissions
(for greenhouse gas) economy by 2050. This Order also brings in considerations of water use and waste
reductions. Together, we have categorized our observations into two high-level groups of characteristics:
(1) impacts that may be minimized via a net-zero pillars concept and (2) attributes that provide other
considerations typically factored into technology selection processes (e.g., economics).

Net-Zero Pillars for Sustainable Energy Production Technologies
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Figure 2. The net-zero pillars used to evaluate potential energy production technologies.

In this report, we evaluate nuclear energy production technologies using a lifecycle focus via the
following characteristics:



e Resource requirements — Attributes that reflect how material resources are used to create, site,
support, and power the energy source

e Fuel use

e Landuse

o Water use

e  Other material use
e Construction

o Efficacy — Attributes that reflect an energy source’s technical aspects excluding resource
requirements

¢ Electricity production

e Heat production

e Fuel production

e Production capability

¢ Continuity of production
e Longevity of facilities

e  Operating Costs

e Revenue

e Advancing technology

e Society — Attributes that reflect how an energy source may directly impact society either positively or
negatively during energy production

e Safety goals
e Low-carbon emissions
e Decarbonization
e Localization of resources
¢ Environmental impacts
e Disposition — Attributes that reflect how an energy source will be treated at the end of its useful life
e Waste
e Recycling.
2.1 Resource Requirements

Energy production technologies require various amounts of material and labor for construction and
operation. These resource needs impose a burden on society; the larger the material resource needs per
unit electricity generated, then the less desirable is that energy source due to the increased burden. In this
section, we consider the implications for fuel, land, water, and other material use in addition to issues
related to construction, long-term operation, and disposition.

211 Fuel use

Nuclear power is the most energy-dense source currently available. High-energy density translates
into the ability to provide tailored electricity or heat locally on a small-scale or large quantity of



electricity and heat on a regional scale. The high-energy density of nuclear also offers the ability to use
very little fuel daily unlike other forms of energy production that are reliant on a fuel source. For
example, in the United States, NPPs typically shut down to refuel once every 18 to 24 months (EIA
2020).

When compared to fossil fuels for energy production, nuclear provides a very compact source of
energy. Using the volume information provided by Nuclear Energy Institute (NEI), Figure 3 illustrates the
compact nature of nuclear fuel to oil and coal (NEI 2020b). While this comparison (nuclear to fossil fuels)
is informative, the comparison is not complete since:

¢ A nuclear core contains approximately 15,000,000 (Nuclear Power 2021) to 18,000,000 (ANL 2011)
fuel pellets that may stay in a nuclear core for several years.

e For current fission reactors, around 5% of the possible energy contained in a fuel pin is consumed.
When 95% of the energy content remains, the fuel pellet is removed from a reactor for storage. Thus,
this used fuel is potentially a fuel source for future generations (See Section 2.2.3, Fuel Production)

e Fossil fuels are consumed on a constant basis. Thus, fuel needs to continually be supplied for
electricity to be provided.
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Figure 3. Nuclear fuel pellet energy content compared to an equivalent amount of energy from oil and
coal. Note: This figure is not to scale since the nuclear cube would become difficult to see.

Another type of comparison is to look at the requirements from different energy sources to provide a
fixed level of electricity. Figure 4 illustrates different types of resource implication for various energy
production technologies when supplying electricity to 50,000 U.S. homes for one day. Note that in this
figure the resources are shown in different ways such as the daily fuel requirements for coal, gas, and oil
and in terms of facility size for nuclear, solar, and wind (since a reactor is not refueled on a daily basis
and the majority of the fuel inside a nuclear core is not depleted when it is removed from the reactor; solar
uses radiation from the sun when available; and wind turbines rely on wind energy). Other resource
requirement such as the required land and water needs are addressed in later sections (Sections 2.1.2 and
2.1.3, respectively).
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Figure 4. Comparing the requirements of various energy production technologies needed to power 50,000
U.S. homes for one day.

Key Points
Nuclear power is the highest density energy source foreseeable for the next several decades.
e High-energy density translates into greatly reduced resource consumption and needs.
Most NPPs are fueled intermittently, rather than requiring a constant source of fuel, wind, or
solar radiation to produce energy.
e Minimization of fuel needs also helps to reduce public, flora, and fauna impacts via reduced
mining, transportation, and material needs.

2.1.2 Land use

The needed land footprint for nuclear power production is small and inversely correlates to the energy
density of nuclear power. Nuclear power produces more electricity on less land than any other low-carbon
source (DOE 2021b). From a recent DOE fact sheet:

A typical 1,000-megawatt nuclear facility in the United States needs a little more than 1
square mile (2.6 km?) to operate. NEI says wind farms require 360 times more land area



to produce the same amount of electricity and solar photovoltaic plants require 75 times
more space. To put that in perspective, you would need more than 3 million solar panels
to produce the same amount of power as a typical commercial reactor or more than 430
wind turbines (capacity factor not included) (DOE 2021b).

A recent report (Stevens et al. 2017) estimated the land use requirements for different power
production technologies (note that some of these estimates differ from the DOE estimates noted above
due to uncertainties in the calculation approach). For many technologies, the dominant land use supported
the facilities need to move electricity away from the production facility to the end users. We see, though,

dense energy sources such as nuclear and fossil fuel use much less land than other sources to produce
electricity (see Figure 5).
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to Produce 1 MW of
electricity
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Figure 5. Land use needed for different power production technologies to produce 1 MW of electricity.

Key Points
e Nuclear power produces more electricity on less land than any other low-carbon source.

e  Other low-carbon sources of electricity require 35 to 264 times as much land to produce the
same amount of energy.

21.3 Water use

In the United States in 2015, the largest users of water were agriculture (39%) and thermoelectric
power generation (41%). Total water use in the United States was estimated to be approximately 1.22



trillion liters per day (322 billion gallons per day) (Dieter et al. 2018). When water is withdrawn for
agriculture, much of it is lost to other purposes; it is consumed for agricultural products. However, when
used for electricity generation (cooling or direct use in generation), most of the water withdrawn is
returned to the body of water from which it is withdrawn. This water can be reused for other purposes
(DOE 2010).

Note that water “use” is not the same as water “consumption.” Consumption is the difference between
the amount of water withdrawn from the source and the amount returned to the source.

Water is withdrawn and consumed at different rates by different energy production methods. A little
more than 3% of water consumption in the United States is dedicated to the cooling of thermoelectric
power plants (i.e., plants that produce electricity by thermal processes, including nuclear plants, coal
plants, and natural gas plants, most of which use steam-driven turbines to generate power) (DOE 2010).

Nuclear energy consumes more water than some sources of renewable energy, such as wind and
photovoltaic solar, but generally less water than other sources of renewable energy, such as geothermal,
hydropower, and concentrating solar (DOE 2010). The differences in water consumption for different
energy production types are shown in Figure 6

Water Consumption (liters per kWh)

Concentrated solar (dry cooled)
Concentrated solar (wet cooled) .
PV Solar

Thermoelectric (nuclear and fossil plants) I

0 10 20 30 40 50 60 70
liters consumed per kWh electricity produced

Note that the large consumption of water from hydroelectric power production does not represent the
water that flows through the turbine (this water is used, not consumed), instead it represents the water lost
through evaporation when stored behind the hydroelectric dam.
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Figure 6. Water consumption in the United States for different types of energy production technologies.
Sources: hydroelectric and nuclear/fossil (Torcellini, Long, and Judkoff 2003); PV solar (SEIA);
concentrated solar (Frisvold and Marquez 2014).

In the United States, the use of water for thermoelectric power generation has decreased over the last
two decades as plants started to use more water-efficient cooling systems and as the use of coal has
declined (see Figure 7). Note that the total water consumption value described by (Dieter et al. 2018) does
not include any water used during the production of hydroelectric power. It has been estimated, though,
that a 1,000 MWe hydroelectric dam would require over 4,000 km?” of land for typical water storage
(Herald 2016).
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Figure 7. Trends in water use for thermoelectric power generation in the United States (USGS 2018).

Some advanced reactor technologies have already started to address the use of water for cooling. For
example, Holtec has claimed their SMR-160 design can operate using an air-cooling system rather than
water as its primary cooling source using air-cooled condensers, thereby enabling operation in many arid
regions of the world (Holtec 2021). In addition, the NuScale reactor implementation being considered by
the Utah Associated Municipal Power Systems has decided to use a dry-cooling approach that will “cut
(water use) by more than 90 percent” (Wald 2020).

Another item to consider under water use is the fact that nuclear energy production can produce
potable water (e.g., from sea water) using waste heat or the electricity produced. For example, NEI noted:

A single module in a NuScale plant could run a reverse osmosis water plant that
made 60 million gallons (2.3E+8 liters) of potable water per day. NuScale
calculates that a 12-module plant could provide all the water needed for a city
like Cape Town, South Africa, a place that almost ran out of water in 2019.
Around the world, more cities will face problems like that as a changing climate
changes rainfall patterns, and as increasing urbanization raises water demand
(Wald 2020).

It is possible that a NPP could become net-zero in terms of water consumption by offsetting the water
consumed via the production of potable water through processes such as reverse osmosis or multi-state
flash distillation. The World Nuclear Association noted that multi-stage flash distillation could produce
approximately 26 liters of water for each kWh used for the distillation (World Nuclear Association
2020a). This production value is about 15 times larger than the water consumed per kWh for a typical
NPP.

Key Points
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o  Water “use” is not the same as water “consumption.” Consumed water is not available for
other uses.

e Nuclear power consumes relatively little water compared to some other low-carbon sources.

e Nuclear power can be net-zero with respect to water use since it can be used to produce
purified water from sources such as sea water.

21.4 Other material use

Renewable energy and other emerging technologies are placing a strain on the materials required in
their production. These commodities are controllable by countries both using the current mining
production capabilities and the minable reserves within the country. Supply risk of rare earths and other
minerals and metals has been the subject of concern when it comes to renewable energy development
over the coming decades. For example, the European Commission evaluated the supply chain risk of
renewable energy and other emerging technologies (EC 2020). As seen in Figure 8, the renewables sector
supply chain has, qualitatively, several high or very high supply risks (note that material issues for nuclear
are not included in this figure but are addressed later in this section). For example, reliance on rare earth
metals affects wind turbine magnet production while solar panel production is less impacted by reliance
on metals such as vanadium.

Technologies
Materials

\_ K Batteries H Sect
Supply Ris = ectors
(sorted largest to smallest) l‘

-- o Iiﬁ \ 2

cells Renewables

\\A/ |
High
Traction
Motors
Strontium
Cobalt
Moderate o
Natural graphite \ E—mﬂbilit\[
Indium
Vanadium
Lithium
Low Tungsten
Titanium

Gallium, Hafnium
Silicon metal

Figure 8. Supply risk of renewable sector and other emerging technologies (EC 2020).

Rare earth metals of the lanthanide series of elements are used extensively in wind turbine magnets.
While rare earth metals are not actually “rare,” minable concentrations of rare earth metals are in only a
few areas of the world. Their impact on both renewables and the production of electric (traction) motors is
sizable. The yearly production of rare earth metals and the estimated reserves is shown in Figure 9 and
Figure 10, respectively.
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Figure 9. Worldwide rare earth production in 2020 (USGS 2021).
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Figure 10. Worldwide rare earth reserves in 2020 (USGS 2021).

The uranium used to fuel the U.S. nuclear fleet is 95% imported (World Nuclear Association 2021a).
The choice to import is a financial decision made based on the world-wide supply of uranium and the
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uranium reserves held by U.S. utilities. As nuclear power is increased over the next decades, the United
States will likely increase mining domestic reserves of uranium. The United States Geological Survey
(USGS) is reevaluating U.S. uranium resources for the first time since the 1970s. The world-wide supply
of uranium, using current levels of resources and without recycling or reprocessing, is expected to more
than meet the needs of the world for another 135 years (IAEA 2020). This supply is without taking in
account the discovery of new deposits. The supply risk lies in the installed mining capability, which
would need to grow with demand, but may not grow fast enough. The projections of the International
Atomic Energy Agency (see Figure 11) on uranium resources and demand show that high-end reactor
requirements in 2040 could outstrip the current production capabilities.
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Figure 11. Projected world uranium production capability versus demand through 2040 (IAEA 2020).

While different energy production technologies have different material needs, they also have varying
levels of bulk material use per unit energy produced. To achieve an overall net-zero impact, it is
necessary to maximize energy production while minimizing material needs. Finding, reaching, extracting,
shipping, refining, and then manufacturing vast amounts of materials takes a toll on people, flora, and
fauna.

The International Energy Agency (IEA) has also investigated material needs for energy producing
systems (IEA 2021). Figure 12 illustrates the material requirements (on a per MW basis) for different
energy production technologies. Recall that 1 MW can power approximately 830 homes in the United
States. (EIA 2021c¢). Note though that the overall material needs are only part of the consideration for
long-term energy decisions. The other consideration is where these materials are produced and processed
into their final forms—this consideration is part of the energy security decision-making.

IEA has also researched the production and processing of key materials needed for energy production
technologies. The key countries producing materials is shown in Figure 13 while the processing countries
are shown in Figure 14. These figures should be cross-referenced with the mineral needs (Figure 12) for a
specific energy production technology to better understand critical energy technology material
dependencies. For example, we see that nuclear has a large need for nickel, solar PV a large need for
silicon, and onshore wind a large need for zinc. Yet nickel is largely produced in Indonesia, the
Philippines, and Russia (USGS 2020a); silicon is largely produced in China, Russia, and Norway (USGS
2020b); and zinc is largely produced in China, Peru, and Australia (USGS 2020c). Lastly, as more and
more minerals are mined from the Earth, the quality of the mineral ore tends to continually decline; for
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example, it now takes twice as much raw earth extraction for copper ore to produce the same amount of
copper compared to 10 years ago (World Nuclear Association 2021c).
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Figure 12. Mineral needs (kg) per MW produced for different energy production technologies (IEA
2021).
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Figure 13. Countries that produce key materials needed for different energy production technologies (IEA
2021).
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Figure 14. Countries that process key materials needed for different energy production technologies (IEA
2021).

Key Points

Minimizing material needs for a unit production of energy is required for net-zero goals.

e As minerals are increasingly mined from the Earth, the quality of the mineral ore tends to
decline over time requiring increasing amounts of mining per unit of material required.

e Nuclear has the lowest material resource intensity, per MW generated, of any low-carbon
energy production technology.

e In addition to understanding material needs, understanding where raw material comes from is
critical to making decisions related to long-term energy security.

215 Construction

The future of nuclear power in the United States will be impacted by the ability to learn from prior
construction delays and successes in the use of design simplicity.

Construction of NPPs in the United States since the 1980s has seen delays and cost over-runs. New
and resumed construction of large LWRs started in the 2000s. Watts Bar Unit 2 construction, originally
started in 1973, was re-initiated in 2007 and finished in 2016 after delays and cost over-runs attributed to
expected increased regulation resulting from regulatory actions following the Fukushima nuclear accident
investigation (Reuters 2012). Two new AP1000 reactors are under construction at the Vogtle Electric
Generating Plant in Georgia (Figure 15). The cost over-runs and delays resulted in the bankruptcy of
Westinghouse and more than one federal loan to assist the construction costs, but both units are expected
to be operational by 2023. Accurate and reasonable construction times and costs must be achieved for
mid- to large-scale NPPs to move forward on a scale that will positively affect carbon-free baseload
electrical generation on a national scale. Four key factors impact the construction timeframe and costs:
licensing, construction management, complexity of the design, and unique build-in-place safety systems
construction.
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Figure 15. Vogtle Unit 3 construction photo 2019 (Georgia Power Company 2019).

Expensive and long licensing timeframes have delayed many projects. The U.S. Nuclear Regulatory
Commission (NRC) has worked in cooperation with industry trade associations to address these issues by
encouraging early contact while the reactor design is still underway. Guidance for risk-informed,
performance-based, technology-inclusive licensing is actively being produced in cooperation with
industry trade associations and national laboratories. This regulatory engagement has helped the overall
licensing approach move forward in support of the anticipated increase in advanced reactor licensing.
Early interaction positively affected the timeframe of the NuScale SMR reactor licensing and is underway
with several advanced reactor developers (NRC 2021Db).

The U.S. DOE is leading a project with General Electric Hitachi Nuclear Energy and including other
industry and academic partners to demonstrate construction technologies that can reduce construction
costs and timeframes (World Nuclear News 2021a).

The high complexity of NPP designs since the 1960s is based on the LWR reactors that need to run at
high pressures. High-pressure reactors have high-pressure safety systems which need to be built in place.
Building large-scale machinery in place is very expensive and time-consuming. For a modular reactor, the
safety system typically is within the module itself, so it can be built at a factory and delivered to the site
(Figure 16). The costs of factory-built modules are inherently lower due to in-place manufacturing
machining and an economy of scale. The lower complexity advanced reactors have fewer active parts to
their systems, which in turn mean less initial capital cost and less maintenance costs going forward.

Regardless of the advantages of small modularity and simplicity of design, any mid- to large-scale
NPP remains a large construction project. The recent construction start of China’s AP100 SMR
demonstration project illustrates that there is still considerable concrete and infrastructure work performed
to accommodate the modules (World Nuclear News 2021b).
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Figure 16. Factory-built SMR modules delivered to site versus on-site construction (Power Tech 2017).

Key Points

e The construction efficiency of NPPs must be improved to lower costs.

e The U.S. nuclear industry is actively addressing the length and complexity of new reactor
licensing through early reactor developer interaction and guidance documentation for risk-
informed, performance-based, technology-inclusive licensing.

e The U.S. nuclear industry is addressing construction timeframe and cost through lessons
learned and new techniques.
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2.2 Efficacy

Efficacy, or the ability to perform an activity satisfactorily, represents several technical characteristics
where a positive outcome during energy production is preferred. For example, one of the metrics we
describe is “longevity of facilities.” It is optimal to have our energy production facilities to have a very
long life for numerous reasons, including minimization of material needs, reduced costs, minimization of
community impacts during construction, strengthening of energy security, etc. Other energy production
characteristics we evaluate in this section include: the ability to produce electricity, the ability to produce
heat, the ability to produce fuel used by the energy production technology, the reliability of the energy
production process, the continuity of energy production during disruptive events, the costs, the revenue,
and how ancillary technologies might be enhanced.

221 Electricity production

Once common facet among all energy production technologies is that they can produce electricity.
Some technologies produce electricity directly (e.g., solar) while most produce electricity indirectly by
turning a generator. Note that direct energy conversion into electricity, such as solar, is typically not as
efficient as indirect approaches; for example, solar efficiency is around 15-20% while NPPs are around
30-33% and combined cycle natural gas can exceed 50% efficiency.

One metric for technology comparison is energy return on investment (EROI) which represents how
much electricity a system might produce versus a unit input of energy into that system. To be meaningful,
the metric would need to be measured over the lifecycle of the technology. A technology that requires
more energy than it produces would not be viable (no current commercial energy system falls into that
category). To evaluate EROI for an energy technology, one would need to follow the process found in
Figure 18 (Brockway et al. 2019). Several EROI studies were collected and tabulated in (World Nuclear
Association 2020b); the averaged results for six different energy production technologies are shown in
Figure 17. As can be seen in this figure, nuclear power is second only to hydropower generation. Note
that this analysis (i.e., an EROI of 59 for nuclear) considers many factors such as manufacturing,
construction (including mining, milling, and enrichment of fuel), and disposition. Energy density and low
material use are factors that drive large EROI values.
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Figure 17. Average EROI for different energy technologies (World Nuclear Association 2020b).
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Figure 18. Conceptual framework used to determine EROI (Brockway et al. 2019).
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Key Points
e All energy production technologies can produce electricity, either directly or indirectly.
e The efficiency of different electricity production technologies varies, typically in the range of
15% to 50%.
e Measuring the amount of energy produced per unit energy input into a system, or its energy
return, shows that nuclear is one of the most efficient energy technologies available.

2.2.2 Heat production

Today’s large LWRs utilize thermal-mechanical energy conversion to produce electricity for the grid.
These reactors typically operate with a thermal efficiency of around 33-37% (Afework et al. 2021). A
typical reactor may have a thermal rating of almost 3,000 MWth, but the output electricity production is
around 1/3 of that value or 1,000 MWe. This means that nearly 2/3 of the heat produced is currently
discarded as waste heat.

While advanced reactors offer the capability to increase the efficiency up to 45%, there are other
options to utilize the heat production capabilities found in NPPs. By reusing discarded heat, a process
called cogeneration, a NPP could increase its overall thermal efficiency by so much as 30% (Krikorian
2018). Cogeneration combines the usable waste-heat and electricity production into a single process.
Some benefits include increased efficiency, increased reliability of power and cogeneration processes,
reductions in environmental impact, and economic benefits to the local area. For cogeneration processes,
NPPs are typically divided into two categories:

e Low-temperature reactors: LWRs, SMRs, and heavy water reactors. These reactors provide heat in
working temperatures between 280-325°C.

¢ High-temperature reactors: high-temperature gas reactors, fast reactors, and molten-salt reactors.
These reactors provide heat in working temperatures between 750—1000°C (IAEA 2021a).

One such example of low-temperature reactor cogeneration is the Kundankulam NPP in India. This
plant not only provides electricity to power homes and businesses but also functions as a desalination
plant that supplies potable water to the local town (Krikorian 2018). In the United States, almost 2,000
desalination facilities exist (WWD 2002), however they are powered by the local electricity grid which
will contain some level of high-GHG emission energy contribution. Typical desalination plants have
significant operating costs, which raises clean-water prices higher. Using nuclear waste heat in a reverse
osmosis process can provide water for less than $1.00/1000 gallons, significantly lower than almost any
other option (Schmidt and Gude 2021). In other cases, the waste heat could be used to provide heat to
homes and businesses in cold regions or as process heat industrial facilities.

There are many other options available for more efficient use of thermal energy produced in a NPP
(see Figure 19). For example, cogeneration in high-temperature reactors offer benefits to many industrial
applications. High-temperature reactors can be used to provide high-temperature heat for industrial
processing, hydrogen production, liquid fuel production, and thermal energy storage (Royal Society
2020).
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Figure 19. Nuclear cogeneration opportunities (Royal Society 2020).

It is even possible to provide cooling through waste-heat cogeneration. Absorption chillers are very
similar and work on the same principles as traditional, mechanical chillers. The difference comes in the
compressor style. Absorption chillers utilize heat in place of the mechanical compressor to create pressure
and drive the chilling process. Because these chillers utilize waste heat, they can be used to generate
nearly free cooling in many cases. This avoids high demand energy pricing during hot summer months
(HeatCalc n.d.).

Nuclear cogeneration provides significant opportunities for the use of heat and extra heat from both
existing reactors and new advanced reactors. Other renewable energy sources, such as wind, solar, and
hydro, all generate electricity to support the energy grid but lack the heat production capabilities of
nuclear power plants.

o Key Points
e NPPs produce extra heat in large quantities (up to 2/3 of their total power) that can be
repurposed for useful applications.
e Heat can support efficient industrial processes such as producing liquid and gaseous fuels and
to purify water.
e Heat can also be used to provide cooling through absorption chiller systems.

2.2.3  Fuel production

Nuclear fission reactors are the only power generation technology that can produce fuel as it is
consuming fuel. Depending on the design of the reactor, different types of nuclear fuel can be produced.
For example, a nuclear reactor can be designed to produce different isotopes of uranium or plutonium fuel
using thorium or uranium as the stock that will be modified via the nuclear reaction in the core. While
these types of reactors that produce fuel (i.e., breeder reactors) are not currently used in the United States,
some of the advanced reactors under consideration could be designed with this feature. Some efficiencies
in the use of fuel material can be realized when using breeder reactors, for example a uranium-238-based
breeder reactor can use approximately 70% of this fuel while a non-breeder reactor would use 1%
(Energy Education 2017).

Key Points
e Nuclear power is the only technology that can produce fuel as it is being consumed.
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e Nuclear power reactors that produce fuel for future use are not currently used in the United
States.

2.2.4 Production Capability

The production capability of energy sources represents the ability that a particular source can
provided electricity and heat at any time during the year. The trustworthiness of energy sources to be
available when needed is important to ensure continuity of heat and electricity for society. Nuclear
electricity production is, by far, the most capable form of electricity used in the United States. In 2020,
the United States saw (DOE 2021a):

e Nuclear facilities operated (at full capacity) for approximately 92% of the time
e Natural gas facilities operated approximately 57% of the time

¢ Coal facilities operated approximately 40% of the time

e Wind facilities operated approximately 35% of the time

e Solar facilities operated approximately 25% of the time.

This level of electricity production use is captured in Figure 20. Note that the reasons why a particular
energy technology is not available during a year vary, for example nuclear facilities are occasionally
shutdown to refuel; solar facilities only operate when sunlight is present and the solar array is not
obstructed by dust or snow; natural gas facilities may only be started during peak electrical demand; and
wind turbines only operate when the wind is blowing. If we translate the electrical production capability
into how many days during a year this electricity source is present, we see the results shown in Figure 20
is informative since it directly conveys how much either overbuilding through redundancy or
supplemental technology (e.g., energy storages) would be needed to supply power 365 days a year.

Let us think about a hypothetical case, returning to a community of 50,000 homes that requires
approximately 532 GWh of electricity over the course of a typical year (EIA 2021¢):

e In the case of a community that relied 100% on nuclear power, the community would only need to
“find” additional electrical supplies 29 days a year. The total production that would need to be found
is approximately 43 GWh.

e For a community that relied 100% on solar power, the community would need to find additional
electrical supplies 274 days a year or approximately 75% of the time. The total production that would
need to be found is approximately 402 GWh.

Note that this discussion of our hypothetical community does not include consideration of variations
in electrical demand, for example how to handle a maximum (or peak) load versus the average electricity
consumed. Instead, power generation sources that are very reliable and available most of the time are
efficient from the standpoint that backup supplies need not be extensive, and energy storage may be
minimal. Conversely, power generation sources that do not have high availability require large degrees of
additional backup generation or energy storage. These additional systems increase overall costs, increase
management complexity, and may decrease overall system reliability due to the requirement to ensure
either dormant systems become available when needed, or energy storage can function reliably.
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Figure 20. Production of electricity from different energy technologies in the United States in 2020 (DOE
2021a).

23



29 Days

Nuclear 336 Days of Production Not
pducing

. 157 Days
Natual G
atual Gas 208 Days of Production Not Producing
. 219 Days
Coal

oa 146 Days of Production Not Producing

Wind 128 Days of 237 Days

" Production Not Producing
Sola 91 Days 274 Days
‘ of Production Not Producing

I One Yeall'

Figure 21. Production, measured in days per year that a specific energy technology is used (or not) to
produce electricity, on average, for different technologies in the United States in 2020.

Key Points
e High reliability of energy sources is critical for society to function efficiently.
e Nuclear power has, by far, the highest demonstrated production level of any type of
technology.
e To ensure continuous system efficacy, energy production technologies with low reliability
require either backup facilities or large amounts of energy storage.

2.2.5 Continuity of production

NPP reliability and availability as affected by internal equipment and management issues have
improved steadily and significantly over plant lifetimes to date. Internally initiated plant shutdowns are
much less common than they were decades ago (see, for example, Figure 22 which illustrates the decrease
in plant transients for pressurized-water reactors). The U.S. nuclear industry has learned a great deal about
how to run largely without interruption except for refueling outages.
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Figure 22. Trend of the general transient frequency for pressurized-water reactors in the United States
(Johnson and Ma 2019).

Continuity is also affected by challenges to operation that originate from outside the plant. An
important question is to what degree can we count on different types of power generating technology to
operate in adverse external conditions now and in the future?

Currently, most U.S. NPPs are not separable from the grid; the plants and the grid are interdependent.
In most of the currently operating U.S. fleet, some electrical loads in the plant require external power
(from the grid) to maintain generation, and to continue operating at full power, the plant needs to be
connected to a load that can take the power that the plant is generating (again, the grid). If some external
challenge affects either the offsite supply to certain plant loads or the delivery of power to the grid’s
customers from the station generator, then the plant may need to shut down for reasons that are not, so to
speak, the plant’s “fault.” Plants are of course designed to tolerate loss of this offsite power, so this is not
automatically a safety issue, but if a hurricane is approaching, a plant may shut down partly in
anticipation of potential problems with the grid. This shutdown approach may also be adopted by other
power generation technologies.

The current situation is changing in key respects: the relationship between the grid and its various
plants is evolving. An approach called “flexible plant operations” allows for plants to switch over from
supplying the grid to supplying other applications of their energy output, including hydrogen generation
or thermal storage (NREL 2020). Plants will have more options regarding what to do with their output
and potentially more options regarding how they furnish power to the grid; for example, they could
deliver electricity derived from thermal storage to the grid. Sophisticated engineering of the capability for
flexible operations could lead to a very significant change in the continuity of integrated
plant/hydrogen/storage system operations. These changes do not solve all possible grid-related problems
but can improve the integrated plants’ ability to serve the grid’s customers.

For safety reasons, the structures, systems, and components associated with a NPP are extremely
robust. But ultimately, plant systems need to interface with the plant’s environs, including but not limited
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to the grid. Structures, systems, and components that are not immediately critical to safety may not have
been required to be as robust as the safety systems and may be more vulnerable to things like extreme
weather events. In February 2021, one of the two nuclear units in South Texas shut down because of
problems related to extreme cold affecting a non-safety plant system (McAuliffe 2021). This was one of
multiple things that went wrong in Texas because of extreme temperatures, which had not been planned
for in the design of the infrastructure. Alternatively, during an extreme weather event in 2019, several
NPPs in Illinois continued to operate, although one New Jersey NPP shut down because of frazil ice
affecting water intake pumps (World Nuclear News 2019). During this extreme temperature event, other
power sources were impacted as coal piles froze, and natural gas supplies were re-routed for home
heating.

In summary, continuity issues for energy production technologies centers around three items:
e Failures and disruptions internal to the facility that cause production to cease or be reduced.
¢ Events external to the facility (e.g., extreme weather) that cause production to cease or be reduced.

e Disruptions in the fuel supply required by the energy production approach. For example, the current
U.S. water drought is projected to impact hydropower by reducing electricity production by 14% in
2021 (EIA 2021a). In 2018, the United Kingdom wind electricity production in the summer dropped
19% due to a “wind drought” even though installed capacity increased more than 10% (Vaughan
2018).

Key Points

e When considering the continuity of the electricity supply, it is important to think of the grid
together with the plants.

o Examples can be identified in which NPPs were adversely affected by temperature extremes
or other conditions, but for much of the time, NPP continue to operate through unusual
conditions.

o Continuity of power generation can be interrupted by severe weather; continuity of operation
is a function of decisions made in the design of the plant’s interfaces with its environs.

e As “flexible plant operations” continue to be developed, the relationship between plants and
the grid will change to promote enhanced continuity of operations.

2.2.6 Longevity of facilities

As of September 1, 2021, there are 93 NPPs in 28 U.S. states, and there are two new nuclear reactors
actively under construction: Vogtle Units 3 and 4 in Georgia (EIA 2021d). Figure 23 shows: (1) the oldest
operating NPP started operation in 1969, while the newest plant received its operating license in 2016; (2)
the first group of NPPs were brought online between 1969 and 1979, and the second group between 1980
and 1996; and (3) many operating NPPs have been issued, are applying for, or plan to apply for a 20-year
license extension. This license extension will result in a licensed operating period of up to 60 years. Note,
however, that receiving a license extension does not necessarily mean that the plant will continue to
operate. Business decisions on extended operation ultimately rely on economic factors; however,
economics can often be improved through technical advancements.
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Figure 23. NPP initial license date and license extension plans as of September 2018 (NRC 2018).

Near the year 2030, unless second license renewals are granted, decommissioning of the current fleet
of NPPs will begin. Over the three decades beyond 2030, decommissioning of the existing fleet would
result in a loss of nearly 100-GWe of emission-free electrical generating capacity, leaving a shortfall of
emission-free generating capacity. Early (prior to 60 years of operation) shutdowns due to economic
factors will increase this shortfall.

To receive a 20-year license extension, an NPP operator must ensure the plant will operate safely for
the duration of the license extension. The 40-year initial operating license period established in the
Atomic Energy Act of 1954 was based on antitrust and capital depreciation considerations, not technical
limitations. The 20-year license extension periods are presently authorized under the governing regulation
of 10 CFR Part 54, “Requirements for Renewal of Operating Licenses for Nuclear Power Plants” (NRC
2020). This rule places no limit on the number of times a plant can be granted a 20-year license renewal if
the licensing basis is maintained during the renewal term in the same manner and to the same extent as
during the original licensing term (e.g., the licensee can demonstrate continued safe and secure operation
during the extended period). As of 2021, the NRC has approved or is reviewing subsequent license
renewal applications from 13 nuclear units to extend their operating licenses from 60 to 80 years of
operation. Note that currently, the average age of the U.S. nuclear fleet is almost 40 years old (DOE
2021c), implying the fleet still has many years of potentially useful life remaining. Utilities have
announced their intention to submit subsequent license renewal applications for 12 more operating units
to NRC for review.

In addition to the length of how long an energy producing facility will last, longevity should also
consider power increases or degradations in the facility. For example, in the United States, power uprates
(increasing the power output of the facility, often with minor changes to the facility) have occurred in the
nuclear power industry starting in 1977 with the Calvert Cliff plants (each boosting their power output by
5.5%) (NEI 2021a). Conversely, some types of energy production experience a reduction over time in the
energy output due to physical degradation. Examples include the following:

e In the United States, 97 NPPs have seen power increases in the last 30 years (1991 to 2021) (NEI
2021a). The average increase in power output during this time for these facilities was about 8.1%.
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e For solar PV technology, it is estimated that the power output from a panel decreases approximately
0.5% per year (Mow 2018).

e Since wind turbines are rotating machinery, it would be expected that they would produce less power
over time. Studies have shown a degradation rate between 0.2%—1.23%/year (Hamilton et al. 2020)
and as high as 1.6%/year (Staffell and Green 2014). Assuming an average of 0.9%/year, we would
see a total decrease in power output of 27% over 30 years; this is reflected in Figure 24. (Grubert
2020) found that the degradation rate for natural gas and coal facilities over time is essentially zero
(this study looked at a 19-year time period, from 2001 to 2018, and is shown in Figure 24).
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Figure 24. Change in energy production from increases or decreases in performance over a typical 30-
year period for different energy production technologies.

Key Points
NPPs have extremely long lives, exceeding those of many other energy sources.
The current U.S. nuclear fleet has operated an average of 40 years.
The current longest authorized U.S. NPPs operating license is 80 years.
The remaining average lifetime of the U.S. nuclear fleet is very long, probably longer than 40
years.
e Long-lived facilities may see increases or decreases in energy production capability over

time. For U.S. nuclear facilities, recent experience has seen an increase in production of over
8%.
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2.2.7 Operating Costs

Every form of energy production has a goal of minimizing production costs to enhance economic
competitiveness. Nuclear is no exception, and it is why the U.S. nuclear industry has been actively
working to reduce capital, fuel, and operating costs. Recent operating cost trends exhibited almost a 5%
reduction in cost in 2020 alone and a total cost reduction at NPPs of 35% since 2012 (NEI 2021b). These
operating cost reduction achievements (of approximately $1/MWh per year) are reflected in Figure 25. If
this trend continues for the next 5 years, the U.S. NPP generation costs will be approximately $25/MWh.
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Figure 25. U.S. NPP generating cost reductions (in 2020 dollars) since 2014 (NEI 2021b). Note: Q1
represents 25% of the plants with lowest costs, Q2 represents the next 25%, and Q3 represents the next
quartile of plants.

The United States government, through the Energy Information Administration, also collects cost
data for different energy producing technologies. In 2020, the average production (operations,
maintenance, and fuel)' costs ranged from $0.013/kWh to $0.035 for these technologies as seen in .
Nuclear power has the second lowest production costs of the energy production technologies groups
shown in Figure 26 with hydroelectric facilities having the lowest production cost in the United States.
Note that the “gas turbine, internal combustion, photovoltaic, and wind plant” group includes average
expenses from all those types of facilities weighted by net generation.

1 Other costs not considered in these estimates include transmission, distribution, administrative, depreciation, and taxes.
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Figure 26. Production costs (including operations, maintenance, and fuel) for different energy
technologies (EIA 2021b, Table 8.4).

Key Points
e NPPs have one of the lowest production costs of any energy source in the United States.
o The operating cost trend in the United States over the last decade has seen steadily decreasing
costs.

2.2.8 Revenue

Revenue, or the income produced as an outcome of an activity, can be collected in two ways for
energy production technology. First, by producing electricity, this product can be sold, thereby creating a
revenue stream. This is what is commonly thought of when discussing energy revenue. However, some
forms of energy production can also produce revenue by producing other non-electricity products. For
example, a NPP could use its excess heat to produce a variety of products, including (Barnert, Krett, and
Kupitz 1991):

e Hydrogen

e Refinement of coal and lignite

e Reforming of natural gas to produce synthetic gas and methanol
¢ Plastic production

e Oil shale processing

e Steel production

e Process steam

¢ District heating
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e Sea water desalination.

The U.S. nuclear industry is currently moving forward with projects to produce hydrogen at NPPs. It
has been estimated that a 1,000 megawatt nuclear reactor could produce more than 150,000 tonnes of
hydrogen each year (DOE 2020). Production of nuclear-sourced hydrogen would remove the need for
producing hydrogen via natural gas.

A typical NPP receives around $26-27/MWh (in 2020 dollars) for revenue within the PJM? electric
market (Potomac Economics 2021). The total market size for nuclear power in the United States is
estimated to be $34 billion (IBIS World 2021).

Key Points
e Diversification of revenue beyond electricity production is possible with nuclear power
technology.
e The types of products that can be produced using excess heat from NPPs are very diverse,
ranging from desalinated water to steel and hydrogen production.

2.29 Advancing technology

While the goal of energy production technologies is to produce energy, some technology sectors also
have a side benefit of facilitating ancillary technologies. Nuclear power generation has seen innovations
in many applications and methods unrelated to energy production, for example:

¢ Risk, reliability, and safety analysis. Science-based approaches to risk and reliability analysis were
developed in the 1970s and have been matured since. These methods, and associated tools and data
approaches are widely used outside of the nuclear community to better understand complex systems.

e Computational methods for thermal hydraulics of high-pressure and high-temperature systems.
Following the extensive testing of nuclear systems in the 1950-1970s, foundational computer science
approaches were developed to be able to mimic the conditions found in pressurized- and boiling-
water reactor cooling systems. These algorithms are the precursors to today’s digital capabilities for
nuclear systems.

e Stochastic simulation approaches. Nuclear reactor calculations can use random number-based
calculations to mimic the atomic behavior in the core. These stochastic-based simulation approaches
are now widely used to predict system behavior for retail distribution logistics, roadway design, social
sciences, and more.

e Human factors and human reliability. Formal methods were developed out of the nuclear power
industry that focused on how humans behave when interacting with technology. Understanding
human behavior and creating approaches to minimize human error in complex systems are now a
pervasive approach to improving how society uses technology such as computers, airplanes,
manufacturing facilities, and cars.

e Medical applications of nuclear byproducts. Nuclear technology has motivated the production of
medical isotopes that facilitate diagnostic and treatment for a variety of medical conditions. Over
10,000 hospitals around the world use these nuclear byproducts for tens of millions of procedures
every year (World Nuclear Association 2021d).

¢ Radioisotopes for heat and power. Many different types of radioactive material, or radioisotopes,
are used for many different purposes ranging from environmental tracers to powering scientific rovers
on Mars. The most common purpose of these radioactive materials is possibly the smoke detectors

2 PJM was originally an abbreviation of Pennsylvania, New Jersey, and Maryland, but today, this energy market also includes all
or parts of, Delaware, Ohio, Virginia, Kentucky, North Carolina, West Virginia, Indiana, Michigan, and Illinois.
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that are in many households around the world. In the scientific community, many applications exist
including carbon dating, imaging, and instrumentation.

¢ Food irradiation. Unlike the title might imply, food irradiation does not make food radioactive.
Instead, irradiation makes food safer and have a longer storage life. Today, irradiation of food is used
globally, and in Europe, irradiation has been used for decades (USDA 2016).

No other energy production technology has produced as many ancillary technology benefits as
nuclear power.

Key Points

e Nuclear power technology has produced more ancillary technology benefits than any other
form of energy production.

e The additional technology benefits from nuclear power include: risk, safety, and reliability
approaches; advanced computational methods and algorithms; simulation methods; human
factors and human reliability; medical applications; multiple radioisotopes uses; and food
irradiation.

2.3 Society

Energy production affects society in many ways which are mostly positive by increasing the quality
of life through the availability of electricity. However, there are possible negative impacts from energy
production, hence the need to understand characteristics such as safety goals and decarbonization.

2.3.1 Safety goals

One of five net-zero pillars focuses on safety—safety impacts to the public or the environment.
Encompassed in this characteristic is actual and possible energy technology impacts to the public, flora,
and fauna over the lifecycle of that technology.

Focusing first on human safety, we can represent this in different ways. One predominant metric
simply measures the mortality (the number of deaths directly attributable) for a particular energy
production activity, normalized by the amount of power produced. An example of this metric is shown in
Figure 27 for different technologies. Some energy production technologies have a large mortality rate,
predominantly those that have high emissions impacting public health or require a large mining aspect
integral to the energy production (mining of materials to support energy production is a hazardous
profession). Other energy sources (solar, wind, hydro, and nuclear) have a relatively low mortality rate.
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Figure 27. Human mortality rates (global averages) for different energy producing technologies (Brook et
al. 2014).

A second way to consider energy production technology risks to the public is to review actuarial
statistics related to the number of deaths in a population. A world-wide source for this type of information
can be found from the Institute for Health Metrics and Evaluation via its Global Burden of Disease study
(see Figure 28) (Ritchie and Roser 2019). One of the major risk factors that has a coupling to energy
production is for the category of air pollution (the fourth highest factor in 2017). Any energy production
technology that produces air pollution will increase the potential for fatalities on a global scale. Low air
pollution energy sources such as solar, wind, hydro, and nuclear will have a relatively low death risk
factor since they do not contribute to the factors shown in Figure 28.
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Figure 28. Number of deaths by risk factor in the world for 2017 (Ritchie and Roser 2019).

Lastly, another way to consider energy production technology risks to the public and environment is
to make predictive assessments of what events that might occur in the future and could impact the public
or workers. For example, we could consider a variety of possible energy production risks including:

¢ In the United States, the worker death rate for refuse and recycling collectors was over 35 deaths for
every 100,000 workers in 2019 (BLS 2020), making it the occupation with the sixth highest death
rate. For an energy production technology that sees a large volume of waste or recycling on an annual
basis, we could postulate future human fatalities since material from the energy production process
will need to be buried or recycled. The impact to the environment may also be measurable depending
on the volume and type of material that must be disposed of during disposal.

e In the United States, the worker death rate for roofers was 54 deaths for every 100,000 workers in
2019 (BLS 2020), making it the occupation with the fourth highest death rate. For an energy
production technology that requires many roofing hours on an annual basis, we could postulate future
human fatalities since the energy production technology will need to be installed on roofs.

e In the United States, one event has occurred at a commercial NPP that resulted in damage to the
reactor core and subsequent decommissioning. This event at the Three Mile Island reactor did not
result in any fatalities to the public, and the impact to the environment was minimal since the
radiation release was substantially less than normal radiation found in nature (NRC 2018). The
primary reason that human and environmental risks were low is that multiple layers of defense are
present in U.S. NPPs. Further, it is anticipated that advanced nuclear reactors will provide enhanced
levels of safety, thereby lowering the overall potential impact to the public as these technologies are
deployed and replace other forms of energy production.

e In the United States, radioactive wastes from NPPs are strongly controlled and proactively managed.
For example, used nuclear fuel is contained in its original packaging format, which is a robust
engineered package, then this package is placed in a steel cylinder that is sealed. This sealed container
is then again stored in another surrounding cask, providing multiple barriers (NRC 2021a). Since the
total volume of the used fuel produced by NPPs in the United States is small (see Figure 29), the
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potential environmental impact is projected to be small compared to other energy forms that
contribute much larger volumes of waste to the environment.

Figure 29. Volume of all the NPP nuclear high-level waste produced in the United States since the 1950s
(NEI 2019).

Key Points
e U.S. NPPs have demonstrated minimal safety impacts to the public or the environment.
e Energy production technologies that require use of workers in high-hazard occupations such
as roofers and waste/recycling may unduly impact worker safety.
e Potential future safety impacts from nuclear energy production are small due to inherent
safety characteristics and low volume of used fuel produced that must be stored. Advanced
reactor technology is likely to result in an increase in safety over current reactor technology.

2.3.2 Low-carbon emissions

Nuclear power, like some other sources of production, produces no direct CO, emissions during
electricity generation (Ramseur 2019). However, the direct production (or not) of GHG such as CO»
represents only part of the consideration for low-carbon and net-zero goals. Additional considerations
should incorporate GHG emissions during construction, long-term operation, and disposition. One
detailed study that considered this “lifecycle approach” to GHG emissions for different energy production
systems was by Pehl et al. (2017). This study evaluated the GHG emissions footprint for nine electricity
production technologies:

e Coal

e QGas

¢ Coal with carbon capture and sequestration (CCS)
e Bioenergy

e Bioenergy with CCS

e Hydropower

e Nuclear

e Wind

e Concentrating solar power (CSP)

e Photovoltaics (PV).
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As noted by (Evans 2017), the impact from nuclear technology is:

The study finds each kilowatt hour of electricity generated over the lifetime of a
nuclear plant has an emissions footprint of 4 grammes of CO; equivalent
(gCO2e/kWh). The footprint of solar comes in at 6gCO; e/kWh and wind is also
4gCO:; e/kWh. In contrast, coal CCS (109g), gas CCS (78g), hydro (97g) and
bioenergy (98g) have relatively high emissions, compared to a global average
target for a 2C world of 15gCO; e/kWh in 2050.

A complicated, yet informative, figure from the study illustrates the above finding (see Figure 30).
Focusing in on the magnified portion of the figure (and removing the comparison bars from the Synthesis
Report of the IPCC Fifth Assessment Report [labeled “ARS5”]), we see the relative GHG contributions for
four lowest GHG emitters (Figure 31). It is interesting to note that the small GHG footprint from nuclear

is driven primarily from operations over the lifetime of the facility, while the other three (wind, CSP, and
PV) are larger contributors mostly due to construction.
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Figure 30. Specific direct and indirect GHG emissions for different energy production technologies (Pehl
et al. 2017).
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Figure 31. Magnified portion of the specific direct and indirect GHG emissions for different energy
production technologies (Pehl et al. 2017).

Key Points
e NPPs do not release any GHGs when producing electricity.
e NPPs offer the lowest GHG footprint of any current energy production technology when
considering the lifetime emissions.

2.3.3 Decarbonization

Decarbonization is the process of removing GHGs, especially CO,, from societal emissions by using
low-carbon energy technologies or removing the need for CO, producing activity. Decarbonization
extends beyond energy production and includes removing GHG emissions from many aspects of society,
including:

e Material manufacturing
¢ Construction

e Transportation

e Energy production

e Food production.

Radically transforming these sectors to remove GHG production at a large scale is called deep
decarbonization. This type of decarbonization is needed if society is to meet its climate goals. Further,
nuclear power is needed to realize decarbonization. As noted by NEI (2021):

No other source, renewable or otherwise, contributes as much to meeting U.S.
energy demand without emissions as nuclear. Every year, nuclear-generated
electricity saves our atmosphere from more than 470 million metric tons of
carbon dioxide emissions that would otherwise come from fossil fuels. That’s the
same as taking nearly 100 million passenger vehicles off the road.

The overall goal for decarbonization is to achieve a net-zero impact for GHG emissions.
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Key Points
e The overall goal for decarbonization is to achieve a net-zero impact for GHG emissions.
e U.S. NPPs already provide decarbonized electricity production.
e To meet societal climate goals, other industrial sectors (manufacturing, transportation, and
food production) in addition to energy production must be decarbonized. Nuclear energy
technology can greatly assist these other sectors in decarbonization.

2.3.4 Localization of resources

To meet net-zero goals, an energy system should rely on local resources to the extent possible to
avoid hidden costs or having to move materials great distances, thereby increasing GHG emissions.
However, the GHG emission footprint for the entire lifecycle should be considered, and resources should
be sourced (or outsourced) as appropriate; it may be that some materials have a lower GHG impact if not
produced locally. The production of energy should also promote inclusion and equity. Displacing or
disadvantaging people through mining and manufacturing to produce net-zero energy systems that
function away from the impacted group is not truly a net-zero energy system.

The United States produces the most nuclear power in the world, providing about 30% of the
worldwide total (World Nuclear Association 2021¢e). For these NPPs, most of the materials, design work,
and workforce are sourced domestically. While most of the nuclear fuel is currently imported from
outside the United States, this is an economic decision, not a resource issue. Uranium is a relatively
common element (about a common as tin or zinc) that is found in the Earth and in seawater (World
Nuclear Associate 2021). A recent U.S. uranium reserve estimate was over 138 million kg (OECD 2016).

As systems are constructed and operated within a local region, these activities also have positive
benefits. For example, construction provides communities with jobs and NPP utilities pay taxes in support
of those communities. In the United States, NPPs provide for almost 500,000 jobs and provide $12 billion
a year in tax revenue (NEI 2019).

Key Points
e An energy system should rely on local resources to the extent possible to meet net-zero goals.
e For U.S. NPPs, most of the resources required to build and operate the facility are found
within the United States.

2.3.5 Environmental impacts

Disposition of the energy producing assets is the last step in the lifecycle when considering impacts.
A goal for any energy technology is that its impacts be successfully “reversed” such that the site used for
the energy production returns to a natural state as soon as possible. This approach is called a greenfield
and is the end goal for industrial land use. Generally, the one complication that prevents a site from
returning to a natural state is toxic contamination. While each energy production technology brings
unique remediation and decontamination challenges, most types of production sites can be restored to a
natural state in a relatively short amount of time (e.g., time compared to the lifetime of the facility during
operation). For example, in the United States, many locations have been successfully decommissioned
including commercial power plants, research reactors, and uranium mining sites, with 10 NPPs
decommissioned for unrestricted use (Camper 2021). The appearance of such a site after
decommissioning is shown in Figure 32 for the Yankee Rowe NPP location.
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The Yankee Rowe nuclear power plant site
before (left) and after (below)
decommissioning and dismantling.

Figure 32. Example of the greenfield remaining after decommissioning a NPP in the United States
(Camper 2021).

One potential environmental impact that is common among all energy production technologies is the
localized impacts such as mining of fuel and material required to produce and operate a facility. As
discussed in Section 2.1.4, minimizing material during energy production is required for net-zero goals.
Nuclear power has the lowest resource intensity, per MWh generated, of any low-carbon energy
production technology. Consequently, the operational aspect of nuclear is expected to have the lowest
overall impact to the environment due to the low material needs. The chance of other environmental
impacts during operation of NPPs is low as demonstrated by the lack of impacts from past events and the
increasing levels of safety of these facilities over time. The waste generated by NPPs is mostly of low-
radioactivity and has had little to no impact on the environment in the United States.

A second type of localized impact from energy production is local environmental changes such as
heat, visual aesthetics, and noise. For example, nuclear power uses water to produce electricity (see
Section 2.1.3); this water may be heated with respect to the local water resources. This excess heat is
typically not used for productive purposes and is instead transferred to the local environment. Other forms
of energy production have their own unique local impacts such as wind turbines affecting local bird
populations and visual aesthetic challenges.

Key Points
e Nuclear power has a low environmental impact compared to other power generation options
due to its low material needs and managed waste streams.
e NPP locations can be returned to a natural state following the completion of the energy
production lifetime for the facility.
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2.4 Disposition

The management and disposition of all radioactive wastes are predicated on principles of safety for
the protection of people and the environment. This begins with the generation of radioactive waste and
includes the periods of storage, transportation, and ultimate disposal, though the means of implementing
the protective measures will often differ depending on the period and the type of waste.

2.41 Waste

Radioactive waste is often broadly classified as low-level, intermediate-level, and high-level waste
and spent nuclear fuel, reflecting physical quantity and form, the types of radioactivity contained in the
waste, and its disposal pathway (IAEA 2009). Waste volumes and radioactivity are generally inversely
proportional. Examples include:

o Low-level waste volumes from nuclear power generation are usually small and comprised of
items consumed in operations (gloves, tools, swipes, etc.). Because of the radioactive
contamination, this waste stream is typically packaged (often with volume reduction through
compaction or incineration) and disposed of in a specially licensed shallow landfill site where the
underlying assumption is the waste will decay to background levels before institutional controls
are lost (~300-500 years).

¢ Intermediate-level waste inventories comprise a variety of forms (resins, sludges, and reactor
components from reactor decommissioning) and may be divided into volumes amenable to
shallow land burial (with sufficient treatment, conditioning, and/or encapsulation) and into
volumes that require greater isolation in a geologic repository (often along with high-level waste
and spent nuclear fuel).

e High-level waste is generated from chemical reprocessing of spent nuclear fuel to recover
fissionable material (Pu, U) or other isotopes. Liquid high-level waste is solidified through
vitrification (mixing into glass) before disposal. Both spent nuclear fuel and high-level waste are
sometimes also referred to generically as high-level waste. The ultimate end point for high-level
waste and spent nuclear fuel declared as waste (direct disposal) requires emplacement in a
specially designed and licensed deep geologic disposal facility to ensure its isolation from the
accessible environment for very long times (regulatory performance periods range from 10,000 to
one million years).

All NPPs will produce some form and volume of low-level waste, intermediate-level waste, and spent
nuclear fuel/high-level waste during operations and from decommissioning. The science and technology
of near surface disposal of low and intermediate-level waste is well developed and has been put in use for
decades in many places in the world; in the United States, an example of successful storage can be found
at the Waste Control Specialists facility in Texas (WCS n.d.).

Deep geologic disposal has been the recommended option for permanent management of spent
nuclear fuel and high-level waste for 65 years. The National Academy of Sciences reported that deep
geologic disposal was the most promising method to explore for disposing of high-level waste in 1957
and reaffirmed that position in 1966 and 1970. More recently in 2001, the National Academy of Sciences
concluded that after 40 years of study “geologic disposal remains the only scientifically and technically
credible long-term solution available to meet safety needs without reliance on active management,” and
there is overwhelming international consensus on geologic disposal as the preferred option (NAS 2001).

The technical requirements for deep geologic disposal of spent nuclear fuel and/or high-level waste
are well established, and several countries have made substantial progress towards implementation. While
the development of deep geologic disposal for spent nuclear fuel/high-level waste is a sociopolitical
challenge in many countries, some have made progress such that disposal operations are expected to
commence in the near future (World Nuclear Association 2021b). Finland, which produces one-third of
their electricity from nuclear power, recently started construction on the Onkalo deep geological disposal
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facility (IAEA 2019). This repository should be tested in 2023 and initial disposal activities will start in
2025 (WNN 2021c).

The transport and interim storage of spent fuel in dry cask storage systems (after spending time in
reactor pool storage) pending final disposition through reprocessing or direct disposal is also well
established and safe, with numerous vendors of cask storage systems befitting a variety of spent fuel types
and applications (NAC International 2021; NRC 2021c).

For all other energy production technologies, the waste from electricity production either goes
directly into the environment (e.g., GHG emissions) or into landfills for the materials that are not
recycled.

Key Points
e All forms of energy production produce waste that must be managed.
The management of wastes can raise technical and sociopolitical issues.
e Different types of waste from nuclear power generation are managed using corresponding
approved technologies.
e The nuclear power industry takes responsibility for its wastes and addresses these costs during
electricity production.

242 Recycling and reprocessing
Each energy production technology has their own waste and recycling challenges:

o Nuclear fuel recycling. Spent nuclear fuel may, depending on national policy, proceed to direct
disposal in a geologic disposal facility or be reprocessed to recover the fissile material (Pu, U) that
can be reused (recycled) into fresh reactor fuel. Reprocessing and recycling can provide a measure of
national energy security by maximizing the availability and use of fissile material. At an international
level, addressing the concerns of assuring a uranium supply is the intention of the International
Atomic Energy Agency Low Enriched Uranium Bank (IAEA 2021b). Beyond near-term energy
security, reprocessing of spent nuclear fuel can help secure the feedstock for advanced reactors and
advanced fuel cycles. Considering the scale of investment and time needed to implement recycling,
each nation can incorporate a strategy for recycling. National policy decisions on whether to
reprocess and recycle spent nuclear fuel hinge on considerations of cost and financing, assuring non-
proliferation and security, environmental effects, and energy security strategies (OECD 2013). The
United States currently supports research and development on fuel recycling options to improve
economics and non-proliferation concerns, but at present, does not recycle commercial spent nuclear
fuel. Whether deciding to reprocess or proceed with direct disposal, many nations are a contracting
party to several relevant International Atomic Energy Agency nuclear safety conventions including
the Joint Convention on the Safety of Spent Fuel Management and on the Safety of Radioactive
Waste Management (IAEA 2021c¢). The Joint Convention helps ensure that national arrangements for
spent fuel and radioactive waste management conform to international standards. The Joint
Convention notes that all radioactive waste (including spent nuclear fuel and high-level waste) should
be disposed of in the nation where it was generated, so far as it is compatible with the safety of the
waste, while recognizing that in certain circumstances, shared arrangements might be made. The
introduction of reprocessing/recycling of spent nuclear fuel into high-level waste will alter the form
and character of the nuclear waste but does not negate the need for assuring its eventual deep geologic
disposal.

¢ Nuclear plant recycling. Apart from nuclear fuel, the other materials to be considered as part of
recycling for a NPP are mostly concrete and metals. These types of materials would typically be
recycled for use in future construction or industrial applications such as fill or reused metals. The
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choice to recycle material during a NPP decommissioning stage would be primarily determined by
costs, but as noted by NEA the “recycling of materials arising from the decommissioning of nuclear
facilities is seen to be increasing for both metals and concrete...(NEA 2017).”

¢ Solar panel recycling. At the end of life, the solar PV panels need to be recycled or disposed of as
waste. However, these panels are complicated which makes them complicated to recycle. An
individual panel consists of several different materials including glass and long-lived toxic
substances. Further, the panel is typically manufactured with glues, electronics, sealants, and multiple
layers which makes the disassembly process difficult. To disassemble these, complex processes are
required. The majority of current panels in the United States are considered hazardous waste under
the Federal Resources Conservation and Recovery Act (Paben 2021). In addition, current recycling
approaches are not cost effective, as noted by Paben, “We Recycle Solar spends up to $25 per panel

in processing costs to yield between $2 and $4 in value from aluminum, copper, lead, glass, silver and

silicon” (Paben 2021).

¢ Wind turbine recycling. It has been estimated that approximately 8,000 turbine blades will need to
be disposed of during the 2020-2023 period in the United States (Martin 2020), see Figure 33.
Looking long term, it has been projected for the United States that “the cumulative blade waste in
2050 is approximately 2.2 million tons. This value represents approximately 1% of remaining landfill
capacity by volume.” For a wind turbine facility, the concrete foundation and turbine blades are the
largest amount of material typically not recycled (Cooperman, Eberle, and Lantz 2021). It is assumed
for this discussion that much of steel tower and nacelle (the generator) will be recycled. Typical
current-design wind turbines weigh more than 1,000 metric tons, most of that weight is reflected in
the blades, base, tower, and nacelle (National Wind Watch). Larger turbines are approaching 3,000
metric tons (Smil 2019).

. - - - 3 . .

Figure 33. Wind turbine blades being buried in a landfill in Wyoming (Martin 2020; Rasmussen 2020).
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Key Points
Many energy production technologies have challenges recycling much of the waste that is
produced following electricity generation.
Nuclear power has the option of recycling spent nuclear fuel into fuel that can be used for
future electricity generation, or alternatively, directly disposing of the spent nuclear fuel.
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3. SUMMARY AND CONCLUSIONS

Decision-making on future energy technology must consider a variety of impacts, including GHG
emissions, water and construction material consumption, disposition of wastes, and the safety of the
public and environment. Additional metrics including economics and secondary benefits also enter this
discussion. For all of these energy technology characteristics, an understanding the technical basis for net-
zero impacts and how those underpin U.S. energy security is critical to building credibility and trust in the
selection of future energy sources.

This report provided a summary of five critical areas key to obtaining a net-zero energy impact
including:

1. GHG emissions, including carbon dioxide (CO,), methane, nitrous oxide, and fluorinated gases

(e.g., ozone-depleting gases)

2. Water consumption

3. Material resource consumption

4. Disposition of wastes

5. Impacts to the health and safety of the public and the environment.

Using these net-zero pillars as guides, we addressed a variety of characteristics demonstrating nuclear
power leads all other energy production technologies by providing a holistic approach which can lower
GHGs in the atmosphere; provide potable water to communities; minimize the global resources needed to
provide cooling, heat, and electricity; dramatically reduce the amount of waste going to landfills; and
ensure public and environmental safety is commensurate with the energy provided.
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