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Thank you, Chairman Weber, Ranking Member Grayson, and other Members of this Subcommittee,
for holding this hearing on this important subject. I believe, as many others do, that it is important to the
future national security, energy security, and environmental quality of the United States (U.S.) that ample
supplies of competitively priced nuclear energy are available.
Unfortunately, it appears that nuclear energy is dying in the U.S.: there are few new plants being built,
several have closed recently, and most of the 99 existing plants will be closed down within the next 40
years. To place this in context, last year nuclear energy consumed by our citizens represented 20% of U.S.
electricity supply worth $80B. It also appears that the few plants being built require special regulatory
arrangements because they cannot compete head-to-head on the numbers with other energy sources.
We believe this future scenario can be avoided, but it will require active involvement and investment by
the U.S. Government. Why? The energy market is indicating that existing nuclear power technology
(Light Water Reactors [LWRs]) is not commercially viable. For nuclear power to play any future role,
the U.S. will need new nuclear power technologies that will produce significantly cheaper electricity,
while ensuring public safety.
However, the private sector will not be able to develop these on its own. The investments required are
very large, they are risky, and in any event will take more than a decade before they might yield any
revenue from electricity production, and even longer to yield any profit. As these new technology
options are developed, and private firms begin to see their way to risk reduction and making profits,
private investment will increase, the government will be able to withdraw, and the market will decide
which would be commercially viable.
Let me now discuss General Atomics’ interest in a new advanced test reactor. We have a new reactor
concept we call Energy Multiplier Module (EM2). We specifically designed it to address the four most
prominent concerns with nuclear power—its cost, its waste, its proliferation risk, and the post-Fukushima
safety risk. We believe that EM2 can significantly reduce the cost of nuclear power, and dramatically
reduce the amount of waste a plant produces, while at the same time doing it safely with less proliferation
risk. We believe it is a potential breakthrough technology for the U.S.; however, research is required to
realize it.
To develop EM2, a compact gas-cooled fast reactor, we looked at what physics indicates we must do:
1) go to high power densities through a compact reactor core utilizing fast neutrons; and 2) go to higher
temperatures so a higher percentage of the heat produced is turned into electricity (efficiency). By doing
this we can make the same amount of electricity in a much smaller reactor—small enough that it could
be made in a factory and shipped by truck to a site for deployment. There are a number of prominent
companies that are also advocating the use of fast neutrons and going to higher temperatures albeit with
different advanced reactor designs. These also require research.
We believe we could increase the efficiency of electricity production from the lower 30s percentages in
LWRs to the lower 50s – so a new reactor would only have to produce two thirds of the heat produced by
a LWR to produce the same power output. We believe we could reduce the cost of electricity by up to
40% below that of existing nuclear reactors, and reduce the waste to be disposed of by up to 80%.

But to do this, we have to develop NEW materials that will be able to endure the much higher
temperatures, AND endure the more energetic and neutron rich radiation environment inside the reactor.
We need a new testing facility with high performance characteristics in which to do this research work.
But this is also true of all other firms and national laboratories that have other ideas and designs:
all of them also need a new testing facility that could conduct tests in, say, three years that would
represent what happens to these materials in an actual advanced reactor for a period of 30 years. This type
of facility would dramatically increase research productivity and hence dramatically accelerate the
development of new advanced nuclear technologies.
It would not make business sense for any company, or even all interested companies together, to pay for
the capital costs to construct such a facility, given the large investment, the risks and the long lead times
involved for return on investment.
Currently, there is no U.S. facility with the requisite high performance characteristics to do this type of
research. The best we have are the Advanced Test Reactor in Idaho National Laboratory, and the High
Flux Isotope Reactor in Oak Ridge National Laboratory, but neither is appropriate for a number of
reasons. The best in the world is in Russia (BOR-60), but this is being shut down soon for other reasons.
In any event, it would seem odd to develop such a national security technology in Russia.
Therefore, we suggest that you consider building such a facility in the U.S. It could be called the Versatile
Advanced Test Reactor (VATR). It would be a highly neutron rich fast reactor capable of also providing
thermal neutrons. We like “versatile” because it should be designed in a way that it could be used to test
all new reactor concepts whether they involve a molten salt reactor, a liquid sodium reactor, a liquid lead
bismuth reactor, a gas reactor (such as EM2), or even LWR technology such as those reactors used in U.S.
nuclear submarines. The VATR would be a user facility in the same way that the DOE Office of Science
manages other highly successful user facilities. It would contribute to the public good by providing the
development of future nuclear energy options. This is an excellent example of what the government
should do, because industry cannot or will not do it.
The U.S. has a great opportunity to give nuclear power its best chance to become economically viable,
and lead the world in this endeavor. In fact, other countries would have to seek permission from the U.S.
Department of Energy to use the VATR. This Committee could start by enacting law calling for a study to
be done, with industry participation, to determine a design for such a VATR, what its capabilities should
be, and what it might cost.
We believe that if the U.S. were to build such a test facility, advanced reactor research and development
could lead to the development of nuclear reactors that: will have much improved economics; would have
improved safety through the use of high temperature materials that are also radiation resistant; will
produce much less waste, and; reduce proliferation risk. This could lead to a true renaissance of nuclear
power in the U.S. Thank you for inviting me to share our views, and for your interest in finding ways to
sustain an extremely important future energy source for our nation.
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U.S. Versatile Advanced Test Reactor (VATR) Facility
The United States (U.S.) needs a viable indigenous nuclear industry for its long‐term energy security.
Unfortunately, the U.S. is on a path to lose its position of world leadership in nuclear power and related
technologies. And if this continues, it could present a significant national security risk to our nation. Despite
the U.S.’s enviable position on fossil energy reserves, energy is a global commodity, and energy demand
growth is driven by the global economy. Meeting future world energy demand will require a diverse energy
mix with nuclear as a major component.
Status of the U.S. Nuclear Industry
The U.S. nuclear industry is struggling. Despite the brief stirring of a Nuclear Renaissance at the turn of the
century, the industry is faced with the following bleak reality in 2015:







Only five plants are under construction despite plans for up to 30 in 2009i. There are no other firm
commitments for construction.
Large nuclear plants are not economically competitive with coal and natural gasii. This is due to a
combination of low U.S. fossil fuel costs and the higher financing costs of nuclear plants.
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Global opportunities for the U.S. nuclear industry are likewise diminished due to foreign competition. With
strong government support and strong indigenous markets, Asian suppliers will dominate future nuclear
construction, particularly China, which has 30 LWRs under construction and plans for over 100 new LWRs by
2030. Three Chinese nuclear firms are now looking to export their nuclear plantsvi.
Many arguments can be made for preserving the U.S. nuclear industry, among the more prominent are its
contribution to long‐term energy security, and that it produces zero‐carbon electricity. It is not likely that
U.S. nuclear suppliers can compete with government supported Asian LWR vendors based on economic
competitiveness. To compete, future “would‐be” U.S. nuclear suppliers must rely on a unique U.S. resource ‐
‐ innovation. These innovations will have to improve the new plants’ safety and resource utilization while
reducing the cost of electricity. These innovations will have to be bold, and will have to include new high‐
performance materials, higher operating temperatures for higher efficiencies, and substantially better fuel
cycles to more efficiently utilize fuel resources and reduce waste production.
Nuclear R&D is Needed
Innovation requires R&D, but nuclear R&D is very expensive and its payoffs are at least a decade or more
away. Countries that require nuclear power as part of their long‐term energy security must be prepared to
underwrite the necessary R&D efforts. Commercial companies cannot sustain a very expensive R&D effort
where the payoff is likely decades in the future.

An essential nuclear R&D component is a new high‐performance advanced test reactor to validate
performance of fuels, materials and new high performance technologies. The U.S. has only three such
reactors that can support nuclear power research: Idaho National Lab’s ATR, Oak Ridge National Lab‘s HFIR
and MIT’s MITR. All three are pool‐type thermal reactors. Only the ATR can support testing of larger fuel
components. Only HFIR has a fast‐flux region capable of testing small material samples, and only MITR can
simulate LWR coolant conditions. The ages of ATR, HFIR and MITR are 57, 59 and 65 years, respectively. Due
to their limited availability and capability, none is suitable for the type of innovative R&D required to
stimulate and sustain a viable future U.S. nuclear industry.
The global availability of suitable test reactors is also dismal. Among fast reactors, only the Chinese 65 MWt
CEFR, Russian 60 MWt BOR‐60 and Indian 40MWt FBTR are operational. The CEFR is primarily a prototype
reactor with limited testing capabilities. BOR‐60 is scheduled to be shut down in 2015 and the FBTR is
restricted to Indian military use. It is possible that no capable reactors will be available world‐wide for
testing fuels and materials essential to development of high‐performance advanced reactors.
Among thermal test reactors, only a handful of reactors in Japan, Russia, China, Sweden and Argentina can
support low‐temperature nuclear fuel and materials testing. Most of these reactors are old, and some are
scheduled to be shut down. An exception is the Jules Horowitz test reactor in France which went into
operation in 2014 to provide fuel, materials and isotope production for the EU, but it is a thermal spectrum
reactor and therefore of limited value for the necessary advanced reactor testing.
A New U.S. Test Reactor is Needed to Support Innovative R&D
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. This new test reactor
must be an outstanding example of U.S. technical innovation. The test facility would be funded by the U.S.
government and located at a national laboratory, which in turn would operate the reactor as a national user
facility. Irradiation would be free to U.S. users, who would be responsible for providing test articles and
support equipment. Suggested capabilities are:
Power:
500 MWt
Peak temperature:
1000oC or greater
Peak fast flux:
1x1016 n/cm2‐s or greater
Reactivity:
Sufficient to support tests of 6 months or longer
Experimental:
Core and reflector spaces for materials and fuel testing; loops for fuel testing in
different coolants; beam lines; full pre‐ and post‐irradiation examination
capability
A cooperative effort by U.S. industry, national labs and universities is required to achieve this new test
reactor. A group of top U.S. nuclear experts from each sector should be convened to establish the functional
requirements for this vital new test reactor. In addition to technical work, political and financial support will
be needed to complete this project. A separate committee should be formed to plan and execute a strategy
that would lead to a revitalized U.S. nuclear energy program.
i
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Nuclear Energy Is a National Security Issue

• New nuclear power plants are not
competitive in the U.S. energy marketplace
• U.S. leadership role in nuclear energy
is eroding
• U.S. must take a bold step to maintain
leadership in nuclear technology,
safety and standards
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Some Key Advanced Reactor Performance Parameters
Improve economics:
• Higher power density
- Enables more compact
designs, which reduces
capital costs

• Higher efficiency
- Lowers the levelized cost
of electricity (LCOE)
- increases revenue stream
over reactor life
- Improves fuel utilization

• Higher burn-up
- Longer burn times reduce
O&M costs and Improve
fuel utilization
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Other potential
implications:
• Improved safety
- Radiation-resistant materials
and higher temperature
materials can improve
safety margins

• Reduced waste streams
- Through higher burn-up and
higher efficiency

Bold Step – Versatile Advanced Test Reactor (VATR)
Advanced Reactor Concepts (ARCs) require:
•
•
•
•
•

Higher operating temperatures
Fuel and material R&D
Component development and testing
Model development, verification and validation
Risk reduction

General characteristics of VATR:
• Broad neutron energy spectrum
• High fast neutron flux to accelerate DPA
(displacement per atom) of materials for radiationresistant R&D
• Higher temperature test range, max ~1000ªC
• User facility that provides testing capabilities for ARCs
4

Suggested Peak VATR Specifications
An Industry Perspective
Power, MWt
Coolant

500
Liquid metal

Fuel

MOX

Fuel element

Plate

Peak fast flux, n/cm2-s

1016

Active core diameter, m

1.1

Active core height, m

1.1

Central test diameter, m

0.2

High-flux test loops

Helium
Molten salt
Liquid metal
Light water

Max test loop temps

~1000oC

Test duration capability

6 months
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VATR Is a National Project
Approach to proceed with VATR:
• Must include participation by ARC
proponents in determining general user
facility requirements
• Incorporate requirements into a FOA
solicitation to design, develop, build and
license VATR

• Select an industry-led team to proceed in
collaboration with NRC and an oversight
board of customers, users and stakeholders
to monitor progress
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VATR Serves National Security Goals

• Creates nuclear energy options that will
enable the U.S. to adapt to an uncertain
energy future

• Builds a new R&D base that allows the
U.S. to train the next generation of gifted
and talented people to carry forward
bold new nuclear energy options

7

Dr. John A. Parmentola Testimony
Appendix 3

Energy Development Frontier

Jun. 2014, Vol. 3 Iss. 2, PP. 20-29

Improving the Economics and Long-Term
Sustainability of Nuclear Power
John Rawls*1, Zabrina Johal2, John Parmentola3
General Atomics, P.O. Box 85608, San Diego, CA, USA 92186-5608
john.rawls@ga.com; 2zabrina.johal@ga.com; 3john.parmentola@ga.com

*1

Abstract-The fraction of global power demand supplied by nuclear power has been decreasing steadily in recent decades, in part
because the cost of electricity from Light Water Reactors (LWRs) has risen to the point that it exceeds that from available fossil fuel
sources. This paper examines the economics of two alternatives to gigawatt-scale LWRs: small modular LWRs (SMRs) and the
Energy Multiplier Module (EM2), a compact, gas-cooled, direct drive, fast reactor. No economic advantage over LWRs is found for
SMRs, but the capital cost of EM2 is predicted to be significantly lower owing to improved thermal efficiency, a substantial reduction
in materials required, and higher fuel utilization. The waste disposal burden is also materially reduced (by 80% without recycling,
up to 97% with recycling). In addition, the economics of recycling the spent fuel are found to be the reverse of that applicable to
LWRs, allowing the power cost to be further improved with recycling. The improvement in fuel utilization and the possibility of
multi-pass operation also increase the sustainability of nuclear power, allowing known uranium reserves to power the world
economy far longer than possible with known fossil fuel reserves.
Keywords- Nuclear Power; Cost Optimization; Small Modular Reactors; Nuclear Fuel Recycling

I.

INTRODUCTION

As shown in Figure 1, the share of global electricity production from nuclear energy has been declining since the 1990s [1].
Present plans for new construction and plant retirements indicate that this trend will persist. Energy policy decisions are
complex undertakings involving many considerations, but it is interesting to note that this trend continues despite increasing
concern over fossil fuel-induced climate change and the rising cost of fossil fuel, the dominant component of fossil fuel-based
power cost. This is also depicted in Figure 1, using coal as a proxy for fossil fuels in general [2].
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Factors such as public safety and waste disposal have adversely affected the nuclear industry in some markets, but
economics remains the dominant consideration in many countries and representative data in Figure 2 indicate that the capital
cost of nuclear plants has been rising at a rate much greater than that of inflation1. These cost increases are attributable in part
to increased regulatory requirements, which have had a twofold effect on costs: adding expensive safety features and extending
the time required for licensing and construction. The response of regulatory bodies in the aftermath of the Fukushima event
makes it clear that yet more stringent safety standards are likely to be applied to future nuclear plants. This expectation should
sharpen the focus of the nuclear energy design community on developing approaches that improve the underlying economics
through fundamentally new inventions and innovations. It is noted that the nuclear power industry does not have a strong
tradition of making the type of R&D investments needed to maintain economic and performance competitiveness; rather, the
industry has been in a largely reactive mode to regulatory mandates.
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Fig. 2 Historical escalation of nuclear power capital cost; data drawn from references [3,4]

Nuclear power is unlikely to become a dominant player in the energy marketplace unless a more attractive economic model
is offered. Because light water reactor (LWR) technology, which forms the basis for almost all the nuclear-based electricity
generation in the world, is so mature, technical innovations that materially improve the economics are regarded as highly
unlikely. This is especially true in a market where financial risk dominates investment decisions. However, in principle, a
fundamental change in the approach to manufacturing and construction could make a difference to the economics. Such a
change, involving a shift to smaller, lower power units, is now under serious consideration in several countries. Termed small
modular reactors (SMRs), the notion is to reduce the physical size to a point that permits factory fabrication, providing
economies of production and compacting the construction schedule. Such an approach clearly reduces the capital outlay
required to build a power plant, but it is questionable whether the resultant cost of electricity will be lowered. Section II
addresses this possibility.
Among the alternatives to LWRs under consideration are convert-and-burn reactors, which embody a number of attributes
that are suggestive of a more economical price point. Two groups in the United States are developing an alternative to LWRs
in the form of convert-and-burn reactors, featuring long lived reactor cores in which fertile fuel is converted to fissile fuel and
then burned in-situ. One is the Traveling Wave Reactor (TWR), a gigawatt-scale sodium-cooled reactor [5] and the other is the
Energy Multiplier Module (EM2), a compact, lower power, helium-cooled reactor [6]. Such reactors offer the prospect for
advances in both economics and sustainability through improved utilization of the energy stored in uranium and higher thermal
conversion efficiencies. The implications for capital and operating cost are examined in the case of EM2 in Section IV and the
sustainability issue is discussed in Section V.

1

The data in Figure 2 is shown for illustrative purposes only. The nature of nuclear power economics is complex with the potential for a
multitude of factors to cause substantial variation. Among these factors, geographic location, regulatory environment and access to
financing should be considered.
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II.

ECONOMICS OF SMRS

The construction of commercial nuclear reactors in the western world is regarded apprehensively due to high initial capital
costs and a legacy of cost overruns associated with uncertainty in licensing and construction delays. Apprehension drives
perceived risk and increases the required rate of return for pursuing new projects. The past three decades have shown that
reactors with large initial capital outlays and high required rates of return are not achieving a secure market foothold in the
western world.
SMRs may be a viable option for nuclear power revival. They aim to reduce financial exposure and achieve a competitive
power cost through factory fabrication, shorter construction duration and simplicity in design. However, due to scaling laws,
systems are generally penalized in cost as size is reduced. SMRs will only make economic sense if the savings associated with
size reduction exceed the economies of scale penalty. In addressing this issue, we follow common parlance in defining SMRs
as having an electrical power output of no greater than 300 MW. In practice, the more pertinent figure of merit is physical size,
with the upper bound being the largest unit whose major subsystems can be built in a factory setting and transported over land
to the construction site.
The analysis begins by examining individual (single module) plants. Scaling laws can be used as an approximation for
determining the relationship between the cost and power rating of systems that are otherwise identical. The cost per unit output
generally decreases with increasing scale due to the economies of raw materials and spreading of fixed costs among more units
of output. The economy of scale, or scaling law, used in nuclear power plants to calculate the capital cost when decreasing in
unit size from P0 to P1 is
(

)

(

)( ) ,

(1)

where
Cost (P1) = Cost of power plant for unit size P1,
Cost (P0) = Cost of power plant for unit size P0, and
n
= Scaling factor.
The scaling law can be used as an approximation for determining the relationship between power plants of differing sizes
by using the cost data for a large nuclear plant as input and calculating the cost of an SMR. The most compelling data set
comes from the French nuclear program, in which a number of replicated plants were produced over a substantial range of
power levels. The scaling factor derived from plants with unit power from 300 to 1300 MWe is in the range of 0.4 to 0.7 [7]; in
the analysis that follows, it is assumed that n=0.5. (It is acknowledged that extracting a scaling factor is not without
controversy because building units at different times often means that different regulatory constraints were in effect.) If the
cost of a large 1118 MWe reactor (the rating of an AP-1000 unit) is normalized at 1.0, the specific capital cost of varying
power plant sizes (P1) are plotted in Figure 3 as “Base @ Nominal Efficiency” (the uppermost curve), which implies that
electricity from a single 300 MWe power plant is expected to be 90% more expensive than that from a single 1118 MWe unit
of the same general design, all other factors being equal. The unit power levels on the abscissa correspond to proposed SMR
power levels and to the nominal 1118 MWe AP-1000 rating.

Fig. 3 Normalized capital cost when base cost is increased due to diseconomies of scale and subsequently reduced due to SMR attributes.
Data points correspond to power ratings of proposed SMRs and an AP-1000

The scaling law is applicable only to plants built according to the same basic design concept. Changing to physically
smaller units allows a number of options for changing the design concept in a cost advantageous fashion. Three attributes
associated with SMRs that can reduce the cost of electricity have been identified and quantified by the Nuclear Energy Agency
[7]. These are:
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(1) Efficiencies of factory fabrication. The smaller structures and components of SMRs allow a large portion of the system
to be manufactured in a factory setting. Factory fabrication allows significant cost savings in the manufacturing process
through high levels of repetition, automation and quality control. The recurrent use of hard tooling, reduced weather
delays, and a constant labor force also assist in achieving lower capital costs. The NEA attributes a possible 30-40%
reduction in specific capital cost due to factory fabrication. Significantly larger percentage reductions have been
documented in the case of very high volume production, but nuclear power plants do not fall into this category.
(2) Schedule compression. Factory fabrication also enhances parallel fabrication and reduces the construction schedule,
which is a major cost driver of nuclear power. Subsystems can be fabricated in modules and then transported to the site
and “plugged” in upon arrival. The NEA attributes a possible 20% reduction in specific capital cost due to reduced
construction schedule.
(3) Design simplifications. SMRs may have significant design simplifications in their safety systems. Fewer safety systems
and materials lead to reduced specific capital cost. The NEA attributes a possible 15% reduction due to design
simplifications.
The potential individual and composite cost savings from each of these three factors as an offset to the cost disadvantage of
the scaling law are shown in Figure 3. Even under the assumptions that all of these advantages can be realized simultaneously
in a single SMR design concept and that these quantitative advantages will be as large at the higher end of the power range, it
is concluded that the maximum composite cost savings in a standalone SMR still results in higher electricity costs than that
expected from a standalone GW-class reactor unless the power rating exceeds 200 MWe. The most widely discussed watercooled SMR designs are at lower power levels and hence can be expected to have higher cost of electricity.
The above analysis ignores several variables that could have a significant role in the economics. First, the scaling law really
applies to thermal power, not electrical power, so the effect of varying power conversion efficiency must be taken into account.
Second, it is applicable to stand-alone units, and the expectation is that SMRs would be built with higher multiplicity at a given
site. Thirdly, the cost of capital has been assumed to be the same for all options and it has been argued that the lower total
capital exposure entailed in SMRs would translate into a lower cost of capital. We examine each of these effects in the
following analysis.
(1) Efficiency. All other factors being equal, the cost of electricity from a nuclear plant scales inversely with the efficiency.
The AP-1000 unit that serves as the benchmark for the cost comparisons operates at 34% efficiency. A number of the
water-cooled SMRs are expected to operate at 28% efficiency due to the reduced steam pressure compatible with
natural cooling, which is equivalent to a factor of 1.2 increase in power cost.
(2) Multiplicity. Co-located nuclear plants will realize economies of scale by sharing operating labor, fixed systems,
buildings and infrastructure. This is already the norm for the industry – two LWRs per site is standard in the U.S. and as
many as six LWRs are built in a coordinated fashion in China. About a 10% power cost reduction is obtained by
building two co-located plants, rather than one [7], a factor that should be essentially the same for SMRs. The level of
additional cost reduction from higher multiplicity is heavily dependent on design details and the attitudes of regulators,
but one reference [8] estimates a 17% savings for a six-module plant compared to a two-module plant. Regulatory
insistence upon completely independent control and safety nets for each unit preclude materially larger savings at yet
higher multiplicity.
(3) Cost of capital. Projects with lower total cost may be financeable at a lower cost of capital. A reduction from 9% to 6%
mandated rate of return by investors and financing charges would translate into a nearly 20% project cost savings.
In cases of interest, the combined effect of these three factors leads to a negligible correction of the results presented in
Figure 3 for water-cooled reactors. The efficiency factor is a 20% penalty for SMRs while multiplicity and cost of capital are
mutually exclusive advantages of this same magnitude (they are mutually exclusive because the initial capital outlay of plants
with many units will be comparable to that of GW-scale units).
It is concluded that diseconomies of scale are the predominant factor in the economics of water-cooled SMRs with power
levels below 200 MWe. The large redundancy required for SMRs to achieve a base load rating comparable to large-scale LWR
facilities is not compensated by the production and schedule advantages attendant to smaller units. This is the universal
experience in the power industry and is typical of many other industries as well, including transportation. Achieving cost
benefits from building multiple small unit-size modules in place of a smaller number of large unit-size modules can only occur
if there is a fundamental change in the process needed to build the units.
If these conclusions are correct, the nuclear power industry faces challenging times. Aging LWRs may not be replaced with
modern versions because the costs are unattractive. New versions with attributes that significantly enhance the economics are
not in the offing. And the SMR route would seem on the whole to be even less attractive economically. A fundamentally new
approach is needed. One such approach is addressed in the next section.

Energy Development Frontier

Jun. 2014, Vol. 3 Iss. 2, PP. 20-29

III. CONVERT-AND-BURN REACTOR DESCRIPTION
Helium is an attractive alternative to water for core cooling owing to its compatibility with higher temperature operation
and to the safety advantages inherent in a chemically and neutronically inert coolant. It also provides siting flexibility and does
not burden water supplies. Use of the coolant directly as a gas turbine working fluid enables the plant to take advantage of high
temperature to achieve high electrical conversion efficiency. Helium-cooled thermal reactor designs have a power density in an
order of magnitude lower than that of ALWRs. The associated need for large core structures and large amounts of material in
the surrounding structures (per unit energy produced) has led some to conclude that helium-cooled thermal reactors will not be
economical for electricity and/or process heat generation in some markets.
Because helium is effectively transparent to the neutrons produced in fission, it can also be considered as a coolant for fast
reactors, viz gas-cooled fast reactors (GCFR). This concept was pursued in the 1970s but ultimately discontinued due to safety
concerns associated with the low thermal inertia and corresponding low safety margins associated with metal-clad fuel, the
only available clad choice at that time. However, when modern ceramic materials are employed for cladding, large thermal
safety margins can be attained even at high coolant temperatures. Silicon carbide composite (SiC-SiC) is especially attractive
for this purpose because it retains its structural integrity at temperatures in excess of 2000 oC, and many years of exposure in
test reactors reveal that at temperatures of interest for GCFRs it experiences very little swelling or degradation of key
constitutive properties even at high neutron fluence [9,10]. SiC has a very low neutron absorption cross-section at all fission
energies and is likewise practically immune to transmutation in the pertinent fast neutron spectrum.
Achieving unit power levels of interest (200-300 MWe) in a volume small enough to permit factory fabrication and truck
transport mandates high uranium packing density in the core. Together with the requirement of high melt temperature, uranium
monocarbide (UC) emerges as the preferred fuel composition. A GCFR design based upon UC fuel and SiC-SiC, as both clad
and structural material is the basis for our examination of the economics of alternatives to LWRs. This design, referred to as
EM2, is a passively safe, convert-and-burn fast reactor that is physically small enough to permit factory fabrication of the type
envisioned for SMRs. By safely venting the fuel of fission product gases, the core is expected to have a lifetime exceeding 30
years during which the reactor is operated at full power without refueling or fuel shuffling. The fact that the fuel core does not
need to be accessed for decades simplifies plant operations and reduces the risk of proliferation. The high packing density and
large thermal safety margin combine to give rise to high thermal inertia, an additional safety consideration.
The choices of coolant and core materials facilitate high-temperature,
high-efficiency operation. With a peak coolant temperature of 850C
and a power conversion design that combines a direct, closed cycle gas
turbine with a Rankine bottoming cycle, the 500 MWt unit power results
in 265 MWe (net efficiency of 53%) with evaporative cooling and 240
MWe (48% net efficiency) under dry cooling conditions. Dry cooling
greatly expands plant-siting options, which is an important consideration
for broader global adoption of nuclear power. The basic layout of a fourunit EM2 power plant, rated at 1060 MWe (960 MWe in the case of dry
cooling), is shown in Figure 4. A single reactor building houses all four
reactor cores, together with their control rooms, power conversion units,
and spent fuel storage areas.

Fig. 4 Site plan for baseline, four-unit 1060 MWe plant

Data associated with this layout are strongly suggestive of improved plant economics. Drawing comparisons to typical
LWR plants on a per unit electricity produced basis, an EM2 plant requires less than 20% of the real estate and less than 20%
the nuclear concrete [11], both of which are cost drivers. These reductions reflect the nature of a high efficiency, direct drive
system, which simplifies and/or eliminates the need for a number of large items of equipment needed for power conversion and
heat rejection. These factors supplement the advantages of the modular approach to construction, which facilitates schedule
compression and hence reduces the cost of capital over the period of construction. We shall return to the economics after a
brief description of the reactor and its operational features. This description provides enough information to address the
economic and sustainability issues, but it is not intended to be thorough enough to permit an in-depth assessment. The reader
interested in greater technical detail is referred to other papers for nuclear design [12], thermomechanical design [13], fuel
cycle [14], and development status [6].
A cutaway view of the reactor building displaying one of the four individual units is presented in Figure 4. Grade level is at
the floor of the maintenance hall, which services all reactors and the below-grade common spent fuel storage area (not shown).
Each primary system is enclosed within a sealed below-grade containment consisting of three chambers connected by ducts.
The central reactor chamber is enclosed in a concrete shield structure to enable man access to the Power Conversion Unit
(PCU) and Direct Reactor Auxiliary Cooling System (DRACS) chambers. The containment structure is suspended from an
approximate mid-plane support frame that also supports the primary system. Access to each chamber is through hatches from
the grade-level maintenance floor. Each of the vessels depicted in Figure 5 are less than 5 m in diameter, permitting overland
transport of completed vessels to the construction site.
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Fig. 5 Cutaway view of reactor building, showing one of four units

The active core is divided into two regions, the fissile starter and the fertile converter; the average enrichment in the core at
the beginning of life (BOL) is just over 6%. Virtually all the power at BOL is in the LEU-fueled starter region, but some of the
neutrons produced therein convert 238U in the neighboring fertile region to 239Pu, which becomes available for fissioning.
Figure 6 shows the time dependence of the excess reactivity and also the relative contributions of 235U and 239Pu to the total
fission power as a function of reactor operating time, illustrating the convert-and-burn mode of operation. The excess reactivity
never exceeds 2%, which is well within the dynamic range of the control elements. Initially, most of the energy comes from
the fission of 235U in the starter fuel. After the first decade, the preponderance of the energy comes from the fission of 239Pu.
Direct fast-fission of 238U produces about 20% of the energy. The average burnup is 14.6%, three times that achievable in
LWRs.

Fig. 6 Reactivity (left) and contributions to fission power (right) as a function of time
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IV. ECONOMICS OF EM2

Sensitivity analyses are useful in determining how uncertainty may affect economic outcomes in terms of net present value.
The discounted free cash flow model is used as a base framework for financial modeling. Each major parameter of interest is
varied by +/- 10%. The specific parameter of interest is varied with all other parameters held constant.
In the sensitivity analysis of EM2, summarized in Figure 7, the cost of capital is the single largest factor. Cost of capital is
driven by the expected rate of return to equity investors and required debt financing charges. The cost of capital used here is
the weighted average cost of capital (WACC), which includes a tax shield on debt,
(

)( )

( ),

(2)

where
Rd = cost of debt,
Tc = corporate tax rate,
D = value of debt,
Re = cost of equity,
E = value of equity, and
V = enterprise value.
The second largest driver is net efficiency. As discussed previously, the efficiency of EM2 is improved owing to the use of
a direct drive gas turbine and high operating temperature. With efficiency as the second largest economic driver, the EM2
financial return at 53% efficiency has a marked improvement over water-cooled SMR designs at a nominal 28% efficiency.

Fig. 7 Tornado chart highlighting the comparative impact of ±10% variations in the parameters that serve as the largest economic drivers for EM2

The last three major drivers are nonfuel capital cost, operating cost and fuel cost. The Generation IV Forum’s code of
accounts outlines a method for arriving at overnight construction, annual operation and maintenance (O&M), and fuel costs
[15]. Overnight construction cost includes capitalized preconstruction costs, direct construction costs, field indirect costs, field
management costs, owner costs and supplementary costs. Interest during construction and first core fuel costs are not included
in the overnight capital cost. Fuel is treated as a capitalized asset and depreciated on a modified accelerated cost recovery
schedule because the fuel core life lasts 30 years. O&M costs are expensed every year and include staffing, consumables,
maintenance, subcontracts, overheads and capital replacement costs.
Levelized cost of electricity (LCOE) is a common metric used to compare the competitiveness of electrical generation
technologies. LCOE is equivalent to the break even sales price over the life of the plant for a required rate of return. Capital
and operating costs are considered as well as financial parameters such as: cost of capital, inflation, escalation (if applicable),
taxes, depreciation, and time value of money (through discounting).
As efficiency increases, the amount of product per unit cost is increased and the LCOE is reduced. The LCOE is reduced
by approximately 50% when the efficiency is increased by the same factor. Figure 8 illustrates this concept.
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Fig.8 An illustrative example of the reduction in LCOE due to increasing efficiency

Better uranium utilization in EM2 translates into lower life cycle fuel costs, although the threefold advantage in burnup is
moderated by the increased enrichment, higher fabrication costs (see Table I) and cost of capital adjustments stemming from
the need to have three decades worth of fuel available on day one.
2

TABLE I. ROUGH COMPARISON OF LWR AND EM FUEL COST PER KG

Cost Item
Mining and conversion
Enrichment
Fabrication
Waste management
Total

LWR ($/kg U)
900
500
500
1100
3000

EM2 ($/kg U)
1200
700
800
1300
4000

If EM2 is operated not in a once-through mode, but in a multi-generation mode with end-of-cycle fuel being recycled for
use in a subsequent cycle, the fuel cost advantages can be enhanced because no new uranium resources or enrichment services
are needed. This would be advantageous economically if the recycled fuel can be produced less expensively than fresh fuel. In
this regard, it is instructive to compare the economics of recycling convert-and-burn fuel with that applicable to LWR fuel.
LWR fuel at end of life has only 25-30% of the initial fissile content and thus has a proportionately smaller energy value than
fresh fuel (in practice, recycled spent LWR fuel must be upblended before reuse in a reactor). As a consequence, it is only
economically sensible to reuse LWR fuel if it can be recycled at a cost of less than 25-30% of the $3000/kg cost of fresh LWR
fuel. This is not achievable with today’s technology. End-of-cycle EM2 fuel, in contrast, has about 120% of energy content of
fresh fuel, owing to a conversion ratio slightly greater than unity and the fact that converted fuel is more reactive than fresh
fuel. Reuse of this fuel is thus economically favorable if the recycling cost is less than 120% of the $4000/kg cost of fresh EM2
fuel, a much less daunting proposition (for comparison, the cost of aqueous reprocessing in France is usually estimated to be
$15,00-$2,000/kg and this is also a remotely-operated process). This topic will be revisited in Section V.
Plant availability also plays an important role in the economics of any power source. This is an unknown in EM2 because
the plant has not yet been built and operated. However, 70% of the downtime in today’s LWRs is for fueling [16], a process
that is not required in EM2. It is thus reasonable to assume that, if EM2 is extensively deployed, it would eventually equal or
surpass the already excellent availability and capacity factor standards established by the nuclear power industry.
Disposal of nuclear waste is not a very important economic consideration, but it does represent an important societal cost
and has emerged as a major impediment to the broader implementation of nuclear power in some markets. In a once-through
fuel cycle, EM2 produces only one-fifth as much waste mass per unit electricity generated as today’s nuclear plants. This factor
is derived from combining the approximate factor of three increase in burnup, which results in that same factor decrease in the
mass of waste generated per unit thermal energy generated, with the approximately 1.6 increase in thermal conversion
efficiency. Mass is only one factor in determining waste disposal costs, but it is a significant one and has been used as the
defining characteristic of geological repositories [16]. A similar reduction factor is applicable to waste volume (albeit there is a
yet to be quantified volumetric contribution from the gases vented from the core and the resins used to store that material),
while a smaller reduction pertains to waste heat. If the fuel is reused, the waste-related costs per unit electricity generated are
further reduced. Decommissioning costs are also expected to be lower than existing nuclear plants because so much less
material is involved in plant construction on a per unit energy produced basis.
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V.

SUSTAINABILITY OF CONVERT-AND-BURN REACTORS

Sustainability in this context refers to how long nuclear power can make significant contributions to global energy supply.
For simplicity, we restrict attention to a uranium-based fuel cycle; thorium-based fuel cycles have comparable resource
limitations, but closing the fuel cycle is more problematic. Sustainability is driven by two factors – the projected availability of
economically affordable uranium and the amount of useful energy extracted per unit mass of uranium. The former is
dominated by geological and mining technology considerations and the latter is governed by the specifics of the fuel cycle.
Turning first to the question of resource availability, it is noted that uranium is quite abundant in the earth’s crust. One
indication of this abundance is the fact that the rate at which rivers leach uranium into the world’s oceans is orders of
magnitude greater than the amount of uranium needed to supply 100% of the global energy demand [17]. This is in principle a
perpetual supply, lasting as long as the sun continues to keep the earth in its present temperature range. But the great
preponderance of this uranium is at exceedingly low concentrations, making recovery unaffordable with today’s technology.
The NEA recently estimated the known and as yet unknown economically recoverable uranium reserves at 5.5 million
tonnes (MT) and 10.5 million MT, respectively [18]. The threshold applied to establish “economic” was a mining cost of
<$130/kg, about three times the current spot price. These reserves are large compared to the rate of uranium extraction, which
peaked at 70 thousand MT in 1980 and has been in the 35-50 thousand MT annually in the last decade. Actual utilization of
uranium has been steadily increasing, but a substantial fraction of the uranium consumed in recent years has come from
secondary sources, primarily weapons stockpile drawdowns and depleted uranium (these are not included in the NEA resource
estimates, but would not make a significant impact if they were).
The total energy that could be extracted from this resource is computed on the assumption that every uranium nucleus in
the ore is fissioned, which would release about 1000 GW-days of energy per metric ton of uranium. This amounts to about 1.5
x 107 GW-yr of energy for the known economically recoverable reserves (and a factor of three higher if the projected but as yet
unknown economically recoverable reserves are included). This is one order of magnitude higher than the corresponding figure
for the world’s total economically recoverable fossil fuel reserves (7.8 trillion barrels of oil equivalent, or 1.7 x 106 GW-yr).
As an energy source three orders of magnitude larger than the current annual global energy consumption (at about 500 Quads),
it is adequate to meet demand for centuries.
The nuclear fuel cycle in use today does not support the above optimistic resource outlook because only a small fraction of
the uranium nuclei undergo fission. About one nucleus in every 140 is the fissionable 235 isotope but, in actual practice, the
uranium utilization factor in LWRs is even smaller, less than one part in 200. This dramatically changes the sustainability
conclusions: what is in principle an order of magnitude greater energy resource than fossil fuels becomes an order of
magnitude lower energy resource, one that could only meet the plant’s total energy need for a single decade.
Even a single pass mode of operation in a high temperature convert-and-burn reactor improves this resource picture
significantly because uranium utilization is improved (a higher burnup fraction) and because the increased temperature
translates into better energy conversion. But the big payoff in sustainability comes with fuel reuse. If enough (typically 50% is
adequate) of each fission product is removed, the end-of-cycle fuel can be reused in a new cycle without adding any new
fissionable material (fertile material is used for make-up). The effective uranium utilization increases rapidly with the number
of burn cycles for two reasons: (1) comparable burnups occur in each generation, and (2) reuse as make-up fuel of the depleted
uranium, which is produced as a byproduct of the initial fuel load.
If such a fraction of every fission product is removed at the end of each cycle, the reactivity reaches a steady state and can
be continued indefinitely, allowing full uranium resource utilization. It is to be noted that the recycling process need not reduce
the fuel to its elemental constituents and in fact need not involve any separation of actinides at all, which would be preferable
from the standpoint of proliferation resistance. One promising approach to accomplishing this is the Archimedes mass filter
[19], which takes advantage of the rather large gap between the mass of the actinides and that of the fission products.
VI. CONCLUSIONS
Economic considerations alone suggest that, in its present embodiment of GW-scale LWRs, nuclear power is unlikely to
provide an increasing share of global energy supply. SMRs offer essentially the same technology with the potential for cost
savings on several grounds, most notably factory fabrication and shortened construction schedules. However, these cost
savings do not fully offset the penalty of reduced economy of scale. It is concluded that genuine innovation is required to
change the economic realities of nuclear power. EM2 is offered as an example of such innovation, embodying as it does the
benefits attributable to small modular reactors but at nearly double the thermal conversion efficiency of the water-cooled units.
Significantly lower power cost is forecast and the approach offers far more promise for the long-term sustainability of nuclear
power.
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