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* Prior work by Morgan, Azevedo, Abdulla and Prasad has
examined potential and implications of SMR development
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ABSTRACT
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exsting nonpraiferazion regime. Tomana® our discussion, we Airst prsent ]
aninernarional graupof nuclear expers 3t an SMR woris hop. Next, various
as: fissle mrerial invenmry, core-ie, refueling. burnup, d igral instrume:
Fround designs, sealed designs, enschment breedem, ewcess reaceviry
opaciy, and sea-bared nuder plan e dis cussed in the con et of prolierz]
we have used publicly valable design informarion 3ot 3 number of
SVER-100, ¥T-405, Toshiba 45, 3nd General Amamics EM?) Finally, 3 num!
afiered D heip allevax pmitferarion concems AT may arise doe D SMR o]

©2014 Blaevi

1. ntroduction

In arderto move wards 3 mare sustainable, de-carbonized and
relisble energy systems 3 partfobio of new energy technalogies and

invalves a patchwark of internasonally cod|

proliferation Treaty(NPT). which bars all
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Expert assessments of the cost of light water
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Analysts and decision makers frequently want estimates of the
cost of that have yetto b or deployed.
Small modular reactors (SMRs), which could become part of a
portfolio of @rbon-free energy sources, are one such technology.
Existing estimates of likely SMR costs rely on problematic top-
down approaches or bottom-up assessments that are proprietary.
When done properly, expert elicitations can complement these
approaches. We developed detailed technical descriptions of two
SMR designs and then conduced elicitation interviews in which we
obtained probabilistic judgments from 16 experts who are in-
volved in, or have access to, engineering-economic assessments of
SMR projects Here, we report estimates of the ovemight cost and
construction duration for five reactor-deployment scenarios that
involve a large reactor and two light water SMRs. Consistent with
the uncertainty introduced by past cost overruns and construction
delays, median estimates of the cost of new large plants vary by
more than a factor of 2.5. Expertjudgments about likely SMR costs
display an even wider range. Median estimates for a 45 megawatts-
elecric (MW,) SMR range from $4,000 to $16,300/kW, and from
$3,200 to $7,00/KW, for a 225-MW, SMR. Sources of disagree ment
are highlighted, exposing the thought processes of experts in-
volved with SMR design. There was consensus that SMRs could
be built and brought online about 2 y faster than large reactors.

Our brains are not well<quipped to make
volve considerable uncertainty. As extensive ¢
has now shown, we make such judgments us
cognitive heuristics that, although they serve
many day-to-day scttings, can result in overcony
that leads both lay people and experts astray wj
more complex and unusual problems (2, 3). Des
8) offers a set of strategics for improving how
tant decisions in the face of uncertainty.

In addressing such decisions, one should st}
scientific, technical, and analytical evidence that |
ever, because such formal evidence often does ng
extent of what experts know, in addition to seckin}
advice, it & common in decision science to use i
obtain systematic probabilistic judgments from
intimately familiar with the current state of know|
example, such methods have been used to charac|
about climate science (12, 13), the impacts of cli
16), and the health impacts of environmental pd
Of course, the same cognitive limitations that a
to make unaided decisions ako arise when ex}
provide probabilistic judgments (3). Too often,
pert advice, little or nothing i done to limit o
reduce bias. Ubiquitous overconfidence (10) and

strategies is nesded. Amang promising emerging techno logies are
small modular reactars (SMR ) (Abdulls et al. 2013). The Interna
tianal Atamic Energy Agency (IAFA) defines SMRs a5 nuclear re
actors producing Jess than 300 MW of elecricity (“Small and
Medium Sized R, 2013} SMRs might bemme an energy option
which, like today’s large reactars, will not emit greenhouse gases
while having much lower initial 0l @pital costs, and be more
easily deployed (even in remote areas). standardized and be safer
(Abdulla et 3L, 2013; Liu and Fan, 2014} Such 2 technology could
play akey role in 3 portiolio of generation technalogies far 3 global
reduction in crban emissions. Since SMRs might be wadely
deployed if they became emnomically visble, it bemes impera
tive to examine the nonproliferatian challenges they present and

muclear weapans,and commits all states t
Resolution 1540, which commits Urniterd
states  counter nuclear terrorism by prev
from getting into the hands of non-state
hensive Test Ban Treaty (CTBT). which — uj

(International Atamic Energy Agency. 2014008
mumber of nudear sites, the ol anown

Experts identify more affordable unit cost, factory fabrication, and fm‘m cognitive heuristics, such as availability an

shorter construction schedules as factors that may make light wa-  adjustment (2, 19-21), cannot be completely cliny

ter SMRs economically viable. well-designed expert clicitations can use a varic

help improve the quality of expert judgments (¢

Expert clicitation about emerging energy teg]

deeply informed by carcful technical analysis

. . L rare (22). Here, we report the results of applyi
ndividuals, companics and other organizations, as well as gov- 1 one such technology: integral light water snj
emments, must make important decisions in the face of N~ clear reactors (SMRs). h :

siderable uncertainty. Although we gather what evidence we can—

as individuak, we choose where to go to college, who to many,  Why SMRs?

nudear power economics | technalogy asessment

benefits they affer (OMera and Sapsted 2013)
This paper highlights and investigates how SMRs
and challenge the existing nonprolferation regime. This regime
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and whether to have children—we do this all inthe face of at keast
some imeducible uncertainty. Similarly, companics chodse to in-
vest in major new technologies, and governments adopt tax and
rescarch and development policics, without knowing for certain
all the consequences their decisions will have.

Sometimes, rescarch can yield better understanding and data,
i ncertainty can be climinated. This & es-
ons about whether to make multibillion
the P of a new technology. In
most such cases, some uncertainty will remain until the tech-
nology has actually been developed and implemented. Even
then, it may take several iterations before a complex new tech-
nology can reach a downward-sloping learning curve (1), so that
casts decrease with its increased adoption. At the outset, to help
them reach the most informed decision possible, analysts and

Morgan has argued that if aircraft were made an|
a time, in the way nuclear reactors have been b
in the US., “many travelers would find the lej
acceptable and air travel would be much more ¢f
and mechanics would have to be specially traine:
aircraft. . many replacement parts would ha

made.. .[and] every time an aircraft experic
engineers and managers would be unsure how t
lessons to other aircraft....” (23). There is no
duce gigawatt-scale ractors in the way that

Aitbus A380s arc built. However, by adopting

onc that could be mass produced in a factory w
quality control, and shipped to the ficld by roa)
the nuclear industry might begin to look morc|
industry. Because individual reactors would be

Nuclear Power for the

Developing World

n the United States and much of the
developed world, nudear power raises deep
‘misgivings among many decisionmakers
and ordinary people. C bout safety

research. Its kabs now focus only on reactor safety
for seloct advanced designs. However, China, India,

Korea, and Russia continue to support vigorous

have been rekindled by the Fukushima

Daiichi nuclear disaster in Japan. There are
also long-standing worries over proliferation and
spent fuel management. And the technology has
proven expensive: its high capital costs, combined
with restructured dectricity markets that place
heavy emphasis on short-term economic gains,
cheap natural gas in the United States, and the
ahsence of  serious commitment to greenhouse
gas emissions reduction, make nuclear power
uncompetitive in many markets. The four new
reactors being built in the United States today
are in states that have vertically integrated power
companies, where public utility commissions can
approve the addition of the cost to the rate base.

But nuclear power is not dead. Seventy nuclear
reactors are under construction worldwide. Twenty-
seven of those are in China, ten are in Russia, and six
are in India. With few exceptions, these new reactors
are of the large light water type that dominate today's
commercial flet, producing roughly 75% of the
in France, 20% in the United States, 18%
jted Kingdom, and 17% in Germany.

The same holds true when it comes to the
development of new reactor designs. Some limited
work continues in the United States, but efforts
by its Department of Energy to rekindle interest
among commercial players have seen limited
success. Germany, once 2 leader in advanced
reactor designs, closed its reactor development
laboratories some years ago, ending all such

pment and programs
As developed countries come to sppreciate
the magnitude of the effort needed to fully
their energy systems off of carbon-emitting
energy sources, there is a possibility that they
will sex a resurgence of support for nuclear
power—presumably using safer and lower-cost
technologics. In the meantime, the rest of the
world will continue its present building boom and
pash on with the development of new designs.

Thinking small
Many proponents of nuclear power believe that
the technology's problems can be solved through
innovation. Some have held up a vision of small
modular reactors (SMRs), capable of producing 5
megawatts to 300 megawatts of dectricity that would
be manufactured on a factory production line and
then shipped to the field as 2 complete module to be
installed on a pre-prepared site. Proponents argue
that factory manufacturing would not just reduce
costs; it could also result in dramatic improvements
in quality and reliability. Moreover, if these SMRs
could then be returned—still fully fucled—to
secure facilities at the end of their core life, the
risk of proliferation could be better managed.

1t is 3 lovely vision, but its realization lies decades
in the future, if it is even possible. Estimates of the
capital cost per megawatt of first-generation light
water SMRs lie a factor of two or
conventional reactors. Of course,
be much smaller, the total cost would be much lower;
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SMRs — A GHG Reduction Option?
1 . 1 i

Population trends indicate continued coastal migration (mcGranahan, et.al; NOAA; US Census...)
Increased energy demand expected worldwide (ea EPa EIA...)

Climate change risks increasing for coastal communities (pcc ARs; McGranahan, et.al)
Existing coastal energy infrastructure increasingly at risk from flooding and extreme

events (Heberger; Brown, et.al)

Policy postulate: New generating capacity for coastal communities should be clean,
safe, reliable, have low probability of proliferation AND should be adaptable to address
increased energy demand, climate risk and GHG reduction goals

Can Floating SMRs play a role?
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Floating SMRs — Not a new idea
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Hammond, R.P., Okrent, D
power plants.

OFFSHORE NUCLEAR POWER PLANTS:; Richard S. ORR and Clinton 4
DOTSON



Floating SMRs — Current Concepts
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Power Output (per module) = 160 MWe
moored up to 100 meters depth
Length=146 m,® 14 m
Displacement = 20 000 tons
Remote Operation, permanent accessibility

>y 203 | o8 NPRO Dilogu Forum - Fstun FlexBlue DONsS http://newsoffice.mit.edu/2014/mit-offshore-floating-nuclear-plant-group-
crowdsource-ideas-new-reactor-design

Lee, K.H., Lee, K.H., Lee, P.S., Jeong,Y.H., Kim, J.K., 2011. A new concept of ocean Photo source: http://www.industrytap.com 5
nuclear power plant (ONPP). Nuclear Engineering and Design 254 (2013) 129- 141



Floating SMRs — Examining Siting Issues
1 1 1 i

Initial Research Focus

IAEA Siting Criteria IAEA Siting Criteria
Nuclear Power Plant Parameter Envelope
Health, Safety and Security Factors
Magnitude and Frequency of natural external events
Human Induced events

Radiological Impact Radiological Impact

Security and Safeguard Security and Safeguard
Essential Supplies

Engineering and cost factors Engineering and cost factors
Suitability of water for cooling Suitability of water for cooling

Suitability of existing electricity Infrastructure
Location of major load centers and selling price
Suitability of transport infrastructure
Technology considerations

Impact of existing facilities

Site development and construction costs Site development and construction costs
Multi-unit sites

Physical Security and Protection considerations
Stakeholder opinion

Regional regulatory and legal processes
Socio-economic factors

Future land use planning and sites ownership
Regional economy

Local Society

Landscape

Noise

Environmental Considerations

General eco-system characteristics

Aquatic ecology and marine impact

Terrestrial ecology

Freshwater Impact Freshwater Impact
Air Quality
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Floating SMRs — study questions
1 1 1 1 1 1 1111l

What are the key economic factors for land based

VS.

floating SMR deployment?
Overnight cost and Cost-Overrun Potential
Material cost

Electrical transmission mode (submarine, underground,
above ground)

Unique floating development, operations and
maintenance costs (dry-docking, refueling,
decommissioning)

Is there a water withdrawal “opportunity benefit” for
floating SMR deployment?

How does a floating deployment method impact the
Emergency Planning Zone?



Floating SMRs — initial approach
1 . 1 i
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 Engineering Economic Model (@Risk, “R”, Top Rank)

 Initial Factors included in model:
— Overnight Cost (Abdullah, Azevedo, Morgan Elicitation)

— Cost Over-run Probability Factors (Shipbuilding, Nuclear
Shipbuilding, Newbuild Nuclear)

— Material Cost (steel/concrete)
— Transmission Cost

— Operations Cost (Manpower)
— Dry-docking cost

— Refueling Cost

— Decommissioning Cost

— Excursions
> Inland freshwater “opportunity costs” (land based factor)
> Depth of deployment (pierside to deep-water)

« TBD - Add’l Benefit, EPZ, Radiological Risk



Floating SMRs — initial approach
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 Engineering Economic Model (@Risk, “R”, Top Rank)
 Initial Factors included in model:

— Overnight Cost (Abdullah, Azevedo, Morgan Elicitation)

— Cost Over-run Probability Factors (Shipbuilding, Nuclear
Shipbuilding, Newbuild Nuclear)

— Transmission Cost

— Excursions

> Depth of deployment (pierside to deep-water)



SMR Approaches Modeled
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'+ Land Based:

B&W SMR - Photo accessed: http://alfin2300.blogspot.com/
2010_07_01_archive.html

* Floating:

Fixed
Platform
(FP)

1500 Ft
(o ) Compliant

Tower

L Sea Star  Fioging
(1600163000 Ft) g, Flodg? ]
(500 to 3500 Ft) systems Tension  Subsea
(FPS) Leg System SPAR
{1500t0 6000 Ft) Platform (SS) Platform
(TLP)  (To 7000 Ft)
{1500 to 7000 Ft)

http://www.mnn.com/earth-matters/energy/stories/types-of-offshore- http://www.bollingershipyards.com/news-resources/Bgllinger-Re-
oil-rigs delivers-Articulated-Tug-Barge-Unit-to-Bouchard



Floating SMRs — (Very)Preliminary findings
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LAC (Overnight +Trans) / Floating ($...
$116 $445

0.007 | 100.0%
0.006 1 - 85.7%
p - 0,
0.005 71.4% LAC (Overnight +Trans) /
Floating ($M)
0.004 1 @RISK Course Version " 7% inimum $86.57
. . . Maximum $1,128.89
0.003 - Carnegie Mellon University . 42.9% Mean $222.18
Std Dev $108.33
Values 1000
0.002 | - 28.6%
0.001 1 - 14.3%
0.000 ; 0.0%
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Floating (20% overrun - Shallow) vs. Land

Sited
* Historical Mean U.S. Land Site Cost

= 250 Overrun (GW Scale 1970s): ~200%
% 200 (EIA)
= 150 » Current GW Scale: ~20-60% (2012
2 World Bank)
E 100 —lLandBased . Cost Overrun Range U.S. Nuclear
N 5 Floating Shipbuilding (NOAK) : 15-30% (GAO;
s Northrop Grumman)
-0

01 02 03 04 05 06 0.7 08 09 1
Land Cost Overrun % 1



Floating SMRs — Research Support
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