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a  b  s  t  r  a  c  t

Small  modular  reactors  are  the  latest  “new”  technology  that  nuclear  advocates  tout  as  the  game  changer
that  will  overcome  previous  economic  failures  of  nuclear  power.  The  debate  over  SMRs  has  been  particu-
larly intense  because  of  the  rapid  failure  of  large  “nuclear  renaissance”  reactors  in  market  economies,  the
urgent  need  to  address  climate  change,  and  the  dramatic  success  of  alternative,  decentralized  resources
in  lowering  costs  and  increasing  deployment.  This  paper  assesses  the  prospects  for  SMR  technology  from
three  perspectives:  the implications  of  the  history  of  cost  escalation  in nuclear  reactor  construction  for
learning,  economies  of  scale  and  other  process  that  SMR  advocates  claim  will  lower  cost;  the  challenges
SMR  technology  faces  in terms  of  high  costs  resulting  from  lost  economies  of  scale,  long  lead  time  needed

to  develop  a new  design,  the  size  of the  task  to  create  assembly  lines  for modular  reactors  and  intense
concern  about  safety;  and the cost  and  other  characteristics  – e.g. scalability,  speed  to market,  flexibility,
etc.  –  of available  alternatives  compared  SMR  technology.  The  paper  concludes  that  the  decision  of  the
major  vendors  (Westinghouse  and  B&W)  to  dramatically  reduce  SMR  development  efforts  reflects  the
severe  disadvantages  that SMR technology  faces in  the next  several  decades.

© 2014  Elsevier  Ltd.  All  rights  reserved.
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. Introduction

.1. Purpose

This paper presents an evaluation of the prospects for devel-
pment and deployment of significant numbers of Small Modular
eactors (SMR) in the mid-term through the lens of nuclear power’s
fty year struggle to be cost competitive with alternative technolo-
ies in the United States.

In that 50 year period there was one round of deployment of
a significant number of reactors in the 1970s and 1980s, which
came to be known as the “Great Bandwagon Market.” It ended
up with the number of reactors canceled exceeding the number
that were built 67,81

A second effort to start another round of major construction,1

known as the “Nuclear Renaissance,” never got off the ground.2

Only 10 percent of the reactors that were put on the table in
response to the regulatory streamlining and financial incentives
in the Energy Policy Act of 2005 went into construction and those
projects suffered substantial delays and cost overruns 34.
The economic woes of nuclear power in the U.S. have now
extended to aging reactors,35,39 with five retired early, most
major uprates canceled and over two dozen more declared at
risk of early closure for economic reasons 41.

The primary reaction of nuclear advocates to these setbacks has
een to blame policymakers in one way or another3 and simul-
aneously put forward new technologies that they claim address
he obvious problems of the old technology. Heralded as a new
echnology that will solve many of the problems that commercial
uclear power has encountered, SMR  technologies fit neatly into
his pattern.4 Yet, even before SMR  technology has gotten off the
rawing board, it has begun to exhibit the same pattern that has
fflicted prior efforts to kick start the industry, with two of the three
eading U.S. SMR  developers dramatically throttling back on their
MR efforts 11,47,48,63,91,123.

The ingredients for failure have been similar throughout the his-
ory of the commercial nuclear industry. The technology proves to
e uneconomic for several reasons:

Initial cost estimates prove to be wildly optimistic as design and
construction realities set in.
Cost escalation results from a combination of the difficulty of exe-
cuting extremely complex projects and the demands of nuclear
safety.

As the design or construction process unfolds, it becomes clear
that there are a number of alternatives available that are less
costly and less risky than the construction of new reactors.

1 A figure of 100 reactors was  used by Senator Lamar 5.
2 34,36,37, 2012c, provide accounts of the difficulties in the ongoing construction

n Georgia and South Carolina. The story is similar in other advanced industrial
arket economies (e.g. Japan, France, Germany, the United Kingdom) that were

een as the potential leaders in deploying a new generation of nuclear reactors
30,56. Nuclear construction activity is now concentrated in former communist
ations, half in China, a quarter in former members of the Soviet Bloc. http://www.
orld-nuclear.org/info/current-and-future-generation/plans-for-new-reactors-
orldwide/.
3 The perennial target is licensing and safety regulation (see e.g. 23,34), while the

light of aging reactors is being blamed on electricity market design 37.
4 An influential University of Chicago study was  entitled—Small Modular

eactors—Key to Future Nuclear Power in the U.S. 126; the Senior Director of Policy
evelopment for the Nuclear Energy Institute characterized SMRs as an “elegant
volution relative to large light water reactor technology, one whose development
ver the next decade will kick start an entire industry 110. Other operative phrases
ere—last best hope (141,99, also 106), path forward 40.
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However, the current round of debate involves other, more
mportant and ominous elements. The industry is pushing
uclear as an indispensable cornerstone of climate policy,
0,149,146,147,128,13,124,112 while launching a broad campaign to
mprove nuclear prospects by attacking competing technologies.
he attacks include vigorous efforts to alter the market price
echanisms in the Upper Midwest and the Northeast, where the

perating aging reactors were closed 38,143 and an attempt to
ndermine the policies that promote alternative approaches to
eeting the need for electricity 30,83,150.
Thus, the 50-year debate over commercial nuclear power is

ot only being repeated with SMR  technology, but it has taken on
reater importance. It is not only about the fate of nuclear power,
t is about the fundamental direction of electricity and climate pol-
cy. A thorough review of the prospects for SMR  technology, as the
otential savior of nuclear power and a major contributor to cli-
ate policy, is an ideal lens through which to view the unfolding

ebate.

.2. Approach

This paper takes a broad social science perspective on the eco-
omic challenges facing SMRs by emphasizing and locating SMR
echnology within the patterns of analysis and debate that have
ecurred in the three rounds of proposed nuclear expansion in the
nited States. Throughout its history, the fate of nuclear power
as been determined by its political economy, in the classic sense
f “examining how political forces affect the choice of economic
olicies,”5 as much as its basic economics. The resolution of the
ebate over nuclear power at the pivotal moment of initiation of
olicies to address climate change is very much a question of the
olitical choices that society will make about how to meet the need
or electricity in a low carbon future.

Sections 1–6 briefly describes what SMRs are and how they fit in
ve recurring themes in the history of commercial nuclear power in
he U.S. – the nuclear hype cycle, the rush to market, the absence of
earning effects, the inability to estimate costs and nuclear safety
nd nuclear economics. These traits that are endemic to nuclear
echnology contribute to its ultimate failure in market economies.

Sections 7–10 examine the economics of SMR  technologies from
our perspectives – the cost per unit of output, the magnitude of the
ffort to create an SMR  assembly line, demand side characteristics
ike size, flexibility, time to market and non-economic factors, and
he competition with alternatives in terms of cost and cost trends.
t concludes by tying the historical and contemporary factors that
ast considerable doubt on the economic viability of SMR  technolo-

ies to the decision of the leading vendors to throttle back their
nvestment in its development.

5 A rapidly growing mainstream literature from the 1970s has expanded. . .
oward examining how political forces affect the choice of economic policies, espe-
ially as to distributional conflicts and political institutions. . . Political economy
ost commonly refers to interdisciplinary studies drawing upon economics, soci-

logy, and political science in explaining how political institutions, the political
nvironment, and the economic system—capitalist, socialist, or mixed—influence
ach other 153. The study and use of how economic theory and methods influences
olitical ideology. Political economy is the interplay between economics, law and
olitics, and how institutions develop in different social and economic systems,
uch as capitalism, socialism and communism. Political economy analyzes how
ublic policy is created and implemented. http://www.investopedia.com/terms/p/
olitical-economy.asp. Political Economy. Until recent times the common name for
he  study of economic process. The term has connotations of the interrelationship
etween the practical aspects of political action and the pure theory of economics.
t is sometimes argued that classical political economy was  concerned more with
his  aspect of the economy and that modern economists have tended to be more
estricted in the range of their studies (123, p. 342).

http://www.world-nuclear.org/info/current-and-future-generation/plans-for-new-reactors-worldwide/
http://www.world-nuclear.org/info/current-and-future-generation/plans-for-new-reactors-worldwide/
http://www.world-nuclear.org/info/current-and-future-generation/plans-for-new-reactors-worldwide/
http://www.investopedia.com/terms/p/political-economy.asp
http://www.investopedia.com/terms/p/political-economy.asp
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tion that apparently intoxicated both parties and inhibited
normal commercial skepticism about advertisements which
purported to be analyses. . . during the late 1960s.  . .the

7 A 84 (50) cites a 2007—Westinghouse Electricity Company Estimate as the
source. A 2010 (24, piece jointly authored by vendor (Westinghouse) employees and
academics presents the benefits as a theoretical proposition and makes assumptions
M. Cooper / Energy Research 

. The nuclear hype cycle

.1. Small modular reactors

Simply defined as reactors with capacity below 300 Mwe,  the
escription of small modular reactors focuses on the three broad
ypes of advantages that these reactors are presumed to have:

small size and modularity are said to allow major components
to be standardized and fabricated in significant quantities on
assembly lines, which gives the manufacturers greater ability to
learn and control costs and results in a significant simplification
of deployment,
passive safety design, integration of major systems into a single
unit and below ground deployment are said to dramatically lower
safety concerns and costs, and
small size is said to expand the potential market for SMRs by
allowing them to meet much smaller increments of demand and
alleviating the burden of financing huge megaprojects.

For example, the opening paragraph on the U.S. Department of
nergy Small Modular Reactors page describes them as follows:

Small modular reactors (SMRs) are nuclear power plants that
[are] smaller in size (300 MWe  or less) than current generation
base load plants (1000 MWe  or higher). These smaller, compact
designs are factory-fabricated reactors that can be transported
by truck or rail to a nuclear power site (http://www.energy.
gov/ne/nuclear-reactor-technologies/small-modular-nuclear-
reactors).

The World Nuclear Association provides a similar but more
etailed description on its small modular reactor page

‘SMR’ is used. . . as an acronym for ‘small modular reactor’,
designed for serial construction and collectively to comprise
a large nuclear power plant. (In this paper the use of diverse
pre-fabricated modules to expedite the construction of a single
large reactor is not relevant.) Generally, modern small reactors
for power generation are expected to have greater simplicity of
design, economy of mass production, and reduced siting costs.
Most are also designed for a high level of passive or inherent
safety in the event of malfunction. Also many are designed to
be emplaced below ground level, giving a high resistance to ter-
rorist threats. A 2010 report by a special committee convened
by the American Nuclear Society showed that many safety pro-
visions necessary, or at least prudent, in large reactors are not
necessary in the small designs forthcoming. Since small reactors
are envisaged as replacing fossil fuel plants in many situations,
the emergency planning zone required is designed to be no
more than about 300 m radius. (http://www.world-nuclear.
org/info/Nuclear-Fuel-Cycle/Power-Reactors/Small-Nuclear-
Power-Reactors)

D.T. Ingersoll6 provided a description of “Deliberately Small
eactors and the Second Nuclear Renaissance,” published in 2009
and circulated as slides in 2010) that is essentially a catalog of the
dvantages clamed for SMR  technology (see Table 1). It is one of the

ost often cited articles in the early literature and exhibits a loud

xuberance for a second round of nuclear construction and the role
f deliberately small reactors (DSRs) in it:

6 At Oakridge national laboratory at the time of the article and later at NuScale
an  SMR developer).
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The United States is unquestionably in the early phase of the
second nuclear era or nuclear renaissance. . ..  enabled by a num-
ber of key factors, including: (1) a continually growing demand
for electricity and a steadily dwindling margin of generating
capacity, (2) the excellent safety and performance record of the
existing fleet of LWRs, (3) a growing concern for the environ-
mental impacts of large-scale burning of fossil fuels, especially
as it impacts global climate change, and (4) the new aware-
ness of the impact of energy supply on national and energy
security. . ..  DSRs have many substantial benefits that should
position them well to be a key player in the second nuclear era
and complement the larger plants that will be built for base load
electricity (69, p. 591).

Ingersoll’s list of the “substantial benefits” summarized in
xhibit II-1 is a good example of a number of analyses put forward,
rst by vendors (Westinghouse) and then in co-authored pieces

rom academic institutions, funded by international agencies with
n interest in promoting the technology, frequently with govern-
ental support.7 Over the course of almost a decade the list was

epeated endlessly, with little real world experience or evidence to
ack it up 94,17,132,107,24,109,25.

While it is obvious that no technology lives up to the hype of its
endors, in the early period of touting nuclear power, the advocates
arely incorporate the challenges into their analysis. Early cost esti-
ates for a new technology are invariably uncertain, but nuclear

ost projections have been particularly problematic, exhibiting
xtraordinary cost overruns.8 Under these circumstances, one
ight expect a great deal of caution on the part of both vendors

nd customers. That has not been the case for nuclear power. Bupp
nd Derian describe the early hype cycle in the case of the “Great
andwagon Market” as follows:

This meant that virtually all of the economic information about
the status of light water reactors in the early 1970s was based
upon expectation rather than actual experience. The distinction
between cost records and cost estimation may seem obvious,
but apparently it eluded many in government and industry for
years. . .
Meanwhile, each additional buyer was cited by the reactor man-
ufacturers as proof of the soundness of their product. . .The rush
to nuclear power had become a self-sustaining process. . . (23,
p.71)
There were few, if any, credible challenges to this natural
conclusion. Indeed, quite the contrary. Government officials
regularly cited the nuclear industry’s analyses of light water
plants as proof of the success of their own  research and
development policies. The industry, in turn, cited those same
government statements as official confirmation.
The result was a circular flow of mutually reinforcing asser-
o  estimate cost effects 79, p. 48, cites a different 2010 source (Mycoff, et al.) which
rops the original source and is contained in an article co-authored by employees
f  a vendor (Westinghouse) and an academic institution. In addition to these Carelli
rticles, 68 cites personal communications with Carelli and Kuznetsov and a large
umber of reports on agency efforts to develop the technology.
8 While one can argue that cost overruns afflict all megaprojects, the evidence

s  that nuclear cost problems are more severe than other megaprojects 134.  More
mportantly, the competition that nuclear faces are not generally megaprojects,

hich therefore do not have anywhere near the cost overrun problem.

http://www.energy.gov/ne/nuclear-reactor-technologies/small-modular-nuclear-reactors
http://www.energy.gov/ne/nuclear-reactor-technologies/small-modular-nuclear-reactors
http://www.energy.gov/ne/nuclear-reactor-technologies/small-modular-nuclear-reactors
http://www.world-nuclear.org/info/Nuclear-Fuel-Cycle/Power-Reactors/Small-Nuclear-Power-Reactors
http://www.world-nuclear.org/info/Nuclear-Fuel-Cycle/Power-Reactors/Small-Nuclear-Power-Reactors
http://www.world-nuclear.org/info/Nuclear-Fuel-Cycle/Power-Reactors/Small-Nuclear-Power-Reactors
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Table  1
Benefits claimed and challenges for small modular nuclear technology.

Characteristic Source of advantage Challenges

Supply side Demand side

Economic competitiveness
Technological maturity Reactors are familiar technology with

potential for progress
× Limited technical benefit for newcomers, user and owner

issues*
Availability of design for newcomers, Proprietary design
protection*

Small  size Less risk, manageable finance × × Economic competitiveness (economy of scale), first of a
kind cost estimate, Severe diseconomiesa

Multi-unit Repetition rapid learning × Limited market opportunities, Relatively small number of
unitsa

Modularity Standardized mass production × Licensability (delays due to design innovation), technical
challenge for non LWR  technologies

Factory fabrication Quality control, ease of transport × Standardization and licenses for manufacturing, Challenge
of  building an assembly linea

Flexible deployment Scalability fits supply and demand × Infrastructure requirements
Swift  deployment Less risk, lower front end cost × × Reduced emergency planning zone
Cogeneration/Co-siting Large incremental value × Operability

System impact
Grid support Smaller, distributed × Viability of multiple-modules station*l room staff*
Grid  integration Base load, local × Regulation for fuel or NPP leasing
Reliability Redundancy, small size × Technology challenge for non-LWR
Safety/waste Risk informed licensing,* Mechanistic Source Term,*

Repair, retrieval and waste managementa

Safety/simplicity Regulatory relief × Ergonomics and control room staff*
Non-proliferation Smaller, loaded in factory × Impact of innovative design, Proliferation resistance and

Physical Security*
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ources: Benefits: 68,69; Challenges: 137 for a tabular display and p. 14 for additional

distinction between promotional prospectus and critical evalu-
ation become progressively more obscure (23, p.71).

Although the “Nuclear Renaissance” never entered a building
hase, the response to the announcement of loan guarantees took
n the feel of a frenzy with a flood of applications equal to ten times
he amount set aside for the loan program 142, and talk of more than
oubling the size of the U.S. fleet in a short period of time 5. While
endors in the second (“Nuclear Renaissance”) or third (SMR)
uclear hype cycle were just as aggressive in promoting their
roduct and governments tend to be supportive, the more recent
ype cycles exhibits one important difference. The prior failure of
uclear power had created both a sense that claims like this needed
o be examined carefully and quickly, eliciting a body of analysts
ho were willing to do so and rendering customers (utilities) more

autious. Thus, the claimed advantages of SMR  technology that
ent largely unchallenged for half a decade, began to encounter

riticism, or at least a more balanced view 10,99,95,136,140,22.
By 2011, as shown in the right hand column of Exhibit 1, every

otential benefit was also seen as representing a challenge. Taken
ogether, the counterpoints constitute a very substantial challenge
o vendor claims. Some critics of the analysis offered very fun-
amental challenges to the claimed advantages, noting that “the
otential cost benefits of assembly-line module construction may
e overstated.” 96,100

The diseconomies of small unit construction are quite severe,
including the surface area of the reactors and containment struc-
tures, and lost economies in dedicated systems for control,
management, and emergency response and the cost of licensing
and security.
The economies of mass manufacturing are too optimistic because

mass manufacturing has problems when applied to production
of a relatively small numbers of very costly pieces of equipment.
While the project size for individual utility deployments would
be smaller, the challenge of creating a massive assembly line

t
t

t

Spent fuel management and waste handling policies

s identified with *; additional challenges from 97,101,117, identified bya.

requires huge amounts of capital and a massive book order cre-
ate a startup problem (chicken and egg), and will not sustain
competition to drive innovation or cost reduction.
The SMR  design raises problems of reactor repair, waste retrieval,
and decommissioning.

. The rush to market

Throughout its history, commercial nuclear power has suffered
rom a “rush to market” syndrome, where complex technology is
eployed in substantial amounts before the bugs are worked out.
he rush to market is a central issue and problem for nuclear tech-
ology because the complex, capital intensive technology is slow to
arket and must compete against other technologies that deploy
ore quickly and scale faster.
This rush to market contributed to the crash of the Great Band-

agon Market, and plagued the “Nuclear Renaissance.”

For 15 years many of those most closely identified with reactor
commercialization have stubbornly refused to face up to the
sheer technical complexity of the job that remained after the
first prototype nuclear plants had been built in the mid- and
late 1950s. Both industry and government refused to recognize
that construction and successful operation of these prototypes
– though it represented a very considerable technical achieve-
ment – was  the beginning and not near the completion of a
demanding undertaking (23, p. 154–155).

With a technology as complex as nuclear reactors, prototypes
nd real-world experiences are crucially important before full scale
eployment is contemplated. Komanoff emphasized that in putting

 safe product into the market design review needs to not only be
horough, but also ongoing with real-world deployment allowed

o continually improve the understanding of safety and therefore
he need for design modifications (80, p. 27).

While these factors seem obvious with respect to large reac-
ors, the discussion below indicates they apply to SMR  technologies
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Exhibit 1. Overnight cos
ources: 18,32,34.

s well. The lesson has not been learned and SMR  technology
as not escaped from the problem of the rush to market. More-
ver, SMR  technology has an additional factor pushing for speed –
he urgent need to respond to climate change. Technologies that
equire a decade or more to begin significant deployment forego
hat is increasingly seen as the most critically important period

or a response.70

Even when analyses that advocate deployment of SMR  technol-
gy give a nod to the challenge of ensuring that the technology
s safe and recognize the time it would take to make it ready for
eployment is substantial, they dramatically underestimate the
ature and extent of the task. Ingersoll, expressed some concern
bout the unfolding of the process.

But whether the plants are large or small, it is vital that the
nuclear community hold fast to lessons learned and not repeat
the many failings that precipitated the fall of the first nuclear

era. . ..  The number of options creates confusion in the market
and dilutes the limited financial and human resources available
in the nuclear community. Again, we must learn from mistakes
of the first nuclear era and focus our attention on the few most a
hin technologies (PWR).

promising designs with an eye toward standardization. (68, pp.
589–603, 591–600)

Ingersoll concluded that it would take up to 10 years to perfect
he design. Yet his framing did not even necessarily include build-
ng a prototype or going through a demonstration phase, which
pitomizes the mistake that Bupp, Derian, and Komanoff put their
ngers on.

Assuming that credible engineering is achieved, it is further
necessary to confidently demonstrate the unique plant fea-
tures that result from making the reactor deliberately small. . .
[T]he significant economy of scale factor for nuclear plants
will challenge the economic viability of SMRs unless inno-
vative designs features result in a substantial cost savings.
These innovations, such as integral primary systems and passive
safety systems, will require thorough testing and demon-
stration through separate effects tests, scaled simulators, or

perhaps even prototype units. (68, p. 600, emphasis added)

This view clearly skips over the important demonstration phase
s a critically important step to widespread deployment. Others
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These observations tie directly into the debate over SMR  tech-
nology because SMRs constitutes a relatively large change in the
66 M. Cooper / Energy Research 

ffirm that the technology needs a decade of research and develop-
ent before it can move into a deployment phase (157, pp. 27–28).
In spite of the call for caution in the rollout of a new technology,

 frequently cited University of Chicago study 125 combined high
nitial cost estimates with a scenario of accelerated learning and
conomic processes that was projected to quickly lower the cost.
o achieve the cost reductions, the Chicago study envisions a rapid
caling up of production over a short period of time – 54/100-MW
odules (5.4 GW)  by 2020 for each design and production assem-

ly line – and then assumes a steady stream of production of 12
nits per year 91,48. In essence, the Chicago study envisions full
roduction in the time others think it would take to just get the
esign right.

A number of factors lie behind the rush to market. Vendors
elieve that they need a large book of orders to achieve economies
f scale and reap the rewards of learning. Vendors and customers
o not want to fall behind others and may  also be responding to the
act that there are alternatives that will prove to be more attractive
nd a slow roll out renders investment vulnerable.9

. Learning processes and cost projection

Major claims about how to overcome the cost disadvantage of
MR technology rely on the claim that learning will lower costs.
hese claims are made with reference to other industries 125, but
he evidence from the nuclear industry does not support the opti-

ism.  In this section we review evidence from France and the
.S. that bears on the question of learning in the nuclear sector.

n France nuclear energy constitutes the highest fraction of elec-
ricity generation of any advanced industrial nation. The United
tates still has the largest number of operating commercial nuclear
ower plants. Taken together, France and the U.S. represent almost
alf of all reactors built in market economies.10 Understanding the
hallenge of cost escalation, cost estimation and learning in these
wo nations represents a substantial knowledge base about the
volution of nuclear reactor construction costs.

The recent release of formerly confidential data on French
uclear construction costs has stimulated a new round of analysis
f nuclear cost escalation and cost estimation 61,120,18,31,32,34. Our
arlier analysis 34 was the only study to directly compare France
nd the U.S., but the analysis by Rangel and Lévêque 119,88 affirmed
he findings on the causes of nuclear cost escalation.

This component represents what 31,32 denominated as the
Bupp-Derian-Komanoff-Taylor hypothesis. This hypothesis
states that as nuclear power industry (vendors and utilities)
gained experience, bigger reactors were made and this techno-
logical scaling-up induced greater complexity which resulted in
longer lead times. (118, pp. 12–14)

After affirming the earlier findings, Rangel and Leveque parse
hrough their data in search of cost trends within subsets of reactors
118, p. 16) Similarly, 18 focuses on a very narrow set of reactors
o draw inferences about the containment of cost escalation. They
oth argue that a positive learning effect can be seen and explained
y standardization, which is a good direction to look in order to

118
vercome the cost escalation curse .

[W]e also found that cumulated experience had not induced a
reduction in costs. This result is often seen as a consequence of

9 Bupp and Derian (23, pp. 74–75) describe these factors for the Great Bandwagon
arket. 37, notes similar motivations for the “Nuclear Renaissance.”

10 France and the U.S. account for 162 out of 346 reactors not in formerly Iron
urtain nations or China. An additional 32 reactors are in developing nations (e.g.
akistan, India, Brazil, etc.) 54.
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the intrinsic characteristics of nuclear power, i.e., lumpy invest-
ments and site-specific design 32,61. . .
Nevertheless, when we  take into account the experience within
the same palier and type, we find a positive learning effect. . ..
[W]e can see that the estimates for these variables are nega-
tive, however, their effect was  less significant than the other
variables (118, pp. 14–15).

While our earlier analysis found a hint of learning when look-
ng at individual U.S. reactor builders, (32,34) it is important to have

 clear understanding of how far this finding can carry the indus-
ry, particularly in comparison to the rapid decline in costs being
xhibited by other generation technologies, as discussed below.
he small learning effects observed in the French data set sug-
ests that there are significant limitations on their importance that
emand great care in using them to project the cost pattern for new
echnologies.

Caution is needed in drawing lessons about the potential for
earning because the advice is based on a very narrow range of
bservations,11 but large changes in technology have been associ-
ted with large increases in cost, which is the challenge that SMR
echnology faces.

Exhibit 1 shows the escalation of French and U.S. nuclear reactor
onstruction cost that lies behind these observations. Time on the
-axis serves as a proxy for industry experience and reactor size,
s both scaled up over this period. To enhance the comparability
f the cost histories between France and the U.S., we  include only
.S. pressurized water reactors.

The size of the learning effect is relatively small and statistically
weak and the other negative, cost-increasing effects of adding a
reactor reduce or eliminate the positive, cost-reducing benefits
of learning.
Introducing new technologies raises the cost significantly, to the
point at which the reduction of cost within the technology as
more units are added does not offset the increase in cost asso-
ciated with introducing the technology. This is an important
consideration when contemplating new technologies.
The larger the technology leap, the bigger the increase in cost.
The cost of the current technology – the European Pressurized
Reactor (EPR) – is well above the cost of the last technology.
The dangers of extrapolating beyond the analysis are substantial
because of both the size and direction of the effects is radically
different.
In the case of the French and U.S. experiences, nuclear reactors
were scaling up by 60 percent, which may  be very different than
scaling down by 75–90 percent, which is what the SMR  technol-
ogy does.
In the case of the French and U.S. experience the analysis is pro-
jecting a reduction of 25 percent in cost over a relatively small
number (10) of reactors, while in the case of SMRs analysts are
projecting much larger reductions over a much larger number of
units (50+).
11 Boccard’s (18, p. 452) analysis focuses on a very narrow subset of the reactors
uilt in France to conclude that cost escalation can be contained. “All in all, the 48
estinghouse reactors built during the 1980s (and completed over just 13 years)

isplay an overall great stability with a limited 1.4% yearly growth rate of unit cost.
ocusing on the uniform technology in a short period, as Boccard does, can be mis-
eading. They were not implementing new designs, which yields a very low estimate
f  the cost escalation because it excludes the most difficult part of the process,
eveloping, deploying and debugging new designs”.
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Exhibit 2. French
ource: 61.

esign. The expectation based on history is that the initial costs
ill be much higher and, even with learning the final cost will still

e higher than the previous technology.
The upper graph in Exhibit 1 shows graphically how the anal-

sis of the French data arrives at the conclusion that there is a
earning effect and why it must be treated carefully. It shows that
ompleted French reactors are divided into several technology cat-
gories, with some significant technological distinctions between
hem, even though they all share a basic technology (being pressur-
zed water reactors). The figure shows that after the initial group
f reactors, which exhibited rising costs through the construction
f all reactors, four of the remaining five categories exhibit declin-
ng costs across the construction of the reactors in the category.
owever, introducing new designs dramatically increases costs.

Exhibit 1 includes the official cost estimates for ongoing con-
truction of the new French EPR (129:50) two of which are currently
nder construction in Europe (one in France – Flammanville – and
ne in Finland – Olkiluoto). The graph underscores the error of
ssuming that the end point of the last technology is a good indi-
ator of the cost of the new technology.

Although the trend line for U.S. “Great Bandwagon Market” reac-
ors as shown in the lower graph in was much higher, it is a better
redictor of current cost projections than the French trend line, in
art because the cost of developing and deploying new designs in
rance in the 1990s was hidden. The gap between the initial esti-
ates of the cost of new reactors and the current estimates for the

eactors under construction in U.S. is almost as large as the gap for
he French EPR.

Boccard (18, p. 452) offers four potential explanations for the
ramatic increase in cost of the EPR – a post-Fukushima effect,
he challenge of developing a new technology, the long delay in
onstruction activity, and the possibility that earlier nuclear devel-
pment costs were hidden in the French state budget. The first three
f these would be relevant to the projected cost of SMR technolo-
ies.

. The persistent underestimation of costs

Over the course of almost five decades of building nuclear reac-

ors, there is little evidence that learning or economies of scale
ower costs in the nuclear sector. Yet the most obvious failure of
earning in the nuclear industry is the failure of those estimating
osts to learn from the nuclear track record to improve their cost

V
m
a
j

nderestimation.

rojections. Referring to Exhibit 2, Grubler describes the French
roblem as follows:

Apparently, the projections no longer served their origi-
nal purpose—to communicate the benefits of the nuclear
program within France’s technocratic elite—but were rather
instrumentalized—so as not to add insult to injury—to com-
municate an economic success story whilst distracting from
the difficulties encountered with the problem N4 reactors. Ever
since, the cost projections have further lost their credibility and
usefulness in public discourse and decision-making (61,p. 30)

Exhibit 2 shows the gap between projections and actual costs
or all of the reactors completed in France. As bad as the projection
f the N4 technology costs was in France, the dramatic difference
etween the initial estimates of the new French EPR reactor (as
hown in Exhibit 1, above) and the current estimates, would make
t the worst underestimate in the French experience.

Bupp and Derian identified the same problem of persistent cost
nderestimation as follows:

Costs normally stabilize and often begin to decline fairly soon
after a product’s introduction. . . the reactor manufacturers
repeatedly assured their customers that this kind of cost sta-
bilization was  bound to occur with nuclear power plants. But
cost stabilization did not occur with light water reactors. . .
The learning that usually lowers initial costs has not gener-
ally occurred in the nuclear power business. Contrary to the
industry’s own oft-repeated claim that reactor costs were—soon
going to stabilize and that—learning by doing would produce
cost decreases, just the opposite happened. Even more impor-
tant, cost estimates did not become more accurate with time.
(23, p.79)

The U.S. data, as summarized in Exhibit 3, shows a pattern sim-
lar to France. Much as in the French case, the projection of costs
n the U.S. has gotten worse when the initial projections are com-
ared to later projections and ongoing construction cost estimates
as shown in Exhibit 1, above). If we included the full range of tech-
ologies in the U.S. the inability to estimate costs would be even
reater.

The failure of cost projections is part of the nuclear hype cycle.

endors produce extremely optimistic projections of cost. Govern-
ent agencies, mandated to promote the technology, fund friendly

cademic studies to validate hypothetical and theoretical cost pro-
ections, but they never live up to the promise in reality.
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Table 2
Small modular reactor safety concerns.

Shifts in general approach
Preapproval and limited review
Static approach v. evolving standards
Wide dispersal
Proliferation concerns
Close proximity to population centers requires increased margins
Reduction of Safety Margins
Shrinking containment
Limitations of staff for safety and security
Consolidation of control reduces redundancy
Evacuation zones

Unique challenges for safety oversight
Inspection
Manufacturing facilities problems and costs
Foreign sources
Access to below ground facilities
Repair/retrofit/recall
Integrated systems
Waste management and retrieval
Potentially higher levels of radiation
Flooding for below ground facilities
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time when there is a broad consensus that the Fukushima accident
highlights significant failings of nuclear regulation leading to
vigorous calls for strengthening oversight.12 The strategy of short
Exhibit 3. U.S. c
ource: 52.

Ironically, the vendors and academic institutions that were
mong the most avid enthusiasts in propagating the early,
xtremely optimistic cost estimates of the “Nuclear Renaissance”
re the same entities now producing extremely optimistic cost
stimates for the next nuclear technology. 126,146 Moreover, the
ow cost estimates of the “Nuclear Renaissance” were driven by
ssumptions about cost-reducing processes – economies of scale,
earning by doing, and regulatory relaxation – that vendors said

ould kick in during both the “Great Bandwagon Market” and
he “Nuclear Renaissance,” but never did. The current hype cycle
urrounding SMRs is based on the hope that the cost-reducing
rocesses that have failed to appear in the past will finally arrive.

. Relaxation of licensing and safety regulation

The fact that licensing and safety regulation loom large in the
dvantages claimed for SMR  technology should not be surprising,
afety has been the central issue driving nuclear economics since
he earliest days of commercial nuclear power. The recent study of
rench construction costs confirmed earlier findings on U.S. costs:

[I]t appears likely that reducing the risk of a serious accident has
also played its part in the French cost escalation, as it was  found
by 31,32 for the U.S case. . . when safety concerns are partly inter-
nalized in the construction costs, safer reactors are inherently
more expensive.  . .
For this reason, the economics of safety is perhaps the most
challenging issue for the future of nuclear power.  . . [T]he par-
ticular nature of serious nuclear accidents, huge damages but
very low and uncertain probability of occurrence, makes it dif-
ficult to determine if the safety investments are cost-effective
(118, pp. 16–17).

Given the challenging nature of SMR  economics the claim that
egulatory requirements in licensing and safety can be reduced
akes on greater importance. The aspiration is for large numbers
f small reactors widely distributed at sites with multiple units
lose to population centers. This is the way the best economics
an be achieved for SMRs. The hope is for preapproval of design,
entralization of inspection (at the fabrication facility), the virtual
limination of evacuation zones, and reduction in on-site personnel

nd back-up systems due to passive safety designs.

Each of the assumptions about the justification for less stringent
afety regulation has been challenged. Table 2 summarizes the con-
erns raised about safety that have been expressed in response to r
Common design creates potential —epidemic failure

ources: 100,101,97,135,118,117.

he industry demands for relaxed standards. The debate over safety
nvolves both fundamental process issues and specific substantive
oncerns.

Widespread dispersal and close proximity to population cen-
ers was one of the key factors that triggered increased oversight
f safety during the Great Bandwagon Market 34. Close proximity
o population centers required higher safety margins to reduce the
robability and mitigate the impact of accidents. When the technol-
gy proved to be more difficult than anticipated, the industry had
ommitted to and begun deploying too many reactors. They were
tuck with a fleet of “defective products” (139, p. 9). Retrofitting was
xpensive, so the battle with the safety regulator was engaged.

The push to relax regulatory oversight for SMRs comes at a
12 34, reviews early reactions through late 2011. More recent summations and
ecommendations can be found in 55,151,152,103.
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implying higher fueling and waste disposal costs.

The challenge of nuclear cost projection for SMR  technologies
can be seen by juxtaposing three studies conducted by researchers
Exhibit 4. Economic Factors that Contribute to Offsetting the Econom
ource: 68, Fig. 4.

ircuiting oversight based on claims that a new approach to design
olves many of the long standing safety issues without a significant
eriod of testing and demonstrations is not likely to gain much
raction, certainly not on the time scale that is envisioned by SMR
dvocates. The claim for regulatory relief sounds like more of the
ame, particularly in light of the fact that many of the concepts
hat have been incorporated into the design of SMRs are retreads
f ideas that have been put forward over more than half a century,
ut failed to advance due to safety and economics problems.

It is also important to keep another aspect of the context of
he safety debate in mind. The SMR  advocates argue for a relax-
tion of safety regulation but insist on socializing the risk of nuclear
ccidents with limitations on their liability (e.g., the regular Con-
ressional renewal of the industry indemnifying Price Anderson
ct) (33). They are unwilling to test the proposition that less safety
egulation is better by accepting full private responsibility for
afety.

. The economic challenges of SMRS

At the start of the SMR  hype cycle, as suggested in the Ingersoll
uote above, the assumption was that the large reactor “Nuclear
enaissance” technologies would succeed. Large, low cost “Nuclear
enaissance” reactors would meet the demand for large central
tation power. SMRs, exhibiting similar costs per kWh, would meet
dditional needs for smaller units. Selling this argument to policy
akers and potential customers faced a major challenge.
After half a century of claiming that bigger is better because of

conomies of scale, the initial challenge for SMR  advocates was to
xplain how the diseconomies of scale suffered by SMRs compared
o large reactors would be overcome (see Exhibit 4). That is, there
re certain large costs that have to be incurred regardless of the
ize of the reactor and these costs decline on a per MW of output
asis as they are spread across larger units. Economists say they
xhibit economies of scale.13 Because SMRs are small, they forgo

he benefits of economies of scale and suffer diseconomies of scale.

Exhibit 4 presents this cost analysis. While the exhibit is from
ngersoll, it reflects the exact analysis and numbers originally put

13 http://en.wikipedia.org/wiki/Economies of scale, In microeconomics econo-
ies of scale are the cost advantages that enterprises obtain due to size, output, or

cale of operation, with cost per unit of output generally decreasing with increasing
cale as fixed costs are spread out over more units of output.

i

i

cale for a 4-unit SMR  plant compared to a single large reactor plant.

orward by Westinghouse. The analysis presents a series of steps
f cost reductions based on theoretical calculations and analo-
ies to other industries.14 The vendor’s promotional claims were
egurgitated repeatedly and the hypothetical economic process
ecame gospel among the advocates of SMRs.15 About half of the

ost economies are assumed to be made up by modularization and
earning, the other half results from speed of design and construc-
ion.

Skepticism about the basis for the cost projections discussed
n the previous Section was  not restricted to critics of nuclear
ower. In fact, a debate has arisen within the industry over whether
he goal of cost parity with large nuclear reactors adopted by
he advocates of SMR  technology is achievable.16 The experts
irectly involved in the industry (regulators and senior manage-
ent employees) believe SMRs will cost more than the current

eneration of reactors, with regulators projecting the highest cost
30% above current large reactors). The vendors and academics
elieve they will cost only a little bit more than the current reactors
5%). This repeats the pattern observed with the “Nuclear Renais-
ance” in which vendors and academic enthusiasts projected the
owest costs by far, utilities had higher cost projections, and inde-
endent analysts had the highest projections 34.

While there is a debate about how much higher the construction
osts of SMRs will be, there appears to be no debate that other costs
ssociated with SMRs will be higher because the lost economies of
cale cannot be made up with economies of mass production. Oper-
ting costs are projected to be between one-fifth and one-quarter
igher than for large reactors 24. Decommissioning costs are pro-

ected to be three times as high 91,92. Also, as pointed out by some
nalysts, because of the smaller size of SMRs and the fueling pattern
hat is envisaged, SMRs would require 30–40 percent more fuel
nd produce correspondingly more radioactive spent fuel 59,117,
14 The mass production and savings were hypothesized based on the experience
n  other industries, not rooted in the nuclear sector 126.
15 See note 7.
16 The difference cited are from 1. Similarly broad ranges of opinion are reflected
n 6,7.

http://en.wikipedia.org/wiki/Economies_of_scale
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Exhibit 5. University of Chicago recap of enthusiast/utility estimates of overn
ources: 146,127. Low estimate is derived from 104,105,126, R., Goldberg, S., 2011. Small m
t  Chicago, University of Chicago, p. 19.

t the University of Chicago (see Exhibit 5).17 In 2004, as the hype
round the “Nuclear Renaissance” was heating up, under contract
ith the Department of Energy, the University of Chicago prepared

n analysis of nuclear costs, compared to coal and natural gas. Indi-
idual cost estimates, largely from vendors and consultants, yielded
ery low estimates. Seven years later the University of Chicago pre-
ared another analysis that sought to explain why the original cost
stimates were so far off the mark 126. (Note that MIT had gone
hrough a similar process, as shown in Exhibit 5.)18 At the same
ime, the University of Chicago prepared an analysis of the cost of
MRs 125.

The University of Chicago SMR  cost estimates were substantially
igher that the estimates put forward half a decade earlier. This
ight reflect that fact that the initial estimates of SMR  costs were

ied to the extremely low estimates of large “Nuclear Renaissance”
eactor costs, which have doubled since the initial SMR  cost analysis
as presented. One can argue that the SMR  costs should reflect the
ramatic escalation in the large reactor costs for two reasons. First,
MR technology will suffer from material cost increases because
he underlying diseconomies of scale of SMRs suggests that they
mbody as much material per MW of capacity. Second, just as the
esign of the first “Nuclear Renaissance” reactor took 16 revisions
o pass muster,19 it is likely that overly optimistic assumptions

bout how quickly new designs can be approved by regulators will
e proven wrong in the case of SMR  technology because of the novel
haracteristics of these designs.20

17 146,126,131, used Westinghouse’s cost estimates for the AP1000 as the example.
hese estimates were reported in the 146, report and identified by 62, as one of
he early estimates. Westinghouse employees were in the forefront of the SMR
stimates, see 25.
18 104,105.
19 The AP1000 under construction in Georgia and South Carolina.
20 A direct comparison of the SMR  technology to nuclear renaissance technolo-
ies using a number of characteristics (Neutron Spectrum, Coolant/moderator, Fuel,
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ost for new GW – scale nuclear plants: 2000–2010 and SMR cost projections.
ar reactors – key to future nuclear power generation in the U.S. Energy Policy Institute

The dramatic increase in projected costs for “Nuclear Renais-
ance” technologies shines a spotlight on the World Nuclear
ssociation’s claim, noted at the start of Section II that “the use
f diverse pre-fabricated modules to expedite the construction of a
ingle large reactor is not relevant.” While SMR technology involves

 much higher level of modularization than was proposed for the
Nuclear Renaissance” technologies, many of advantages of modu-
arization and standardization were claimed for the new approach
o large reactor construction, so the experience should not be con-
idered totally irrelevant. The benefits were not realized, which is
eflected in the dramatic escalation of cost for those reactors that
ntered construction.21

Exhibit 6 shows the SMR  cost challenge in broader historical
ontext. It plots the actual overnight costs of the reactors com-
leted during the “Great Bandwagon Market,” the projected and
ngoing costs of the “Nuclear Renaissance” reactors and the pro-
ected costs of SMRs based on the University of Chicago study (plus

 realistic scenario). Whether the costs follow the optimistic pro-
ection of the University of Chicago study or the more pessimistic
ath of the industry regulators, the challenge is large. In essence, the
laim is for a total reversal of past trends, although there has never
een anything like it in the fifty-year history of commercial nuclear
ower. Even with this unlikely reversal, the cost of power from

MRs is likely to be above the cost of the last nuclear technology,
hich repeats the historic pattern observed in Section II.

conomy of Scale, Economy of Mass Production, Use of Proven Technology, Plant
implification, Modular Construction, High Thermal Efficiency, Passive Safety 46 sug-
est to sue that that SMRs do not enjoy a great deal of advantage on the supply-side.
21 64, before it started building, the nuclear industry promised its new generation
f plants would be constructed using giant Lego-like modules that make building
aster, cheaper and produce a higher-quality result. Instead, the Louisiana factory
uilding these modules has failed to master quality control rules, stick to schedule
r  replicate the approved designs, adding time and significant cost to first-of-their-
ind projects.
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Exhibit 6. Actual and projected overnight constructi
ources: 34,126

The bottom line on SMR  technology is clear. It is not likely to
njoy any advantage in the cost per unit of output compared to
arge reactors, and probably be more costly. There is no advantage
o be had on the cost side.

. The size of the undertaking

The advantage claimed for the size of the units produced is also
uspect, both at the level of the individual units and the effort to
reate an assembly line. We  will deal with the latter first.

Although each individual SMR  is smaller, the commitment nec-
ssary to drive the costs down, the cost of starting an assembly
ine, i.e. getting it to operate at the projected costs per unit of
utput (reactor), is huge. With an average overnight cost of more
han $6500/kw and the University of Chicago study calling for
4 100 MW units (5.4 GW), the total for each design/production
ssembly line would be almost $36 billion. At the less optimistic
ost projections, the total would be closer to $45 billion. When

estinghouse stepped back from SMR  development, it declared
t needed a book of orders for 30 to 50 reactors 91. Given the rela-
ively large size of the reactors (225 MW),  the size of the order book
ould be 6.75–12.25 GW and the cost would be well above $36 bil-

ion. Moreover, if the goal is to have two assembly lines to create a
odicum of competition, the total cost would be $72 billion. At the

ess optimistic cost estimates the total cost would be in the range
f $90 billion.22

To appreciate the enormity of this undertaking, we can compare
he cost of getting the assembly lines running at their “efficient”
ost levels to the total additions to capacity that are projected for
he U.S. electricity sector until 2020. Table 3 presents estimates
f the size of the SMR  program compared to all electricity and
ll renewable capacity additions through 2020. While advocates
f SMR  hope that there will be a large global market, it is highly

nlikely that these extremely expensive reactors could compete

n a global market 96. Large domestic subsidies are likely to be
ecessary to move the deployment forward.

22 Makhajani (101, p. 5), “A hundred reactors, each costing $900 million, including
onstruction costs (9, Slide 10), would amount to an order book of $90 billion, leaving
side the industry’s cost escalation.”
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ts of U.s nuclear reactors with SMR  projected costs.

Since natural gas is the least cost alternative by far at present
less than one-six the overnight cost per kw of SMR  capacity in
he next decade), it is reasonable to assume that the commitment
o SMRs would put greatest pressure on renewables. The capi-
al needed to implement the University of Chicago SMR  scenario
ith two designs, even with the optimistic projections of SMR  cost,
ould exceed the total capital projected to be invested in renew-

bles. Those who fear that the historic pattern of nuclear crowding
ut renewables will be repeated have good cause for concern 32.

. Demand side characteristics of SMR  technology

Without much in the way  of cost advantages on the supply-
ide and regulatory relief in doubt, the market prospects for SMR
echnology hinge on the hope that unique characteristics of the
echnology will attract demand. SMR  advocates are forced to claim
hat it beats other technologies. Yet, SMR  advocates focus largely
n a comparison between large and small reactors, arguing that
MRs have smaller total capital commitments, shorter construction
imes, and smaller unit size, making them more flexible, better able
o meet small load increases more quickly and easier to finance
ompared to large reactors. Typically, the characteristics of other
on-nuclear alternative resources are never considered.

Once all of the alternatives are factored in, however, there is no
eason to believe that SMRs possess a unique set of characteristics
hat will drive demand, even in unique circumstances. As shown in
xhibit 7, when the size and construction period for the alternatives
re factored into the analysis, SMRs do not fare well at all. While
MRs are more attractive than large reactors, coal and IGCC, they
re less attractive than every other alternative on virtually all of the
laimed sources of advantages.

If we  move beyond these basic characteristics of the technol-
gy to consider other characteristics, the conclusion is much the
ame. Although there may  be some non-electric applications in
hich SMRs gain some advantage 93, there are other non-electric

pplications, like desalinization, that may  favor the alternatives
nd alternatives with storage have attractive possibilities for grid

ndependence 14,111,4. Nuclear power has significant disadvantages
n terms of security 75, proliferation risks 78 and continues to
uffer from unique environmental problems 136,116. Based on a
on-commodity, local source of power, renewables have a large
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Table  3
SMR  capital needs compared to renewable deployment thru 2020.

Source of estimate

EIA Capacity added (GWe) Overnight cost ($/kw) Total cost ($, billions)

Fossil fuels 41 $1150 $47
Renewables 23 $2600 $60
Total  64 1670 $107
Small  modular reactors

2 Designs-production lines
U. of Chicago optimistic 11 $6500 $72
Realistic 11 $8645 $95

Sources: 53, Appendix A. Author’s calculation for SMR, per text.
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f  SMRs, which is extremely optimistic, as is Lazard’s estimate of 69 months for larg
nits), I include the long term trends for solar.

dvantage in macroeconomic impacts (90,127,71,115,19). As a result,
n multi-attribute rankings and evaluations, the main renewables
wind, solar, hydro) and efficiency are much more highly rated
36,77,148 and have consistently been so for decades.23

0. Cost trends and competition

Although we  have included the levelized cost of electricity on
ne of the axes in Exhibit 7, cost and cost trends deserve more
ttention. Nuclear cost escalation provides half of the explanation
or the economic failure of nuclear power. The other half is provided
y the superior economics of alternatives. Nuclear power has never
een able to compete economically. In the 1970s and 1980s the
hallenge came from coal and gas. Today the challenge comes from

as and a number of renewables, as well as energy efficiency.

Exhibit 8 presents levelized cost estimates for a full range of base
oad and peaking technologies from Lazard. Needless to say, there

23 136, 646. . . 640. The same is true of older comparisons. 144, evaluating 113,26,66,133.

•

tors. Because the SMR costs are assumed to be at full production in 2030 (not early

re many such estimates available.24 We  choose one source to pre-
erve consistency in assumptions. We  believe the Lazard analysis
s superior to most others and provides the basis for important and
seful observations.

From the outset, the analysis included efficiency, which is the
least cost resource by far. None of the other major studies of
electricity resources do so.
The analysis was among the first to note the strong downward
trend in the cost of solar and to begin arguing that solar was  cost
competitive in some major markets and for peak power, projec-
ting that solar would be broadly cost competitive with natural
gas by the middle of the second decade of the 21st century.

The analysis always included estimates for coal with carbon cap-
ture and storage and has recently added an estimate for the cost
of natural gas with carbon capture and storage.

24 37, provides a framework for comparing estimates.
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Exhibit 8. Levelized cost: 

ource: 87 plus trends for wind and battery storage.

The most recent analysis adds important storage technologies,
utility scale solar with storage, and utility scale battery storage.
The current analysis presents “unsubsidized” costs strictly for
generation (no transmission, system integration, or waste dis-
posal and decommissioning).
The analysis included peaking capacity costs and, in the current
version, added a cross national comparison of technologies that
might displace gas as the peaker resource.

We include estimates for SMR  technology based on the earlier
iscussion of how much higher the cost per unit of output was
xpected to be. We  also include a recent estimate for the cost of
uclear from the EPR, which is based on the contract signed by the
K government to build the Hinkley reactor.25 This is consistent
ith the estimates of the French EPR discussed earlier. We  have

lso included trend estimates for wind, solar and storage, since the
MR  costs are depicted at the longer term “efficient” level. The solar
rend is based on Lazard, wind and storage are from other analysts
dentified in the Exhibit sources. The message that this analysis
ends is quite clear. There are a large number of alternatives that
re likely to be considerable less costly than nuclear, even in a low
arbon environment and even if the nuclear technology is small
nd modular rather than large.

The severe cost disadvantage that nuclear power, large or small,
aces is even more apparent when cost trends are taken into
ccount (see Exhibit 9). Renewable technologies have been exhibit-
ng declining costs for a couple of decades and these trends are
xpected to continue, while nuclear costs have increased and are
ot expected to fall. Renewables have been able to move rapidly
long their learning curves because they actually do possess the
haracteristics that allow for the capture of economies of mass
roduction and stimulate innovation. They involve the production
f large numbers of units under conditions of competition. They
fford the opportunity for a great deal of real world development
nd demonstration work before they are deployed on a wide scale.

hese are the antithesis of how nuclear development has played
ut in the past, and the push for small modular reactors does not
ppear to solve the problem.

25 60, “EDF to miss its own deadline for Hinkley Point nuclear decision as EC state
id investigation drags on,” The Telegraph, 10 Mar, after pointing out that the project
s  being heavily scrutinized, the article puts the guaranteed price at £92.50/MWH

hich works out to over $150/MWH.

i
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n

a

te of options with trends.

Within the past year, a bevy of independent, financial ana-
ysts – 86,28, Credit Suisse 49,50, McKinsey and Company 58, Sanford
ernstein Parker and Chang 122, the Motley Fool 108, Morningstar
6,57, and Barclay’s 8,85,154 have heralded an economic revolution
n the electricity sector. A quarter of a century of technological
rogress has led to the conclusion that over the course of the
ext decade a combination of efficiency, renewables and gas will
eet the need for new resources and more importantly, render

he antiquated base load model largely obsolete85,86. The potential
ontribution of the non-nuclear low carbon alternatives, which are
ess costly, more environmentally benign, low carbon resources has
nly begun to be exploited and the prospects are quite good in the
ear and mid-term, with growing evidence that prospects for high
enetration renewable scenarios for the long terms are also quite
ood.26,73,74,42–45

These expectations for potential growth of alternatives and
fficiency, bring us back to the most fundamental challenge that
uclear power has failed to overcome in its 50 year history. It simply
annot win the competition to meet demand.

Looking at the pattern of generation resource acquisition in the
970s and 1980s, we have challenged the oft repeated claim that a
lowing in the growth of demand was  the key factors that under-
ined the nuclear “Great Bandwagon Market” of the 1970s. Over

he course of the 1970s and 1980s, twice as much fossil fuel-fired
apacity was brought online than orders for nuclear capacity were
anceled (see Exhibit 10). If nuclear were economically competi-
ive with coal, it would have displaced a large part of that power.
f nuclear power were cost competitive, the “Nuclear Renaissance”

ould not have failed so badly and the industry would not be des-
erately seeking and demanding support for a new technology to
ave it.

1. Conclusion: the pullback from SMR  technology
evelopment
This analysis has shown that all of the four factors that Ingersoll
dentified as creating the conditions for a “Nuclear Renaissance”
nd the dozen characteristics that suggested small modular tech-
ology would play a large part in that renaissance have turned

26 See for example, 65,15,114,138,27,98,128,76,156. There are a growing number of scenario
nalyses at the global (72,74,42,44,21,45,29).
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Exhibit 9. Cost trends: nuclear, wind and solar.
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Exhibit 10. Completed and canceled nuclear capacity compared to fossil-fired capacity: 1963–1996.
Sources: Koomey J. Was  the Three Mile Island accident in 1979 the main cause of US nuclear power’s woes? Bull Atomic Sci 2013;82,34.
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harply against nuclear power. In fact, we have argued that, looking
t the long history of commercial nuclear power, this outcome is
ot merely repetitive, it is endemic and may  be inevitable.

The failure of nuclear economics is not just bad luck.

Nuclear power is inherently uneconomic because it relies on a
atastrophically dangerous resource that is vulnerable to human
railties and the vicissitudes of Mother Nature.

The severe threats to public safety posed by nuclear power and
he evolving demands of safety result in an extremely complex
echnology that requires long lead times and large sunk capital
osts.
The technology suffers constant cost escalation and does not
xhibit cost reducing processes that are observed in other indus-
ries.

S
n
i

Therefore, any nation that claims to have the wherewithal (tech-
ical expertise and economic resources) to build a “safe” nuclear
eactor will have the wherewithal to meet its needs for electricity
ith alternatives that are less costly and less risky. Thus, at present

nd for the foreseeable future, it is a virtual certainty that nuclear
ower is not going to be the least cost option or close to it, even in

 low carbon utility sector. 35

Given this dismal picture of the prospects for nuclear technol-
gy, large and small, it is not surprising that SMR  technology has
tumbled getting into the starting gate, with a dramatic reduction
n interest from two of the leading developers.

Babcock & Wilcox, one of the firms that had received a federal

MR  subsidy, stepped back from the development of SMR  tech-
ology 48,51 because of the failure “to secure significant additional

nvestors or customer engineering, procurement, and construction
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ontracts to provide the financial support necessary to develop and
eploy mPower reactors.” 124 The extent of the pullback by B&W
aught the nuclear advocates by surprise. From spending around
80 million per year, initial figures of less than $60 million were
oated, but the actual figure was put at $15 million, with the depar-
ure of the head of the program 63. The company declared it “still
xpects to license mPower reactor by the mid-2020s” 63.

The issue, he insists, is that the market for small reactors is likely
to be about three to five years further out than B&W anticipated
when it started the program in 2009.
That is because. . . the growth in demand for electricity
remains weak, and may  even flatten out over the next few
years. . ..Combine that fact with the low cost of natural gas
plants in the current market, and he estimates the market for
mPower has been pushed back three to five years. That makes
it hard to justify significant investment now. . .
Now the company is looking at slowing investment and waiting
until the market catches up with the technology 48.

Westinghouse, one of the leading U.S. developers of small mod-
lar technology and the vendor supplying the design for the large
uclear projects under construction in the U.S., also announced it
as stepping back from development of small modular nuclear

echnology 90,3. The reason for the decision: Westinghouse could
nd no customers. Instead of pushing ahead to build SMRs, Wes-
inghouse said it would focus on decommissioning of existing
eactors.

Westinghouse used language that is similar to the Babcock and
ilcox explanation, not only in blaming cheap gas, but also in

eclaring that it did not want “to get ahead of the market.” 90 In
he case of Westinghouse, their caution was tied to the failure to
nd orders for its AP600, a medium sized reactor that had been

icensed fifteen years earlier 90 and its claim that it needed a large
ook of orders, 30–50 reactors. Westinghouse had spent close to

 decade propounding a theory of economic competitiveness that
ad become gospel among nuclear advocates, yet, in stepping back

t was clear that they “had no way to calculate the cost”27 and
uch larger subsidies would be necessary to move the technology

orward.
The declarations of confidence in SMR  technology could not hide

he fact that in less than a decade its development was–“grinding
o a halt”.28 The rapid and stunning collapse of the SMR  hype
s extremely important in the policy context 89. The failure of
MR technology makes it impossible to ignore the huge scale that
uclear power demands to succeed. Shifting that need up the
upply chain to a manufacturing facility does not eliminate its
mportance. The problem that utilities have in swinging the finan-
ing and development of large reactors is replaced by the even
igger problem that vendors have, but it is essentially the same
roblem. Westinghouse and B&W are big names in the nuclear
pace, had thrown a great deal of weight and money into advancing
MRs as the next big thing and the savior of the nuclear industry,
ut they failed.

A comprehensive view that includes all of the emerging
lternatives and the history of nuclear technology and cost esca-
ation explains why nuclear technology, large or small, cannot find
ither customers or investors today and suggests that the market

ill not “catch up” any time soon. The failure to find customers and

nvestors is the ultimate rejection in a capitalist economy. But, as
oted in the introduction, with nuclear power the ultimate fate will

27 2,12, a leading advocate of nuclear power used this phrase.
28 102,121, “who had authored positive study of SMR  at Navigant, admitted that even
he low estimate of 4.6 GW by 2030—seems optimistic now.”
al Science 3 (2014) 161–177 175

e determined in the political marketplace, so the 50-year debate
s likely to continue.
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