
he search for solutions to 

two growing crises—human-induced cli-
mate change and the loss of cheap oil—
places nuclear energy front and center. 
Many see the expansion of nuclear power 
in the United States as a way to mitigate 
concerns over energy as well as national 
and environmental security brought on 
by the two global problems. Looking at 
the U.S. nuclear scene’s past, present, and 
future, and focusing on a twenty-first cen-
tury approach to the underlying technical 
issues, one can see the potential for an ex-
panded nuclear energy future.1 

There is little question but that the 
United States rushed into the nuclear age, 
driven by an enthusiasm sparked in part 
by the technical success of the Manhattan 
Project. Adm. Lewis L. Strauss, then chair-
man of the U.S. Atomic Energy Commis-
sion, in an address to the National Asso-
ciation of Science Writers in September 
1954, made the memorable statement: “It 
is not too much to expect that our chil-
dren will enjoy in their homes electrical 
energy too cheap to meter.” Aside from 
whether it ever made any sense in the 
context of energy production via  fission 

or fusion, Strauss’ statement revealed 
a state of mind that saw any remaining 
technical challenges confronting nuclear 
energy production as readily overcome 
by infusions of government funds and 
talents, as was the World War II weap-
ons program. The possibility that safety, 
proliferation, environmental, or public ac-
ceptance issues might enter the picture 
and complicate the regulatory environ-
ment, and thus the economics of nuclear 
energy, was simply not understood. Quite 
the  opposite—recall that Walt Disney re-
leased a film in 1956 titled Our Friend the 
Atom, which painted a rosy (and not en-
tirely accurate) picture of the history of 
physics and the future of atomic energy.

It must also be said that the hubris as-
sociated with the success of the Manhat-
tan Project clouded the vision of scien-
tists and engineers who might otherwise 
have been more cautious about the pre-
dictive capabilities of the engineering sci-
ences of the day. Nuclear engineering, as 
all other applied science/engineering dis-
ciplines, started out as a phenomenology-
dominated, interdisciplinary approach 
that merged atomic science with the 

 conventional engineering disciplines to 
harness the atom for peaceful purposes. It 
is useful to recall that even as late as the 
1940s, disciplines as established as struc-
tural and civil engineering were not yet in 
a position to predict and prevent disasters 
such as the 1940 collapse of the Tacoma 
Narrows suspension bridge. Traditional-
ly, the engineering professions have tend-
ed to adopt a “design-in-depth” philoso-
phy, that is, a series of redundant systems 
to mitigate the lack of transparency or, at 
times, lack of understanding of the basic 
phenomenological processes. These en-
gineers have understood extremely well 
that designs that depart significantly from 
point designs (known to be effective and 
safe in the absence of detailed experimen-
tal verification and validation) were high-
ly suspect. Thus, Leon Moisseiff’s design 
for the Tacoma Narrows Bridge had not 
been vetted aerodynamically, largely be-
cause it was not well understood that the 
design could suffer from wind-induced 
destructive instabilities. In the absence 
of an understanding of complex, time-
 dependent processes, experimentation is 
the only way to verify and validate a new 
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design—and such experimentation tends 
to be very time-consuming and expensive. 
As a consequence, engineering designs 
tend to be rather “approximate.” 

Given this perspective, I think we 
should, in hindsight, not be overly sur-
prised that nuclear plants designed and 
built before the 1970s were subject to the 
very same conceptual limitation, so that 
accidents such as that at Chernobyl’s Re-
actor 4 in 1986 might well have been an-
ticipated. Reactor 4 featured a very large, 
very low-enrichment, “over-moderated” 
core design, which actually operated on 
the wrong side of a reactivity curve for 
stable  operation—that is, loss of coolant 
(moderator) could actually increase reac-
tivity (hence power), and because of its 
large size (hence cost), the Soviets had 
decided to forgo a containment build-
ing, leading to lethal consequences and 
widespread radioactive contamination of 
the environment. This contrasts starkly 
with the standard U.S. practice of design-
ing light water reactors for operation in 
an under-moderated, stable regime—one 
that loses reactivity with a loss of coolant 
and is therefore inherently safer.

 In the 1979 Three Mile Island (TMI) 
incident in Pennsylvania, a combination 
of suboptimal design choices led to a 
loss-of-coolant accident (LOCA). Opera-
tors could neither determine the level of 
coolant in the core (they did not have a 
direct probe) nor whether the pressur-
izer relief valve was operating properly. 
With insufficient training in such condi-
tions, the operators were slow to recog-
nize the seriousness of the problem, the 
extent of which was determined by indi-
rect measurements. The seriousness of a 
LOCA had in fact been appreciated in ad-
vance (and extensive experimental tests 
carried out), and TMI’s containment 
building prevented the lethal exposures 
and dispersal of radioactivity experi-
enced at Chernobyl. Nonetheless, the 
core was destroyed and the power plant 
lost. The experience at TMI not only led 
to regulatory reform and considerable 
improvements in training and operations 
across the nuclear utilities, but also un-
derlined the importance of fail-safe de-
sign approaches for next-generation re-
actor designs (such as passively safe 
systems, which are inherently resistant 

to mechanical failure). The TMI accident 
also led to extensive and  costly retrofits 
at nuclear plants under construction and 
in operation at the time.

The consequences of these incidents 
were powerful. The regulatory climate 
within the United States became much 
more formidable, with Nuclear Regulato-
ry Commission (NRC) regulation becom-
ing highly conservative and, it has been 
argued, the single largest cost driver for 
new nuclear energy facilities. Requir-
ing operators to perform detailed and 
costly experimental mock-ups in order 
to obtain a license or permit resulted in 
a lengthier, more expensive regulatory 
process—a lose-lose situation for project 
engineers as well as for the NRC.

Furthermore, public confidence and 
acceptance of nuclear power plummet-
ed, and the nuclear construction indus-
try froze in place. The last U.S. reactor 
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completed was the Tennessee Valley 
Authority’s Watts Bar 1, which was or-
dered in 1970 and became operational in 
1996; the last utility order for a nuclear 
plant came in 1978 but was ultimately 
canceled. To complete this tale, we re-
call that in 1977, due largely to nuclear 

 proliferation fears driven in part by In-
dia’s success in developing nuclear weap-
ons, President Jimmy Carter ended com-
mercial U.S. spent fuel reprocessing. 

The problems at nuclear power plants, 
combined with international concerns 
about the spread of nuclear weapons, 
led to the commingling of the issues of 
reactor safety, nonproliferation, and 
eventually nuclear waste disposal, and 
the public came to view nuclear-related 
projects with great suspicion. The atom 
was no longer our friend.

Given this history, it should not 

come as a surprise that funding for nu-
clear energy research and development 
nose-dived in the 1980s and has only 
within the past year or two seen a mild 
turnaround. Without a healthy funding 
climate, and with a few key disciplinary 
exceptions (such as neutronics, which 
has applications in other technical areas), 
nuclear engineering has remained pri-
marily phenomenology-driven and did 
not participate in the science-based engi-
neering revolution of the 1980s and 1990s. 
Coping with approximation and impreci-
sion is still the undercurrent of the design 
 process—designs cannot be easily opti-
mized without science-based predictive 
tools. In addition, the regulatory  process 

can only advance as the pace of the de-
sign process advances, resulting in a 
convoluted licensing process that is time-
 consuming and costly. Regulators are 
more or less restricted to diagnose what 
the real design margins are, even after ex-
tensive mock-ups are completed. This is 

basically why NRC licensing of new plant 
designs, new fuels, and new waste forms 
is so slow and unpredictable. It is there-
fore entirely unsurprising that nuclear 
energy is seen today as both inherently 
expensive and problematic. Economic 
studies of nuclear energy show that con-
struction/licensing costs—and financial 
risk management— dominate the econom-
ic competitiveness of nuclear technology 
relative to other energy options.

In this context, it is important to real-
ize that even if one were to discount the 
possibility of a significant expansion in 
new nuclear plants as a major new car-
bonless power source (displacing some 
large fraction of the existing fossil fuel-
based power plants, or those to be built in 
response to continued growth in U.S. en-
ergy needs), one must take into account 
the fact that roughly 20 percent of the 
current U.S. base electricity production 
comes from nuclear plants. These plants 
have finite operating lives, and failure to 
replace them will make mitigating global 
climate change via energy conservation, 
renewable energy sources, and carbon 
sequestration that much harder. The re-
quired replacement rate is formidable: It 
has been estimated, based on the expect-
ed lifetimes of the existing plants, that one 
new plant will have to be built every four 
to six months for the next 40 years.2 

The question I would like to pose is: 
What needs to change so that we can ac-
complish this? 

For the United States to build new nu-
clear power plants, several conditions 
must change. To make the point most 
cleanly, I will focus solely on the problem 
of replacing the existing nuclear power 
plants as they age and are decommis-
sioned, and ask what the current challeng-
es to accomplishing this goal might be.

The first major issue is public percep-
tion and acceptance. This issue is inti-
mately tied to reactor safety—that is, 
demonstrated capabilities for assuring 
safety during operations.

The second issue revolves around nu-
clear proliferation. It is a peculiar feature 
of U.S. political thinking to believe that 
U.S. views on matters of consequence are 
universal, despite evidence to the con-
trary. For example, Japan, undoubtedly 
the nation most negatively affected by the 
dawning of the atomic age, has vigorous-
ly pursued nuclear  reprocessing—despite 
President Carter’s view (shared at the 
time by a large sector of the U.S. policy 
community) that since the United States 
abandoned reprocessing, all other nations 
would follow suit. Indeed, there is not 
much evidence that U.S. domestic poli-
cies have much influence on the internal 
behavior of other nations, and it is for this 
reason that I strongly doubt that U.S. do-
mestic reprocessing has any effect on in-
ternational nuclear proliferation. How-
ever, appropriate international steps to 
place barriers to countries seeking their 
own reprocessing and enrichment capa-
bilities, coupled with economic incen-
tives, can result in constraining and even 
eliminating proliferation risks.3

Economics is the third issue. There is 
broad agreement that under current cir-
cumstances, new nuclear power is not 
competitive with fossil fuel power. The 
key financial issues for nuclear power are 
the costs related to the uncertainties of the 
plant licensing process and the construc-
tion costs related to the very imprecise 
plant design and highly compliance-driv-
en operating climate. Delays in nuclear 
construction can be quite costly. A two-
year delay can add as much as $1 billion in 
interest costs for a 3,000-megawatt (two-
unit) facility.4 Given that nuclear’s main 
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economic competitor is fossil fuels (coal 
in particular), one can calculate that nu-
clear power can become realistically com-
petitive if the economic disincentives for 
nuclear power—principally those related 
to the delays involved in plant licensing—
are relieved, and if the external costs of 
fossil fuels, particularly the costs of miti-
gating greenhouse gases, are included in 
their electricity generation costs.

The fourth major issue, spent fuel man-
agement, is stuck on the horns of many 
seemingly irreconcilable dilemmas and 
tradeoffs. Apart from ecological and safe-
ty concerns, there are challenging techni-
cal questions about the role of future inno-
vations, such as technologies that would 
transmute the transuranic elements and 
thereby have the potential to make spent 
fuel less harmful as well as reduce the vol-
ume of nuclear waste. I believe that the 
technical community would be much bet-
ter informed by using more advanced an-
alytic tools to assess the various nuclear 
waste-disposition strategies in a way that 
would provide more reliability and pre-
dictability regarding the environmental, 
safety, and technical issues related to re-
cycling and detoxifying nuclear waste.

So how can we optimize new reac-
tor designs—and indeed, the entire fuel 
 cycle—while keeping operational safety 
the uppermost goal? To answer this ques-
tion, we need only look at other engineer-
ing disciplines, such as the aeronautics in-
dustry, in which issues have arisen within 
a similarly constrained and sensitive regu-
latory and public environment. 

Before the advent of large-scale, 
 computer-based simulations, design-
ing new airplanes involved building a 
succession of prototypes, starting with 
small-scale models of the entire airplane, 
whose performance was established ex-
perimentally. New designs required ex-
tensive testing of these complex pro-
totypes in large, subsonic wind 
tunnels; correspondingly large 
laboratory installations, such as at 
the NASA Ames Research Center, 
were required to provide the nec-
essary experimental infrastructure. 

But the subsonic wind tunnels at 
Ames are largely silent these days. 
Advances in computational simu-
lations, especially in fluid dynamics, 
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 material science, and structural mechan-
ics, combined with remarkable advanc-
es in hardware computational capabili-
ties associated with massively parallel 
computers, have allowed aeronautical 
engineers to build simulation tools that 
are far more predictive and no longer 

require the same intensity of experi-
mental verification and validation. New 
airplanes such as the Boeing 777 (in ser-
vice) and 787 (in production) have been 
designed and built with no need for full-
scale prototypes; experiments have been 
limited to validating portions of the over-
all design. Even the mock-ups for plane 
assembly, and the ergonomic analyses of 
both building and servicing the planes, 
are now entirely digital.5 

Today, the commercial airline indus-
try faces regulatory and public percep-
tion hurdles similar to those faced by 
the nuclear industry. New airplane de-
signs must be certified by the Federal 
Aviation Administration (a very costly 
process), and commercial operators (the 
airlines) must maintain the public per-
ception that flying is safe. 

Few today remember the problems of 
the first commercial jet airliner, de Havil-
land’s Comet, or of Lockheed’s Electra. 
The early versions of the Comet suffered 
from poorly designed wing profiles and 
metal fatigue, which resulted in several 
serious accidents in 1954, including two 
in which the airplane disintegrated in 
flight, killing all onboard. Similar design 
issues led to major accidents involving 
the Electra, a turboprop introduced to 
commercial aviation in 1958. In two Elec-
tra incidents (in 1959 and 1960), wings 

were torn off the plane bodies, leading to 
immediate fatal crashes. 

In these cases, public confidence in 
the safety of flying was severely com-
promised. The key response was a high-
 profile government- industry partner-
ship to identify the problems rapidly 

and fix them definitively. As a result, 
fear of flying is now almost an anoma-
ly. The lessons here for nuclear are two-
fold: First, public perception of safety 
within an industry is closely connect-
ed to the degree to which industry and 
government focus effectively and trans-
parently on safe operations. Second, the 
costs of meeting performance, safety, 
and regulatory benchmarks in today’s 
highly competitive environment make it 
imperative to optimize designs and min-
imize expensive experimentation with-
out loss of performance.

The transformation of design and 

manufacturing has spread well beyond 
the aeronautics industry but has unfortu-
nately hardly touched the nuclear engi-
neering discipline or the nuclear indus-
try. What is needed is evident: verified 
and validated simulation tools for rapid 
prototyping of components and systems; 
analysis tools for performance optimiza-
tion at both the systems and component 
levels; and reliable safety assessments 
of components and systems. We would 
like, for example, to understand how one 
could optimize the transmutation of tran-
suranics to less toxic elements within de-
fined risk margins without resorting to 
large mock-up experiments.

To focus our argument, let’s consider 
goals less ambitious than changing the 
entire nuclear  industry—modest goals 
such as sharply increased reliability of 
risk assessments and sharply decreased 
costs. To achieve these two worthy goals, 
we will need first-rate scientists and en-
gineers familiar with nuclear engineer-
ing, as well as the cohort of scientists 
and engineers who have been involved in 
transformations of other disciplines. 

The Energy Department’s national lab-
oratories remain the principal U.S. res-
ervoir of top nuclear designers (in areas 
as diverse as reactors, fuels, recycling/ 
reprocessing, and waste management); 
this is a field that Energy has managed to 
preserve, despite the vagaries of fortune 
of nuclear power outside the protective 
confines of the department. Furthermore, 
beginning with the Manhattan Project and 
in collaboration with the computation 
community, the national labs have always 
led the United States in high-performance 
computing. And through the Advanced 
Simulation and Computing program and 
the Scientific Discovery Through Ad-
vanced Computing program, Energy has 
demonstrated that large collaborations 
between physicists, chemists, applied 
mathematicians, and computer scientists 
can effectively produce world- leading 
simulations for complex systems, ranging 
from fusion plasma tokomaks to nuclear 
weapons. In these projects, it was realized 
early on that three highly interconnected 
methodologies would lead to results— 
experiment/phenomenology, theory, and 
simulations. Modern technical inquiry en-
tails these three critical axes of investiga-
tion, which together provide as complete 
a picture as possible of the relevant phys-
ics and engineering phenomena.6

To improve the nuclear engineering 
discipline, and hence boost the nuclear 
industry, the ultimate aim is to do fewer, 
cheaper, and smarter experiments; we 
want to augment our theories and guide 
our judgment. So, one might ask, why 
have we not simply gone forth and done 
the needed work? What has been hold-
ing us back? There are, in my opinion, 
several reasons for this lack of progress. 
(For an overview of technology issues 
that need to be addressed, see “Techni-
cal Priorities,” p. 31.)  
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The first is a serious lack of funds. Nu-
clear fission programs within the Energy 
Department remain on life support. The 
lab infrastructure is in poor shape be-
cause of a lack of investment in it over 
the last 20 years, and the “free energy” to 
collaborate with industry (as opposed to 
continuing to be supported by existing 
meager Energy funds) is weak.

Bad habits at national laboratories also 
stymie progress. National laboratories 
tend to drive industry toward solutions 
to problems that the labs themselves 
have defined, and they tend to avoid de-
termining industry needs prior to offer-
ing those solutions. This is an attitudinal 
problem and is alterable, with the appro-
priate incentives. For example, Argonne 
National Laboratory (where I serve as 
director) has been collaborating with in-
dustry on reaching technical solutions 
and establishing institutional solutions 
to address the proliferation concerns of 
expanded nuclear energy.7 However, we 
have been doing so in an ad hoc fashion; 
this type of collaboration needs to be reg-
ularized and further encouraged.

Lastly, the nuclear industry’s own bad 
habits inhibit headway. If nuclear power 
is ever going to become commercially vi-
able, industry needs to take charge. The 
nuclear industry knows its problems, 
though it may not have the personnel 
or the facilities to solve them. Howev-
er, the U.S. nuclear industry funds very 
little government research and develop-
ment, whereas in France, for example, 
the Atomic Energy Commission receives 
more than half its simulation funding 
from energy conglomerate Areva. This 
kind of industry-government relation-
ship is typical of the French approach to 
nuclear projects, but it has traditionally 
not been found in the United States.

When discussing nuclear power in 

the United States, the same arguments 
against building new plants repeatedly 
surface. It is useful to review these argu-
ments and consider responses to them. 

Some maintain that there is no need 
to rush ahead with plans for new nuclear 
power. But time is a luxury the nuclear in-
dustry does not have. Existing plants must 
be replaced as they are  decommissioned 

or as they need refurbishing, and given the 
industry’s poor condition, this will have to 
begin in the near future. Indeed, not mov-
ing ahead very soon will guarantee me-
diocrity of the U.S. nuclear engineering 
community, ensure that the United States 
is technically disadvantaged compared to 
foreign technology leaders, and assure that 
U.S. industry will be unable to compete in 
the ongoing worldwide nuclear revival.

Others contend that new plants would 
be too expensive. But expensive compared 
to what? We do not know enough about 
the impact of new technologies to reliably 
predict costs out to 2050, especially given 
the likely transformational effects of com-
puting and material science advances. Are 
the cost comparisons truly comparable—
do we know the ultimate costs associated 
with carbon sequestration as well as we 
know the costs of handling nuclear waste? 
Having looked at existing economic com-
parisons, my view is that basing far-reach-
ing policy decisions on such comparison is 
unwise, and that serious work in this re-
gard still remains to be done.

I have also heard people claim that in-
dustry would not be able to get the job 
done, or that the labs only want to get 
their hands on new funds. The presump-
tions here—that the nuclear industry is 
damaged beyond saving, and that the na-
tional labs are more interested in build-
ing (or protecting) their existing research 
programs without seriously engaging 
 industry—are false. The nuclear indus-
try can renew itself, and the national labs 
can help. I cannot speak for the past be-
havior of industry and the labs, but I can 
speak to what has happened within the 
past few years, certainly since I’ve been 
director at Argonne. We have seen very 
clearly that U.S. industry knows exactly 
what it wants and that it needs to partner 
with those who have the required exper-
tise and who truly want to collaborate in 
order to reach industry’s goals—and this 
is broadly recognized within the industry. 
At the same time, I have seen laboratories 
such as Argonne start to focus on specific, 
industry-defined goals, instead of simply 
focusing on basic research topics discon-
nected from industry needs.

In order to get to the point where we 
can replace nuclear power plants as 
 needed, several things must happen, both 

technologically and culturally. Nuclear en-
gineering must adapt twenty-first century 
analytic tools that are based on a scientif-
ic dialectic, that is, on a  transformational 
approach that connects advanced simula-
tions and basic scientific understanding 
with engineering design decisions. In this 
way, the exchange of design proposals and 
counterproposals can result in a transpar-
ent transformation in the course of the de-
sign process. High-fidelity  (science-based) 
integrated simulations must form the core 
of design efforts, allowing for rapid pro-
totyping that minimizes the need to ex-
periment. And science-based, validat-
ed modeling at both the small-scale and 
 systems-level must be part of the core ca-
pabilities, so that scientists can achieve re-
alistic design optimizations.

To make significant progress, the field 
must somehow generate internal techni-
cal excitement to attract the best and the 
brightest minds. And the national labs 
need to establish long-term partnerships 
with industry in order to translate present 
and future advances in science-based sim-
ulations into industrial practice. This will 
work only if we achieve mutual trust.

We need a cultural shift in both the 
private and public sectors so that a real 
science/engineering synthesis can take 
place. What I have learned in my 30-plus 
years of science is that nature is full of 
surprises, and we need all the scientific 
tools at our disposal to understand nature 
and how technology intersects with it. 

To move nuclear power to a more 
publicly acceptable position to meet fu-
ture U.S. energy needs, it is absolutely 
necessary to use all the instruments in 
our scientific toolbox to buttress the en-
gineering decisions for a future nuclear 
energy economy. We know we can do it—
after all, this would be a transition from 
 phenomenology-based to science-based 
research and development, which has 
been done before. Our national labs hold 
the necessary expertise right now. What is 
needed, above all, is the will to proceed. �
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