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COVER STORY

A Technology Tries a Leap
Mastering quantum computing could help reduce energy and resource use while enhancing 
agricultural productivity, making better electric vehicle batteries, modeling the climate, or 

creating novel materials to remove atmospheric carbon. But is this hype or a real hope?

David Rejeski is an associate researcher at the Weizenbaum 

Institute in Berlin.
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FOR almost all professionals, quan-
tum computing is background noise 
in their social media feed, occasionally 
rising to the level of awareness through 
far-reaching assertions about environ-
mental salvation: “Quantum Comput-
ing Just Might Save the Planet” and 

“Quantum Computing Could Change the Way the 
World Uses Energy,” or even “Quantum Computing 
Will Be Bigger Than the Discovery of Fire!” Does any 
of this sound familiar? Just two years ago alternative 
meats were touted as a path to a future free of global-
warming bovines and nutrient-polluting hogs—then 
the market collapsed. Or why hasn’t nanotechnology, 
first examined in this magazine almost twenty years 
ago, produced emissions-free manufacturing while 
eliminating resource inefficiency and waste.

It is not just flying cars and household robots that 
have failed to materialize, but hosts of other more 
mundane technologies with over-hyped promises. So 
should we pay attention this time? Quantum comput-
ing could hold the key to a new generation of high- 
performance, low-environmental impact batteries; 
efficient carbon capture technologies; or new ways 
to manufacture critical chemicals with far less energy. 
Separating uncritical, unbridled enthusiasm from real-
istic expectations is difficult at early stages of technol-
ogy development and, as some observers have noted 
about today’s debates, “Hyperbolic expectations of fu-
ture promise and potential have become more signifi-
cant and intense.”

For the curious and quantum newbies, part of the 
challenge is being confronted with an impenetrable 
vocabulary—words like qubits, entanglement, superpo-
sition, and decoherence—and also a theory that has led 
scientists like Nobel physicist Richard Feynman to say, 
“Quantum mechanics describes nature as absurd from 
the point of view of common sense.”

Indeed, quantum computing has been a member of 
that club of fascinating technologies that always seem 
20 or 30 years away, like nuclear fusion. But then in 
2019, Google claimed that it had solved a problem in 
just 200 seconds that would have taken even the best 
classical supercomputer 10,000 years to complete—
a feat termed quantum supremacy—later changed to 
quantum advantage after a number of scientists sent 
a letter to the journal Nature protesting the term “su-
premacy.” IBM quickly responded that the problem 
could be solved with an improved classical supercom-
puter technique in just 2.5 days, taking the sheen off of 
Google’s claim. And so it goes.

For the environmental community, the nagging 

questions around quantum computing, as with other 
emerging technologies, are: “Can the tech deliver more 
environmental upsides than downsides and, if so, in 
what time frame and at what cost?” At a minimum, 
quantum computing will need to prove it can live with 
less energy and produce less end-of-life waste, while re-
ducing demands on scarce resources when compared 
with alternative computing systems.

Before we take on the question of whether it can 
produce the numerous claimed benefits—from better 
car batteries to more efficient fertilizers—we need to 
untangle what it is, or isn’t. For the last half century, 
computing has been built on bits, 0s or 1s; think of a 
golf ball with two dimples on opposing sides. A quan-
tum bit, or qubit for short, can be in multiple states 
at once. Now think of a golf ball with hundreds of 
dimples—the number of possible connections goes up 
exponentially. This ability to simultaneously be in mul-
tiple states is called superposition. It allows a quantum 
computer to crunch through large numbers of possible 
outcomes simultaneously. Now imagine that these qu-
bits are linked (in qu-speak this is what is meant by 
entanglement) so they can exchange information. That 
is the good news. But this state is extremely fragile and 
can be sustained only if the qubits are effectively iso-
lated from their environment, for instance, by cooling 
them down to near absolute zero in a vacuum cham-
bers. Otherwise, the qubits decay and ultimately disap-
pear, and that is what is called decoherence. Because 
of this challenge, errors creep into the calculations and 
must be corrected, most often through the use of more 
qubits. It can take thousands of error-correcting qubits 
to create one highly accurate logical qubit. As Michael 
Beircuk, who runs the Quantum Control Lab at the 
University of Sydney, has noted, quantum error cor-
rection “is the single biggest problem holding back 
quantum computing from realizing its great promise.”

A fully error-corrected, general-purpose quantum 
computer may be many years away. In the meantime 
(probably in the next five to fifteen years) there are 
two options. First, what are known as digital noisy 
intermediate-scale quantum computers, which rely 
on error correction to improve performance and ac-
curacy. Second, analog quantum computers, which 
simulate the dynamics of quantum-mechanical sys-
tems, for instance, describing the behavior of electrons 
in materials or in large molecules—nature at its most 
fundamental levels. Even a few error-corrected qubits 
can accomplish a lot. One early use of a modest 2-5 
qubit quantum simulator back in 2015 was the predic-
tion of extreme drought conditions for a number of 
cities, including Brussels, Bratislava, and Sofia. Today’s 
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quantum computers have reached beyond 400 logical 
qubits and projections to over 1,000 qubits in the next 
two years or so are now common.

It is important to emphasize that a hardware solution 
is not enough—quantum computers require quantum 
algorithms to function. Over 15 years ago, an article on 
quantum computing in Scientific American presciently 
noted that, “Quantum computers would suffer from 
many of the same algorithmic limitations as today’s 
classical computers.” Dave Bacon, former leader of the 
Google software effort in this area, stressed that “quan-
tum code . . . has to be highly tailored to the qubits it 
will run on. That means the code for IBM’s chips won’t 
run on those of other companies.” The key to remem-
ber is that successful quantum computing depends on 
both hardware and software advances.

SO IS THIS a big deal? There are plenty of 
skeptics. One recent article noted that quan-
tum computing is “newsful, but maybe not 
yet useful.” But that is often the fate of novel 
technologies. Viewed 

through the broader lens of history, 
observers of technology may see 
quantum computing as a discontin-
uous break—a change driven by in-
novations that radically improve the 
state-of-the-art over earlier micro-
chips and their forerunner, vacuum 
tubes. Quantum computing arrives 
on the technological stage at a time 
when recent research shows slow-
ing rates of disruptive advances, 
as measured by both patents and 
publications, and declining re-
search productivity across multiple 
sectors and technology classes. Given the nature of 
our global environmental challenges, we need some 
game changers.

If quantum computing represents a true disrup-
tion, it should change industry structures, shifting the 
locus of innovation as new firms gain market share 
over legacy organizations often constrained by tradi-
tion, sunk costs, and internal inflexibility. In fact, new 
business formation now extends far beyond the large, 
established players in the quantum computing space 
like Google, Microsoft, Honeywell, and IBM. Start-
ups have raised significant funding, over $1 billion in 
venture funds globally in 2021, allowing a number of 
pure-play firms, such as D-Wave and IonQ, to go pub-
lic. According to Tracxn, a private technology tracking 

and analysis company, as of September 2022, there 
were 89 quantum computing startups in the United 
States alone. Many of these firms have advanced be-
yond series A venture funding, reducing the chances of 
business failure.

There are also increases in government funding. The 
new CHIPS and Science Act passed by Congress last 
year contains $153 million (most to be spent between 
2023 and 2027) to support quantum computing ef-
forts, including funding for a Next Generation Quan-
tum Leaders Pilot program. The European Quantum 
Flagship program is providing one billion euros to 
support quantum computing research over a 10-year 
period. Back in 2017, China started construction of a 
multi-node quantum science research laboratory. “We 
predict by 2027 over $16.4 billion will be invested into 
quantum computing,” says Heather West, a research 
manager at IDC, a global market intelligence firm. 
Combined public and private-sector activities are driv-
ing the demand for researchers and engineers in firms, 
government labs, and universities and demand could 
outstrip supply. The QED-C directory, which contains 

job listings in the field, now has al-
most 450 openings.

All this sounds encouraging. But 
it is important to keep in mind that 
a significant amount of quantum 
computing effort is not focused on 
developing planet-saving applica-
tions, but on providing protection 
against the possibility that quantum 
computers could render historical 
(and future) encryption systems in-
effective. We should also remember 
that the large and well-funded clas-
sical computing ecosystem will not 
sit still while the quantum folks try 

to get their systems to work. One can expect improve-
ments in the speed, capacity, and costs of classical su-
percomputing, as well as its underlying algorithms. 
This combination could challenge quantum advan-
tage, which puts a premium on identifying practical 
challenges that only a quantum computer can solve. 
A recent Forbes article on possible business risks of in-
vesting in quantum computing emphasized this point, 
namely, the need to find “use cases that matter and ac-
tually need quantum computing [italics mine].”

Nevertheless, there are increasing hints that quan-
tum computing could provide environmentally rel-
evant solutions, for instance, in developing novel 
materials for catalysts, batteries, photovoltaics, or car-

Continued on page 42
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S i d e b a rSIDEBAR

sQUANTUM computing is 
often perceived as the 
next “next big thing.” But 

it is not unique—other emerging 
technologies likewise portrayed 
as the next big thing include 3D 
printing, brain-computer interfaces, 
blockchains, nuclear fusion, CRISPR 
gene editing, and artificial general 
intelligence. This impending wave 
of technology revolutions comes 
in the wake of society assimilating, 
or in the process of assimilating, 
other technologies such as geneti-
cally modified foods, synthetic biol-
ogy, the internet and social media, 
smart phones, electric vehicles, and 
the internet of things.

While these relentless waves of 
technology innovation may over-
whelm many citizens and our gov-
ernment resources, they do pro-
vide us with important lessons for 
technology governance. One of the 
most important is the critical role 
of timing—relevant for technology 
proponents, technology critics, the 
general public, and government.

For technology proponents, the 
tendency for hype is a key tim-
ing lesson. From the seemingly 
perpetual vision of flying cars, to 
the promise of genetically custom-
izing our drug prescriptions, over-
optimistic promises undermine 
confidence in this latest tech and its 
developers. In fact, both the tech-
nology and regulatory frameworks 
for those technologies continue 
to progress, but at a much slower 
pace than predicted. 

This problem is best summa-
rized by futurist Roy Amara’s adage 
that “we tend to overestimate the 
effect of a technology in the short 
run and underestimate the effect in 
the long run.” The lesson for quan-
tum computing is that the benefits 
of the technology are likely to be 
more modest and delayed than the 
initial extravagant claims.

Technology critics can commit 

the opposite error, prematurely 
predicting for new tech worst-case 
consequences that never manifest. 
For example, critics of the first 
genetically modified organisms pre-
dicted that the modified bacteria 
may irrevocably alter the chemistry 
of the upper atmosphere and cause 
a catastrophic ice age. Critics of 
nanotechnology claimed that nano-
materials were the “new asbestos” 
and called for a worldwide morato-
rium on all uses. 

None of these fearsome predic-
tions came true, but they did result 
in unnecessary technology delays or 
costs. Conversely, as the European 
Union documented in its report 
“Late Lessons From Early Warn-
ings,” early indications of real risks 
are often ignored, to everyone’s 
ultimate detriment. The lesson for 
quantum technology is the need for 
carefully discerning real from spec-
ulative risks, and dividing evidence-
based from worst-case predictions 
for an emerging technology.

The public response to new 
technologies also evolves over 
time. While public engagement 
is critical for both pragmatic and 
philosophical reasons, it is human 
nature to resist change, so the pub-
lic usually opposes new technolo-
gies at the outset. As Isaac Asimov 
noted, “All through history there 

had been resistance—and bitter, 
exaggerated, last-ditch resistance—
to every significant technological 
change that had taken place on 
Earth.” In some cases the initial op-
position dissipates with familiarity, 
as was the case with blood transfu-
sions, in-vitro fertilization, micro-
wave ovens, and hopefully electric 
vehicles. In other cases, such as 
nuclear energy and GM foods, the 
initial opposition persists or even 
grows over time, even if contrary 
to expert opinion. So, for quantum 
technologies, it will be critical to 
engage the public, but with the 
knowledge that initial resistance is 
expected, but may not reflect long-
term opinion.

Finally, for government, the 
challenge is to be cautious without 
repressing innovation. Many tech-
nology harms should have been 
predicable and preventable with 
anticipatory governance. But not 
all risk can be anticipated ex ante, 
and we also need governance sys-
tems that are agile and foster re-
silience, to address real risks when 
they arise, rather than a parade of 
phantom risks hypothesized before 
a technology is deployed or even 
developed. Quantum computing 
technology provides an opportunity 
to learn and apply these lessons in 
timing.

Caution Without Repressing Innovation

“The lesson for quantum 
computing is that the benefits of 
the technology are likely to be 
more modest and delayed than 
the initial extravagant claims”

Gary Marchant
Professor of Law,  

Science, and Innovaton 
Arizona State University
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bon capture. When Richard Feynman talked about 
quantum computer applications in the early 1980s, 
he emphasized that “there is to be an exact simulation, 
that the computer will do exactly the same as nature.” 
Quantum computing was recently used by researchers 
at Notre Dame and Kyung Hee universities to develop 
a transparent window coating that could lower energy 
consumption by one third over traditional air condi-
tioning. Microsoft has demonstrated how quantum 
computers can help manufacture fertilizers with better 
yields by improving the catalytic processes. Mercedes 
Benz is working with PsiQuantum to develop new 
electrolytes for lithium-ion batteries for electric cars. 
The goals are to improve battery energy density, charg-
ing speed, life, range, cost, and safety. Robert Bosch 
GmbH is using IBM quantum computers to acceler-
ate research into substitutes for scare metals for electric 
motors and fuel cells, with the hope of reducing the 
global demand for materials such as nickel, copper, 
lithium, and rare-earth elements.

Additional applications could 
help tackle the complex optimi-
zations associated with areas like 
transportation logistics and routing 
as well as energy grid management. 
Volkswagen demonstrated the first 
real-time traffic-routing system to 
rely on quantum computing and 
tested the approach in Lisbon, Por-
tugal. This system used both classical 
computing to analyze anonymized 
movement data combined with 
optimization using a quantum algo-
rithm running on a D-Wave quan-
tum computer. These early use cases are critical to long-
term success. Beside reducing risks for first movers, a 
wide range of proof-of-concept trials across different 
technology platforms, with different algorithms, and 
various end-use cases, creates a rich experimentation 
space for hypothesis testing and learning.

BUT will advances come in time? Given the 
extent and urgency of climate problems, 
solutions need to be taken to scale quick-
ly—a process that often requires navigat-
ing regulatory barriers and then achieving 

market penetration domestically and internationally. 
These challenges are often overlooked by scientists and 
technology developers. For instance, novel fertilizers 
can take three to ten years to wind their way through 
the regulatory approval process in the United States, 

which involves both federal and state regulations. 
Even when approved, new fertilizers would face 
market hurdles dependent on their acceptance 
by retailers and, ultimately, farmers, The eventual 
scale needed to provide environmental and food se-
curity benefits is large (the world requires around 
180 million tons of ammonia-based fertilizers an-
nually to feed half of the current population). Or 
take electric vehicles and the hurdles they face. Any 
novel battery integrated into a commercial product 
like an automobile will have to past stringent tests 
involving a variety of national and international or-
ganizations such as Underwriters Lab, the Society 
of Manufacturing Engineers, the International Or-
ganization for Standardization (ISO), or the new 
EU Battery Regulations.

Quantum computing faces multiple growing pains: 
first developing quantum computing itself, then apply-
ing it to solve important problems, and finally scaling 

the resulting solutions globally. A 
recent International Energy Agency 
report on “Reaching Net Zero by 
2050” emphasized that achieving 
this goal will require not only fur-
ther rapid deployment of available 
technologies, but also the “wide-
spread use of technologies that are 
not on the market yet.” The agency 
said that “in 2050, almost half the 
reductions come from technologies 
that are currently at the demonstra-
tion or prototype phase.” Quantum 
computing is in this class of tech-
nologies under development that 

will probably have their full impact in the time span 
of 2035 to 2050. That is the same time frame as the 
global need to achieve net-zero carbon emission. 

In the intermediate timeframe, it will be impor-
tant to ensure that the ongoing deployment of quan-
tum computing does not exacerbate natural bur-
dens. One obvious question for environmentalists is 
whether quantum computing will affect the material 
and resource requirements of our computational in-
frastructure as well as associated end-of-life impacts. 
The production of microchips came with significant 
environmental costs, resulting in 23 Superfund sites in 
Silicon Valley alone, most contaminated with trichlo-
roethylene, a solvent used in the early production of 
semiconductors. At the tail end of the life cycle there 
continue to be concerns about tons of computers pil-
ing up globally with little or no recycling, recovery, or 

Solutions need to 
be taken to scale 

quickly—a process 
that often requires 

navigating regulatory 
barriers and then 
achieving market 

penetration

Continued on page 44
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reuse strategies. So-called e-waste amounts to over 53 
million metric tons annually. Recycling rates are gener-
ally below 20 percent.

In contrast to the semiconductor industry, where 
a dominant material (silicon) and associated process 
technologies were locked in early, there are multiple 
and competing materials and technologies for quan-
tum computing. Some approaches to achieving a 
quantum state make use of silicon, but a variety of 
other materials are being explored, 
including diamonds. Recently, re-
searchers explored cuprous oxide 
found in a gemstone from Namibia 
as a platform for quantum simula-
tors. Beyond the materials for quan-
tum processors, there are materials 
linked to creating and maintain-
ing the operating environment for 
quantum calculations to occur. For 
instance, cryogenic cooling systems 
often use liquid helium, which is 
becoming increasingly costly as the 
global supply dwindles.

Part of the total energy impacts 
are likely to be related to the energy needed to achieve 
and maintain a quantum state. To date, there are few 
comparative analyses of the operating energy required 
by various quantum computing platforms. A study 
done by the National Renewable Energy Lab provided 
some rough quantification and showed that the energy 
required for cooling is significantly larger than that re-
quired for computation, a reversal from energy usage 
patterns seen in conventional computing.

The largest positive impact may be related to en-
ergy use avoided if quantum computing reduces the 
need for more energy-intensive classical computing 
resources—what has been termed an energy quan-
tum advantage. Some initial research involved the 
energy used to solve a problem (called the random 
quantum circuits problem) using supercomputers at 
NASA’s Ames Research Center and the Summit Su-
percomputer at Oak Ridge National Lab, compared 
with a quantum computer at Google. The problem 
required 21 to 97 megawatt-hours to run on the su-
percomputers versus .00042 megawatt-hours on the 
quantum computer. This is an impressive gain—five 
orders of magnitude—but provides one data point 
that was not run on a practical use case. Google 
claims that the Sycamore quantum processor con-
sumes 26 kilowatts of electrical power, far less than a 
supercomputer (and around the power consumption 
of an average U.S. house).

ENVIRONMENTALISTS interested in 
quantum computing face a set of deci-
sion points: if, when, and how to engage. 
Though the quantum computing ecosystem 
is in flux and the evolution of the technol-

ogy is fraught with uncertainties, time still matters. As 
writer Bill McKibben has pointed out, “We’re running 
out of options and we’re running out of decades.” Un-
derstanding the pace of change of the technologies and 

the actors in the innovation system 
will define strategies, for instance by 
shaping or adapting, and impact ac-
tions, such as placing big bets or cre-
ating options and no-regrets moves 
versus a watch-and-wait strategy. It 
will make the difference between 
getting in front of issues or falling 
behind.

Regarding energy and resource 
use, it is not too early to begin 
thinking about how to quantify 
the impacts of the emerging quan-
tum infrastructure, how to develop 
harmonized metrics, encourage 

data sharing, and heighten awareness within the field 
of the energy and broader sustainability impacts. The 
preponderance of competing technologies will make 
estimates difficult in the near term. But measurement 
techniques and metrics need to be explored, including 
the relevance and applicability of existing energy and 
environmental metrics, which cover areas like cooling, 
energy efficiency, resource use, and carbon footprint. 
Some efforts are underway. For instance, DARPA, 
the Defense Department’s independent R&D arm, 
has launched a program designed to “develop quan-
tum computing yardsticks that can accurately mea-
sure what’s important to focus on in the race toward 
large, fault-tolerant quantum computers.” Quantum 
researchers in both academia and industry should be 
integrated into on-going efforts to promote what is 
now termed sustainable computing, a subset of a larg-
er, longer-term goal of addressing the “twin challenges 
of a green and digital transformation.” In addition, de-
sign strategies to reduce future energy use could also 
be developed, disseminated, and evaluated and could 
include reducing the energy for cooling while design-
ing quantum systems to achieve less energy use. These 
benefits will want to improve error correction, allowing 
overall increases in computing efficiency.

As one critic has noted, “The set of problems with 
efficient quantum solutions remains small, even as 
the latest research seeks to determine just what makes 

The pace of technology 
and the actors in the 

innovation system will 
define strategies by 

shaping or adapting and 
will impact actions
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a problem a good fit for quantum computing.” That 
means that identifying environmental use cases that 
matter can help build confidence, increase investment, 
and open up new market opportunities. A recent as-
sessment of quantum computing applications related 
to climate change stated that “the intersection between 
climate and quantum sciences remains largely unex-
plored. It would be useful to determine in detail which 
climate science applications will be the first to benefit 
from quantum simulation, although such an analysis 
remains difficult to do.” A recent report by the Quan-
tum Economic Development Consortium emphasizes 
the need for more public-private collaboration and the 
need to bring together use-case experts with quantum 
technical experts, improving downstream-to-upstream 
dialogue. This connectivity is critical to developing an 
efficient path to market for technology developers that 
also creates public confidence that any associated risks 
are being addressed and managed.

Steering emerging quantum computing resources 
toward solving critical and practical environmental 
challenges will require the creation of what Harvard 
philosopher of science Peter Galison has termed a 
trading zone where members hold “a new cluster of 
skills in common, a new mode of producing scien-
tific knowledge that is rich enough 
to coordinate highly diverse subject 
matter.” These interactions could 
be facilitated through the creation 
of research coordination networks, 
R&D “sandboxes,” convergence 
accelerators, or synthesis centers, 
models that have been used by the 
National Science Foundation and 
other funders to build interdisci-
plinary communities focused on 
problems requiring deep integration 
between researchers and practitio-
ners from diverse fields.

Given the technological com-
plexity of quantum computing and high expertise re-
quirements for quantum researchers and practitioners, 
it is more than likely it could exacerbate the growing 
digital divide, both socially and geographically. The en-
vironmental community should take a critical stance 
toward inequality and exclusion regarding the ac-
cess and use of the technology, including its impacts, 
both positive and negative; intended and unintended. 
Gender issues have already emerged. Members of the 
Quantum Gender Initiative emphasize, “Our societies 
suffer from gender discrimination at several levels. As 
part of these societies, the community of researchers 

in the fields of Quantum Optics, Quantum Informa-
tion, Quantum Foundations and affine subjects is not 
free of this problem.” Amen, but more reflection and 
intervention is needed especially to avoid a potential 
quantum digital divide. Though still in its infancy, the 
concept of corporate digital responsibility could be ap-
plied to quantum computing. According to the Inter-
national Corporate Digital Responsibility Manifesto, 
CDR is “a set of practices and behaviors that help an 
organization use data and digital technologies in ways 
that are perceived as socially, economically, and envi-
ronmentally responsible [which includes] a commit-
ment to equity, diversity and inclusion.”

Another option is to make quantum computing 
resources “accessible through the cloud by some orga-
nization for commercial or benevolent reasons (say by 
the Gates Foundation, or by a country, like Norway)…
to counter many of the risks of monopolization of ac-
cess.” In the long term, there needs to be incentives for 
quantum computing professionals to perform ethical 
research that takes into account a wide range of social 
and environmental impacts, which will include involv-
ing the gatekeepers of the research enterprise, such as 
funders, journal publishers, and conference organizers. 

Business should also become involved. For instance, 
Qlimate is a quantum computing 
net-zero initiative, supported by 
PsiQuantum, that aims to use quan-
tum computing resources to support 
large-scale decarbonization.

In 1949, mathematician John 
von Neumann calculated that the 
first primitive computers, monsters 
using vacuum tubes and weighing 
tons, could reduce the time to run a 
set of complex calculations from the 
11 years required by humans, to 16 
hours, and then to 15 minutes. Pos-
sibly the first example of computer 
supremacy, the calculations simu-

lated the explosion of a thermonuclear device. Years 
later, such simulations enabled the Soviet Union and 
the United States to have the confidence to ban nucle-
ar testing. Former Secretary of Defense Ashton Carter 
observed, “Disruptive scientific and technological 
progress is not inherently good or inherently evil. But 
its arc is for us to shape.” Quantum computing offers 
the environmental community another opportunity to 
shape the arc of technology. It will not be a silver bul-
let for our immediate problems but, for those thinking 
long term, a possible hedge against what some scien-
tists have already termed a “ghastly future.” TEF

“Disruptive scientific 
and technological 

progress is not 
inherently good or 

inherently evil. But its 
arc is for us to shape.”


