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Abstract
The emergence of quantum technologies has led to groundbreaking advancements in
computing, sensing, secure communications, and simulation of advanced materials with
practical applications in every industry sector. The rapid advancement of the quantum
technologies ecosystem has made it imperative to assess the maturity of these technol-
ogies and their imminent acceleration towards commercial viability. The current status of
quantum technologies is presented and the need for a quantum‐ready ecosystem is
emphasised. Standard Quantum Technology Readiness Levels (QTRLs) are formulated
and innovative models and tools are defined to evaluate the readiness of specific quantum
technology. In addition to QTRLs, Quantum Commercial Readiness Levels (QCRLs) is
introduced to provide a robust framework for evaluating the commercial viability and
market readiness of quantum technologies. Furthermore, relevant indicators concerning
key stakeholders, including government, industry, and academia are discussed and ethics
and protocols implications are described, to deepen the understanding of the readiness
for quantum technology and to support the development of a robust and effective
quantum ecosystem.
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1 | INTRODUCTION

Quantum physics undoubtedly is one of the most successful
scientific theories ever established in terms of the accuracy of
its predictions. A global effort to use quantum phenomena,
such as entanglement, superposition, and coherence to create
radically new technologies has resulted in the verge of the
second quantum revolution. We can already see quantum
technology‐based products prevailing in the market and an
increasing number of companies [1], organisations, govern-
ments [2], and individuals making an effort to build a global
quantum ecosystem. The prevalent question now is how to use
quantum technology and not when quantum technology makes
its appearance. Organisations have often used the term
‘quantum‐ready’ to assess their current situation with regard to
their ability to integrate quantum technology into their existing
framework. But the applicability of the term has a wide range

of implications in different case scenarios. Therefore, it is
crucial to understand and define the term quantum‐ready [3].
In this paper, we explore and provide a systematic under-
standing of quantum readiness, how to evaluate it, and how
entities, organisations, or individuals can become quantum‐
ready.

To begin, we define what quantum technology is as a
category of new technology in Section 2. After classifying
emerging technologies, we delve into the term quantum read-
iness and the need to address it in Section 3. Then, we establish
the importance of being quantum‐ready by applying the term
to various innovation models in Section 4. This helps us in
providing tools to understand quantum readiness and identify
various indicators to take into consideration while evaluating
quantum readiness. Finally, in Section 5 we explore the rele-
vance and meaning of being quantum‐ready for the key
stakeholders in the ecosystem.
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2 | CLASSIFYING EMERGING
TECHNOLOGIES

To define quantum readiness, it is essential to understand the
nature of quantum technologies. This can help to estimate the
potential impact and implications of these technologies, as well
as identify areas where further research and development are
needed.

Quantum technologies find themselves classified as
emerging technologies due to their current status of techno-
logical maturity and the nascent status of their practical ap-
plications. While their underlying principles, founded in
quantum mechanics, have been established for over a century,
the journey of translating these principles into practical, scal-
able, and reliable technologies is still in its early stages.
Quantum computing, for example, is a field where significant
research is ongoing to overcome key challenges, such as
achieving fault tolerance [4], error correction [5], and scalability
[6]. Quantum communication and quantum sensing, while
more advanced than quantum computing, still need to clear
hurdles related to miniaturisation [7, 8], reliability, and inte-
gration into existing infrastructures. Moreover, the commercial
viability of quantum technologies is yet to be fully realised.
While there is clear potential and growing interest from in-
dustry, widespread, large‐scale commercial applications of
these technologies are still on the horizon. One way to classify
emerging technologies is based on their level of maturity
[9, 10]. Firstly, early emerging technologies are technologies
that are still in the early stages of development and may not yet
have a clear application or commercial potential. Secondly,
emerging‐growth technologies have moved beyond the early
stages of development and have begun to show commercial
potential. These may still be facing significant technical or
regulatory challenges. Finally, growth technologies are the ones
that have achieved significant commercial success and are likely
to have a significant impact on their respective industries.

Another way to classify emerging technologies would be
based on their potential impact. Disruptive technologies are
technologies that have the potential to fundamentally change
the way an industry operates. They can create new markets or
disrupt existing ones. When the term disruption is used, it
generally indicates that an entirely novel method of operation
has a substantial impact on how markets and industries
currently perform [11]. Technology that supports the devel-
opment of new goods, services, or business models without
necessarily disrupting existing ones is known as enabling
technology. Sustaining technologies improve the performance
of existing products or services but do not create new markets
or disrupt existing ones. Another taxonomy of innovations was
proposed by Freeman that groups them according to
increasing importance [12]. This typology offers a conceptual
framework for comprehending the contribution of quantum
technology to a technological revolution. The typology con-
sists of four types of innovations: incremental, radical, new
technological systems, and technological revolutions. Smaller
updates or changes made to the existing technology are
referred to as incremental innovations. They may enhance the

efficiency or quality of a product or service but do not
fundamentally change its nature. Radical innovations involve
important discoveries or developments that alter how a tech-
nology functions or is used. They frequently destroy estab-
lished markets while offering new possibilities for expansion.
The creation of completely new technological frameworks that
integrate numerous related technologies or processes is called
new technology systems. These systems frequently result in the
development of brand‐new industries or the evolution of
already‐existing ones. Fundamental core discoveries resulting
in the formation of a cluster of new technologies that may
revolutionise a wide range of sectors constitute the techno-
logical revolutions. They are characterised by far‐reaching and
transformative impacts on various aspects of human life.

Disruptive technologies, as coined by Clayton Christensen
[13], represent a transformative shift, a change in paradigms that
disturb the status quo of existing markets or societal operations
[14]. This characteristic makes quantum technologies, with their
potential to redefine numerous fields, a clear candidate for
disruptive technologies [15]. To comprehensively explore the
potential of quantum technologies as disruptors, we can dissect
them into three primary facets, each with historical parallels that
underline their disruptive nature. Firstly, we turn our attention to
quantum computing. This cutting‐edge computing paradigm,
supported by quantum mechanics, bears a resemblance to the
disruption caused by the invention of digital computers. The
latter reshaped industries with an unprecedented surge in data
processing speed and efficiency. Quantum computers, similarly,
are poised to shatter current computational limits by accom-
plishing tasks at an exponential pace compared to their classical
counterparts. The computational complexities within the scope
of quantum computing, such as cryptographic problems, opti-
mising logistical operations, and discovering new pharmaceu-
tical compounds, to highlight a few, remain infeasible for
traditional computing due to the exorbitant time frames
demanded for computation. Perhaps most disruptive is the
impact on data security where in comparison to classical com-
puters, quantum computers are capable of deciphering encryp-
tion codes in a fraction of the time. Our second focal point is
quantum communication technology, most notably Quantum
Key Distribution (QKD). Poised to offer communication
channels impervious to breaches, quantum communication has
the potential to drastically transform the cybersecurity land-
scape. A close historical analogue is the proliferation of the
internet, an innovation that fundamentally altered our modes of
communication and information exchange. Finally, quantum
sensing technologies, whose promise of ultra‐precise measure-
ments forecasts disruption across a multitude of sectors. GPS
systems, medical technology, geological exploration, and more
could see sweeping changes spurred by the sensitivity of quan-
tum sensors. This potential disruption finds a historical echo in
the introduction of radar technology, which indelibly imprinted
its influence on navigation, meteorology, and warfare. The
common thread across these potential disruptions is the de-
parture from classical mechanics to quantum mechanics. This
represents a paradigm shift as profound as the shift from me-
chanical to digital systems in the 20th century, which was a

2 - PUROHIT ET AL.

 26328925, 0, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/qtc2.12072 by K

arlsruher Institution F. T
echnologie, W

iley O
nline L

ibrary on [12/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



transition that disrupted and reshaped our civilisation. While the
field of quantum technologies as a whole is classified as an
emerging technology, certain subfields are progressing at a faster
pace, nudging them into the realm of emerging‐growth tech-
nologies. These sectors have advanced from the initial stages of
research and development to demonstrate tangible commercial
potential putting them in the emerging‐growth technologies
category (Figure 1). By transcending the limits of classical
technologies and enabling new capabilities in computing,
communication, sensing, and materials, quantum technologies
have the potential to transformvarious aspects of human life and
reshape the global economymaking it a technological revolution
[16]. To fully comprehend the potential effect of these tech-
nologies and how to prepare for the future, governments and
industry leaders must categorise new innovations in the frame-
work of quantum technologies. Policymakers and business
leaders can hasten the development of quantum technologies
and make sure they are well‐positioned to benefit from this
revolutionary technology by anticipating potential disruptions,
identifying areas for research and development, identifying po-
tential applications, and informing the government on policy
decisions.

3 | ADDRESSING QUANTUM
READINESS

Although quantum technology is still in its infancy or emerging
stages, it is developing quickly. Rapid advancements in quantum
technology can expand the global economy by billions of dol-
lars [17]. Hence, it is vital to be prepared and adapt to it. In
addition to its fast‐paced growth, the technology is inherently

different from current technologies and will be massively
disruptive for most sectors. This technology will likely have a
disruptive innovation effect on operations, services, and
products, giving companies that exploit it early a significant
competitive advantage. In areas where quantum technologies
are anticipated to have a big influence [18], nations that invest in
and embrace quantum technology first will have a competitive
edge. Governments that are not quantum‐ready run the danger
of falling behind in these sectors and may find it difficult to
compete with those who have made quantum technology in-
vestments [19]. Quantum technologies have the potential to
make sophisticated computing, secure communication, and
encryption possible [20]. Non quantum‐ready entities and or-
ganisations may be more susceptible to cyberattacks and other
security threats [21, 22]. Quantum computers can defeat current
encryption schemes, leaving sensitive data open to theft or
abuse. The protection of national interests and citizens will be
improved in nations that are quantum‐ready. Research ad-
vancements in areas such as materials science, drug develop-
ment [23], and artificial intelligence [24] will be made possible
by quantum technologies. Researchers must hasten the progress
of science and produce important new discoveries by focusing
on quantum readiness. Quantum computing can be used to
model intricate chemical processes, speeding up the develop-
ment of novel medicines and materials [25], and has the po-
tential to transform banking by enabling financial institutions to
carry out hitherto impractical sophisticated computations and
risk analysis [26]. Global problems including climate change,
energy efficiency, and sustainable agriculture might be solved by
quantum technologies [27]. Countries can support sustainable
development and the welfare of their citizens by adopting
quantum technologies that address these issues [28]. Quantum
computers can potentially be utilised to optimise energy dis-
tribution and cut down on waste, while quantum sensors could
be used to monitor environmental conditions and increase crop
yields [29].

In the near future, quantum readiness will play a key role in
deciding if a business/organisation thrives or recedes. For
example, Quantum Key Distribution (QKD), has the poten-
tial to revolutionise the field of cryptography. QKD allows for
the secure exchange of encryption keys by exploiting the
principles of quantum mechanics. Quantum computers may
make current encryption techniques like RSA obsolete since
they may be able to decrypt data significantly faster than
traditional computers. The cybersecurity landscape will drasti-
cally change as a result of this disruption [30], necessitating the
creation and deployment of new cryptographic algorithms that
are resistant to quantum computing. In comparison to classical
computing, quantum computing can more effectively optimise
complex financial models, portfolio management, and risk
assessment [31]. As a result, financial institutions may optimise
investment strategies, more precisely assess risks, and more
successfully identify fraud, which could potentially have a
significant impact on the financial sector.

Since quantum technology can render previous technical
knowledge outdated and maintain technological, industrial,
economic, and social transformation, it shares many traits with

F I GURE 1 Classification of emerging technologies and status of
quantum technologies.
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General‐Purpose Technologies (GPTs). Changes in techno‐
economic paradigms brought about by GPTs impact all sec-
tors of the economy and continue the long‐term process of
economic progress in human civilisation. Furthermore, to
support an entire and a functional quantum ecosystem built on
solid physical infrastructures, highly skilled human resources,
and suitable technological systems, the evolution of this tech-
nology requires time, research and development investments,
carefully chosen research policies, and key strategic decisions
of governments and industry. Therefore, quantum readiness
comes in with a first‐mover advantage and the power to shape
the direction of the technology. For instance, organisations in
the pharmaceutical and materials sectors that use quantum
computing to identify new drugs or design new materials might
accelerate research and development efforts. These businesses
can obtain a first‐mover advantage by discovering potential
drug candidates or novel materials more rapidly and accurately
than rivals, that use classical computing approaches, enabling
them to sell new products quickly and possibly secure patents
earlier allowing them to thrive [32].

For organisations to be competitive, safe, and economically
prosperous in the future, addressing quantum readiness is
essential. Countries can capitalise on this game‐changing
technology and promote science and sustainable develop-
ment by investing in quantum technologies and building a
strong quantum ecosystem. Although there are many obstacles
to creating and using quantum technology, the advantages are
too enormous to ignore. Organisations can make sure they are
ready to profit from this innovative new technology by
collaborating to address the issue of quantum readiness.

4 | DIFFUSION OF EMERGING
TECHNOLOGY

Building on our understanding of quantum technologies' po-
tential impact, it becomes imperative to delve into the concept
of quantum readiness as discussed in the previous sections. But
as we navigate this pioneering landscape, the importance of
having tools to gauge the progress of quantum technologies
cannot be overstated. Such instruments would allow us to
systematically assess the evolution of these technologies,
drawing from various conceptual models and metrics. They
can serve as compasses for interested entities, whether they are
research organisations, industry stakeholders, or policymakers.
With a tangible sense of where we stand on the quantum
technology trajectory, we can better identify the risks involved,
thus enabling more strategic planning. The subsequent exam-
ination of quantum readiness is therefore not only a scholarly
exercise but a crucial step in mobilising the global quantum
ecosystem.

Radical innovation models refer to frameworks used to
explain how new and emerging, transformative technologies or
business models emerge and disrupt existing industries or
markets. It is still early to see the full impact of quantum
technologies, but many (including the authors) expect them to
be a highly transformative and disruptive set of technologies.

Therefore, we argue that investigating and thinking about
quantum technologies via radical innovation models is a suit-
able theoretical framework. One such model is the Disruptive
Innovation Model developed by Clayton Christensen, which
explains how new technologies or business models can initially
serve niche markets before eventually disrupting and over-
taking established ones [33].

Another potentially relevant concept is pervasive innova-
tion, which refers to the idea that innovation can occur across
all aspects of society and in all sectors of the economy, leading
to profound changes in how people live, work, and interact
with one another [34]. This can be thought of in relation to the
idea of the techno‐economic revolution, a concept which re-
fers to the profound economic and societal changes that can
result from the emergence of new technologies or industries
[35]. These revolutions often involve the displacement of
existing industries, the creation of new ones, and shifts in the
distribution of wealth and power. Examples of techno‐
economic revolutions include the industrial revolution, the
information revolution, and the ongoing transition to a digital
economy.

Techno‐economic paradigms should also be mentioned
here in its relation to techno‐economic revolutions. These are
overarching frameworks that guide technological innovation
and economic growth in a particular period. They represent the
dominant technological and economic structures, processes,
and institutions that shape innovation and growth in a given
era [36]. Techno‐economic paradigms are characterised by a set
of shared beliefs, values, and practices that define the bound-
aries of what is considered technically feasible and economi-
cally viable. It is debatable whether quantum technologies
should be viewed as a potential new techno‐economic para-
digm or as a subset of digital transformation. However, the
analysis and recommendations developed in this paper are
irrespective of either case. Quantum technologies, either by
themselves or as a part of the constellation of the technologies
enabling the transition to the next techno‐economic paradigm,
will play an important role in the following decade.

Both radical or pervasive innovation, techno‐economic
revolutions and paradigms are important concepts to
consider in the context of the period we are experiencing in
relation to the second quantum revolution and associated
quantum technologies. By acknowledging the potential for
innovation to arise from unexpected sources and recognising
the profound economic and societal changes that can result
from new technologies, organisations can better prepare for
and navigate the challenges and opportunities of the innova-
tion process. In this regard, one can turn to transitional studies,
which focus on how organisations or industries can manage
and navigate transitions to new technologies or business
models. These studies examine the challenges, opportunities,
and strategies involved in moving from current practices to
new ones [37].

Quantum readiness, in this context, refers to the ability of
organisations to adopt and leverage quantum technologies for
competitive advantage, especially during the transitional period
where profound economic and societal changes may occur due
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to the radical and pervasive nature of quantum technologies.
This set of technologies, including quantum computing and
quantum cryptography, has the potential to revolutionise many
vertical industries such as finance, healthcare, and logistics, but
it also requires significant investments in infrastructure,
expertise, and cultural change. Therefore, this process of get-
ting ready for and enabling the second quantum revolution can
be thought of as a highly entangled process.

The application of radical innovation models and transi-
tional studies can help organisations prepare for and navigate
the transition to quantum readiness. For example, the
Disruptive Innovation Model can provide insights into po-
tential market disruptions and the emergence of new business
models in the quantum space, while transitional studies can
help organisations identify and manage the barriers and the
enablers of quantum adoption, such as funding, talent, and
regulatory frameworks.

In summary, radical innovation models and transitional
studies are valuable tools for organisations seeking to become
quantum‐ready. By understanding the dynamics of radical
innovation and managing the transition to new technologies,
organisations can position themselves for success in the
emerging quantum landscape. Three common tools that are
widely used in this literature are the well‐known S‐curve [38],
the Technology Readiness Levels (TRLs) framework [39, 40]
and Technology Commercial Readiness Levels (TCRLs)
framework [41].

4.1 | S‐curve analysis

The S‐curve [42] diffusion model is a useful tool for predicting
and understanding the adoption and diffusion of new tech-
nologies, including quantum technology. It can be used to
predict the rate of adoption of quantum technology and
identify potential opportunities and challenges. For example,
companies can use the S‐curve model to identify when quan-
tum technology is likely to reach the growth phase and plan
accordingly [43, 44]. This can include investing in research and
development, building partnerships, and developing new
products and services.

As the growth of many innovations follows the funda-
mental pattern, the uptake of innovation is frequently repre-
sented in these terms in diffusion analysis [45]. Slow adoption
is followed by a period of high growth, which is then followed
by slower growth as the majority of potential adopters have
already adopted the new product (Figure 2) [46]. S‐curve
diffusion assessments frequently highlight the differences be-
tween early and late users. Early adopters tend to be wealthier,
more educated, connected to mass media etc. on an individual
level. We may also assume that there is a pattern of diffusion
across business sectors, with some being early adopters and
some being followers. This is true if we look at the dissemi-
nation of significant new technologies that can be used for a
variety of purposes. Early adopters, for instance, frequently
work in high‐tech industries and are presumably more closely
connected to the fields where the technology was initially

produced and/or used. The analysis can be approached
through the lens of the industry life cycle and product life cycle
[47]. The basic idea behind the industry life cycle approach is
that sectors are likely to mature over time. Their operations
become conventional, their goods become more standardised,
and the production tools they need to use become more
affordable or easier to use. They rely less on highly skilled
labour.

The product life cycle approach makes additional com-
ments that are especially relevant when taking the dynamics of
new technologies into account. This strategy incorporates the
findings of several innovation studies as well as the concepts of
diffusion and industry cycles. Here, the essence of the tech-
nology itself is more important than how the market or in-
dustry develops. According to the product life cycle concept,
early versions of inventions are frequent, even when techno-
logically advanced, relatively simple and primitive in compari-
son to their later versions. Not merely because the
marketplaces are still in their infancy, but because the early
generations of innovations appeal to very few customers.
There is a lack of understanding, on the user side of their
existing and future capabilities, and on the supplier side, of
precisely what skills will be valued and how they may be
employed. It also prompts the idea that there could be weak
connections between inventors and numerous prospective
consumers and use cases of the technology in the early stages
of product creation and distribution. Complementary goods
and services are either unavailable or not generally accessible in
the early stages of development. Comparing the essential
components to subsequent versions of comparable products,
the key products are likely to be more expensive and less
reliable. Early versions of goods are likely to need significant
technical expertise for their manufacturing and usage, but later
versions may make use of these abilities as a common practice.
If the products succeed, people will become more aware of

F I GURE 2 The S‐curve analysis of emerging technologies.
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them, invest more in them, and acquire more skills using them
and their markets will grow. The technology itself will evolve,
which is essential. The product has undergone redesigning to
make it more durable, user‐friendly, and capable of more
effective manufacturing. New entrants, who could bring fresh
concepts for innovation, join the early suppliers, who have
shown the potential for a sizeable new market. Several inno-
vation approaches frequently compete with one another, with
the winner establishing the design paradigm to which all others
should adhere. If the first providers are small firms, big busi-
nesses are liable to substantially change the nature of the
competition in the market possibly by acquiring the smaller
firms. Large enterprises with greater marketing capabilities
have the capability to boost the diffusion process and the
creation of a dominant design. Later, as the market expands,
the emphasis on innovation often shifts away from funda-
mental product/technology innovation and towards providing
enhanced quality before shifting to process innovation that is
scalable and economical. With supplementary goods and ser-
vices, enabling technologies, increased functionality, and
greater adaptability, the product becomes more user‐friendly
and requires fewer high‐level skills to utilise. There can be a
shift from technology‐push to demand‐pull. Successful in-
ventions have an extended development phase once they are
introduced to the market, not just while they are pre‐
commercial prototypes in research and development in-
stitutions, but as providers discover what consumers want.
Users, on the other hand, acquire knowledge about the product
and successful usage techniques.

When it comes to quantum technology it gets tricky, as it
itself branches into several technologies, including quantum
computation, sensing, communication, cryptography, and
more. Each of these individual technologies stands at different
stages. Furthermore, some of the technologies involve similar
architectures and platforms, although currently there is no clear
winner for which platform will be adopted in general or within
its branches. Therefore, it is worthwhile to look at quantum
technology in general to assess the current scenario. The
adoption rate of quantum technology is examined over time,
and it is compared to the adoption rates of other technologies,
in the S‐curve analysis. Quantum technology adoption also
entails evaluating the elements influencing or impeding its
uptake as well as projecting its possible future uptake which we
call indicators. By considering indicators such as research
publications and patents, investment, commercial products and
services, talent pool, technical advancements, industry part-
nerships, and government policies, we can evaluate the current
status and potential future of quantum technology [48]. This
understanding is essential for determining the quantum readi-
ness level, which is critical for realising the full potential of
quantum technology.

When we say adoption of a technology, we refer to the
extent to which the technology is being used or integrated
within a sector or an ecosystem reflecting acceptance of the
technology by consumers, industries, or society as a whole.
Determining and choosing the Key Performance Indicators
(KPIs) can help us infer the level of adoption by showing

where the technology is in its life cycle. For example, an in-
crease in research publications over time suggests that the
technology is gaining interest in the academic community. An
increase in investment in a particular technology indicates
growing confidence in its commercial potential. Start‐ups
represent the presence of commercial products and services
which is a clear sign that a technology is being adopted. It is
essential to recognise that these indicators do not occur in
isolation, but rather interact and influence each other. For
example, an increase in research publications can lead to more
patents, which can then attract more investment. This
cascading effect can accelerate the technology's movement
along the S‐curve, hastening its adoption. Plotting these in-
dicators over time can give us a visual representation of the
technology's progression along the S‐curve of adoption. It
provides a multi‐dimensional perspective of the technology's
adoption status, with each indicator representing a different
aspect of the technology's life cycle.

To see a general trend of the growth and diffusion of
quantum technologies in general, we collected data for various
indicators over time and plotted it on the same time scale with
the total number of each indicator normalised to one (our code
reads in data from four CSV files containing the number of
startups, patents, publications, and private investments for each
year. It then normalises the data so that the maximum value for
each category is equal to 1 for a better visualisation to compare
these trends) in Figure 3. For the collection of data on publi-
cations, we used bibliometric tools such as the Web of Science
(WoS) database and search query as done in ref. [49]. For
patents, we used the data recently published in the paper [50].
For start‐ups data, we used the numbers from ref. [1] and the
database maintained and updated by QURECA. For private
investments, we used the data from the Quantum Technology
Investment Update 2022 report published by The Quantum
Insider [51]. When we plotted all these data against years, we
see a general trend of take‐off of quantum technologies,
indicating that now is the perfect time to become early

F I GURE 3 Various quantum readiness indicators over time for
quantum technologies.
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adopters of quantum technology. A conjoint peak in start‐ups,
patents, publications, and private investments in a particular
technology can be seen as a strong indicator that the tech-
nology is ripe for early adoption. When these indicators peak
simultaneously, it signifies a strong momentum behind the
technology. This synchronisation is often seen when the tech-
nology is transitioning from the innovation stage to the early
adoption stage in the technology adoption lifecycle. These
factors suggest a good time for early adoption, they do not
eliminate the inherent risks associated with emerging technol-
ogies. However, emerging technologies are inherently risky and
can fail for a variety of reasons, including technical challenges,
market acceptance issues, regulatory problems, and many
others. An alignment of these indicators does suggest that the
technology is maturing and moving towards broader market
adoption. This can be an ideal time for organisations that are
comfortable with a certain level of risk to become early
adopters. By doing so, organisations may benefit from
leveraging the technology before it becomes widespread, while
also having a chance to shape the technology's development
and application in their industry. Being an early adopter of
quantum technologies can provide organisations with a range
of benefits. It can help them to stay ahead of the curve giving
them a competitive advantage, improving productivity, inno-
vating new products and services, and shaping the direction of
the technology. Although we could see some dips in 2023, it
could be an implication of various factors away from normal
conditions such as the COVID‐19 pandemic and more.

Forecasters must be aware that there are sometimes vari-
ations in the norm. Even though S‐curves typically offer quite
good fits to empirical data, in reality, they are frequently dis-
rupted by other factors such as wars and economic downturns.
Innovations can also replace one another before a certain
innovation is adopted by all its prospective users, and a rival
technology may supplant it.

4.2 | Technology readiness levels for
quantum technologies

Technology Readiness Levels (TRLs) are a method of
measuring the maturity of a technology by determining its level
of development, testing and integration [52]. The TRLs pro-
vide a common framework for evaluating and communicating
the maturity of a technology and can be used to identify areas
where further research and development are needed. For
quantum technologies, it makes more sense to use TRLs to
assess the readiness of individual branches or at an individual
product level. It is crucial to identify the quantum technology
to be assessed and its intended application(s). This will help in
identifying the specific requirements for the technology and
the performance metrics needed to assess its TRL. Then one
must determine the TRL criteria for the quantum technology
under assessment. This can include factors such as the level of
technical feasibility, the maturity of the design, the level of
testing and validation, and the readiness for deployment.
Evaluating the technology against the TRL criteria by analysing

the performance data from experimental studies, simulations,
and tests, and comparing the results helps assign a TRL value.
This should reflect the technology's current stage of develop-
ment and the level of maturity it has achieved. It also reflects
the level of confidence with which the technology is ready for
deployment in the market. Based on this TRL, one can then
develop a roadmap for the technology. This involves identi-
fying the key development milestones needed to reach the next
TRL and the associated resources and investments required.

TRLs are typically defined on a scale of 1–9 [53, 54]. The
same can be adopted for quantum technologies with the
addition of ethics protocols for the branch of quantum tech-
nology in consideration. The first four levels usually address
the most fundamental technical research involving, mostly,
laboratory results given the sort of research, technological
advancement, and innovation being addressed. From levels
TRL 5 through TRL 6, technological development would then
proceed until the first prototype or demonstrator is obtained.
Projects involving technological innovation would fall between
TRL 7 and TRL 9, as this type of innovation necessitates the
launch of a new product or service onto the market, which
involves passing the necessary tests, certifications, ethics, and
approvals. These stages entail deployment or extensive imple-
mentation. Assessing the readiness of new technology prod-
ucts is important for understanding their maturity and
potential for commercialisation.

We have formulated standard Quantum Technology
Readiness Levels (QTRLs) taking inspiration from the ones set
for general TRLs and TRLs for artificial intelligence technol-
ogy to help assess a quantum technology in more accurately as
shown in Figure 4. The description and expected outcomes
from each of these levels are described below:

1. QTRL 1 (Basic principles observed): Research into the
basic principles of quantum phenomena is at present being
conducted. This might involve researching various phe-
nomena such as quantum superposition, entanglement, and
coherence as well as creating theoretical equations and
models to explain these concepts.

2. QTRL 2 (Technology concept/application formulated):
Based on the concepts observed in QTRL 1, researchers
develop a particular quantum technology concept or
application at this phase. This entails the formation of a
distinct technical vision and goals and may include concepts
for quantum computing, communication, or sensing
applications.

3. QTRL 3 (Analytical and experimental proof of concept):
Researchers working at this level offer analytical and
experimental evidence that the technological concept or
application is feasible. This typically involves laboratory
experiments and simulations to validate the technology's
functionality, performance, and potential advantages over
classical technologies.

4. QTRL 4 (Quantum technology validated in lab): Quantum
technology systems or components are developed and
assessed at QTRL 4 in a controlled lab setting. This stage
focuses on the integration of individual quantum
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components into a larger system and the testing of their
performance, reliability, and scalability.

5. QTRL 5 (Quantum technology validated in relevant envi-
ronment): In this phase, researchers validate the system's
performance in environments that closely resemble real‐
world applications. This might involve testing quantum
communication systems over long distances, assessing the
performance of quantum sensors in realistic settings, or
benchmarking quantum algorithms on prototype quantum
processors.

6. QTRL 6 (Quantum technology demonstrated in relevant
environment): QTRL 6 requires a demonstration of a fully
functional system or subsystem within a relevant environ-
ment. This could include a quantum communication
network connecting multiple users, a quantum sensor
deployed in the field, or a quantum processor executing a
specific algorithm to solve a real‐world problem.

7. QTRL 7 (Prototype demonstration in operational envi-
ronment): At this level, a fully integrated system prototype
is demonstrated in an operational real‐world environment.
This may involve field testing of a quantum communication
system for secure data transmission, deploying a quantum
sensor for environmental monitoring, or running a quan-
tum computer to solve complex optimisation problems.

8. QTRL 8 (System complete and qualified): QTRL 8 is ach-
ieved when the system has been completed and qualified
through rigorous testing and demonstration. This includes
achieving all performance requirements, addressing any
identified issues or limitations, and demonstrating a high
level of reliability and robustness. Ethics and other pro-
tocols are also taken into consideration and checked.

9. QTRL 9 (Successful project operations): When the quan-
tum technology has been successfully deployed and used in
practical real‐world applications or missions, the final
QTRL has been reached. This may entail the widespread
use of quantum sensors in a variety of businesses, the
commercial availability of quantum computing services, or
the use of quantum communication technologies for secure
data transmission.

One way to assess the readiness of a new technology
product is to use a readiness‐vs‐generality chart [55]. The same
can be used if one wants to evaluate the readiness of a specific
quantum technology‐based product and not a branch in gen-
eral. One must identify the different layers of the capability of
the product in relevant environments and then compare it
against the TRL of each layer of capability. For instance,
Forschungszentrum Jülich defined a set of TRLs for quantum
computing [56]. The theoretical foundation for quantum
computing (annealing) is developed when quantum computing
technology is at QTRL 1. Once the fundamental device prin-
ciples have been investigated and applications or technologi-
cally pertinent algorithms have been developed, the technology
reaches QTRL 2. The fundamental components of quantum
computing systems, physical qubits that have been fabricated
imperfectly, are at QTRL 3. Laboratory tests are then designed
to verify the theoretical predictions of qubit characteristics and
then proceed to the fabrication of multiple qubit systems with
the classical control unit in QTRL 4 stage. Technology for
QTRL 5 quantum computing consists of parts that are
incorporated into a tiny quantum processor without error
correction. At QTRL 6, there are components assembled into
a miniature error‐correcting quantum processor. They are
rigorously tested with various quantum algorithms and
benchmarked. In the QTRL 7 stage, the prototype is tested for
solving small, but relevant use‐case problems. Once the pro-
totype is made scalable and qualifies for all necessary tests, it
advances to QTRL 8 stage. Finally, when the prototype
quantum computer exceeds the power of the classical com-
puters in specific problems, it is labelled as QTRL 9. This acts
as a critical tool for them to assess their current quantum
readiness level and helps in strategising a roadmap for their
prototype and planning future steps of action and set goals.
Hence, it is of utmost importance that QTRL assessment is
conducted by qualified experts with a deep understanding of
the technology and its development. It is also important to set
standardised QTRL levels in each branch of quantum tech-
nology so as to make meaningful comparisons with other
competing organisations/platforms. One of the major high-
lights of Quantum.Tech, a conference held in 2022 in Boston,
Massachusetts, USA was assessing the TRLs for various

F I GURE 4 Quantum Technology Readiness Levels (QTRLs)
description, representation, and expected outcomes.
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branches of quantum technology. In comparison to quantum
sensing and quantum computing, quantum communication,
such as QKD, is viewed as the more developed domain (QTRL
7) for many future implementations while quantum computing
was seen to be at QTRL 3 [57]. Another report in 2021 to
assess quantum readiness for military applications provided a
detailed report on various TRLs for different quantum tech-
nologies [58]. Taking data from all these reports and roadmaps,
we provide an assessment of current TRLs for various quan-
tum technologies and a time horizon indicating the expected
time it would take to achieve a QTRL of 9 for these quantum
technologies (Figure 5).

We can clearly see that quantum technologies are at different
QTRLs. By considering diverse applications and deployment
platforms, the QTRL variance and time horizon assumptions
become much more complicated. Building on these reports
provides a snapshot of trends and should reduce sampling bias.
In conclusion, the QTRLs of different branches of quantum
technologies vary widely, with quantum computing being in the
earliest stages of development and quantum communication and
cryptography being more mature. Significant progress has been
made in recent years in all branches of quantum technologies, but
challenges remain in scaling the technology to meet the re-
quirements of practical applications. It is crucial to keep a track
of the QTRL levels of these branches in order to stay ahead of
the curve and be quantum‐ready.

With all these tools and information, we have devised a
roadmap or a flowchart with detailed steps to assess quantum
readiness (Figure 6). It will help businesses and organisations
to assess their quantum readiness or to develop a strategy to be
quantum‐ready. It can be summarised as follows:

1. Understanding key concepts of Quantum Technologies:
Gain a basic understanding of quantum physics principles,
such as superposition, entanglement, qubits, and sensors.

2. Identify relevant stakeholders: Assemble a team of stake-
holders from different departments such as research and
development and executive leadership. This team will be
responsible for driving the assessment process and
implementing the findings.

3. Use various innovation models to map the current stage of
quantum technology: Identify and gather data over time
for various KPIs (Key Performance Indicators) and map
them on the S‐curve, evaluate TRL to assess maturity of
quantum technology.

4. Evaluate internal capabilities and readiness: Evaluate your
organisation's current capabilities and readiness to adopt
quantum technology. Identify any gaps in knowledge,
expertise, or resources that need to be addressed.

F I GURE 5 QTRLs and time horizon expectations (with error bars)
for several quantum technologies.

F I GURE 6 Flow chart describing the steps to follow to be quantum‐
ready.
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5. Benchmark against industry peers: Analyse your compet-
itors and industry leaders to understand their quantum
readiness and strategies. Identify best practices.

6. Develop a strategic roadmap: Create a strategic roadmap
outlining your organisation's plan to adopt and implement
quantum technology. This should include short‐term and
long‐term objectives, as well as a timeline for
implementation.

7. Study and evaluate ethical implications: Explore, assess,
and adapt ethical and societal responsible use of quantum
technology.

8. Prioritise investments and partnerships: Determine the
resources required to achieve your quantum technology
readiness goals, such as investments in hardware, software,
and talent. Prioritise investments based on potential
impact and return on investment. Identify potential part-
ners, such as universities, research institutions, and tech-
nology providers, to collaborate on quantum technology
initiatives.

9. Implement a quantum education programme: Develop
and implement a comprehensive quantum education
programme for your organisation. This may include
training sessions, workshops, and seminars to ensure all
relevant stakeholders are informed about the latest de-
velopments in quantum technology.

10. Monitor progress and adapt: Regularly review and update
your quantum technology readiness assessment and strat-
egy based on new developments in the field. Continuously
evaluate your organisation's progress and adjust as neces-
sary to stay on track with your quantum technology goals.
Publish these assessment reports.

4.3 | Commercial readiness of quantum
technologies

While Technology Readiness Levels (TRLs) provide an
assessment of a quantum technology's technical maturity, they
do not account for its market readiness or commercial viability.
Quantum Commercial Readiness Levels (QCRLs) offer a
strategic framework for determining the market readiness of
quantum technologies. They examine the commercial aspects
of these technologies, focusing on their potential to generate
revenue, their fit within the market, and their capacity to
navigate the regulatory environment [41, 59]. We provide a
framework to assess it as follows:

1. QCRL 1 (Problem‐Solution Fit): At QCRL 1, the primary
goal is to demonstrate that a quantum technology can offer
a viable solution to an identified problem. It is an ideation
phase, where researchers and developers are confirming
that their quantum‐based solution aligns with a particular
need or problem in the market involving rigorous problem
definition and in‐depth market research crucial to that time.
The identified problem may be broad, encompassing chal-
lenges in various sectors like cybersecurity, material

sciences, logistics, or drug discovery, among others. It is
essential to establish a preliminary hypothesis for how the
technology can address these issues and identify potential
customer segments who might benefit from the solution.

2. QCRL 2 (Market‐Solution Fit): The focus now is on vali-
dating the proposed solution within the potential market.
This involves in‐depth market research to understand the
needs and preferences of potential customers, evaluating
the competitive landscape, and performing a preliminary
assessment of the regulatory landscape. The aim is to fine‐
tune the solution to fit the market needs better and establish
initial relationships with potential customers or partners. It
is at this stage that a technology might pivot or refine its
focus, based on market feedback and competition.

3. QCRL 3 (Minimal Viable Product [MVP] Development):
Upon reaching QCRL 3, the technology has progressed to a
point where a minimal viable product (MVP) can be
developed. This MVP encapsulates the essential function-
ality that addresses the identified problem, serving as a
tangible representation of the technology's potential in the
real world. It is used to solicit feedback from early users,
allowing for further refinement of the product based on
actual user experience. This stage involves significant
interaction with potential customers, taking in their feed-
back, and adjusting the product's design and function
accordingly.

4. QCRL 4 (Product‐Market Fit): A full‐fledged, commercially
viable product has been developed now based on feedback
from the MVP stage. This stage validates the product's
market fit, demonstrating that there is a market demand for
the product, and that the product satisfies that demand
adequately by rigorous benchmarking. Business models are
tested and revenue generation strategies are defined. Early
sales to innovators or early adopters have been achieved,
providing evidence of the product's market fit.

5. QCRL 5 (Scaling and Growth): In the final stage of com-
mercial readiness, where the technology is ready for full
commercialisation and scaling. The focus is on growing
sales, expanding into new markets, and optimising the
product based on customer feedback and market dynamics.
The production and distribution processes have been so-
lidified, the supply chain has been identified, there is a clear
marketing strategy, and any pertinent regulatory hurdles
have been navigated by this time.

Quantum technologies often require significant investment
and time for development. By assessing the QCRLs, investors
and developers can better understand the commercial risks
associated with a particular technology and make informed
decisions about resource allocation. It helps in identifying
potential market barriers early, which can be addressed pro-
actively, reducing the likelihood of costly failures down the line.
Furthermore, the QCRLs facilitate regulatory planning, helping
companies anticipate potential regulatory hurdles and strategise
accordingly. Finally, by showcasing a technology's commercial
readiness, QCRLs can instil confidence in potential customers,
accelerating the adoption and acceptance of quantum
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technologies in the market. In essence, QCRLs provide a
pragmatic framework that is essential for strategic decision‐
making and for driving the successful diffusion of quantum
technologies across various sectors.

Mapping QCRLs to QTRLs is an essential step in the
journey of quantum technology development and commerci-
alisation. This process brings a necessary cohesion between the
technical progression and market readiness of a quantum
technology, offering a comprehensive view of its trajectory
from laboratory to market. The initial QTRLs (1–3), where
technologies are in the research and development phase,
correspond to QCRL 1, where the problem‐solution fit is
being explored. As the technology progresses to the prototype
phase (QTRLs 4–5), it aligns with QCRL 2 and 3, where
market validation and MVP development are occurring. At the
demonstration stage of the QTRLs (6–7), technologies typi-
cally reach QCRL 4, where the product‐market fit is estab-
lished, and early sales are achieved. At the higher QTRLs (8–9),
where the technology is ready for deployment or already in use,
they align with QCRL 5, indicating that the technology is ready
for full commercialisation and scaling. However, it is essential
to understand that once a technology reaches QTRL 9, there
can still be significant barriers to widespread adoption,
including cost, regulatory hurdles, workforce training, and
more. A common issue in technology development is the
‘valley of death’, a phase where a technology, despite being
technically sound, fails to reach the market due to commercial
hurdles [60]. By mapping QCRLs to QTRLs, stakeholders can
better navigate this valley, as they gain insights not only about
the technology's technical maturity but also its commercial
viability at each stage of development. Such mapping supports
informed decision‐making and risk management. By under-
standing where technology sits in both the technical and
commercial spectra, developers, investors, and policymakers
can align their strategies and resources more effectively. They
can anticipate potential technical and market barriers, prepare
for regulatory requirements, validate their value proposition
and business model, and determine optimal market entry
strategies.

5 | QUANTUM READINESS FOR
DIFFERENT STAKEHOLDERS

As quantum technology moves from the realm of theoretical
research into the field of practical applications, it is essential
to understand and foster a robust and effective quantum
ecosystem. This ecosystem refers to the interconnected
network of stakeholders, including researchers, industry
practitioners, policymakers, educators, and investors, all
contributing towards the development, adoption, and regu-
lation of quantum technologies. A robust and effective
ecosystem is the one that ensures a fluid exchange of
knowledge and resources among its participants, facilitating
continuous innovation, standardisation, and commercialisa-
tion of quantum technologies. It thrives on collaboration and
mutual support, fostering perennial growth amidst market

fluctuations and technological uncertainties. Participants in a
robust quantum ecosystem are expected to assume distinct
yet interconnected roles and responsibilities. Researchers, for
instance, are tasked with advancing the scientific frontier of
quantum technologies, while educators are responsible for
cultivating a future‐ready workforce equipped with quantum
literacy. Industry practitioners transform theoretical research
into market‐ready solutions, continuously pushing the prac-
tical boundaries of quantum applications. Policymakers
establish regulatory frameworks, balancing innovation, secu-
rity, and ethical considerations. Lastly, investors provide the
necessary financial resources, driving the ecosystem from
early‐stage research to commercially viable products. All
these roles contribute to the vibrancy and resilience of the
quantum ecosystem, each indispensable for fostering quan-
tum readiness across different sectors. Hence, it becomes
cardinal to understand the role of these stakeholders in
quantum readiness. In the previous sections, we discussed
the interpretation of quantum readiness and various models
to assess current quantum readiness by using different
models. Next, we describe in detail various perspective sce-
narios in which the term quantum readiness is predomi-
nantly used and of relevance for key stakeholders in the
quantum ecosystem. We discuss what it means to be
quantum‐ready in each of these scenarios and its relevant
indicators.

5.1 | Government

Common themes for a government to be quantum‐ready are to
have the necessary infrastructure, expertise, and resources to
develop, implement, and use quantum technologies. The
following section outlines structures found across nations
developing their quantum‐readiness, namely strategies and
roadmaps, ecosystem and supply chain, and ethics and policy.

National quantum strategies are a common framework for
a government to identify areas where quantum technologies
could have the most significant impact, such as in finance,
healthcare, or national security. By focusing its investments [2]
in these areas, a government can develop the necessary infra-
structure and expertise to become a leader in quantum tech-
nologies. A roadmap is essential to forecast the implementation
of quantum technologies for each of the following points:

1. Research and development: Investment in basic research is
essential for advancing the state of quantum technologies.
This includes funding for universities, research institutes,
and national labs to conduct basic research on quantum
materials, devices, and systems.

2. Education and training: Investment in education and
training programmes is critical to develop the workforce
with the necessary skills and knowledge to design, develop,
and implement quantum technologies.

3. Infrastructure: Investment in premises is essential to sup-
port the infrastructure and deployment of quantum tech-
nologies in specific industries or applications, including the
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development of testing and measurement facilities, as well
as the establishment of quantum computing centres.

The development of coordinated local ecosystems and the
understanding of supply chains are essential for quantum
readiness. A secretariat sitting within a branch of the govern-
ment is helpful to achieve several actions across the ecosystem,
namely collaboration with stakeholders, coordination of re-
sources, monitoring of implementation, engagement with in-
ternational partners, public outreach, as well as regular updates
and reviews. Such a collaborative approach is best practice to
share expertise, resources, and to accelerate the development
and adoption of quantum technologies. Such partnerships
between the government, companies, research centres, and
supporting organisations can ensure that the supply chain for
quantum technologies is secure and resilient. Strategic devel-
opment of domestic capabilities to produce quantum compo-
nents, as well as their implementation in global supply chains,
can accelerate commercialisation and improve supply chain
resiliency. An outcome of a strategy is to help a government
address the ethical and policy issues that can arise with the
development and use of quantum technologies. This could
include issues related to data privacy, cybersecurity, and the
impact of quantum technologies on society. The implementa-
tion of standards and certifications for quantum components
can ensure that they meet certain security and performance
requirements, thus further enhancing the security and reliability
of the supply chain. Standards and certifications, in particular,
can help build public confidence by providing a benchmark
against which the performance and security of quantum
technologies can be measured. This can help alleviate concerns
about the reliability and safety of quantum technologies,
especially for applications such as healthcare, finance, and
national security.

5.2 | Industry

Industries, in the conversation about quantum readiness, play a
pivotal role in the development and maturation of a quantum
ecosystem. They should be key parts of strategies and influence
governments to make structural and policy changes to attract
other users. For a specific company, the journey to be
quantum‐ready could differ, mainly depending on the size of
the company, or how the company embraces new technologies.
Overall, the only way to become quantum‐ready is by a step‐
by‐step approach:

1. Firstly, understanding quantum is critical. For decision
makers, an awareness of the foundations and basic princi-
ples of the technology in general terms will be sufficient,
whereas more technical knowledge will be useful for tech-
nical professionals. Being aware of how the technology
develops, as well as starting to get involved in the ecosystem
is very important for any organisation. To start, a list of
available resources can be found in Ref. [61].

2. Secondly, the understanding, at a high level, of how quan-
tum technologies can be impacting the business is needed.
At this point, most organisations identify an individual or a
group of individuals who will take the lead on quantum
readiness for the company. Building skills and awareness at
this level is crucial.

3. At a later stage, companies will identify specific use cases
and start with a proof of concept or a demonstrator,
working with quantum startups. This early experimentation
will bring a competitive advantage to the business [62]. As
quantum technologies are overall in the early stages of
development, and companies need to be patient, under-
standing the experiments and proof of concepts will need
to be updated in the future.

4. Once companies are fully aware of the value and impact of
the technology, a strategic roadmap will be developed,
critical to making the business quantum‐ready.

5. The mastering of the technology will come with a full
implementation within the business.

End users are the ultimate beneficiaries of quantum tech-
nologies and their engagement is integral to shaping practical
applications and driving market demand. They can play an
important role in defining the use cases for quantum
technologies.

Industries contribute to the quantum ecosystem by
providing feedback and helping to fine‐tune quantum tech-
nologies. As early adopters, they can trial quantum solutions,
thereby identifying gaps, suggesting improvements, and ulti-
mately aiding in the refinement and evolution of these tech-
nologies. Their feedback forms an iterative loop with
developers, accelerating the maturity of quantum solutions. By
participating in industry forums and public consultations, end
users can help shape the discourse around regulatory stan-
dards, ethical guidelines, and future research priorities. It is also
worth noting that engagement with industries needs to be a
two‐way street. Technologists and researchers need to under-
stand the needs and constraints of end users, while end users
need to be educated about the potential and limitations of
quantum technologies. This mutual understanding can help to
ensure that quantum technologies are developed in a way that
is both innovative and practically beneficial. All in all,
becoming quantum‐ready for a business means taking full
advantage of the technology.

5.3 | Academia and skill‐based institutions

Being quantum‐ready involves a combination of both theo-
retical knowledge and practical skills needed to work in the
rapidly evolving field of quantum technologies.

Academic institutions can play an important role in filling
the gaps needed to be quantum‐ready by providing individuals
with the foundational knowledge and transferable skills
through specialised academic programmes, conducting
research, partnering with industry for hands‐on training,
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providing experiential learning opportunities, and offering
continuing education programmes.

While it may be challenging for academic programmes to
have enough resources to make students fully qualified for
quantum careers, many programmes are taking steps to address
this challenge and ensure that their students are well‐prepared
for the demands of the field. For example, some universities
and colleges are establishing dedicated quantum computing
centres, institutes, and labs to provide students with access to
state‐of‐the‐art equipment and resources [63–65]. These cen-
tres often work closely with industry partners to ensure that
students are gaining the skills and knowledge that are most in
demand in the field.

An increasing number of academic stakeholders and as-
sociations worldwide are starting to create and include speci-
alised courses in quantum technologies within the syllabus of
interdisciplinary programmes and degrees.

To create a diverse quantum workforce and mitigate po-
tential biases in quantum technologies, academic programmes
need to attract individuals from underrepresented groups to
fields, such as computer science, math, statistics, physics, ma-
terial science, and chemistry. These efforts should begin early,
with K‐12 interventions that offer exposure to quantum
technologies and make them accessible to all students. Part-
nering with online learning platforms and skill‐based training
institutions can be another way for academic institutions to
provide students with access to a broader range of resources
and expertise [66, 67]. Programmes like Qubit by Qubit have
seen successful in increasing interest and participation in
quantum computing among middle and high school students
from diverse backgrounds [68]. Universities also have a crucial
role in building a talent pipeline by offering courses, pro-
grammes, and research opportunities that provide students
with the necessary skills and knowledge to pursue quantum
careers. In addition, business leaders can influence the shift
towards quantum learning in schools and universities by
demonstrating the importance of this field through corporate
involvement. Ultimately, academic programmes must work to
create a pathway for the talent pipeline by removing barriers to
entry and ensuring that all students have access to resources
and opportunities to develop quantum‐ready skills [61].

The field of quantum technologies requires a diverse
workforce to meet its needs. However, STEM disciplines still
face challenges in broadening participation, particularly among
women and underrepresented racial and ethnic groups. Aca-
demic programmes must address the barriers that currently
exist and provide support, mentorship, and recognition for
diverse perspectives and expertise, to increase accessibility to
students and to promote inclusivity and diversity [69].

5.4 | Readiness with respect to ethics and
protocols

Until this section, a general framework for quantum readiness
and the elaboration for different stakeholders have been pro-
vided. Being quantum‐ready involves several factors, including

the availability of quantum hardware and software, the exper-
tise of personnel, and the quality of the infrastructure. To be
quantum‐ready, an organisation must have access to the
necessary technology, personnel, and infrastructure. However,
this narrow concept of quantum readiness can, and sometimes
should, be expanded to cover any ethical and legal aspects,
especially following the national and international protocols,
such as those on standardisation.

Being quantum‐ready is an important step for organisa-
tions that are considering the use of quantum technologies. It
allows organisations to identify and address any challenges or
limitations that may prevent them from effectively using
quantum technologies. For example, an organisation that is not
quantum‐ready may lack the necessary hardware, software,
expertise, or infrastructure to effectively use quantum tech-
nologies. In order to be quantum‐ready, an organisation must
invest in quantum technologies, by developing new algorithms
and/or applications, training personnel, and building a
quantum‐safe infrastructure.

Investing in quantum readiness is a significant undertaking
and requires a long‐term commitment to preparing for the use
of quantum technologies. It is not something that can be done
quickly or easily. However, the benefits of being quantum‐
ready are significant. Organisations that are quantum‐ready
will be able to take advantage of the potential benefits of
quantum technologies and will be well‐positioned to compete
in the emerging quantum global economy.

Companies, governments, NGOs, and other stakeholders
must be quantum‐ready because quantum technologies
promise some essentially different capabilities. To take advan-
tage of the benefits of quantum technologies, organisations
must be prepared to use them effectively. However, quantum
technologies raise many ethical concerns, including the po-
tential misuse of technology, its impact on jobs and the
economy, unequal access to technology, and its potential
impact on society.

As one well‐known example, quantum technologies could
be used for malicious purposes such as hacking and espionage,
which highlights the need for appropriate safeguards and
regulations [70]. This directly impacts the meaning of quantum
readiness. Additionally, the use of quantum computing could
automatise specific tasks, potentially leading to job losses in
certain industries. This raises concerns about the potential for
economic disruption and the need for policies to support
affected workers and sectors. One can argue whether being
quantum‐ready also encompasses being ready against such
disruptions brought forth by this new and emerging set of
technologies. Furthermore, only certain individuals or organi-
sations may have access to mature quantum technologies [71],
leading to potentially increasing inequalities and disparities.
This raises concerns about fairness and equitable access to the
benefits of quantum technologies and the need for policies to
ensure that the technology is accessible to all. Finally, there are
also concerns about the potential impact of quantum tech-
nologies on different stakeholder groups in society [72], and
the need for careful and deliberate planning to ensure that
quantum technologies can be used ethically and beneficially.
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There are many discussions and a growing literature on
ethical and societal responsible use of quantum technologies
ranging from arguments on the democratisation of quantum
technologies [73] to calls for not even building quantum
computers at all [74]. In practical terms, these discussions
inform organisations, governments and the public, and could
change the stakeholders' perception of quantum technologies.
For example, the topic of trust is discussed openly in a Time
article [75], where it was proposed that ‘…soon will come a
time when trusting a quantum computer will require a leap of
faith’, and without trust‐building across the entire ecosystem,
there will be strong hesitancy to take this leap of faith. There
are efforts to mitigate this hesitancy and widely accepted
ethical guidelines and protocols are established methods of
trust‐building in new and emerging technology ecosystems.

To employ methods of trust‐building, one needs to frame
the object of this trust, in this case, quantum technologies. It is
discussed in the literature that quantum technologies can be
considered system technologies with a systemic impact on
society [76], which calls for an anticipatory approach. Similarly,
arguing for a strong Responsible Research and Innovation
(RRI) approach can also be found in the literature [77]. There
is even a call for action from some industry partners and
different stakeholders in the ecosystem for the ethical devel-
opment of these technologies [78]. There are also many pro-
posals and important highlights in the literature on arguing for
further understandability of the quantum theory [79], the ef-
fects of hype on teaching about quantum technologies [80],
introducing ethics into quantum information classrooms [81],
awareness raising as the bare minimum that should be done
[82], and many other potential actions to prevent quantum
technologies running into fiascos of implementation at the
interface of science and society [83]. One might consider how
these discussions can be practically tied to an organisation's
quantum readiness. A clear example of this is the White House
memorandum on Promoting United States Leadership in
Quantum Computing While Mitigating Risk to Vulnerable
Cryptographic Systems, which prioritises ‘…the timely and
equitable transition of cryptographic systems to quantum‐
resistant cryptography, with the goal of mitigating as much
of the quantum risk as is feasible by 2035’ [84]. For those who
have been following the discussions on the quantum threat
[70], this came as no surprise. It is the poster child case of the
potential of future quantum technologies causing a massive
impact on today's regulatory landscape. It might seem like this
was always supposed to happen, but the chances of this
becoming a regulation, let alone a company fundraising $500
million on this particular topic was negligible just a decade ago
[85]. Furthermore, this is a particular example of how the
values and priorities of certain stakeholders in the ecosystem
can cause major shifts in not only the narratives but also the
regulatory and opportunity landscape of an entire industry with
consequences far‐reaching into almost all industries.

There are many moving parts on the regulatory landscape
both in early and late stage standardisation efforts such as the
Quantum Internet Research Group [86] under the Internet
Engineering Task Force working on the future standards of the

quantum internet while others such as European Telecom‐
munications Standards Institute (ETSI) Industry Specification
Group (ISG) working on QKD standards [87], which has an
impact on industrial relations much sooner. Ethics plays an
important role in these processes. Different stakeholders have
different value sets and even within the stakeholder groups
with similar value sets, there are differences in prioritisation of
these. There are some promoting global open access and
sustainability while not explicitly for democratic values due to
geopolitical concerns, while others that argue strongly for
democratisation may find themselves only arguing for it in a
limited context of like‐minded countries. Discussions on
export controls and even controls on knowledge transfer are
common practices in the ethical and regulatory context of
quantum technologies.

As discussed earlier in this article, techno‐economic para-
digms are characterised by a set of shared beliefs, values, and
practices that define the boundaries of what is considered
technically feasible and economically viable [36], but in a wider
context, these also need to be societal acceptable [35] to fully
become system technologies [76]. Hence, organisations aiming
for quantum readiness should keep track and maybe even
actively participate in these discussions on what should be the
wider set of values and protocols surrounding how these
technologies interface with the market and the whole of society
[83].

5.5 | People and society

People and society play pivotal roles in shaping and sustaining
the quantum ecosystem [88]. Beyond education, the public
dialogue and consensus‐building processes are crucial to
address the ethical, legal, and societal implications of quantum
technologies. Quantum cryptography's effects on data privacy,
the implications of quantum computing on job security and
new forms of employment, and other such considerations
should be widely and openly discussed. From a societal
perspective, fostering an environment that encourages inno-
vation and entrepreneurship in quantum technologies is
crucial. Policymakers, guided by public sentiment and expert
advice, have a critical role in shaping regulations that will
determine how quantum technologies are used, ensuring their
alignment with societal values and norms. As we explore the
role of end users in promoting and normalising the adoption
of quantum technologies, it becomes evident that their expe-
riences and testimonials can be of considerable value in
inspiring confidence and interest in other potential users and
significantly influence the widespread adoption of quantum
technologies through their advocacy and normalisation efforts.

Nurturing a robust and effective quantum ecosystem is a
collective endeavour that demands the synchronised efforts of
diverse stakeholders. As quantum technology transcends the
borders of academia and finds its footing in various industries,
it is incumbent upon all participants to fulfil their roles
conscientiously. Researchers, educators, industry practitioners,
policymakers, and investors all bear the mantle of responsibility
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to shape a quantum‐ready future. As we stand on the cusp of
this second quantum revolution, it becomes crucial to leverage
the power of this integrated ecosystem to transform the
theoretical potential of quantum technology into tangible
benefits for society at large.

6 | CONCLUSION

Quantum readiness refers to the state of being equipped to
adopt and utilise quantum technology, providing organisations
and nations with the potential to secure a first‐mover advan-
tage, shape the technology's future direction, attain a
competitive edge, and achieve economic prosperity. This paper
highlights the importance of quantum readiness, along with
innovation models and assessment tools that enable in-
dividuals, organisations, and businesses to evaluate their
quantum readiness and formulate strategies for becoming
quantum‐ready.

We started with the classification of emerging technologies
based on their level of maturity and potential impact which
provides a useful framework for policymakers and business
leaders to understand and prepare for the impact of these
technologies on their respective industries. Disruptive tech-
nologies have the potential to create entirely new markets or
disrupt existing ones while enabling technologies facilitate the
development of new goods, services, or business models.
Sustaining technologies, on the other hand, improve the per-
formance of existing products or services without necessarily
creating new markets or disrupting existing ones. Quantum
technology is an emerging disruptive technology that repre-
sents a significant departure from traditional classical tech-
nologies and has the potential to revolutionise various
industries. Policymakers and business leaders can position
themselves to benefit from the potential of quantum tech-
nology by proactively identifying potential disruptions, deter-
mining areas for research and development, and informing
policy decisions.

In the third section, we addressed the need to understand
quantum readiness. It is anticipated that the rapidly advancing
quantum technology will disrupt various industry sectors,
revolutionise cryptography, improve cybersecurity, and accel-
erate scientific research. Countries and organisations that
invest in and embrace quantum technology will have a signif-
icant competitive advantage, while those that do not may fall
behind. Quantum readiness is crucial for businesses and gov-
ernments to thrive in the future, and addressing this issue re-
quires time, research and development investments, skilled
human resources, and strategic decisions. Quantum technology
shares characteristics with General‐Purpose Technologies
(GPTs), which have a long‐term impact on the economy and
society. Therefore, organisations can ensure their competi-
tiveness and economic prosperity by collaborating to build a
strong quantum ecosystem and embracing quantum
technology.

We formalised the Quantum Technology Readiness Levels
(QTRLs), their descriptions, and expected outcomes on the

basis of which we assessed the current status of different
quantum technologies. We also established a time horizon
indicating the anticipated date by which these technologies will
be successfully adopted and deployed for practical applications.
Unsurprisingly, quantum computing is still in its infancy; by
contrast, quantum sensing and communications can be
considered to be in more advanced stages.

We then introduced Quantum Commercial Readiness
Levels (QCRLs) as a complementary framework to QTRLs. By
doing so, we not only address the technical maturity of
quantum technologies but also their market readiness and
commercial viability. Furthermore, we have explored the pro-
cess of mapping QCRLs to QTRLs. This brings a necessary
cohesion between the technical progression and market read-
iness of quantum technology.

Finally, we discussed the significance of quantum readiness
for key ecosystem stakeholders and defined relevant indicators
to be quantum‐ready.

1. Governments need to establish infrastructure, allocate re-
sources, and develop expertise to become quantum‐ready.
National quantum strategies and roadmaps can assist in
identifying priority innovation areas for investment. An
effective local ecosystem is also important, requiring part-
nerships with businesses, research institutions, and sup-
porting organisations to ensure a secure and robust supply
chain. To address ethical and policy challenges, govern-
ments must implement standards and certifications to
ensure the security and reliability of quantum technologies.

2. The process of becoming quantum‐ready for a company
depends on its size and its willingness to embrace new
technologies. The approach involves first understanding the
basics of quantum technology and getting involved in the
ecosystem by utilising available resources. At a later stage,
identifying use cases and experimenting with proof of
concept with quantum startups brings a competitive
advantage to the business. Once the company comprehends
the benefits of the technology, a strategic roadmap is
established for complete integration within the business.
Proficiency in the technology ultimately enables the com-
pany to harness its full potential.

3. The development of a quantum workforce with founda-
tional knowledge and transferable skills required for the
rapidly evolving field of quantum technologies can be
facilitated by academic and skill‐based institutions through
specialised academic programmes, research, hands‐on
training, experiential learning opportunities, and
continuing education programmes. To promote inclusivity
and diversity, academic programmes must target individuals
from underrepresented groups in fields such as computer
science, math, statistics, physics, material science, and
chemistry, beginning with K‐12 interventions. Additionally,
academic institutions need to establish a pathway for the
talent pipeline by removing barriers to entry and providing
resources and opportunities for students to acquire
quantum‐ready skills. To increase accessibility and inclu-
sivity, academic programmes must address the barriers that
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currently exist and provide support, mentorship, and
recognition for diverse perspectives and expertise.

4. The benefits of being quantum‐ready are significant, allowing
organisations to take advantage of the potential benefits of
quantum technologies and be well‐positioned to compete in
the emerging quantum global economy. However, there are
also ethical and legal aspects to consider, and organisations
must follow national and international protocols, such as
those on standardisation. Quantum technologies may also
raise ethical concerns, including potential misuse, impact on
jobs and the economy, unequal access to technology, and its
impact on society. There is growing attention towards the
ethical and societal responsible use of quantum technologies,
ranging from arguments on the democratisation of quantum
technologies to calls for not building quantum computers at
all. To employ methods of trust‐building, organisations need
to frame the object of this trust, in this case, quantum
technologies, and take an anticipatory approach. Further-
more, there is a growing need for a call for action from in-
dustry partners and different stakeholders in the ecosystem
to take into account the ethical and societal concerns to
effectively use quantum technologies.

In the coming years, the quantum technology sector is
expected to undergo significant changes. Some technologies
will become operational, while others may not succeed due to
challenges in engineering or commercialisation. It is not
possible to make precise predictions about which technologies
will succeed or fail. However, adopting a forward‐looking
approach can help organisations or individuals become
quantum‐ready.
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