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Quantum technologies are expected to lead to 
new products and services having potentially 
transformative impacts across many sectors. 
Recognising the disruptive potential of quantum 
technologies in the future, several countries 
and funders have taken active measures to 
invest in quantum technologies research 
and innovation (R&I). However, despite the 
numerous opportunities, the development and 
application of quantum technologies also pose 
several challenges and risks that will need to be 
addressed if the benefits of the technologies 
are to be fully realised. 

This report analyses the development and 
adoption of quantum computing technologies 
in the life sciences sector with a particular 
focus on quantum computers and quantum 
simulators. The scope of the research – 
referred to by the phrase quantum computers 
and simulators – covers different aspects 
related to the hardware and software 
components required for operation. This 
includes topics such as quantum electronics, 
quantum software, quantum algorithms, 
quantum materials, and qubit control and 
engineering, and the applications of these 
topics to the life sciences (the broader 
topics of quantum sensing and quantum 
communication were not considered within the 
scope of the research).

We have analysed the research landscape 
of quantum computers and simulators 
focusing on key R&I developments, potential 
applications and the general direction of 
travel of developments within the ecosystem. 
Specifically, through a detailed literature review, 
interviews with a range of stakeholders and 
a comprehensive scientometric analysis, the 

work focuses on addressing the following main 
research questions:

1. What are the current developments 
associated with the application of quantum 
computers and simulators to the life 
sciences? 

2. What are the potential opportunities and 
challenges associated with the application 
of quantum computers and simulators to 
the life sciences?

3. How are initiatives (including policy 
measures, strategies, actions and plans) 
being adopted globally to strengthen the 
quantum technology R&I ecosystem?

The work analyses and synthesises evidence 
– both qualitative and quantitative – on 
various aspects associated with the global 
quantum computers and simulators and 
life sciences research ecosystem including 
growing research areas and key countries, 
institutions, companies and funders that are 
engaged in emerging quantum computer and 
simulator research in the life sciences domain. 
The research presented in this report will be of 
interest to a range of stakeholders including 
those in academia and industry, policymakers 
and more generally to anyone interested in the 
development, adoption and impact of emerging 
technologies. 

This research was prepared for the Novo 
Nordisk Foundation and Novo Holdings. 
However, RAND Europe had full editorial 
control and independence of the analyses 
performed and presented in this report, which 
has been peer-reviewed in accordance with 
RAND Europe’s quality assurance standards. 
This work is intended to inform the public 
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V

Summary

Background and context
Quantum technologies are expected to lead to 
new products and services having potentially 
transformative impacts across many sectors. 
Recognising the disruptive potential of quantum 
technologies in the future, several countries 
and funders have taken active measures to 
invest in quantum technologies research and 
development (R&D). However, despite the 
numerous opportunities, the development and 
application of quantum technologies also pose 
several challenges and risks that will need to be 
addressed if the benefits of the technology are 
to be fully realised.

There is widespread acknowledgement that the 
life sciences – with its consideration of complex 
phenomena at molecular levels – is one of the 
key areas of potential application for quantum 
technologies. Indeed, quantum technologies 
(for example, quantum computers and quantum 
simulators) are already making significant 
progress in areas such as drug development, 
simulation of chemical processes, and genetic 
and genomic sequencing.

Objectives of the study
The overarching aim of this study 
commissioned by the Novo Nordisk 
Foundation and Novo Holdings was to 
conduct a landscape review to understand key 
trends and the challenges and opportunities 
associated with the development and adoption 
of quantum computing technologies in the 
life sciences sector with a particular focus on 

1 The broader topics of quantum sensing and quantum communication were not considered within the scope of the 
research, despite topics like quantum sensing potentially having applications within the life sciences.

quantum computers and quantum simulators. 
The scope of the research – referred 
throughout the report by the phrase quantum 
computers and simulators – covers different 
aspects related to the hardware and software 
components required for operation of quantum 
computers and simulators. This includes 
topics such as quantum electronics, quantum 
software, quantum algorithms, quantum 
materials, and qubit control and engineering, 
and the applications of these topics to the life 
sciences.1 This report focuses on addressing 
the following main research questions:

1. What are the current developments 
associated with the application of quantum 
computers and simulators to the life 
sciences? 

2. What are the potential opportunities and 
challenges associated with the application 
of quantum computers and simulators to 
the life sciences? 

3. How are initiatives (including policy 
measures, strategies, actions and plans) 
being adopted globally to strengthen the 
quantum technology R&I ecosystem?

The work analyses and synthesises evidence 
– both qualitative and quantitative – on 
various aspects associated with the global 
quantum computers and simulators and 
life sciences research ecosystem including 
growing research areas and key countries, 
institutions, funders and companies that are 
engaged in emerging quantum computer and 
simulator research in the life sciences domain. 
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Defining quantum technology

Quantum technology is an umbrella term for a range of different technologies that harness 
quantum effects (physical effects on the subatomic level). Systems based on quantum 
technologies use the properties of electrons, photons, atoms or molecules. For several 
decades, so-called ‘Quantum 1.0’ technologies – such as lasers and transistors – have been 
widely used. The new wave of quantum technologies, sometimes referred to as ‘Quantum 2.0’, 
is expected to lead to new products and services potentially impacting sectors like finance, 
defence, aerospace, energy, telecommunications and health. Key areas of advancement include: 
quantum communication, quantum sensors and metrology, and quantum computers and 
simulators. In this study, we have focused on quantum computers and quantum simulators, and 
the development and adoption of their applications in the life sciences. 

Quantum computers store data in ‘qubits’ and exploit quantum mechanical properties of 
entanglement and superposition. This allows quantum computers to tackle tasks significantly 
faster than a traditional computer and simulate complex quantum systems in nature. Quantum 
computers are thought to be particularly suited to problems with factorisation, searches, 
optimisation or simulations. It is estimated that within the next 15–30 years a universal 
quantum computer could be developed which would be able to run any type of algorithm, 
although it is likely there will remain some problems quantum computers will be unable to solve.

While quantum computers, once realised, will be able to tackle complex problems, fault-tolerant 
machines may not be available until far into the future, so in the short term, quantum simulators 
are being developed. Quantum simulators, which are easier to construct than a full quantum 
computer, are controllable systems which reproduce the behaviour of another quantum system. 
These are systems which do not necessarily simulate quantum dynamics of physical systems 
but can still generate superposition states.

The independent research presented in this 
report is intended to inform the direction 
of the Novo Nordisk Foundation and Novo 
Holdings in relation to their strategic focus 
area on quantum computers and simulators 
for future life science applications. In addition, 

the research will be of interest to a range of 
stakeholders including those in academia and 
industry, policymakers, and more generally to 
anyone interested in the development, adoption 
and impact of emerging technologies.
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Research approach
We adopted a mixed methods approach 
to address the objectives of the study 
drawing on distinct but inter-related research 
methodologies that complemented each other. 

First, we conducted a rapid evidence 
assessment of the literature (including 
targeted searches of the grey literature) to 
identify and analyse information associated 
with key international developments in 
quantum computer and simulator research 
and applications in the context of the life 
sciences. The search was conducted using the 
Dimensions database and Google.

Second, to complement the literature review, 
we carried out a series of semi-structured 
interviews with key opinion makers and 
stakeholders with knowledge of the quantum 
technology R&I ecosystem. The interviewees 
included senior experts from academia, 
industry and the third sector. 

2 The so-called first quantum revolution happened in the first half of the 20th century when the field of quantum 
physics was created, for instance leading to the development of lasers and transistors (14).

Third, alongside the literature review and 
interviews, we carried out a comprehensive 
scientometric analysis of global quantum 
technologies research, focusing on quantum 
computers and simulators in the life sciences. 
We used Dimensions as the global dataset. By 
identifying quantum computer and simulator 
research publications, we aimed to develop a 
rounded picture of the surrounding research 
ecosystem in order to provide insight into the 
countries, funders, institutions and companies 
engaged in the research.

Key findings from the research

What are some of the general trends 
observed in the wider quantum 
technology ecosystem?

Below we summarise some of the high-
level trends observed in the wider quantum 
technology (including quantum computers and 
simulators) ecosystem.

Summary of general trends in the wider quantum technology ecosystem

• With ‘Quantum 2.0’, industries  are in the midst of a second quantum revolution.2 

• Quantum computers are starting to show advances over classical computers in specific 
and limited problem areas.

• There is an increasing diversity of technological approaches in quantum computing 
hardware and software. 

• There are increased investments in quantum technology by the public and private sectors.

• Currently, national governments remain the major source of funding for quantum computer 
and simulator research, far exceeding the private sector.

 ‣ Globally, the top five funders of quantum computer and simulator research originate 
from China, the European Union (EU) and the United States.

 ‣ The majority of companies funding research are headquartered in the United States 
and Asia (primarily China, Japan and South Korea).
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• Globally, publication activity related to quantum computer and simulator research has 
diversified and increased sharply over the last few years. 

 ‣ Publication activity by researchers has increased rapidly in the United States and 
China; however, when normalised against publication output for the physical sciences, 
Denmark and Switzerland stand out with notably increasing quantum computers and 
simulators output.3

 ‣ Since 2017, universities and research institutions that feature in the top 20 by number 
of citations come from: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 ‣ Since 2017, the top 20 companies (by citations) involved in authoring quantum 
computer and simulator research originate from: 
 
 
 
 
 
 
 
 
 
 
 
 
 

3 A normalisation of quantum computers and simulators publications against overall physical sciences output provides 
a rough measure of the prioritisation of quantum computer and simulator research against overall research activity in 
the physical sciences.
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What are the current developments 
associated with the application of 
quantum computers and simulators to the 
life sciences?

Below we outline how quantum computers 
and simulators are currently being applied and 
tested across different life sciences domains.

Summary of current developments in research and application of quantum 
computers and simulators to the life sciences

• Quantum computers and simulators are increasingly being applied and tested within the life 
sciences: 

 ‣ This is occurring across several domains including quantum chemistry, drug design 
and discovery, biomolecular processes, and genetics and genomics.

 ‣ The application in these areas is currently at an early, proof of concept stage, where 
testing is taking place on small-scale problems.

 ‣ Since 2017, there have been 1,350 publications from the life sciences that cite 
quantum computers and simulators publications (approximately 0.15 per cent of total 
quantum computers and simulators citations), with 46 per cent of these focusing on 
quantum algorithms.

• Quantum computers and simulators are being investigated for simulating chemical 
processes at the molecular level: 

 ‣ A key application area is that of quantum simulation to solve specific problems in 
fields such as materials science and quantum chemistry.

 ‣ Quantum algorithms are currently being developed for complex chemistry simulations.
 ‣ Drug discovery is another key application area.

• Quantum computers and simulators are being investigated for optimisation in biomolecular 
problems:

 ‣ This includes the protein folding problem, as well as molecular recognition, protein 
design and sequence alignment.

 ‣ Quantum algorithms have been used in noisy quantum computers to simulate protein 
folding using lattice models.

 ‣ Quantum annealing algorithms have been used to model the energy landscape of proteins.
 ‣ Quantum computing, particularly quantum annealing, has shown promise in the 

field of genomics, including within genome sequencing, optimisation problems and 
classification of genomic data.
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What are the potential opportunities 
and challenges associated with the 
application of quantum computers and 
simulators to the life sciences?

Below we provide an overview of some of 
the opportunities presented by quantum 

computers and simulators across key 
domains of application within the life 
sciences, as well as a series of challenges 
that will need to be overcome to realise these 
potential benefits.

Key opportunities

• While there are multiple and differing predictions and forecasts, there is general agreement 
among experts that, in the long term, quantum computers and quantum simulators promise 
a myriad of opportunities in the life sciences that could fundamentally change the industry.

• There are potential opportunities in the areas of quantum chemistry and simulation of 
chemical processes. 

• Quantum computing is expected to optimise the process of small molecule drug design and 
discovery.

• The application of quantum computers and simulators to biological processes is a potential 
prospect in the future. 

• Quantum computing could be used to help develop novel and more effective biological 
products and drugs.

• Quantum computing applied to genetics and genomics is expected to support the 
development of personalised and precision medicine. 

Key challenges

• The realisation of many life sciences use cases will require further developments to scale 
up quantum computers and simulators which could prove challenging. 

 ‣ Further developments in quantum hardware are needed.
 ‣ The development of specialised quantum algorithms is needed.

• There are challenges related to the availability and types of skills in the wider ecosystem.

• Further development of quantum computers and simulators requires sufficient investment 
in key enabling materials. 

• There is competition with rapidly improving classical computers.

• Certain regulations and compliance requirements may present hurdles when applying 
quantum computers and simulators to industry.

• There are challenges related to collaboration between different disciplines and sectors 
working towards growing the quantum computers and simulators ecosystem.

• The lack of a precise and proven business impact hinders long-term investments both by 
use case owners and ecosystem partners.

• Potential risks associated with the use of quantum computers and simulators could have 
ethical implications and undermine trust.
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How are initiatives being adopted globally 
to strengthen the quantum technology R&I 
ecosystem?

The global policy landscape surrounding 
quantum technologies consists of a plethora 
of initiatives in different countries and regions 

across the world. These include policy 
measures, strategies, actions and plans aimed 
at strengthening quantum technology R&I at 
the national, regional and international levels. 
Below we summarise the key themes related to 
the development of these initiatives.

 
 
National governments play a vital role in shaping the development and trajectory 
of the quantum technology R&I ecosystem. 
 

Joint national and international initiatives support and strengthen the quantum 
technology R&I ecosystem. 
 

The strategy of ‘coopetition’ among established companies in the quantum 
technology industry has resulted in mutually beneficial gains and growth in the 
industry.  
 

Start-up companies are adding dynamism and accelerating the pace of 
development in the quantum technology life sciences industry. 
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Future outlook
With widespread interest in its long-term 
disruptive potential as a technology, there is 
a great deal of activity taking place across 
the globe relating to quantum technologies 
and specifically quantum computers and 
simulators. It is a growing ecosystem that 
is moving rapidly. Our analysis of global 
publication activity demonstrates that research 
into quantum computers and simulators has 
dramatically increased over the last five years 
with a variety of academic institutions and 
companies – established and start-ups – 
active across the globe. 

The overarching vision is that quantum 
technology will potentially enable fundamental 
breakthroughs in a number of fields to address 
challenges that are currently difficult to solve. 
Our research shows that although being a 
rapidly growing area of R&I, life sciences 

interest in quantum computers and simulators 
is still relatively modest and currently focused 
in specific areas. Nevertheless, while there 
are many and divergent forecasts regarding 
its benefits, broadly there is consensus that 
quantum computers and simulators promise a 
multitude of opportunities in the life sciences.

Below we summarise a set of potential 
activities to help enable the quantum 
technology (including quantum computers 
and simulators) life sciences ecosystem in 
the future. Growing and nurturing the wider 
ecosystem will require a combination of 
activities, some of which are specific to the 
life sciences industry, and others that are 
more general which horizontally apply across 
multiple sectors and industries. These activities 
are unlikely to be achieved by governments or 
industry alone and will require an active, multi-
stakeholder approach.

Focusing on developing and nurturing a diverse and skilled workforce within 
academia and industry – by training, reskilling and upskilling – is key to 
helping create an environment in which R&I can flourish and will help build a 
resilient pipeline of talent working at the intersection of the life sciences and 
quantum computers and simulators R&I:

 ‣ While investing in doctoral programmes (both government and private-sector funded) 
related to quantum technology is vital to developing the much-needed ‘knowledge 
infrastructure’, it will not be sustainable to rely on this route as the primary source of 
skills and expertise in the long run. In this regard, the value of focusing on additional 
avenues of developing and retaining specialised talent – such as continual professional 
development, workplace learning through specialised courses, and apprenticeships – 
cannot be overestimated.

 ‣ In addition to technical skills related to quantum technology and the life sciences, non-
technical skills – such as business expertise and commercial and leadership skills – are 
needed to help commercialise the technology and its applications.
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Stimulating the creation and continued support of inclusive, multi-stakeholder 
collaborations, particularly those that involve partnerships between industry, 
universities, and government, will be critical to capturing a variety of 
perspectives and aiding the development and eventual commercialisation of 
novel quantum technology applications in the life sciences:

 ‣ Successfully implementing quantum technology applications in the life sciences 
to tackle real-world problems at scale will require a multidisciplinary approach and 
the coming together – over several years – of different stakeholders in the industry, 
including developers of platforms and algorithms, hardware developers and companies 
operating in the life sciences domain.

 ‣ Given some of the potential risks associated with the use of quantum computers 
and simulators in the life sciences, it will be important to incorporate relevant social 
sciences, ethical and legal perspectives, and also actively to engage with the public as 
technological developments mature over the next few years.

 ‣ This will help to foster trust, buy-in and shared responsibility for the development of the 
ecosystem and contribute to growing opportunities in the medium to long term.

At the country level, developing and/or participating in national and 
international quantum technology initiatives (e.g. policy measures, 
strategies, actions and plans) – including bilateral and multilateral initiatives 
with multiple stakeholders – will be important to support and strengthen 
the ecosystem and help develop the necessary technical infrastructure to 
address the future needs of the industry: 

 ‣ In the long term, these activities will help create cross-cutting partnerships and 
effective governance frameworks, enable the adoption of responsible R&I practices, 
and may also accelerate commercialisation and the development of global quantum 
technology standards and frameworks for regulation.

Systematically capturing the lessons learnt from different activities in the 
quantum technology R&I ecosystem – on both ‘what works’ and ‘what does not 
work’ – and creating incentives to disseminate those lessons through various 
fora can help foster a culture of openness, transparency and knowledge sharing:

 ‣ More broadly, learning lessons from different approaches to the oversight of other 
emerging technologies (both current and historical) and adapting them to the 
distinctive quantum technology R&I life sciences ecosystem will help establish the 
enabling conditions within which businesses can flourish while benefiting society.

 ‣ It will be important to adopt a tailored approach and carefully consider the local 
context within which the quantum computers and simulators R&I developments are 
taking place rather than adopting a ‘one-size fits all’ approach.
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Given the relatively early stage of development of quantum technologies 
around the world (particularly in relation to the life sciences) and its potential 
to have a paradigm-shifting impact on society, it is important that key 
stakeholder involved are ‘patient’ and embrace a holistic, long-term and 
foresight-driven approach to its development and adoption:

Alongside the continuation of long-term public investment, incentivising 
private sector investment and nurturing the evolving start-up and small 
and medium-sized enterprises (SME) ecosystem will be key to ensuring 
dynamism and accelerating growth in the application of quantum computers 
and simulators to the life sciences:

The life sciences industry could consider engaging in discussions with 
different public and private sector stakeholders to encourage the growth 
of the specific remit of public sector support of quantum computers and 
simulators R&I beyond their current focus to more actively include the life 
sciences, as well as continue to collectively pull and re-direct life science 
industry resources towards further investment in quantum computer and 
simulator R&I.

 ‣ Embedding flexible, evidence-based and forward-looking approaches will help: explore 
and test the uncertainty surrounding how the quantum technologies R&I landscape 
will evolve over the next few years (and decades); better understand and respond to 
the various factors shaping its development; recognise and adapt to potential risks 
and opportunities; anticipate and prepare for unintended consequences; and ensure 
the benefits of the technology are equitably distributed.

 ‣ This could be achieved by approaches targeted at smaller, newer companies such 
as reducing barriers to entry; improving access to quantum technologies; introducing 
cooperative, supportive partnerships; public procurement of quantum technologies; 
and the sharing of knowledge and expertise.
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What is this study about?

In this chapter, we introduce the study, 
providing the background, context and key 
objectives of the research. We also summarise 
the methodology and present the structure of 
the remainder of the report.4

1.1. Background and context
Quantum technologies are expected to 
lead to new products and services having 
potentially transformative impacts across 

4 Throughout this report, we have cited interviewee inputs using anonymised, unique identifiers (INT01, INT02, INT03; 
etc.).

many sectors. Recognising the disruptive 
potential of quantum technologies in the 
future, several countries and funders have 
taken active measures to invest in quantum 
technologies R&D. However, despite the 
numerous opportunities, the development and 
application of quantum technologies also pose 
several challenges and risks that will need to be 
addressed if the benefits of the technologies 
are to be fully realised.

Box 1 Defining quantum technologies

Quantum technology is an umbrella term for a range of different technologies that harness 
quantum effects (physical effects on the subatomic level) (1). Systems based on quantum 
technologies use the properties of electrons, photons, atoms or molecules. For several 
decades, so-called ‘Quantum 1.0’ technologies – such as lasers and transistors – have been 
widely used. The new wave of quantum technologies, sometimes referred to as ‘Quantum 
2.0’, is expected to lead to new products and services potentially impacting sectors like 
finance, defence, aerospace, energy, telecommunications and health (1,2). These technologies 
exploit phenomena such as entanglement and superposition (see Table 1) and key areas of 
advancement include: quantum communication, quantum sensors and metrology, and quantum 
computers and simulators (3,4). In this study, we have focused on quantum computers and 
simulators, and the development and adoption of their applications in the life sciences. The 
scope of the research – hereafter referred to by the phrase quantum computers and simulators 

CHAPTER 1
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– covers different aspects related to the hardware and software components required for 
operation and includes topics such as quantum electronics, quantum software, quantum 
algorithms, quantum materials, and qubit control and engineering (as well as the applications of 
these topics to the life sciences).5

Quantum computers store data in ‘qubits’ and exploit quantum mechanical properties of 
entanglement and superposition (see Table 1) (2,4,5). This allows quantum computers to tackle 
tasks significantly faster than a traditional computer and simulate complex quantum systems 
in nature (2,4–6). Quantum computers are thought to be particularly suited to problems with 
factorisation, searches, optimisation or simulations (2,4). It is estimated that within the next 
15–30 years a universal quantum computer could be developed which would be able to run any 
type of algorithm, although it is likely there will remain some problems quantum computers will 
be unable to solve (2).

While quantum computers, once realised, will be able to tackle complex problems, fault-tolerant 
machines may not be available until far into the future, so in the short term, quantum simulators 
are being developed (7). Quantum simulators, which are easier to construct than a full quantum 
computer, are controllable systems which reproduce the behaviour of another quantum system 
(7,8). These are systems which do not necessarily simulate quantum dynamics of physical 
systems but can still generate superposition states (8).

5 The broader topics of quantum sensing and quantum communication were not considered within the scope of the 
research, despite topics like quantum sensing having applications within the life sciences.

The miniaturisation of device technology, 
and the principles of quantum mechanics 
potentially offering improved performance 
in certain settings, drives the demand for 
new quantum technologies (9). Quantum 
computing approaches computational 
problems using key principles of quantum 
theory and quantum mechanics, including 
superposition and entanglement (5) (see Table 
1). Quantum mechanics has the potential 
to significantly speed up certain tasks as 
superposition allows for large computation 
capacity to solve many problems with high 

levels of complexity (6). There is widespread 
acknowledgement that the life sciences – with 
its consideration of complex phenomena at 
molecular levels – is one of the key areas of 
potential application for quantum technologies. 
Indeed (and as elaborated throughout this 
report), quantum technologies (for example, 
quantum computers and quantum simulators) 
are already making significant progress in 
areas such as drug development, simulation of 
chemical processes, and genetic and genomic 
sequencing. 
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Table 1 Key quantum technologies terms

Key term Brief description

Wave–
particle 
duality 

Quantum mechanics suggests that quantum entities can simultaneously act as a wave 
and particle (4). 

Uncertainty 
principle

In classical physics it is suggested that a physical quantity can be assigned exact 
simultaneous physical values, but quantum mechanics denies this (10). For example, in 
quantum mechanics, you cannot know with certainty both the position and momentum 
of a particle – the more precisely you know a particle’s position, the less precisely you 
can know its momentum and vice versa (10). In every perfectly specified state, there is 
at least one measurement which has completely certain results and simultaneously one 
measurement whose results are largely random (9). 

Quantum bits 
(qubits) 

Qubit refers to the two level quantum system (11). A classical computer operates with 
electronic signals representing ‘bits’ of information which can only be in one state, 
either 0 or 1 (4,5). In comparison, in a quantum computer, the memory unit is referred 
to as a ‘quantum bit’ or a ‘qubit’, which can exist in a superposition of several states. 
Quantum mechanics allow qubits to have the value of 0 or 1, or any combination of a 
proportion of 0 and 1 which is represented as |0⟩ or |1⟩ (5,6). 
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Superposition Superposition is the concept that a qubit is in a linear combination of two distinct 
states, i.e., a coherent mixture of 0 and 1 (1,4,12). However, when observed a qubit will 
collapse into a specific state (4,12). 

Entanglement Quantum entanglement is when two or more particles interact and can become 
correlated (1,4,9,12). This means that, once correlation has occurred, the measurement 
of one particle will determine the state of the other particle, which happens 
instantaneously even at physically large separations (1,4,6). 

Physical 
versus logical 
qubits

An individual qubit is considered a physical qubit, but a group of physical qubits may 
be set up to create a logical qubit by executing quantum error correction schemes. A 
logical qubit will behave as a single qubit with no errors (12). For every advancement in 
physical qubits hardware there needs to be a similar advancement in logical qubits to 
manage error correction (12).

Quantum 
advantage 

This is the threshold whereby a quantum computer application has been achieved or 
substantial progress has been made in completing useful tasks significantly quicker 
than a classical computer (4,13). 

Quantum 
supremacy 

This is the threshold whereby a quantum computer can solve well-defined 
computational tasks, without error correction, that cannot be performed by currently 
know algorithms on a classical computer in a reasonable amount of time (4,5,12).

Error 
correction

Error correction is the process of counteracting the ‘noise’ and errors caused within 
quantum systems (4). Qubits are inherently unstable and this makes controlling them 
within quantum computer systems challenging (12). Classical computers manage 
errors by repeatedly sending the same sequence to allow the errors to be identified and 
the message reconstructed (12). However, this cannot be completed within a quantum 
computer as quantum states cannot be cloned (12). In a future fault-tolerant quantum 
computer, errors will be mitigated with the use of logical qubits implemented by groups 
of physical qubit executing error correction schemes (12).

6 We also developed a more comprehensive report for internal use by the Novo Nordisk Foundation and Novo 
Holdings, which contained more detailed results of the scientometric analysis and associated descriptions of the 
scientometric methods.

 1.2. Objectives of the study
The overarching aim of this study 
commissioned by the Novo Nordisk 
Foundation and Novo Holdings is to conduct 
a landscape review to understand key 
trends and the challenges and opportunities 
associated with the development and 
adoption of quantum computing technologies 
in the life sciences sector, with a particular 
focus on quantum computers and quantum 
simulators.6 As noted previously, the scope 
of the research – referred to throughout the 

report by the phrase quantum computers and 
simulators – covers different aspects related 
to the hardware and software components 
required for operation of quantum computers 
and simulators. This includes topics such 
as quantum electronics, quantum software, 
quantum algorithms, quantum materials, 
and qubit control and engineering, and the 
applications of these topics to the life sciences 
(the broader topics of quantum sensing and 
quantum communication were not considered 
within the scope of the research, despite 
topics like quantum sensing potentially having 
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applications within the life sciences). Through 
a detailed literature review, interviews with a 
range of stakeholders and a comprehensive 
scientometric analysis, the work focuses 
on addressing the following main research 
questions:

1. What are the current developments 
associated with the application of quantum 
computers and simulators to the life 
sciences? 

2. What are the potential opportunities and 
challenges associated with the application 
of quantum computers and simulators to 
the life sciences? 

3. How are initiatives (including policy 
measures, strategies, actions and plans) 
being adopted globally to strengthen the 
quantum technology R&I ecosystem?

The work analyses and synthesises evidence 
– both qualitative and quantitative – on 
various aspects associated with the global 
quantum computers and simulators and 
life sciences research ecosystem including 
growing research areas and key countries, 
institutions, funders and companies that are 
engaged in emerging quantum computer and 
simulator research in the life sciences domain. 
The independent research presented in this 
report is intended to inform the direction 
of the Novo Nordisk Foundation and Novo 
Holdings in relation to their strategic focus 
area on quantum computers and simulators 
for future life science applications. In addition, 
the research will be of interest to a range of 
stakeholders including those in academia and 
industry, policymakers and more generally to 
anyone interested in the development, adoption 
and impact of emerging technologies.

7 Publication data in Dimensions includes research from a wide range of publishers and journals. Publications are also 
the centre of the Dimensions ecosystems of linked data of the research cycle, from grants to publications, clinical 
trials, policy documents, datasets and patents; links representing citations between these entities.

1.3. Summary of the methodology
We adopted a mixed methods approach 
to address the objectives of the study 
drawing on distinct but inter-related research 
methodologies that complemented each other. 
We summarise the methodology below and 
further details about the methodology and 
associated caveats are presented in Annex A.

First, we conducted a rapid evidence 
assessment of the literature to identify and 
analyse information associated with key 
international developments in quantum 
computer and simulator research and 
applications in the context of the life 
sciences. The search was conducted using 
the Dimensions database which was also 
used to perform the scientometric analysis 
(described below and in Annex A).7 The 
literature review focused on the life sciences 
sector and covered developments in Europe, 
North America and parts of the Asia-Pacific 
region. However, where relevant, we also aimed 
to capture developments in other regions 
with strengths in the field. The publication 
timeframe was limited to 2017 onwards to 
capture the most recent literature, and only 
peer-reviewed academic publications published 
in English were considered. In addition to these 
formal searches of the scientific literature, 
we conducted targeted searches of the grey 
literature using Google. This included, for 
example, publicly available documents such as 
strategies, roadmaps, reports by think tanks, 
consultancies, government departments, 
international organisations and professional 
associations, etc. 

Second, to complement the literature review, 
we carried out a series of semi-structured 
interviews with key opinion makers and 
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stakeholders with knowledge of the quantum 
technology R&I ecosystem. The interviewees 
included senior experts from academia, industry 
and the third sector.8 The interviews enabled 
us to obtain more in-depth and ‘on the ground’ 
insights into key developments in the field of 
quantum computers and simulators as well as a 
nuanced understanding of the policy context.9

Third, alongside the literature review and 
interviews, we carried out a comprehensive 
scientometric analysis of global quantum 
technologies research, focusing on quantum 
computers and simulators in the life sciences.10 
This quantitative analysis is intended to 
complement the main qualitative analysis. 
To undertake the scientometric analysis, we 
used Dimensions as the global dataset.11 By 
identifying quantum computer and simulator 
research publications in Dimensions, we aimed 
to develop a rounded picture of the surrounding 
research ecosystem. More specifically, 
we identified the cohort of publications 
representing quantum computer and simulator 

8 More specifically, we spoke to individuals in Europe and the United States who included the following profiles (in no 
particular order): CEO of a quantum computing software and algorithms company; senior executive and R&I expert at 
a national quantum initiative; senior executive at a biotech company using quantum technologies; CEO of a quantum 
computing software company; senior academic researcher specialising in quantum chemistry; senior executive at 
a national quantum technology consortium; senior academic researcher specialising in computational biology and 
bioinformatics; senior academic researcher and R&I expert specialising in quantum technology; senior academic 
researcher specialising in quantum biology and computational chemistry; senior executive at a technology company 
working at the intersection of the life sciences and quantum computing; senior academic researcher specialising 
in quantum computing; senior executive and R&I expert at a biopharmaceutical company; and senior researcher 
specialising in quantum chemistry at a quantum computing software company. 

9 As noted previously, the insights and evidence that we cite in this report from the interviews have been referenced 
throughout using anonymised, unique interview identifiers (INT01, INT02; etc.).

10 As the research focused on investigating quantum computers and simulators and their use in the life sciences, the 
scientometric and literature searches did not cover topics such as quantum communication (including teleportation 
and encryption), quantum sensing, etc. For the quantum technologies that can be used both for quantum computers 
and simulators and for other purposes (e.g. qubits for sensing, quantum dots for cancer therapy), the search 
specifically targeted the use for quantum computers and simulators. For example, from a topical point of view, the 
search excluded quantum dots and similar quantum technologies for therapies (cancer, drug delivery, fluorescent 
probes, etc.), but quantum dots as a tool for generating and controlling quantum states was within scope.

11 Publication data in Dimensions includes research from a wide range of publishers and journals. The five major 
blocks of interlinked data sources within Dimensions include: publications, grants, patents, clinical trials and policy 
documents. 

12 The search strategy was developed iteratively in discussion with Dr Morten Bache, Scientific Director at the Novo 
Nordisk Foundation, who has a background as a researcher in quantum technologies. 

13 The Novo Nordisk Foundation and Novo Holdings selected Canada, China, Denmark, Finland, Germany, Netherlands, 
Sweden, Switzerland, the United Kingdom and the United States to be the ten countries of focus in the analysis.

research based on a search strategy developed 
in collaboration with a subject matter expert.12 
We then analysed the papers returned using 
the structures available in Dimensions to 
provide insight into the countries, funders, 
institutions and companies engaged in the 
research.13 We also processed the corpus of 
publications and their citations to help identify 
clusters or themes of research within quantum 
computers and simulators.

1.4. Outline of the report
The remainder of the report is structured as 
follows:

• Chapter 2 summarises some of the high-
level trends observed in the wider quantum 
technology ecosystem (including within 
quantum computers and simulators).

• Chapter 3 reviews current developments in 
the research, development and application 
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of quantum computers and simulators with 
respect to the life sciences.

• Chapter 4 presents potential opportunities 
and challenges associated with the 
research, development and application of 
quantum computers and simulators to the 
life sciences.

• Chapter 5 highlights some of the key 
initiatives that are being adopted globally 
to strengthen the quantum technology R&I 
ecosystem.

• Finally, in Chapter 6, we conclude with 
some reflections on the findings.

• Annex A provides a detailed description 
of the methodology to implement the 
research. 

• Annex B presents supplementary evidence 
associated with the analyses.



8 Using Quantum Computers and Simulators in the Life Sciences



9

In this chapter, we summarise some of the 
general, high-level trends observed in the 
quantum technology (including quantum 
computers and simulators) ecosystem. We 

14 A normalisation of quantum computer and simulator publications against overall physical sciences output provides a 
rough measure of the prioritisation of quantum computer and simulator research against overall research activity in 
the physical sciences.

also draw on draw on relevant scientometric 
data. We focus on the relevant life sciences-
related aspects of the ecosystem in Chapters 
3 and 4.

Box 2 Summary of general trends in the wider quantum technology (including 
quantum computers and simulators) ecosystem 

• Industries are in the midst of a second quantum revolution. 

• Quantum computers are starting to show advances over classical computers in specific 
and limited problem areas.

• There is an increasing diversity of technological approaches in quantum computing 
hardware and software. 

• There are increased investments in quantum technology (including quantum computers 
and simulators) by the public and private sectors.

• Currently, national governments remain the major source of funding for quantum computer 
and simulator research, far exceeding the private sector (in terms of being acknowledged 
on publications as funding research in this area).

 ‣ Globally, the top five funders of quantum computer and simulator research originate 
from China, the EU and the United States.

 ‣ The majority of companies funding quantum computer and simulator research are 
headquartered in the United States and Asia (primarily China, Japan and South Korea).

• Globally, publication activity related to quantum computer and simulator research has 
diversified and increased sharply over the last few years. 

 ‣ Publication activity by researchers has increased rapidly in the United States and 
China; however, when normalised against publication output for the physical sciences, 
Denmark and Switzerland stand out with notably increasing quantum computers and 
simulators output.14

What are some of the general 
trends observed in the wider 
quantum technology ecosystem? 

CHAPTER 2
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 ‣ Since 2017, universities and research institutions that feature in the top 20 by number 
of citations come from the United States (10), China (3), Netherlands (1), United 
Kingdom (1), Switzerland (1), Denmark (1), Japan (1), Canada (1) and Austria (1).

 ‣ Since 2017, the top 20 companies (by citations) involved in authoring quantum 
computer and simulator research originate from the United States (13), Canada (2), 
United Kingdom (2), Japan (1), China (1) and Finland (1).

15 The so-called first quantum revolution happened in the first half of the 20th century when the field of quantum 
physics was created, for instance leading to the development of lasers and transistors (14).

16 While the first 2-qubit quantum computer was built in 1997–1998, it took another two decades before the ‘quantum 
computing race’ accelerated (12). There were three versions of a 2-qubit quantum computer released in 1997 and 
1998, by IBM (1997), MIT Media Lab and Berkeley University, the University of Oxford (1998) and Los Alamos National 
Laboratory (1998), respectively. In 1998, IBM released the first 3-qubit quantum computer. Then in 2000, there were 
two versions of a 7-qubit quantum computer released by IBM and Stanford, and Los Alamos (12). 2005 saw the release 
of an 8-qubit quantum computer by Insbruck; in 2006, a 12-qubit quantum computer was developed by Waterloo and 
MIT, and in 2007, a 16-qubit quantum computer was built by D-Wave (12). Ten years later, in 2017, IBM released their 
17-qubit quantum computer just a few months before Intel, and both IBM and Intel went on to release 50-qubit quantum 
computers later that year (12). In 2018, Google superseded IBM’s advancements in 2018 with the announcement of 
a 72-qubit microprocessor (5,12). In 2021, IBM’s new quantum computing chip, Eagle, established a milestone of 127 
qubits. IBM has targeted developing a 433-qubit chip and a 1,121-qubit chip by 2022 and 2023, respectively (16).

17 To solve computational problems that are of interest, a quantum computer needs a minimum number of qubits. 
Hundreds to thousands of qubits are required to run interesting quantum algorithms. A qubit needs to be isolated 
from any outside interference to maintain its quantum features. Failing to achieve sufficient isolation or control 
results in errors in the computation, also referred to as ‘noise’. It is possible to correct the errors using various 
techniques (17).

2.1. With ‘Quantum 2.0’, industries 
are in the midst of a second 
quantum revolution 
Since 2003, it has been suggested that the 
scientific community has been in the midst 
of a second quantum revolution15 (4,9). Since 
2011, specific purpose quantum computers 
(also called quantum annealers) have been on 
the market and since 2017, general-purpose 
quantum computers with limited computational 
power and approximately 5 per cent error rates 
have been available, demonstrating a major 
milestone in quantum computer development 
(6). It is suggested that we are on the precipice 
of seeing an influx of quantum technologies 
entering the market and we may start to see 
the emergence of dominant quantum industry 
players, which could define the direction of the 
industry in years to come (4,15). For example, 

this can be seen through the IBM roadmap, 
which estimates more than doubling the 
number of qubits every year (16).16 In addition, 
noisy intermediate scale quantum (NISQ) 
devices are currently being rolled out with some 
companies (e.g. IBM), hoping to roll out 1,000+ 
qubits machines within the next decade (4). 
Then there are some companies (e.g. Xanadu) 
which focus on the development and application 
of quantum algorithms, applying these to hybrid 
machines (17).17 One driver for the advances in 
quantum technologies is the increased demand 
for rapid data generation and insights. Within the 
context of the knowledge economy and focus 
on delivering data driven insights, the speed of 
data generation has increased exponentially (5). 
Some speculate that this increasing demand 
for data generation has led to the consideration 
of new technologies to keep up with needed 
processing power and complexity of problems 
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(5). In addition, quantum computing and 
simulator research has been supported by a 
massive influx of investments from both public 
and private actors (4,12,14,15) (see Chapters 3, 
4 and 5 for more details).

2.2. Quantum computers are 
starting to show advances over 
classical computers in specific 
and limited problem areas 
Despite significant advances in quantum 
computer research, it is still challenging to 
claim that quantum supremacy18 has been 
reached (4,5,12). In 2019, Google’s Sycamore 
quantum processor19 claimed to have reached 
quantum supremacy completing the first 
computation which could only be performed on 
a quantum processor (18). However, Google’s 
application of quantum computers was to a 
specific, limited problem20 (which could not be 
applied to the real world), and following Google’s 
announcement, IBM researchers claimed that 
a classical computer could complete the same 
task in just 2.5 days with greater fidelity (19). 
Nonetheless, quantum computers are showing 

18 Quantum supremacy occurs when a quantum computer can solve well-defined computational tasks, without error 
correction, that cannot be performed by currently known algorithms on a classical computer in a reasonable amount 
of time (4,5,12).

19 53 qubits. 

20 To demonstrate quantum supremacy, researchers compared a quantum processor against state-of-the-art classical 
computers in the task of sampling the output of a pseudo-random quantum circuit (18).

21 This is also sometimes referred to as quantum advantage. There is a slight difference between quantum supremacy 
and quantum advantage. Quantum supremacy is when quantum computer can solve well-defined computational 
tasks, without error correction, that cannot be performed by currently know algorithms on a classical computer in 
a reasonable amount of time (4,5,12). And quantum advantage is when a quantum computer application has been 
achieved or exciting progress has been made in completing a useful task faster than classical computing (13). 

22 For such a travelling salesman problem, quantum computers therefore promise to be faster than classical computers.

advantages over classical computers in some 
areas21 by showing significant speed-up in 
complex problem solving in comparison to 
classical computers (4,13,20). The properties 
of superposition and entanglement makes 
processing capacity greater than classical 
computers (12,21). Through quantum 
parallelism, quantum computers can in parallel 
analyse all routes within a problem, whereas 
a classical computer can only analyse routes 
one by one (12).22 Examples of applications 
which may be sped up by quantum computers 
include factorisation, search, optimisation and 
simulations (4). It is not just that quantum 
computers increase the speed and efficiency 
of calculations, but the nature of quantum 
computers and algorithms is completely 
different and will allow mathematical 
operations which are not yet possible, enabling 
new complex questions to be asked (12). For 
instance, social platforms currently collect huge 
volumes of data per second that cannot be used 
to make real-time recommendations because 
the necessary computing capacity to do so is 
not yet available (12). 
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2.3. There is an increasing 
diversity of technological 
approaches in quantum 
computing hardware and software
As noted by one interviewee, three to five years 
ago, the hardware side of quantum computing 
was centred around two approaches: 
superconducting-based systems and ion traps 
(INT03). Now, however, there are several 
major technological approaches that have 
gained traction (and receive funding), and 
they may all prove to be viable approaches in 

the future (INT03, INT05) (see the box below). 
Such approaches include neutral cooled atoms 
and nitrogen-vacancy centres (INT03, INT05). 
However, it is too early to say which of these 
hardware types may be capable of delivering 
on the promises of quantum computing 
(INT02, INT03, INT05). A hybrid quantum and 
classical approach may prove valuable at 
simulating proteins and other biological entities 
by using quantum chemical methods for 
investigating the core or active site, and using 
molecular dynamics or Newtonian mechanics 
for the rest of the system (INT01). 

Box 3 Example hardware technologies for quantum computing

• Superconductors: These systems are relatively easy to manufacture but also report 
short coherence times and require exceptionally low temperatures. This superconducting 
approach has been popular for the last decade and has received much interest from 
companies like IBM, Google and Amazon Web Services (22–25).

• Trapped ions: In these systems the qubits are held in ions within electric fields and are 
controlled by lasers. While the micro-Kelvin temperatures required for qubit operation is 
completed by laser cooling, which may be done at room temperature, operating many 
qubits still requires cryogenic cooling of the system. Trapped ions result in fewer defects 
than superconductors, and in turn have higher qubit lifetimes and gate fidelities, but 
challenges remain with accelerating gate operation times and scaling more than a single 
trap. The industry leaders for this hardware include Honeywell and IonQ (22,24,26,27).

• Photonics: These photonic systems include encoding qubits in quantum states of photons 
within circuits of silicon chips and fibre-optic networks. These photonic qubits are easier 
to error-correct, for the qubits are resistant to interference, but overcoming photon loss 
remains challenging. They can operate at room temperature, but at the moment single-
photon detection requires cryogenic cooling. Leading industry photonic companies include 
Xanadu and PsiQuantum (22,28,29).

• Quantum dots: In these quantum systems qubits are created from nuclei fixed in solid 
substrates or spins of electrons. The quantum dots approach can leverage silicon chip-
making and also lead to longer lifetimes of a qubit, but quantum dots are also prone to 
interferences from low gate fidelities. Leading companies researching quantum dots 
include Intel and SQC (22,24,30).

• Cold atoms: These quantum systems are similar to ion traps but in cold atom systems qubits 
come from an array of neutral atoms (whereas ion traps use ions), trapping qubits with light 
and controlling them with lasers. Suggested advantages of cold atom quantum technologies 
include the horizontal scaling from fibre optics and the potential creation of quantum 
computer memory schemes (e.g. quantum random access memory (qRAM)). However, there 
remain disadvantages in regard to operation times and gate fidelity. Leading companies using 
cold atom quantum technologies include ColdQuanta and Pasqal (22,31,32).



13

In the area of quantum algorithms it has been 
suggested that the market is in a prototype 
era (21). The arrival of usable quantum 
devices have spurred on the development of 
many new quantum algorithms, making it is 
easier to test the performance of quantum 
algorithms and facilitating the development 
of new quantum algorithms at an increased 
pace (21). This development of quantum 
algorithms has been influenced further 
through the availability of quantum software 
platforms (e.g. Rigetti’s pyQuil, IBM’s QISKit, 
ETH Zurich’s ProjectQ, Google’s Cirq, and 
Xanadu’s Strawberry Fields) (21). Estimates 
for when quantum applications may mature 
and be applicable across a range of industries 
is uncertain, with estimates varying between 
10 or 15–20 years (6,21). More optimistically, 
others support that quantum computers may 
be able to solve useful problems within 2–5 
years (21).

2.4. There are increased 
investments in quantum 
technology (including quantum 
computers and simulators) by the 
public and private sectors 
Quantum technologies (including quantum 
computers and simulators) research has been 
supported by a massive influx of investments 
from both public and private actors (12,14,15) 
(evidence related to publication activity over 
the last few years is presented in the next 
two sub-sections). As of January 2021, more 
than 15 countries had national quantum 
technology initiatives or strategies to support 
quantum R&D (4) (see Chapter 5 for more 
details). The United States and China are 
considered to be the primary investors in 
quantum technology (with China focusing 
more on quantum communications and the 
United States focusing on quantum security 
and home to some of the largest companies in 

quantum computing) (12,15). These national 
quantum technology strategies tend to have 
several overarching aims: to bring together 
stakeholders from academia and industry to 
encourage R&D; to facilitate the transition 
of research into industry application; and 
often additionally to emphasise developing 
human capital to support quantum R&D (4). 
Different European countries are pursing 
different investment strategies, with Germany 
and the Netherlands investing in research 
and research hubs, and France using public 
funding to attract private investment (15). 
These national initiatives are also joined 
through EU-initiated programmes, such as the 
Quantum Technologies Flagship initiative with 
an expected budget of €1bn in 2021, aiming 
to put Europe at the forefront of quantum 
technology R&D (3). Early EU investment in 
quantum is partly to offset market dominance 
by rival geopolitical actors (as seen with cloud 
computing, which is now dominated by the 
United States and China) (INT06). 

Interviewees highlighted that there has 
been increased involvement of the private 
sector in the quantum technology space in 
recent years (INT02, INT03, INT05). Around 
five years ago, public sector investment 
represented most basic research funding in 
quantum computing (INT03). More recently, 
however, there is more capital investment 
coming from the private sector – particularly 
in the form of venture capital funding and 
investment from large technology companies 
(INT03) (we discuss this in more detail in 
the next sub-section). The number of private 
sector players has also increased in the 
quantum computing space in recent years, 
notably in the form of big tech companies 
and start-ups (INT02). As a result, a lot of 
the practical development in this space 
is now happening through the private 
sector (INT05). Companies such as Google, 
Microsoft and IBM are conducting their 
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own quantum technologies research (5,15) 
(see next two sub-sections). The financial 
sector has been investing heavily in quantum 
computing, with Goldman Sachs Fidelity 
investing in quantum hardware (the company 
D-Wave) while RBS, Allianz and Citigroup are 
investing in quantum software start-ups (17). 
Financial institutions and tech companies are 
also developing partnerships to support the 
development of quantum technologies, as 
seen with JPMorgan Chase’s partnership with 
IBM or BMO Financial Group and Scotiabank’s 
partnership with Xanadu (17). Some of these 
collaborations can also be seen specifically 
within the life sciences (further information 
is provided in Chapters 3, 4 and 5). For 
example, in 2017, Accenture and quantum 
software company 1QBit and biotechnology 
company Biogen collaborated to accelerate 
drug development of complex neurological 
diseases by designing the first quantum 
molecular comparison application (12). 
Nevertheless, analysis showed that out of the 
88 major deals conducted between 2012 and 
2018, private investment came from relatively 

23 According to this report, most private equity investments in quantum technology companies were focused in 
countries such as Canada, China, Switzerland, the United Kingdom and the United States. Investments in quantum 
computers and quantum software were focused in North America, with Canada having several investments and 
companies working on quantum software (D-Wave being the primary hardware investor in Canada) (15).

24 The Dimensions database was used to identify relationships between publications and other research outputs and 
entities such as grants, funders and patents (see Annex B for a detailed description of the methodological approach 
to the scientometric analysis).

few countries with very limited examples of 
cross-border investment (15).23 

2.5. Currently, national 
governments remain the major 
source of funding for quantum 
computer and simulator research, 
far exceeding the private sector
Table 2 lists the top ten global funders 
by number of publications.24 Funding 
relationships have been extracted from 
the acknowledgements section on each 
publication and matched back to funders 
within the Dimensions database (details about 
the methodology used in the scientometric 
analysis to generate these and other data 
presented in this report are included in Section 
1.3 and Annex A.3). Table 2 shows there is a 
mix of public sector and non-profit funders 
across Asia, Europe and the United States, 
with China funding a significant amount of 
research.
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Table 2 Top ten funders of quantum computer and simulator research by number of publications 
(since 2017)

Funder Country Institution type Publications

National Natural Science Foundation of China China Public sector 5,589

European Commission Belgium Public sector 2,450

Directorate for Mathematical & Physical Sciences United States Public sector 2,219

European Research Council Belgium Public sector 2,055

Ministry of Science and Technology of the People’s 
Republic of China

China Public sector 1,927

Deutsche Forschungsgemeinschaft Germany Non-profit 1,429

US Department of Energy United States Public sector 1,334

Japan Society for the Promotion of Science Japan Non-profit 1,139

Engineering and Physical Sciences Research 
Council

United Kingdom Public sector 1,138

US Army Research Office United States Public sector 1,137

Source: Digital Science analysis of Dimensions publication data

Table 3 provides a view of the top ten 
companies that have been acknowledged as 
funding quantum computer and simulator 
research. The majority of companies are 
headquartered in the United States and Asia 
(China, Japan and South Korea). Table 2 and 
Table 3 show that national governments 

remain the major source of funding for 
quantum computer and simulator research. 
Although Microsoft and Alphabet (Google) are 
the largest company funders, the number of 
papers on which they are acknowledged as a 
funder is very similar to the number of papers 
that have co-authors from those countries.
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Table 3 Top ten funders of quantum computer and simulator research by ‘company’ institution type 
(publications since 2017)25

Funder Publications

Microsoft (United States) 130

Alphabet (United States) 82

Intel (United States) 61

CaixaBank (Spain) 50

Samsung (South Korea) 44

IBM (United States) 43

Murata (Japan) 25

Lockheed Martin (United States) 25

Northrop Grumman (United States) 22

Thermo Fisher Scientific (United States) 16

Asahi Glass (Japan) 12

Boeing (United States) 11

State Grid Corporation of China (China) 11

Raytheon Technologies (United States) 8

NTT (Japan) 8

Aviation Industry Corporation of China (China) 8

Honeywell (United States) 7

CMC Microsystems (Canada) 7

Banco Santander (Spain) 7

Interface (United States) 7

Source: Digital Science analysis of Dimensions publication data

25 Funding associations are made to the parent company based on data contained in Dimensions. In Table 3, the 
country listed in parenthesis alongside the company name denotes the location of the company’s headquarters.
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2.6. Globally, publication activity 
related to quantum computer and 
simulator research has diversified 
and increased sharply over the 
last few years
As can be seen in Figure 1, overall research 
into quantum computers and simulators has 
been steadily growing over the last 20 years 
with a particularly steep increase over the 
last 5 years. To generate the graph shown in 

26 Where it was possible to identify preprints that have also been published in journals, these were removed.

Figure 1, all article types in Dimensions were 
searched across all years going back to 2000, 
including book chapters, journal articles and 
preprints.26 This process identified a total of 
136,229 publications between 2000 and 2021 
(further details about the methodology used 
in the scientometric analysis to generate the 
data presented in this section are included 
in Section 1.3 and Annex A.3). We list the 
breakdown of the data by year in Table 10 in 
Annex B. 

Figure 1 The number of quantum computer and simulator publications by year, 2000–2021

Source: Digital Science analysis of Dimensions publication data
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Figure 2 uses a logarithmic scale to chart 
quantum computers and simulators 
publications by the ‘top 30’ countries between 
2017 and 2021 (including the 10 focus 
countries).27 We also tabulate the data for 
these top 30 most active countries in Table 11 
in Annex B. Starting from a similar number 

27 The Novo Nordisk Foundation and Novo Holdings selected Canada, China, Denmark, Finland, Germany, Netherlands, 
Sweden, Switzerland, the United Kingdom and the United States to be the ten countries of focus in the analysis.

of publications in 2017, publications output 
has increased rapidly in the United States (99 
per cent) and China (76 per cent). Although 
starting from a lower base, India increased its 
output in quantum computer and simulator 
research by 169 per cent between 2017 and 
2021.

Figure 2 The top 30 most active countries in quantum computer and simulator research by number of 
publications between 2017 and 2021 (the 10 focus countries have been denoted with an asterisk ‘*’)

Source: Digital Science analysis of Dimensions publication data
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When normalised against publication output 
for the physical sciences,28 Denmark and 
Switzerland stand out as notably increasing 
quantum computer and simulator output 
to 1.2 per cent of physical sciences output 
(between 2017 and 2021). We show the data 
for the ten focus countries in Figure 3. Finland 
has made the greatest proportional shift, 

28 A normalisation of quantum computer and simulator publications against overall physical sciences output provides 
a rough measure of the prioritisation of quantum computer and simulator research against overall research activity 
in the physical sciences. As almost all research economies are resource constrained, upward shifts in the ratio over 
time indicate a reprioritisation of quantum computer and simulator research over other areas of research.  

increasing from roughly 0.4 per cent to 0.9 per 
cent. Although impressive in raw terms, China’s 
percentage activity has been reasonably low 
at 0.4 per cent, indicating an under-investment 
in quantum computer and simulator research 
compared with other priorities. The data for 
the top 50 countries (including the 10 focus 
countries) is shown in Table 12 in Annex B. 

Figure 3 Quantum computer and simulator output as a percentage of physical sciences output 
between 2017 and 2021 for the ten focus countries 

Source: Digital Science analysis of Dimensions publication data
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A breakdown of the ‘top 20’ institutions by 
citations is shown in Table 4 below.29 The list 
shows a variety of universities and research 
institutions active in quantum computer and 
simulator research across Europe, Asia and 
North America, but is dominated by several 
US-based institutions. Specifically, since 

29 By leveraging the affiliation information of author(s), Dimensions was used to breakdown outputs by institution, as 
well as institution type.

2017, universities and research institutions 
that feature in the top 20 by number of 
citations come from the United States (10), 
China (3), Netherlands (1), United Kingdom 
(1), Switzerland (1), Denmark (1), Japan (1), 
Canada (1) and Austria (1).

Table 4 The number of quantum computer and simulator publications and citations by institution 
(publications since 2017; institutions ordered by citations)

Institution Country Publications Citations

Massachusetts Institute of Technology United States 491 21,035

Harvard University United States 361 16,600

University of Science and Technology of China China 783 13,754

California Institute of Technology United States 314 13,327

University of California, Santa Barbara United States 286 11,471

Delft University of Technology Netherlands 338 11,004

Tsinghua University China 530 10,171

University of Oxford United Kingdom 435 10,061

University of Tokyo Japan 392 9,502

University of Copenhagen Denmark 295 8,348

ETH Zurich Switzerland 306 8,062

University of Waterloo Canada 395 7,692

University of Chinese Academy of Sciences China 474 7,690

Princeton University United States 275 7,668

University of Maryland, College Park United States 329 7,485

University of California, Berkeley United States 275 7,249

Stanford University United States 264 6,746

Oak Ridge National Laboratory United States 239 6,647

Universität Innsbruck Austria 205 6,407

University of Michigan–Ann Arbor United States 164 5,957

Source: Digital Science analysis of Dimensions publication data
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Table 5 provides a breakdown of the number 
of publications and citations by the ‘top 20’ 
companies involved in quantum computer 
and simulator research.30 The majority of 
companies are headquartered in the United 
States. Specifically, since 2017, the top 20 
companies (by citations) involved in authoring 
quantum computer and simulator research 

30 Affiliations from companies can be harder to identify when compared to established research institutions, so it is 
likely that there is some under reporting in these of smaller, start-up companies. This challenge is compounded in a 
topic like quantum computers and simulators, where many start-up companies choose to publish directly to preprint 
repositories such as arXiv where affiliations are more difficult to identify.

31 Research affiliations have been aggregated to the company headquarters (irrespective of the countries that the 
researchers were in). In Table 5, the country listed in parenthesis alongside the company name denotes the location 
of the company headquarters. 

32 The majority of quantum computer and simulator publications and citations for Stinger Ghaffarian Technologies are 
in collaboration with Alphabet.

originate from the United States (13), Canada 
(2), United Kingdom (2), Japan (1), China (1) 
and Finland (1). IBM produces the highest 
volume of publications and citations, followed 
by Alphabet and Microsoft, both of which 
can be seen to be contributing to quantum 
computer and simulator research at a level just 
outside the list of top 20 research institutions. 

Table 5 The number of quantum computer and simulator publications and citations by company 
(publications since 2017; companies ordered by citations)31

Company Publications Citations

IBM (United States) 306 7,835

Alphabet (United States) 116 7,246

Microsoft (United States) 163 5,554

Stinger Ghaffarian Technologies (United States)32 16 2,958

Xanadu Quantum Technologies (Canada) 59 2,561

IonQ (United States) 51 2,537

Intel (United States) 73 2,365

NTT (Japan) 85 1,427

D-Wave Systems (Canada) 30 1,349

Nokia (Finland) 16 1,116

Element Six (United Kingdom) 14 1,088

Rigetti Computing (United States) 33 869

Raytheon Technologies (United States) 44 818

Zapata (United States) 18 769

Cambridge Quantum Computing (United Kingdom) 17 673

HRL Laboratories (United States) 32 639

China Electronics Technology Group Corporation (China) 11 631

Amazon (United States) 36 555

Kyma Technologies (United States) 2 532

Xerox (United States) 1 529

Source: Digital Science analysis of Dimensions publication data
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Having examined some of the key trends 
associated with the wider quantum technology 
ecosystem in the previous chapter, in this 
chapter we outline how quantum computers 
and simulators are currently being applied 
and tested specifically across different life 
sciences domains. Throughout the narrative, 
we present qualitative evidence (drawing 
on the literature review and interviews) 

and, where relevant, quantitative evidence 
(drawing on the scientometric analysis of 
research publications) on various aspects 
associated with the global quantum computers 
and simulators and life sciences research 
ecosystem. We also draw on exemplar 
applications in the life sciences, which are 
described in Table 13 in Annex B. 

Box 4 Summary of current developments in research and application of quantum 
computers and simulators to the life sciences

• Quantum computers and simulators are increasingly being applied and tested within the life 
sciences. 

 ‣ This is occurring across several domains including quantum chemistry, drug design 
and discovery, biomolecular processes, and genetics and genomics.

 ‣ The application in these areas is currently at an early, proof of concept stage, where 
testing is taking place on small-scale problems.

 ‣ Since 2017, there have been 1,350 publications from the life sciences that cite quantum 
computer and simulator publications (approximately 0.15 per cent of total quantum 
computers and simulators citations), with 46 per cent of these focusing on quantum 
algorithms.

• Quantum computers and simulators are being investigated for simulating chemical 
processes at the molecular level. 

 ‣ A key application area is that of quantum simulation to solve specific problems in fields 
such as materials science and quantum chemistry.

 ‣ Quantum algorithms are currently being developed for complex chemistry simulations.
 ‣ Drug discovery is another key application area of quantum computing.

What are the current developments 
associated with the application 
of quantum computers and 
simulators to the life sciences?

CHAPTER 3
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• Quantum computers and simulators are being investigated for optimisation in biomolecular 
problems.

 ‣ There is considerable interest in applying quantum computers and simulators to 
biomolecular and biological optimisation problems, including the protein folding 
problem, as well as molecular recognition, protein design and sequence alignment.

 ‣ Quantum algorithms have been used in noisy quantum computers to simulate protein 
folding using lattice models.

 ‣ Quantum annealing algorithms have been used to model the energy landscape of 
proteins.

 ‣ Quantum computing, particularly quantum annealing, has shown promise in the 
field of genomics, including within genome sequencing, optimisation problems and 
classification of genomic data.

3.1. Quantum computers and 
simulators are increasingly being 
applied and tested within the life 
sciences 
Quantum computers conduct computations 
using quantum states, which means they are 
able to model the intrinsic quantum nature of 
real-life, complex chemical and biochemical 
systems accurately with a fully quantum 
theoretical description (17,33,34). It is in 
principle possible for a classical computer to 
model any problem a quantum computer can 
solve (and vice versa) given enough time and 
resources, but certain problems on classical 
computers in the life sciences become very 
hard or impractical to solve with the current 
or even future classical computational 
resources that are or will be available. Quantum 
technologies offer many advantages over 
classical computers in the life sciences, for 
example, quantum computers can process 
information faster than classical computers; 
quantum control techniques give scientists 
access to new behaviour types; quantum 
imaging can lead to the detection of fainter 
and smaller structures; and quantum sensors 
allow for precise measurements (at the 
nanoscale) in magnetic and electric fields (35). 
Quantum computers and quantum machine 
learning (ML) are more efficient at certain 

subroutines that often occur in ML algorithms 
(e.g. data classification, regression and 
principal component analysis) (17). Increased 
quantum machine-learning efficiency is cited 
to have potential benefits in image recognition 
to support diagnosis (17). Although growing, 
life science interest in quantum computers 
and simulators is still relatively small. Based 
on the scientometric analyses undertaken, 
life sciences citations make up roughly 
0.15 per cent of total quantum computers 
and simulators citations since 2017 (1,350 
publications), with 46 per cent of these 
focusing on quantum algorithms (see Annex 
A for a description of the methodological 
approach to the scientometric analysis).

Quantum computers and simulators are 
increasingly being applied and tested, with 
simulation, optimisation and ML being 
applied to several domains including quantum 
chemistry, drug design and discovery, 
biomolecular processes, and genetics and 
genomics. Quantum computing is also being 
applied in other health fields – for example, Box 
5 provides an example of its application within 
the field of epidemiology. Suggested quantum 
computer applications in these areas include: 
improving microscopes and biosensors, 
simulating molecular processes, and better 
control of biomolecule behaviours and 
chemical reactions (35). Several interviewees 
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stressed that the application of quantum 
computing in these areas is currently at 
an early, proof of concept stage, whereby 
quantum computing has been tested on 
small-scale problems (INT07, INT08, INT11, 
INT12). Currently, quantum computing can 
outperform classical computers on some 
tasks, but there are currently few use cases in 
which these tasks address societally relevant 
challenges (INT07, INT08, INT11, INT12). 
Current quantum hardware is able to test 
novel algorithmic approaches to problems 
in life sciences but is not yet capable of 
outperforming classical devices (36). To 
date, ‘quantum advantage’ has not been 
demonstrated for any application domain, 
which will require progress across several 
areas (INT07, INT08, INT11, INT12, INT13) 

(see Section 4.2 on key challenges facing 
the application of quantum computers and 
simulators to the life sciences). 

3.2. Quantum computers and 
simulators are being investigated 
for simulating chemical processes 
at the molecular level 
3.2.1. Quantum chemistry

One interviewee highlighted that a key 
application area for quantum computing is 
that of quantum simulation to solve specific 
problems in fields such as materials science 
and quantum chemistry (INT07). Quantum 
computing for quantum simulation of 
molecules is being investigated for problems 

Box 5 Quantum computing applied to 
epidemiology

Quantum modelling has been used within the field of 
epidemiology when creating models. An early record 
of using quantum computing in an epidemic study 
was a study conducted in 2007, by Leon and Pozo, 
who used quantum computing to predict infection 
rates and spread of HIV virus in Chile between 1986 
and 2000 (5). This quantum model was unique as 
it was able to insert uncertainty into the epidemic 
model using superposition. Each individual was 
encoded in the quantum model (1 = the person was 
infected with HIV, 0 = the person was uninfected, 
qubit in superposition = it was unclear if the person 
was infected, so they were being coded the value of 
1 and 0 at the same time) and then ran the qubits 
through quantum gates (collapsing the qubits which 
were in superposition) (5). This created a model of 
the number of HIV cases and potential asymptomatic 
HIV cases, but this model differed significantly from 
official predictions, so the authors flagged that further 
adjustments were needed in the future (5).
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related to quantum chemistry,33 quantum 
molecular spectroscopy,34 chemical quantum 
dynamics,35 correlated electronic structure in 
materials36 and dynamical quantum effects in 
materials37 (34) (see Box 6). This has potential 
useful applications within the life sciences for 
understanding biological processes and in drug 
design and discovery (see Sections 3.2.2, 3.3 
and 4.1).

Quantum algorithms are currently being 
developed for complex chemistry simulations 
(20,37). A popular algorithm for simulating 
quantum chemistry on current quantum 
devices is the variational quantum eigensolver 
(VQE) (38), which includes qubit modelling of 
the Hamiltonian and Ansatz circuits, estimating 
low-lying eigenstates and corresponding 
eigenvalues of a given Hamiltonian (20,39). 
It is hard to estimate the run time of VQE 
algorithms, but so far it is thought their run 
times are comparable to classical computers 
(20). Already, insights from quantum chemistry 
have led to improvements in quantum 
algorithms, for example, the variational ansatz 
have informed state preparation techniques in 
some quantum algorithms (21). 

Quantum advantage in molecular chemistry 
can be sought after in three places – 
speed, accuracy and molecule size (20). 
Quantum-computational algorithms are 

33 Quantum chemistry involves determining the low-lying states of electrons in molecules (34). Quantum chemistry 
can assist with the estimating of ground state energies, by either using quantum phase estimation algorithms or the 
variational quantum eigensolver (21). The latter of these two is more commonly used currently as it takes advantage 
of quantum hardware which is currently available, whereas the latter requires significant quantum error correction 
(21). But even if large-scale quantum error correction is achieved, which would render obsolete the techniques 
developed for current NISQ devices, such as variational quantum eigensolvers (VQEs), these NISQ techniques will 
likely still be employed for the initial state in phase estimation algorithms (21).

34 Quantum molecular spectroscopy is concerned with stationary states of the nuclei vibrating and rotating in molecules (34).

35 Chemical quantum dynamics studies the non-equilibrium electronic and nuclear motion of molecules associated with 
reactions and external fields (34).

36 Correlated electronic structure in materials is related to quantum chemistry in the materials domain, but with several 
important differences in practice and in emphasis (34).

37 Dynamical quantum effects in materials involves driven and out-of-equilibrium material systems (34).

38 Indicates that the calculation is from first principles and that no empirical data is used (40).

39 This Hartree-Fock calculation is a foundational algorithm in the field (33). 

highly efficient numerically and can execute 
tasks in polynomial time to simulate time 
evolution many-body Hamiltonians (20). In 
principle, quantum computers can prepare 
and store richer many-body wave function 
representations than classical computers (20). 
In addition, quantum chemists are attempting 
to implement electronic structure theory on 
quantum computers due to a reduction of the 
exponential scaling of some of the theory’s 
methods to a polynomial one (20). 

Currently, quantum computations can applied 
for ab initio38 electronic structure calculations 
(21). Quantum computers are also able to 
naturally handle wave functions spanning the 
full Hilbert space in order to estimate energies, 
electric polarisation, magnetic dipoles, reduced 
density matrices and more (21). These sorts 
of calculations can provide a starting point for 
computing reaction pathways, binding energies 
and chemical reaction rates (21). Most recently, 
Google achieved a milestone application of 
NISQ devices and through a Hartree-Fock 
calculation39 to produce a model of the binding 
energies of H6, H8, H10 and H12 (33,41). In another 
example, researchers demonstrated that a 
quantum computer could be used to elucidate 
the reaction mechanism for a complex chemical 
process of biological nitrogen fixation by the 
enzyme nitrogenase (37). 
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Box 6 Quantum computing for quantum simulation of 
molecules

Chemistry and physics theories of molecules and materials 
are best described in quantum mechanisms, which makes 
them particularly suited to quantum computing for quantum 
simulations of molecules (34). At a fundamental level, quantum 
computers and simulations support uncovering and predicting 
the behaviour of substances at an atomic level, which supports 
the design of new materials and better understanding of 
chemical compounds (17). These types of advanced modelling 
have been challenging on classical computers when the 
number of atoms required is roughly more than a few hundred 
atoms (17). Advanced molecular simulations could offer an 
alternative / complimentary process to chemical experiences, 
as effective computer simulations of chemical process would 
allow researchers to test high number of methods quickly 
and at a lower cost (17,21). Even if in the future quantum 
computers are unable to offer an alternative or complimentary 
process, developments today are likely to inspire new 
theoretical approaches and computational methods when 
solving chemistry problems (21).

3.2.2. Drug design and discovery

Drug discovery is a key application area of 
quantum computing, with the pharmaceutical 
industry currently using hybrid machines40 
and advanced ML/AI to enable ab initio 
drug designs and develop innovative 
drugs (which are highly specific and have 
low toxicity) (13,42–44). Pharmaceutical 
research currently uses automated screening 
technologies in order to discover new target-
binding compounds, but this can remain 
costly and time inefficient (42). Similarly, 
using molecular structures to determine 
stable ligand-receptor complexes is a central 
problem in pharmaceutical drug design 
(45). Molecular docking is a computational 

40 Hybrid machines are high-performance classical computers coupled with quantum computers (13). 

41 Gaussian boson samplers are types of photonic quantum devices which can be employed in combinatorial 
optimisation problems which aim to identify large clusters of data (45). 

method for predicting the optimal interaction 
of two molecules, typically a small molecule 
ligand and a target receptor, and this is a 
key problem within drug design (45). It is 
considered to be quicker and more cost 
efficient to identify target-binding compounds 
and estimate binding between targets and 
compounds using quantum computers 
(42,45). 

There are a few quantum computing 
applications suggested to be advantageous 
over classical systems which apply to drug 
development and discovery (Box 7). First 
is the use of Gaussian boson sampling41 
to solve the molecular docking problem 
(45). Determining the stable ligand-receptor 
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complexes is a key problem within drug 
design in the pharmaceutical industry (45). 
It has been suggested that Gaussian boson 
sampling could be used to solve this problem 
and predict accurate molecular docking 
configurations (45). Second, quantum 
generative adversarial network (GAN)42 
can be used to learn patterns in molecular 
datasets and generate small drug-like 
molecules (42). Quantum GAN is considered 
one of the main near-term applications 
of quantum computers due to its power 
in learning data distributions with fewer 
parameters needed than classical GANs (42). 
Quantum GAN with hybrid43 generator (QGAN-
HG) or patched quantum GAN with hybrid 
generator (P-QGAN-HG) can learn molecular 
distributions and output an atom vector 
and bond matrix, to graphically represent 
drug molecules (42). Third, quantum 
classifiers can be used to classify binding 
pockets in proteins (42). This supports the 

42 A type of quantum machine learning technique (42).

43 A technique that uses a hybrid quantum and classical computing approach. 

44 Consists of a powerful generative machine learning model. Machine learning models can be classified into 
‘discriminative’ and ‘generative’ models. A discriminative model makes predictions based on conditional probability 
and can be used for classification or regression. A generative model revolves around the distribution of a dataset to 
return a probability for a given example (46).

efficiency of the quantum ML models in drug 
discovery pipelines (42). Fourth, quantum 
variational auto-encoder (VAE)44 can be 
used to generate large drug molecules, by 
screening molecular datasets and generating 
probabilistic cloud of molecules (42). All 
these ML approaches together support the 
development of drug discovery. The ability 
of quantum computers to analyse data in 
large or even infinite dimensions through 
the Hilbert space, and the quantum nature 
of chemical systems, means that quantum 
computing systems are predicted to have a 
slight advantage in generating and predicting 
models for drug discovery (42). However, 
quantum computer applications in the field 
of drug design are also limited by quantum’s 
qubit constraint on noisy quantum computers 
(42). Challenges also arise in industrial 
drug design as large numbers of candidate 
molecules must be screened against a 
potential drug target (45). 



29

Box 7 Quantum computing applications for 
drug design and discovery

Quantum ML can support drug design and discovery 
through the mapping of patterns in molecular datasets, 
classifying binding pockets in proteins, screening 
molecular datasets and generating probabilistic cloud 
of molecules (42).

Gaussian boson sampling45 can be used to solve the 
molecular docking problem (45).

Quantum generative adversarial network (GAN) can 
be used to learn patterns in molecular datasets and 
generate small drug-like molecules (42).

Quantum classifiers can be used to classify binding 
pockets in proteins (42). 

Quantum variational auto-encoder (VAE) can be 
used to generate large drug molecules, by screening 
molecular datasets and generating probabilistic cloud 
of molecules (42).

45 Gaussian boson samplers are types of photonic quantum devices which can be employed in combinatorial 
optimisation problems which aim to identify large clusters of data (45). 

46 The protein folding problem involves finding the lowest free-energy configuration or, equivalently, the native structure 
of a protein given its amino-acid sequence (47). The problem of protein folding is regarded as one of the most 
important and hard problems in computational biochemistry (48).

3.3. Quantum computers and 
simulators are being investigated 
for optimisation in biomolecular 
problems
There is considerable interest in applying 
quantum computers and simulators to 
biomolecular and biological optimisation 
problems, including the protein folding 
problem46 (47,49,50), as well as molecular 
recognition, protein design and sequence 
alignment (47). Certain types of combinatorial 
optimisation problems are considered to be 
some of the most promising for near-term 
advantage (36). 

3.3.1. Protein folding and dynamics

Quantum algorithms have been used in noisy 
quantum computers to simulate protein folding 
using lattice models (47,50). In one study, 
researchers employed a variational quantum 
algorithm, a modified version of the VQE 
algorithm, for the solution of the protein folding 
problem on a regular tetrahedral lattice (50). The 
algorithm was used to simulate to the folding 
of the 10 amino acid Angiotensin on 22 qubits 
(50). The same method was also successfully 
applied to the study of the folding of a 7 amino 
acid neuropeptide using 9 qubits on an IBM 
20-qubit quantum computer, which the authors 
suggested at the time was the largest folding 
calculation on a near-term device using a 
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variational algorithm (50). In one study, authors 
used symmetry-adapted perturbation theory 
(SAPT) with a VQE to calculate the protein-
ligand interaction energy of lysine-specific 
demethylase 5A (KDM5A) (51).

Quantum annealing algorithms have also 
been used to model the energy landscape 
of proteins (47). In one study, a quantum 
annealing algorithm was used to simulate a 
lattice protein folding model (47). In another 
study, a quantum annealing approach was 
used to explore the coarse-grained folding 
landscape of a six-amino-acid peptide, within a 
2D lattice framework (11). In another example, 
quantum annealing was compared against a 
set of classical methods on an optimisation 
problem involving the search for the consensus 
DNA sequence motif of transcription factor 

47 A sequence of three consecutive nucleotides in a deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) molecule 
that codes for a specific amino acid (53). 

binding (11). The researchers trained a 
classifier and a ranking algorithm, finding a 
slight improvement of quantum annealing 
over classical approaches in the classification 
problem and similar performance for the 
ranking task (11). In contrast with lattice 
models, the authors of one study used a 
quantum Metropolis algorithm QFold, a hybrid 
quantum algorithm, to simulate the folding of 
small peptides (48).

3.3.2. Genetics and genomics

Quantum computing, particularly quantum 
annealing, has shown promise in the field 
of genomics, including within genome 
sequencing, optimisation problems and 
classification of genomic data (5,36,52). In 
the area of codon47 optimisation, a quantum 
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annealer was used for codon optimisation to 
find the combination of codons that minimises 
the Hamiltonian48 (36). Another area to 
which quantum computing can be applied 
is localisation of a codon within a genetic 
sequence (5). If one were to code a codon with 
six qubits, Grover’s algorithms can be used to 
where the specific sequences of six qubits are 
in a gene or genome (5). 

Quantum annealers have been used to solve 
genome assembly tasks, including assembly 
of the ϕX 174 bacteriophage genome (54). 
Part of the process of genome sequencing is 
to check each nucleotide against a reference 
template (5). Scientists could use the quantum 
Deutsch–Jozsa algorithm to check for errors 
within a newly sequenced gene, by encoding 

48 The process of selecting the combination of codons in an amino acid sequence that maximises probability of mRNA 
expression (36).

all four possible nucleotides by two qubits and 
then comparing the newly sequenced gene 
against a template of that gene (5).

Quantum annealing has been found to be an 
effective method to implement ML for certain 
computational biology problems (52,55). In 
one study, authors investigated the use of a 
quantum ML approach to classify and rank 
binding affinities (55). Specifically the authors 
trained a commercially available quantum 
annealer to classify and rank transcription 
factor binding (55). In another study, quantum 
annealing-based Ising algorithms were applied 
to integrated genome-wide multi-omics human 
cancer data (52).
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What are the potential 
opportunities and challenges 
associated with the application 
of quantum computers and 
simulators to the life sciences?

This chapter provides an overview of some 
of the key opportunities and challenges 
presented by quantum computers and 
simulators within the life sciences. It begins by 
exploring opportunities across key domains 
of application and then outlines a series of 
challenges that will need to be overcome to 
realise these potential benefits. Given the early 
stage at which developments are taking place 
in the ecosystem and the speculative nature of 

assertions being made in the literature, there 
are unavoidably some overlaps between the 
evidence presented in this chapter and the 
previous chapter.

4.1. Key opportunities associated 
with the development and 
adoption of quantum computers 
and simulators in the life sciences

Box 8 Summary of key opportunities 

There are potential opportunities in the areas of quantum chemistry and simulation of 
chemical processes. 

Quantum computing is expected to optimise the process of small molecule drug 
design and discovery.

The application of quantum computers and simulators to biological processes is a 
potential prospect in the future. 

Quantum computing could be used to help develop novel and more effective biological 
products and drugs.

Quantum computing applied to genetics and genomics is expected to support the 
development of personalised and precision medicine.

CHAPTER 4
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Although major real-world applications will 
require very large, fault-tolerant quantum 
computers, it is expected that near-term 
devices available within the next decade 
will be able to solve useful problems 
(e.g. the physics of many entangled 
particles) (6,49,56). Since 2017, general-
purpose quantum computers, with limited 
computational power and error rates of 
around 5 per cent, have been available on 
the market (17). These small-scale quantum 
computers (NISQ devices) serve as proof 
of concept that the technology can be 
built; however, they lack the computational 
power to offer an advantage over classical 
computers for any real-world application 
(17). Within five years, it is possible quantum 
computing will be used extensively by new 
categories of professionals and developers 
to solve a variety of problems (57) (INT07, 
INT10, INT11). In the longer term, with the 
advent of fault-tolerant quantum computers, 
the life sciences industry expects quantum 
computing to enable a range of disruptive 
use cases that will fundamentally change the 
life sciences industry. These include: creating 
precision medicine therapies by linking 
genomes and outcomes; improving patient 
outcomes through enhancing the efficiency 

of small molecule drug discovery; and 
developing novel biological products based on 
protein folding predictions (5,6,17,49,57,58) 
(INT07, INT08, INT10, INT11). One interviewee 
suggested that the availability of such large-
scale fault-tolerant computers is potentially 
around 20 years away (INT11). 

Timeframes for the development of quantum 
computers and simulators and their 
applications to different use cases vary and 
are often speculative in nature (see Table 6). 
One interviewee, for example, suggested that 
the expectation is that some of the earliest 
forms of quantum advantage will be here by 
2023 (INT08). Within five years it is expected 
that quantum simulation will be able to achieve 
the first and elementary use cases, in which it 
is possible to attain some quantum advantage 
(INT07). This could include the first quantum 
processors, being able to outperform classical 
supercomputers for problems of relevance 
in the field of chemistry (INT07). While 
there are multiple and differing predictions 
and forecasts, there is general agreement 
among experts that quantum computers and 
simulators promise a myriad of opportunities 
in the life sciences.
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Table 6 Outlook for quantum computer and simulator developments and applications 

Timeframe Technological development Exemplar applications and use cases Key life sciences domain

0–5 years We are currently in the stage known as the ‘NISQ’ era – systems of qubits have yet to be error 
corrected, meaning that they still lose information quickly when exposed to noise. This stage is 
expected to last for the next 3–10 years (22).
The ability to hybridize classical, high performance computing machines with quantum 
processors, as co-processors in a structure with a few 10s or perhaps a couple 100 qubits 
(INT07). 
There might be a ‘special purpose’ quantum computer in the near future doing specific 
calculations and problem solving with value which brings advantage (INT11).
It may be possible to demonstrate quantum error correction with approximately 5 qubits (59).
In 3 years, fault-tolerant routes could be demonstrated for making quantum processors with 
eventually more than 50 qubits (60).

First (narrow) use cases in which some quantum 
advantage can potentially be attained (INT03, 
INT07).
The first applications could be in chemical 
analytics, inorganic chemistry and in quantum 
materials (e.g. many body systems of the order 
of a few 100 consequent units) (INT07).
Identification of medium-sized molecules – 
systems with perhaps a couple of thousand 
elements that need to be modelled (INT03). It 
may be possible to start showing superiority 
of using quantum processing over classical to 
assess these molecular properties (INT03).

Quantum chemistry: chemical 
analytics, inorganic chemistry 
and in quantum materials

5–10 years Reach an optimal number of qubits in terms of scale (INT09). 
Ability to query quantum states that are formed in the superposition of qubits and things will be up 
and running at scale (INT09). 
The outperforming of classical supercomputers, but not just for purely academic or mathematical 
problems but also for some already practical and computing tasks (INT07).
Will probably reach the 10,000 and 1,000,000 qubit regime (INT04).
Likely to see advancement in the efficiency of the logical to physical qubit ratio (INT04).
It may be possible to demonstrate quantum operations with multiple logical qubits (59).
Companies (e.g. Xanadu, IonQ and IBM) are aiming for a million-qubit machine from 2025 in order 
to unlock 100 logical qubits available for calculation, using a common 10,000:1 ‘overhead’ ratio 
(22).
In 6 years, a quantum processor fitted with quantum error correction or robust qubits will be 
realised, outperforming physical qubits (60).
In 10 years, quantum algorithms demonstrating quantum speed-up and outperforming classical 
computers will be operated (60).

The first evidence of practical quantum 
advantage in terms of ‘quantum supremacy’ 
(INT07).
On the quantum simulation side, it is expected 
that there will be some advantage first problems 
of real industrial relevance in terms of production 
(INT07).
In 5–10 years, experts might start to get a handle 
on interesting and relevant problems in biological 
sciences (e.g. in genetics and neuroscience) 
(INT09).
Start to see an advantage for classical problems 
that are currently being looked into (clinical trial, 
drug discovery) (INT11).

Drug design and discovery 
using VQEs
Clinical trial optimisation
Biological processes
Genetics and genomics

10+ years Quantum error correction and fault tolerance could be achieved (INT04).
A 5–20-year period of broad quantum advantage once the error correction issues have been 
largely resolved (22).
Full scale fault tolerance (22).
It may be possible to demonstrate a large-scale quantum computation system (59).
Goldman Sachs are collaborating with QC Ware and IBM with a goal of replacing current Monte 
Carlo capabilities with quantum algorithms by 2030 (22).

It is expected that quantum computing could be 
used to develop novel biological products and 
drugs (80,88), and could enable the creation of 
more targeted and personalised therapies by 
linking genomes and outcomes (80). 

Electronic structure 
calculations
Drug design and discovery 
(e.g. using quantum phase 
estimation)
Biological processes
Personalised medicine
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4.1.1. There are potential 
opportunities in the areas 
of quantum chemistry and 
simulation of chemical 
processes 

Quantum chemistry is considered to be 
one of the most promising near-term 
application areas of quantum computing 
(61) (INT07, INT10, INT11). In recent years, 
effective quantum methods for physical and 
chemical simulation have been discovered 
(Hamiltonian simulation) (17).49 This could 
solve some of the most challenging problems 
in theoretical chemistry and physics, including 
the elucidation of various complex reaction 
mechanisms, the dynamics of molecular 
systems or the identification of effective 
molecular structures (12,17,61) (INT02). 
Two interviewees noted that a near-term 
application of quantum computing will be 
on use cases such as simulating enzyme 
catalysis and the transition state of enzyme 
complexes (INT07, INT10). One interviewee 
suggested that the application of quantum 
computing in this field could be around five 
years away (INT10). This could in turn have 
an application for the production of fertilisers, 
such as in the Haber Bosch process (INT07).

It is difficult to predict if algorithms on NISQ 
devises will outperform classical computers for 
useful chemistry tasks, but if the achievement 
of large-scale error correction50 is achieved it will 
enable error-corrected quantum algorithms (such 
as Grover search algorithm, Shor’s factoring 
algorithm, and the Harrow–Hassidi–-Lloyd linear 
system of equations algorithm) (21). Large-scale 

49 Such physical and chemical simulations have been proven impossible on classical computers on cases involving 
roughly more than a hundred atoms. Quantum computers are naturally better suited for this task due to their 
quantum mechanical nature.

50 To solve computational problems that are of interest, a quantum computer needs a minimum number of qubits. 
Hundreds to thousands of qubits are required to run interesting quantum algorithms. A qubit needs to be isolated from 
any outside interference to maintain its quantum features. Failing to achieve sufficient isolation or control results in 
errors in the computation, also referred to as ‘noise’. It is possible to correct the errors using various techniques (17), but 
it is worth noting that experimental implementation of such schemes is at best in its very early phase.

error correction will also enable the use of 
many Hamiltonian simulations to simulate the 
dynamics of quantum systems and serve as 
subroutine for other algorithms (e.g. quantum 
phase estimation algorithm) (20,21). Error 
correction is also set to improve VQEs, but it is 
also speculated that by the time large-scale error 
correction is achieved the line between error-
corrected algorithms and non-error-corrected 
algorithms will be blurry, as there are already 
efforts to bridge the two types of algorithms (21). 

4.1.2. Quantum computing 
is expected to optimise the 
process of small molecule 
drug design and discovery

In the longer term, another important 
application of quantum computers is 
expected to be in drug design and discovery 
(INT07). Quantum simulation of chemical 
processes is expected to be applied for 
the design of new materials and chemical 
compounds, such as new pharmaceutical 
drugs (17,61). It is currently impossible to 
simulate the dynamics of a simple molecular 
system with classical computers, with 
drug development often involving years of 
clinical testing on animals and humans in 
the discovery, clinical and pre-clinical stages 
(12,17). Simulation and quantum computing 
could help to reproduce the biochemical 
interactions of small molecule drugs within 
organisms, enabling the design of targeted 
drugs (12). However, it is unlikely that 
quantum computing will replace traditional 
processes (such as laboratory experiments) 
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completely; rather, the two processes may be 
used alongside one another (INT06). It was 
suggested by an interviewee that full scale 
implementation in this context could be at least 
ten years away (INT11).

It is expected that deploying quantum 
computers for physics and chemistry 
simulation would reduce the time and 
cost spent on development processes for 
medicine and other life science products due 
to more efficient R&D and manufacturing, 
as well as higher revenue from superior 
products (15,17,43). For example, chemical 
simulation enabled by quantum computers 
will allow researchers to test high numbers 
of candidate molecules in a short period, 
leading to the reduced time and cost of drug 
discovery (15,17,42,43,57). Similarly, the 
use of simulation and quantum computing 
would speed up drug design (12). In 2020, 
Google revealed the first prototype of 
quantum-enabled chemical simulation – and 
is progressing the development of its early 
stage quantum computer to solve chemical 
simulation in life sciences – and IBM has also 
made significant progress (15). Despite these 
advances, it is still uncertain when quantum 
computers have matured to the level where 
they will revolutionise development cycles in 
the life sciences industry (15).

4.1.3. The application of 
quantum computers and 
simulators to biological 
processes is a potential 
prospect in the future 

There is considerable interest in applying 
quantum computers and simulators to 
biomolecular and biological problems (49) 
(see Box 9). Several quantum algorithms 
have already shown promise for applications 
in biology, such as the quantum phase 
estimation algorithm (62), Harrow–Hassidim–
Lloyd quantum algorithm (63) and quantum 
optimisation algorithms (64). These have 

potential across several applications, 
respectively, such as: exponentially faster 
eigenvalue calculation that can be used to 
understand large-scale correlation between 
portions of a protein or determine centrality 
in a biological network (62); solving certain 
linear systems exponentially faster than any 
known classical algorithm, which could power 
statistical learning techniques that can be 
trained more quickly and manage more data 
(63); and in the field of protein folding and 
conformer sampling, including across problems 
that involve finding minima or maxima (64). 
However, such calculations are currently not 
possible with NISQ computers (33). Even when 
more fully fault-tolerant quantum computers 
become available, it is likely that the complete 
statistical quantum description of realistic 
biomolecular systems and processes will 
require decomposition of the system into parts, 
involving hybrid quantum-classical algorithms 
– with the parts of the molecule involving the 
most demanding calculations done on the 
quantum computer and the less expensive 
calculations involving the rest of the molecule 
done on a classical computer (33). One 
interviewee suggested that such applications 
are potentially ten years away (INT09).

4.1.4. Quantum computing 
could be used to help develop 
novel and more effective 
biological products and drugs

One key potential future application area 
involves the use of simulation to improve 
protein folding predictions, which could be 
used to develop novel biological products 
and drugs (based on large molecules such 
as insulin and antibodies) (21,57). Simulating 
the properties of new drugs could potentially 
help develop more effective drugs. Biological 
drugs are increasingly being investigated to 
treat different diseases, and this requires the 
accurate modelling of their structure (57). 
This is a challenging problem for classical 
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computers due to the enormous number 
of possible folding patterns – quantum 
computing has the potential to overcome 
many of these computational challenges (57). 
Currently, this is limited to proof of concept 
examples in small peptides with fewer than 21 
amino acid residues, but it is hoped that in the 
future quantum computing could be used for 
larger protein folding problems as quantum 
devices scale up (21). 

4.1.5. Quantum computing 
applied to genetics and 
genomics is expected to 

support the development of personalised 
and precision medicine

It is expected that quantum computing could 
enable the creation of more targeted and 

51 A digital twin is a complex virtual representation of a physical object or system such as a car, a jet engine, a building, 
a human heart, etc., that simulates aspects of that object or system (65). Sensors are used to collect real-time data 
from the physical object or system that gets mapped onto the complex virtual model.  

52 For example, patterns that activate or inhibit gene expression and, thereby, help us better understand mechanisms of 
gene regulation.

personalised therapies by linking genomes 
and outcomes (57). By considering each 
person’s unique genetic composition quantum 
computing could potentially lead to more 
personalised medicine (17) (INT03). Ultimately, 
these developments may lead to the realisation 
of organic digital twin51 models, which might 
be used in pharmacogenomic testing to predict 
an individual’s response to specific drugs over 
time, aiding the development of precision 
medicine therapies (66).

Specifically, developments in quantum 
computing could enable several new 
opportunities, such as: motif discovery and 
prediction; genome-wide association studies 
(GWAS); and de novo structure prediction 
(11,57). A key bioinformatic challenge relates 
to identifying motifs52 in DNA, RNA and amino 

Box 9 Quantum computers and simulators applied to 
biological molecules 

Biological molecules and processes appear to be an ideal 
application for quantum computing and simulation – the 
molecular systems of interest in biological processes are 
complex as well as geometrically extensive, and so require 
highly accurate calculations (33). For example, some 
processes depend crucially on small differences in structure 
and their associated energy differences (33). 

In addition, the timescales of processes may also span several 
orders of magnitude, from femtoseconds for molecular 
vibrational changes to milliseconds for some electron transfer 
processes and conformation changes (33). One particular 
strength is in modelling dynamics, with evidence that 
processes such as energy transport (such as in photosynthetic 
complexes) and electron transport (such as at redox sites of 
metalloproteins) in biological molecules could potentially be 
more accurately modelled by a quantum simulation (11).
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acid sequences, with classical algorithms to 
identify motifs computationally expensive (67). 
Quantum computing could help to further 
our understanding of transcription factor 
binding and de novo genome assembly and 
protein structure prediction (67). GWAS aim 
to find associations between a selected trait 
or disease and single mutations in DNA, and 
quantum computing may significantly narrow 
the typically long lists of candidate genes that 
need to be experimentally validated (57). Large-
scale GWAS analyses are problematic for near-
term quantum computers, since they typically 

involve the analysis of large datasets (11). 
Quantum computing also has the potential to 
greatly improve structure predictions for RNA 
molecules, proteins, DNA-protein complexes 
and other constructs, helping to fill the gap 
in understanding regarding how sequence 
translates to structure and function (68). 

4.2. Key challenges associated 
with the development and 
adoption of quantum computers 
and simulators in the life sciences

Box 10 Summary of key challenges 

The realisation of many life sciences use cases will require further developments to 
scale up quantum computers and simulators. 

 » Further developments in quantum hardware are needed.
 » The development of specialised quantum algorithms is needed.

There are challenges related to the availability and types of skills in the wider 
ecosystem.

Further development of quantum computers and simulators requires investment in 
key enabling materials. 

There is competition with rapidly improving classical computers.

Certain regulations and compliance requirements may present hurdles when applying 
quantum computers and simulators to industry.

There are challenges related to collaboration between different disciplines and 
sectors working towards growing the quantum computers and simulators 
ecosystem.

The lack of a precise and proven business impact hinders long-term investments 
both by use case owners and ecosystem partners.

Potential risks associated with the use of quantum computers and simulators could 
have ethical implications and undermine trust. 
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4.2.1. The realisation of many 
life sciences use cases will 
require further developments 
to scale up quantum 

computers and simulators which could 
prove challenging

Further developments in quantum 
hardware are needed
Before life sciences processes can be 
simulated on a quantum computer, further 
development of quantum hardware is needed 
(INT01, INT04, INT08, INT10, INT11, INT13) 
(17,49). For example, the current lack of 
maturity of drug discovery and development 
use cases is mainly due to hardware 
constraints (69). Current quantum hardware 
is able to test novel algorithmic approaches to 
problems in life sciences but is not yet capable 
of outperforming classical devices (36). 

In current and near-term generations of 
quantum computers there are several 
hardware challenges, including maintaining 
qubit coherence, performing measurements, 
gate operations and state preparations with 
high fidelity (20). These issues can vary 
depending on the type of quantum computer 
and hardware being discussed; however, three 
core limitations within quantum computer 
hardware currently include: (i) the number 
of qubits, (ii) the application of software and 
(iii) error corrections. The first issue relates to 
computational power – to solve computational 
problems that are of interest, a quantum 
computer needs a minimum number of qubits 
(17). Most applications would require a high 
number of qubits that operate together in a 
controlled way (17). The second challenge 
relates to the issue of programming a quantum 
computer. Unlike a classical computer, 
a quantum computer (such as the type 
developed and tested by the Chinese Academy 
of Science in 2020) may be a computer that is 
designed to complete a very limited task, and 

if that task changes, the hardware will need to 
be updated (in comparison, for example, to just 
updating the software of the computer) (4). In 
turn, the Google Sycamore chip used for the 
2019 ‘supremacy’ experiment, as well as other 
commercial chips, for example, from IBM, can 
be programmed on a gate level to execute a set 
of universal quantum gates (hence the often-
used phrase ‘universal quantum computer’). 
The third challenge is related to error correction 
(4,12,33,70–72) (see also Table 1 and the 
discussion in Section 4.1.1). Currently, errors 
occur during computation, which can ruin the 
computational process, and therefore at some 
point soon, solely extending the qubit count 
will not lead to any further improvements 
in computational prowess (17,49). The 
instability of qubits within quantum computers 
translates into computing ‘errors’, and is a 
major challenge within quantum computing 
(12). Due to the quantum nature of qubits, 
error correction schemes are very intricate 
and difficult to execute, and few attempts 
have so far been successful (70–72). Some 
interviewees noted that correcting for errors 
represents a challenge that stands in the 
way of rendering a larger quantum computer 
useful (INT05, INT07), and the full potential of 
quantum computers may likely not be realised 
until the implementation of quantum error 
correction to counteract the noise and errors 
caused by the fragility of quantum systems (4) 
(INT05, INT07). 

The development of specialised quantum 
algorithms is needed
Alongside progress in hardware, the 
development of use cases in the life 
sciences will also require the development 
of algorithms (INT08). The development 
of real-world applications for intermediate 
scale quantum computers requires 
algorithms that are robust against noise 
and require vast amounts of computational 
power, which currently do not exist (17,49). 
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Many well-known quantum algorithms 
that have become standard examples 
of quantum speedups over classical 
algorithms, such as Shor’s quantum 
factorisation algorithm, quantum search 
algorithm by Grover and quantum phase 
estimation, assume the availability of fault-
tolerant quantum computing devices in 
order to deliver quantum advantage (21). 
Nonetheless, some categories of algorithms 
have shown prospects for being deployed 
on NISQ devices, with variational quantum 
algorithms (e.g. VQE) and quantum ML are 
two of the most active areas of research 
for NISQ devices (6,21). Categories of 
quantum algorithms that are relevant to 
life sciences applications such as drug 
discovery include quantum algorithms 
for simulating molecular electronic 
structure in computational chemistry, and 
quantum-enhanced ML (21). However, at 
present quantum computing algorithms 
do not provide an advantage over classical 
computers in performing relatively simple 
yet relevant computations, such as small 
molecule simulation, let alone in highly 
complex simulations of large molecules (69).

Two interviewees highlighted that greater 
progress will be made if there was more 
investment in the development of computer 
science and algorithms (INT03, INT05). In their 
view, performance improvement will come 
from the design of better algorithms rather 
than from better hardware, and in quantum 
computing this is especially important 
because quantum algorithms are what drive 
the execution of problems on hardware 
(INT03). Interviewees were of the view that 
there is likely to be an increased focus on the 
development of quantum algorithms in the 
future, with a greater focus on developing 
specialised quantum algorithms for specialised 
use cases (INT03, INT06). 

4.2.2. There are challenges 
related to the availability and 
types of skills in the wider 
ecosystem

Several interviewees cited that lack of 
appropriate skills represents an important 
challenge, including availability, training and 
education of talent (INT01, INT02, INT05, 
INT07, INT08). It was highlighted that globally 
there is currently a lack of individuals with 
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relevant ‘quantum expertise’ (INT07, INT08), 
including individuals with the skills to develop 
new quantum algorithms (anecdotally noting 
that there are, perhaps, between 500 and 1,000 
individuals globally who have the necessary 
expertise) (INT03). This is leading to an 
increasing competition for talent as very 
few people have deep expertise in quantum 
technology (INT08). Scientometric analysis 
supports this observation. Based on estimates 
from Dimensions, there are approximately 
1,200 researchers worldwide with a publishing 
history of greater than 15 years who have 
also published more than three publications 
authored in the field of quantum algorithms. 

Interviewees also indicated that there is a 
lack of individuals with the interdisciplinary 
skills required for applications within the 
life sciences (INT05, INT08, INT09). The 
development of quantum computing for life 
sciences use cases requires a multifaceted 
understanding of new algorithms, the use 
case and a hands-on understanding in 
how to apply and implement them (INT08). 
It was highlighted that individuals are 
needed who have the expertise in quantum 
computers and simulators as well as those 
who understand computational problems 
in life sciences who can work together with 
‘quantum experts’ to solve these problems 
(INT11, INT08). Interviewees noted that it 
is currently very difficult to find individuals 
featuring this combination of skills and, so 
far, pharmaceutical organisations have not 
prioritised building and hiring people with 
these skills (INT08, INT11). There is currently 
dramatic variation in the background and 
training that people have within the life 
sciences sector – for example, some people 
come from the physical sciences have a better 
grasp of quantum concepts than those from 
biology or computational science (INT09). 
Furthermore, the importance of non-technical 
skills and know-how – such as commercial 

skills, business expertise and leadership 
– was highlighted as being very important 
(INT08, INT09, INT11).

Two interviewees mentioned that an 
especially important challenge revolves 
around training, reskilling and upskilling 
workforces (INT05, INT07). This includes 
challenges in the context of education, 
including university education and continuing 
education such as workforce education 
within a company (INT07). For example, 
one interviewee noted that there are limited 
opportunities to study quantum computing 
algorithms at university and that to do so 
would require studying mathematics or physics 
(INT11). Traditionally, the life sciences industry 
would employ chemists or bioinformaticians, 
for example (INT05). However, it is yet unclear 
whether individuals who are coming out of 
higher education would be suitably equipped 
with the necessary skills to meet the needs of 
the life sciences sector (INT05). Therefore, it 
is necessary to build up the skills in industry 
to apply quantum computing to ‘real-world’ 
problems (INT08), which requires researchers 
in academia and industry within the life 
sciences to get deeply acquainted with 
working on quantum computers and quantum 
simulators research (INT07). That involves a 
certain threshold of knowledge which needs to 
be overcome for those researchers to be able 
to understand both domains (INT07). 

More generally, some interviewees pointed 
out that to help grow and nurture the 
ecosystem, funding bodies need to invest 
in multidisciplinary research to involve 
people with different expertise across 
multiple disciplines and methods (INT01, 
INT07). One interviewee highlighted that the 
current funding ecosystem in Europe lacks a 
synergy between public and private funding 
organisations supporting the whole quantum 
technologies research ecosystem (INT07). 
Research centres / hubs and relationships 
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within the research ecosystem need to be 
strengthened and supported for quantum 
computer and simulator research, along 
with a clear path from the lab to the market 
(INT07, INT04). The Novo Nordisk Foundation’s 
work was highlighted by one interviewee as a 
key example of private to public investment, 
filling a unique role in the European quantum 
technologies research landscape (INT07). 
However, another interviewee suggests that for 
public–private collaboration to be successful 
there needs to be equal consideration of 
business and technology needs, and was 
concerned there may be challenges finding 
this common ground (INT04). Some form of 
alignment needs to be found between ‘science’ 
and ‘businesses’ (INT04), which is important to 
consider in any private–public research funding 
strategy. 

4.2.3. Further development 
of quantum computers and 
simulators requires sufficient 
investment in key enabling 
materials 

Experts have noted that further developments 
in several key technologies – and in particular, 
materials – will be required to scale quantum 
computing (24) (INT11). In particular, it is 
suggested that an integrated chip, in a similar 
manner to classical computing, would be 
required to bring all the technology into ‘one 
place’ to scale the technology (73–75) (INT11). 
Photonics and ion trap technologies scale 
differently (INT11). Certain components of 
quantum computers and qubits could benefit 
from specific materials, specifically materials 
such as superconductors, topological materials 
and ‘conventional materials’ like silicon or 
diamond which have certain impurities or 
defects (4). This demand for specific materials 
is reflected with national strategies or 
research initiatives as some countries focus 
on engineering or discovering new, robust, 

more controllable quantum materials (4). 
For example, the Quantum Foundry of the 
US National Science Foundation (NSF) was 
allocating funding in 2019 to develop new 
materials to be used in quantum technologies, 
and the Dutch National Agenda for Quantum 
Technology includes the Center for Quantum 
Materials and Technology Eindhoven (4). 

4.2.4. There is competition 
with rapidly improving 
classical computers 

As quantum computing and simulator 
capacity is developing, so too is the capacity 
of classical computers. Classical computing 
power and applications are developing year-
on-year, so quantum computing researchers 
are ‘under pressure’ to achieve quantum 
advantage as well as ‘compete’ against 
classical computing developments (INT04, 
INT07). For example, it was uncertain if the 
protein folding problem could be solved on 
a classical computer but in 2020 Google 
announced their AlphaFold project had 
successfully used AI to find a solution for 
the protein folding problem (76). Some 
writers argue that, currently, there is no real 
advantage to using a quantum computer over 
a classical computer, as powerful classical 
computers can perform many meaningful 
tasks at least as well as quantum computers 
(6). For example, after Google’s 2019 
claim of quantum supremacy this inspired 
work managing the speed-up of classical 
simulations, suggesting that ‘quantum 
computational advantage, rather than being a 
one-shot experimental proof, will be the result 
of a long-term competition between quantum 
devices and classical simulation’ (77). 
While quantum computing development is 
improving it is not yet set to overtake the role 
of classical computing, especially in certain 
complex tasks (6). 
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4.2.5.Certain regulations and 
compliance requirements 
may present hurdles when 
applying quantum computing 
and simulators to industry

Quantum research is currently developing at 
a fast pace which is counter to the relatively 
slow-moving nature of the biopharma 
industry, which is constrained by regulations 
around the deployment of computer-based 
technologies (57). There are also questions 
surrounding the proprietary nature of early 
intellectual property patents in quantum 
computing research, highlighting the need 
to engage with partners and ecosystems 
(57). It is thought that for the quantum 
technology ecosystem to work well as a whole, 
collaboration, awareness, commercialisation, 
funding and government engagement is 
needed across researchers and industry 
partners (15). It was noted by one interviewee 
that from an end user perspective, at the 
moment the field is far away from competition 
and so it is possible for end users to work very 
closely together on generic use cases (INT11). 
The interviewee suggested that in the future, 
when market-ready technology will be applied 
to their use cases, they will be able to generate 
intellectual property (INT11).

4.2.6. There are challenges 
related to collaboration 
between different disciplines 
and sectors working towards 

growing the quantum computers and 
simulators ecosystem

A key challenge that has been identified by 
stakeholders in the ecosystem is the lack of 
effective collaboration to advance quantum 
computing, including between disciplines, 
sectors and even within quantum computing 
itself (61). This challenge was also raised by 

two interviewees (INT01, INT07). Until now, 
the development of the quantum technology 
ecosystem has been held back by traditional, 
rigid collaboration models in a complex 
stakeholder landscape, particularly between 
industry and research institutions (61). To 
advance the field of quantum computers and 
simulators, two interviewees stressed the 
importance of collaboration between different 
actors, including between organisations 
(public and private), countries and disciplines 
(INT01, INT07).

There are several collaboration challenges 
that need to be addressed to guide ecosystem 
activities towards industrialisation and 
commercialised, market-ready products (61). 
There is a disconnect between life sciences 
(e.g. quantum chemistry) and quantum 
computing communities in the way they use 
their terminology, set goals for demonstrating 
quantum advantage, or choose potential 
practical applications (20). There is a lack of 
a unified terminology and standards (e.g. for 
use cases, benchmarks and access protocols) 
(61) (INT09) – for example, in the quantum-
computational community, the mixing up 
of terms is still widespread (20). Thus, it is 
important, when talking about calculations 
on a quantum computer, to distinguish 
accuracy (computational error with respect 
to an experimental measurement) from 
precision (computational error with respect 
to a computational reference, for example, 
a sufficiently accurate result obtained with 
a large basis set) (20). One interviewee also 
suggested there is an emerging divide between 
different domains within quantum computing 
itself, including between hardware and 
software developers, that urgently needs to be 
addressed (INT04).

Another challenge related to collaboration 
involves intellectual property since much of 
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the early intellectual property in quantum 
computing may be proprietary, leading 
to challenges around sharing proprietary 
data and information (57,61), though one 
interviewee noted that the development of 
quantum computing is currently at an early 
pre-competitive stage, with intellectual property 
less of an issue at present (INT11).

To address the challenge related to 
collaboration, several interviewees suggested 
that the development of regional centres 
of excellence to bring stakeholders (e.g. 
academics, industry but also different 
disciplines) together would be beneficial 
(INT01, INT02, INT07, INT08). Examples 
suggested included collaborative centres, fora, 
networking events and quantum computing 
hubs in which excellence and critical mass 
is coalesced (INT01, INT02, INT07, INT08). 
Interviewees cited several such initiatives in 
the life sciences domain, including consortia 

such as Q-Pharm, QuIC, Quantum Economic 
Development Consortium (QED-C) and the 
Pistoia Alliance (INT08, INT11).

4.2.7. The lack of a precise and proven 
business impact hinders 
long-term investments both 
by use case owners and 
ecosystem partners

There needs to be careful 
consideration for which use 

cases quantum advantage may be achieved 
(34). Even if quantum computers sufficiently 
develop to the state of quantum advantage 
over classical computers, it has been noted 
that areas of application must be carefully 
identified and quantum computers will still 
be unable to make all computations and 
simulations significantly faster, with certain 
problems remaining advantageous to be solved 
using classical computers and traditional 
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methods (5,34).53 Quantum computers are 
thought to be applicable for very specific 
questions and processes, suiting problems 
which require low inputs (not needing large 
datasets), low outputs and large complex 
analysis in the middle (INT06). For example, 
in chemistry this includes the ‘sweet spot’54 
to consider medium-sized inorganic catalysis 
research, this sort of application of quantum 
should have over classical computing and real-
world experiments (20). Some work has been 
completed to finding explicit examples where 
classical simulations are shown to benefit from 
quantum computing, such as boson sampling 
(45); however, proving this quantum advantage 
over classical computing is challenging (17,34). 

The identification of real-world applications 
(with a sufficient return on investment) has 
implications for adoption by industry. Two 
interviewees indicated that industry faces 
cost pressures and the need for short-
term returns on investment (INT08, INT11). 
Therefore, even with the advent of quantum 
advantage within the next five years, full scale 
adoption of quantum computing by industry 
will depend on how quickly they can get a 
return on investment (INT08).

There are also challenges associated with this 
trend; one interviewee noted that patience is 
required with the development of quantum 
hardware at a research level within companies 
(INT04). There may be a risk that if industry 
loses its patience and the public sector is not 
able to fund hardware through the ‘valley of 
death’, it will not be picked up and developed 

53 Just because quantum computers can be used to complete tasks and solve complex problems does not mean they 
should be (17). In some cases, the advantage of using a quantum computer over traditional methods or classical 
computing is unclear. Quantum computing must find niche real-world applications which classical computing 
cannot sufficiently address (INT04). For example, in molecular chemistry certain problems are irrelevant to use on a 
quantum computer if accurate experimental results are available, classical computational results are available, there 
are irrelevant industrial applications, or the problems are actually so complex in the real world quantum would not 
even speed up the analysis process (20). 

54 The ‘sweet spot’ between small molecules (e.g. light atoms) and large, complex molecules (e.g. protein complexes) 
(20).

(INT04). While there is significant investment 
from industry, several interviewees felt that 
industry often invests heavily in one approach 
to the detriment of other potentially promising 
approaches, which can result in unrealistic 
expectations of the chosen approach (or ‘hype’) 
and a failure to recognise potential strengths 
in other approaches (INT02, INT03, INT04, 
INT13). 

4.2.8. Potential risks 
associated with the use 
of quantum computers 
and simulators could have 

ethical implications and undermine trust 

While the potential benefits of quantum 
computing have been noted, the potential 
negative consequences of quantum 
technologies can ‘undermine trust, negate 
potential benefits, and may cause actual 
harms’ (78). The evidence suggests that 
although there could be issues related to trust 
in quantum computing, particularly as relates 
to cryptography and geopolitical risks (INT07, 
INT09), interviewees suggested any risks are 
not inherent to the quantum field (INT05), 
or its application within the life sciences 
domain (INT03). For example, concerns have 
been raised over how a large, fault-tolerant 
quantum computer has the potential to render 
many of today’s common encryption standards 
obsolete (79) and how quantum computing of 
sufficient capacity is likely to have ‘the ability 
to break existing cybersecurity protocols 
through rapid large-number factoring’ (78). 
Trust in quantum computers and simulators 
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and quantum technology more broadly is 
also invariably linked to trust in AI as a whole. 
Specifically, because quantum computing 
has the potential to enhance the pace of AI 
development, the same concerns raised by the 
application of AI – including concerns around 
transparency and interpretability, discrimination 
and bias, privacy and security, fairness, and 
trustworthiness – also exists within quantum 
computing (79). 

The lack of trust in the life sciences 
industry, particularly the negative societal 
perceptions of the ‘biopharma industry’, 
has been attributed to ongoing issues such 
as the perceived lack of transparency and 
issues surrounding pricing (80–82). While 
the pharmaceutical industry is making strides 
to address this lack of trust by introducing 
patient-centric approaches, the lack of trust 
in the industry is still persistent and pervasive 
(80–82). Mitigations for the combined effects 
of a lack of trust in the pharmaceutical industry 
and the lack of trust in quantum computers 

55 Involving society in science and innovation ‘very upstream’ in the processes of R&I to align its outcomes with the 
values of society.

and simulators should be put in place in order 
to support and accelerate the use of quantum 
computers and simulators in the life sciences. 

It has been noted that decision-makers 
should put in place governance mechanisms 
for quantum technology in order to ensure 
the maintenance of public values, such as 
privacy, safety, security, diversity and fairness 
(79). The adoption of responsible R&I55 
practices during development could help to 
ensure that these new products are socially 
desirable and embraced by the public (83). 
As potential use cases become clearer, it will 
be important to review possible effects that 
may raise concerns, and potentially to alter the 
trajectory of development and innovation (83). 
Two interviewees suggested that openness to 
research and collaboration across national 
boundaries would be important to foster trust 
in the quantum technology ecosystem (INT03, 
INT05).
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How are initiatives being 
adopted globally to strengthen 
the quantum technology R&I 
ecosystem?

The global policy landscape surrounding 
quantum technologies consists of a plethora 
of initiatives – including policy measures, 
strategies, actions and plans – aimed at 
strengthening quantum technology R&I at 
the national, regional and international levels. 
In this chapter, we discuss some of these 
initiatives that have recently been adopted in 
different countries and regions across 
 the world. 

A selection of quantum technology related 
R&I initiatives – including initiatives within 
the ten focus countries – is provided in Table 
14 in Annex B. In the sections below, drawing 
on the information contained in Table 14, 
we summarise some of the notable themes 
related to the development of initiatives, 
including the role of national governments, joint 
national initiatives, coopetition, and start-up 
companies in the quantum technology industry 
and ecosystem.

Box 11 Summary of key themes related to the development of initiatives 

National governments play a vital role in shaping the development and trajectory of 
the quantum technology R&I ecosystem.

Joint national and international initiatives support and strengthen the quantum 
technology R&I ecosystem.

The strategy of ‘coopetition’ among established companies in the quantum 
technology industry has resulted in mutually beneficial gains and growth in the 
industry. 

Start-up companies are adding dynamism and accelerating the pace of 
development in the quantum technology life sciences industry. 

CHAPTER 5
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5.1. National 
governments play a 
vital role in shaping 
the development 

and trajectory of the quantum 
technology R&I ecosystem
The first notable observation concerning 
initiatives being adopted globally to strengthen 
the quantum technology ecosystem has to 
do with the role of national governments in 
shaping the development and trajectory of 
the quantum technology R&I ecosystem. As 
highlighted in Chapter 1, currently national 
governments (specifically, public sector 
funders) are the key source of funding for 
quantum computer and simulator research. 
Several interviewees also highlighted 
the importance of large-scale national 
initiatives to support the general growth of 
quantum technologies, including quantum 
computers and simulators (INT06, INT07, 
INT08, INT09, INT10). While every industry 
relies on the state to provide the necessary 
policy and regulatory environment to enable 

its operations, an analysis of government 
interventions in quantum technology R&I 
shows that state initiatives in this instance 
have gone beyond simply enabling the 
industry’s activities, to actively promoting 
and fostering the development of the 
quantum technology industry. The quantum 
technology initiatives highlighted in Table 
14  are embedded in national policy goals 
and include initiatives such as convening 
stakeholders across academia and industry 
for R&D, facilitating translation of research 
into applications, developing human 
capital, with some governments explicitly 
acknowledging the need to consider ‘the 
ethical, social, legal and economic implications 
of quantum technologies and issues of privacy 
and equity’(4). Further initiatives involve 
‘establishing technology testbeds, supporting 
start-ups, strengthening the supply chain for 
components of quantum technology […] and 
creating market opportunities for quantum 
applications’ (4). Of particular note are national 
research funding initiatives, a selection of 
which are listed in Table 7 below.

Table 7 Selection of national quantum technologies research funding initiatives

Country Initiative Duration Amount Source

Australia Australian Research 
Council 2017–2024 US$98.59m (84, 4)

Austria
Ramp-up phase of the 
national R&D funding 
programme

2017–2021 US$39.6m (85, 4)

Canada Launch of National 
Quantum Strategy 2021 US$288m (86, 4)

China

Construction of the 
National Quantum 
Laboratory (NQL) in 
Hefei 

2017–2021 US$15.3bn (4)

Denmark 
Danish National 
Research Foundation 
research centres funding

2012–2026 US$48.9m (4)
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Country Initiative Duration Amount Source

Finland 

Investment in IQM by 
Business Finland 2020 US$4.0m (4)

Investment in VTT 
quantum computer 
project by Finnish 
Government

2020 US$25.0m (4)

Germany 
Quantum Technologies 
— From Basic Research 
to Market

2018–2022 US$786m (4)

The Netherlands
National Agenda for 
Quantum Technology 
(2019)

2021–2027 US$740m (4)

Sweden
The Wallenberg Centre 
for Quantum Technology 
(WAQCT)

2018–2027 US$118m (4)

Switzerland 

Swiss National Science 
Foundation funding 
of National Centres of 
Competence in Research 
(NCCR) 

2018–2021; 
2020–2023 US$16.8m; US$19m (4)

United Kingdom
UK National Quantum 
Technologies 
Programme

First phase: 
2014–2019

Second 
phase: 
2019–2024

First phase: 
US$540m

Second phase: 
£94m ($126m) in 
four quantum hubs, 
£93m ($125m) in the 
National Quantum 
Computing Centre 
(NQCC), £153m 
($205m) for Innovate 
UK’s Industrial 
Strategy Challenge 
Fund (ISCF) 
quantum projects, 
and at least £11.6m 
($15.6m) for centres 
for doctoral training

(87, 4)

United States
The NSF has established 
three quantum leap 
challenge institutes

2020 US$579m (88, 4)

In some countries, these initiatives are 
implemented through public–private 
partnerships. Examples of this are Denmark, 
which has benefited from research funding 

from the Novo Nordisk Foundation (4), and 
Sweden, where the Wallenberg Foundation 
plays an active role in Sweden’s quantum 
technology ecosystem in partnership with 
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industry and participating universities (89). 
However, for organisations working in the 
quantum technology industry, particularly 
in the life sciences, there are two additional 
considerations of note. First, as has been 
observed by Kung and Fancy (4), national 
strategies indicate support for the three 
primary areas of quantum technology 
(sensing, communication, computing), with 
a clear near-term emphasis on developing 
quantum communication technologies. This 
suggests that the quantum technology life 
sciences industry should consider engaging 
in measured lobbying activity to encourage 
the expansion of the remit of state support of 
quantum technology applications beyond their 
current focus to include life sciences, and/or 
continuing to collectively pull and re-direct life 
science industry resources towards further 
investment in quantum technology in the 
absence of targeted government support. 
Second, when considering the position of state 

actors in the quantum technology ecosystem, 
the role of ‘techno-nationalism’ – where 
nation states use their superiority in specific 
technologies rise up the global hierarchy and 
dominate other nations (90) – and the strategic 
implications of possible state control of this 
industry, in countries such as the United States 
and China (91), must be kept in mind.

5.2. Joint national 
and international 
initiatives support and 
strengthen the quantum 

technology R&I ecosystem
The second observable theme concerning 
initiatives being adopted globally to strengthen 
the quantum technology ecosystem has to 
do with the presence of joint national and 
international initiatives. These come in the form 
of multilateral and bilateral initiatives. A notable 
example of multilateral joint initiatives is the 
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EU which has achieved regional coordination 
in quantum technology through the Quantum 
Flagship initiative (92). The €1bn EU Quantum 
Flagship is one of the largest international 
funding frameworks for quantum technology, 
bringing together stakeholders in government, 
academia and industry from 32 countries 
within the EU and beyond (12). Launched in 
2018, the Quantum Flagship specifically aims 
to convene research institutions, industry and 
public funders to promote European research 
in the quantum field, with the goal of creating 
a competitive industry for commercialisation 
in Europe (3,4). Most recently, in January 
2022, the working group on education of 
the Quantum Flagship (QTEdu) published a 
competence framework for people working in 
quantum technologies (3) further informing 
policy development in this field across 
Europe and beyond. These activities have 
been supported by the Quantum Flagship 
Coordination and Support Action (QFlag), and 
the Quantum Community Network, a network 
of multipliers put in place to engage the large 
number of quantum technology stakeholders in 
Europe (3).

In the absence of a multilateral framework 
to support the quantum technology R&I 
ecosystem, several countries have put in place 
joint bilateral initiatives to support cooperation 
and to share expertise in quantum technology. 
Some recent examples include:

• France and the Netherlands: In 2021, 
France and the Netherlands signed 
a memorandum of understanding 
(MoU) with a key priority to intensify 
cooperation on quantum technologies 
(93). Within this area, the two countries 
aim to increase natural synergies between 
research ecosystems and support the 
development of European leaders and 
attract international talent (93). This will 
include the development of a governance 
scheme, a framework for exchanges and 

opportunities for co-financing and bilateral 
cooperation (93).

• Denmark and the United States: Denmark 
and the United States released a joint 
statement in 2022 on cooperation 
in quantum information science and 
technology (QIST) in order to support and 
advance areas of R&I such as quantum 
computing, quantum networking and 
quantum sensing (94).

• Finland and the United States: In 2022, 
Finland and the United States released a 
joint statement on cooperation in QIST 
(95). This agreement intended to use 
science, technology and innovation and 
promote QIST, which includes (but is not 
limited to) quantum computing, quantum 
networking and quantum sensing (95). 

• Sweden and the United States: Sweden 
and the United States released a joint 
statement in 2022 on cooperation in QIST 
(96). Similar to the Finland–United States 
joint statement, this agreement also sought 
to promote innovation and cooperation 
between the two countries pertaining to 
QIST (96).

• France and Australia: Silicon Quantum 
Computing, a Centre for Quantum 
Computation and Communication 
Technology (CQC2T) spin-off company 
partly owned by the governments of 
Australia and New South Wales, is working 
together with the French Atomic Energy 
and Alternative Energy Commission to 
build the first silicon quantum computer 
(4). 

• Denmark and Israel: Innovation Centre 
Denmark has an Innovation Centre in Tel 
Aviv which seeks to develop long-term 
collaborative projects focusing on a range 
of areas, including quantum technologies 
(97).
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• UK and Canada: A research partnership 
with the United Kingdom where Innovate 
UK and Natural Sciences and Engineering 
Research Council of Canada issued a 
joint UK–Canada quantum technologies 
call to link UK and Canadian collaborative 
partners in 2020 (98). 

• Australia and the United States: Issued 
simultaneously with Australia’s National 
Quantum Technology Strategy was 
a joint statement between Australia 
and the United States, stating the 
countries’ intentions to cooperate on 
quantum technology innovation and 
commercialisation, and to enhance each 
other’s quantum industry capabilities 
through improved market access and 
knowledge sharing (99).

The putting in place of multilateral and 
bilateral joint initiatives at the country level 
bodes well for the growth and development 
of the quantum technology R&I ecosystem. 
These initiatives not only allow for the 
sharing of quantum technology expertise 
and for the pooling of resources for quantum 
technology projects, they also form the 
preliminary foundation for establishing 
a unified, global approach to quantum 
technology industry standards. As explained 
in Chapter 3, (a) certain regulations and 
compliance requirements may present hurdles 
when applying quantum computing and 
simulators to industry; and (b) the potential 
risks associated with quantum technologies 
could have ethical implications and undermine 
trust (see Section 4.2.8 for more detail on 
potential risks and ethical considerations). 
Both these concerns can be addressed through 
global standardisation initiatives. As has 
been noted by the Quantum Communications 
Hub, ‘in order for quantum communications 
technologies to continue to be commercialised 
and become fully integrated into current 
communications infrastructure, development 

of industry-wide standards is crucial’ (100). 
Standardisation initiatives in the quantum 
technology space are still in their infancy (101). 
This means that there is scope of industry 
intervention in shaping the development of 
these standards. This is particularly important 
for the quantum technology in life sciences 
industry, which will have to consider not only 
technical quantum computing standards 
and best practice, but also contend with the 
unique regulatory environment of the global 
bio-pharma industry. As has been the case 
with other emerging technologies, as more 
and more bilateral and multilateral initiatives 
are put in place, a common approach and 
understanding around the legal, regulatory 
and governance considerations of quantum 
technology will need to be arrived at (102–
104). In this instance, quantum technology 
industry stakeholders should ensure they have 
a ‘seat at the table’ by engaging with developing 
standardisation initiatives. 

5.3. The strategy of 
‘coopetition’ among 
established companies 
in the quantum 

technology industry has resulted 
in mutually beneficial gains and 
growth in the industry 
A notable observation in initiatives being 
adopted globally to strengthen the quantum 
technology ecosystem is that the quantum 
technology life sciences industry displays the 
characteristics of ‘coopetition’. Coopetition 
is defined as collaboration between business 
competitors, in the hope of achieving mutually 
beneficial results (105). This practice is 
common in a wide range of industries (e.g. 
Apple and Samsung, DHL and UPS, Ford and 
GM, and Google and Yahoo!), and is driven by 
various considerations including saving costs, 
avoiding duplication of effort, and combining 
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efforts where a project is too big or too risky for 
one company to manage (105). In the case of 
the quantum technologies life science industry, 
several such strategic joint initiatives were 
identified. Among others, these include the 
partnership between Boehringer Ingelheim and 
Google, and between Oxford University, SEEQC 
and Merck KGaA.

• Boehringer Ingelheim and Google: In 2021, 
Boehringer Ingelheim, a European research 
and drug discovery company, became the 
first pharmaceutical company to partner 
with Google for quantum computing 
efforts to explore use cases and methods 
for quantum simulations of chemistry. 
Boehringer Ingelheim also created an 
internal lab to collaborate on how AI and 
quantum computing will integrate with their 
current R&D plans (106). 

• Oxford University, SEEQC and Merck 
KGaA: Oxford University joined a 
consortium led by the digital quantum 
computing company SEEQC to build and 
deliver a full-stack quantum computer 
for pharmaceutical drug development 
for Merck KGaA. The consortium was 
awarded a £6.85m grant, by ISCF to build a 
commercially scalable quantum computer 
designed to tackle prohibitively high costs 
within pharmaceutical drug development. 
The partnership seeks to accelerate 
the use of quantum computing within 
pharmaceutical research in order to reduce 
the development time required for drug 
production worldwide (107).

In addition to these and other initiatives, 
coopetition writ large is seen in the two main 
global quantum technology in life sciences 
consortia – the Pistoia Alliance and the 
QuPharm Alliance. 

• Pistoia Alliance: Founded in 2017, the 
Pistoia Alliance is a global, not-for-profit 
organisation aimed at lowering barriers to 

R&D innovation by providing a framework 
to enable straightforward and secure pre-
competitive collaboration for quantum 
technology development in the life 
sciences industry and beyond (108). With 
over 100 members, the Pistoia Alliance has 
implemented numerous projects including, 
most recently, the Unified Integrated 
Knowledge Base aimed at creating a 
community-led knowledge base for R&D 
application, instrument, data and services 
integrations(108). The key innovation of the 
Pistoia Alliance is the creation of a cross-
industry community of interest, benefiting 
smaller organisations that did not have 
the capacity or resources to engage in 
quantum technology R&D on their own 
(13,80).  

• QuPharm Alliance: QuPharm is an interest 
group comprising 17 pharmaceutical 
companies formed in 2019 to share 
research, ideas and expertise around 
quantum computing use cases in the 
pharmaceuticals industry (109). QuPharm 
collaborates with QED-C and the Pistoia 
Alliance, participating in conferences and 
events aimed at pooling information and 
expertise around quantum computing 
within the life science industry (110).

The reasons behind coopetition in the quantum 
technology industry in general, and the 
quantum technology life sciences industry 
in particular, are clear. As explained Chapter 
3, the quantum technology industry faces 
numerous challenges such as the need for 
further developments in quantum hardware 
and specialised quantum algorithms and 
the need for further investment in quantum 
materials. These, combined with the nascent 
and specialist nature of the industry, require 
collaborative effort to overcome in a manner 
that reduces costs, avoids duplication, 
and disperses risk. Strategies for individual 
companies in a coopetition scenario involve 
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measures to assess the relative gains of 
coopetition against the need to maintain 
competitive advantage. Arguably, significant 
individual competitive advantage in the 
quantum technology life sciences industry 
is still relatively low. For one, as explained 
in Chapter 1, quantum advantage is yet to 
be achieved by any individual company or 
organisation. The current state of the industry 
can therefore be described as a cooptative 
scenario in which ‘neither party has a special 
sauce at risk, but the parties’ combined 
ingredients create value’ (105). While issues 
such as competition and antitrust law, 
establishing scope and control, and negotiating 
the division of risks and gains would need to 
be considered (105), these should only arise 
in the long-term horizon as the industry is still 
developing. 

More significant to the quantum technology 
industry is how, in general, industry 
coopetition is currently being promoted 
as a means to overcome collective global 
challenges ranging from tackling COVID-
19 and climate change to resolving trade 
wars (105). In the same way, the present 
coopetition in the quantum technology life 
sciences industry is likely to be an effective 
strategy in addressing the numerous 
obstacles the quantum technology industry 
is yet to overcome, laying the prerequisite 
foundation for the growth and development 
of the quantum technology ecosystem. 
However, given the challenges related to 
collaboration between different disciplines and 
sectors working towards growing the quantum 
technology ecosystem identified in Chapter 3, 
expanding the scope of coopetition to include 
cooperation with industries and disciplines 

56 Other examples, in addition to those provided in Table 14, include ApexQubit – a Latvian-based biotechnology 
company that uses a proprietary technology based on quantum computing and AI to automate the drug discovery 
process (111); and Barcelona-based Pharmacelera, which is applying quantum theory to boost drug design via two 
primary software packages (112).

proximate but external to quantum technology 
is likely to expand and elevate the current gains 
associated with the observed coopetition in the 
quantum technology industry. 

5.4. Start-up companies 
are adding dynamism 
and accelerating the 
pace of development 

in the quantum technology life 
sciences industry 
Another theme of note in initiatives being 
adopted globally to strengthen the quantum 
technology ecosystem concerns the role of 
start-up companies, particularly in the life 
sciences industry. Most life sciences quantum 
technology initiatives highlighted in Table 14 in 
Annex B are from smaller start-up companies.56 
As explained by Jesemann, start-up companies 
are an important engine for innovation and 
are essential in the development of new 
industries, but they can only grow ‘if embedded 
in perfectly functioning start-up ecosystems’ 
(113). Clustering life science-related start-up 
companies and initiatives by country (as 
in Table 14) is useful in considering the 
efficacy of national strategies and policies 
to strengthen the quantum technology R&I 
ecosystem in this industry. This exercise 
showed the United States to have the most 
activity, with several quantum technology life 
sciences companies and initiatives identified in 
public searches. Canada, Denmark, Germany 
and the United Kingdom had fewer companies 
and initiatives while Australia, Finland, India and 
Japan each had only one company or initiative 
identified in public searches. While there 
are other factors to consider, most notably 
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country size (economically, demographically 
and geographically) and the overall business 
environment, the lack of any accessible 
and publicly availably reference to specific 
companies or initiatives in life sciences in 
countries such as Austria, China, Italy, the 
Netherlands and Sweden possibly indicates 
that (a) the quantum technology emphasis 
in these countries possibly lies elsewhere 
including in industries such as manufacturing, 
telecommunications and military applications, 
and (b) the strategies and policies put in place 
to strengthen the quantum technology R&D 
ecosystem have not yet resulted in tangible 
gains for the industry. However, the analysis in 
this chapter is non-exhaustive being (a) limited 
to publicly available sources in the English 
language, (b) limited to the countries selected 
for the table and (c) limited to publicly available 
data on companies and initiatives focused on 
life sciences, without considering these in light 
of the overall quantum technology industry 
activities in each country. 

What remains clear for industry incumbents 
in quantum technology is that promoting and 
nurturing the developing quantum start-up 
ecosystem is key to ensuring dynamism and 
accelerating growth in quantum technology 
adoption. This is particularly important in the 
life sciences industry which often has to deal 
with concerns around trust and transparency. 
Reducing barriers to entry, fostering 
cooperative partnerships with smaller, newer 
companies and the sharing of knowledge and 
expertise (e.g. as is being done by the Pistoia 
Alliance) will help to abate public concerns 
while co-creating an environment conducive to 
the growth and development of the quantum 
technology R&I ecosystem.  
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Concluding remarks and future 
outlook

With widespread interest in its long-term 
disruptive potential as a technology, there is 
a great deal of activity taking place across 
the globe relating to quantum technologies 
and specifically quantum computers and 
simulators. It is a growing ecosystem that is 
moving rapidly. Increased investments are 
occurring across the public and private sectors, 
with national governments currently serving 
as the main sources of funding for quantum 
computer and simulator research. Our analysis 
of global publication activity in the ecosystem 
demonstrates that research into quantum 
computers and simulators has dramatically 
increased over the last five years with a variety 
of academic institutions and companies – 
established and start-ups – active across 
Europe, Asia and North America. 

The overarching vision is that quantum 
technology will potentially enable 
fundamental breakthroughs in a number 
of fields to address challenges that are 
currently difficult to solve. Our research 
shows that although being a rapidly growing 
area of R&I, life sciences interest in quantum 
computers and simulators is still relatively 
modest and currently focused in specific 
areas. Nevertheless, while there are many 
and divergent forecasts regarding its benefits, 
broadly there is consensus that quantum 
computers and simulators promise a 
multitude of opportunities in the life sciences. 

Quantum computers and simulators are 
increasingly being developed, tested and 

applied to several domains, including quantum 
chemistry, drug design and discovery, 
biomolecular processes and molecular design, 
and genetics and genomics. Overall, beyond 
theoretical research, most life sciences 
applications currently appear to be at a 
prototype or proof of concept stage, where the 
technology is being tested on specific, small-
scale problems. To date, ‘quantum advantage’ 
has not yet been demonstrated for any 
application domain, and scalable applications 
of quantum computers and simulators will 
require progress across several areas. 

In the future, there are several broad life 
sciences areas in which quantum computers 
and simulators may offer significant benefits. 
These include: quantum chemistry, drug design 
and discovery, protein folding and dynamics, 
and genetics and genomics. In the longer 
term, the application of quantum computers 
and simulators within these areas could be 
used to design new materials and chemical 
compounds, such as pharmaceutical drugs, 
help develop novel biological products and 
drugs, accurately model molecular systems, 
and enable the creation of more targeted 
and personalised therapies. In particular, it is 
expected that the use of quantum computers 
for the simulation of chemical processes will 
optimise and significantly reduce the cost 
and time spent on development processes for 
medicine and other life science products.

In order to achieve quantum advantage for 
specific use cases, a number of challenges will 

CHAPTER 6
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need to be overcome over the next few years. 
Challenges span different domains including 
technical, skills related, collaboration, funding, 
regulatory and ethical. Technical challenges 
include the need for further developments in 
quantum hardware as well as the development 
of specialised quantum algorithms. A particular 
challenge identified across the evidence relates 
to the interdisciplinary nature of the application 
of quantum computers and simulators to the 
life sciences. This leads to challenges around 
the availability of relevant multidisciplinary 
skills at all levels, from education through to the 
workforce, as well as the need for collaboration, 
including between disciplines and sectors. 
Growing and nurturing this ‘knowledge 
infrastructure’ will be as crucial as investments 
in technical infrastructure to help the industry 
grow. Our research has explored scientometric 
approaches to monitor discipline and sector 
inclusion and provides a foundation through 
which to measure the success of interventions 
going forward. Funding challenges include 
targeting investment towards key underpinning 
technologies as well as encouraging 
synergies between private and public funding 
organisations, uncertain return on investment 
and business impact (particularly for 
smaller, newer players), and finding common 
ground between the science and business 
expectations of these investment. Finally, 
as with any emerging technology, there are 
risks around the development of quantum 
technology which could lead to potential 
negative consequences and undermine trust 
and public acceptance. However, the evidence 
to date suggests that the risks are not explicitly 
inherent to the field of quantum technology, or 
its specific application within the life sciences 
domain as such.

Signalling its long-term importance and 
potential impact, the quantum technology 
landscape consists of several initiatives 
that are targeted at strengthening the 

R&I ecosystem at national, regional and 
international levels. A variety of initiatives are 
being developed and adopted that include 
policy measures, formal strategies, actions 
and plans. The evidence suggests that 
large-scale national initiatives are playing an 
important role in supporting the growth of 
quantum technologies generally. In particular, 
government support is playing a vital role 
in actively shaping the direction of travel of 
the quantum technology R&I ecosystem, 
particularly through funding, investment and 
capacity building. Within the policy landscape, 
joint national and international initiatives, 
including bilateral and multilateral initiatives, 
support and strengthen the ecosystem and 
may also accelerate commercialisation and the 
development of global quantum technology 
standards. Within the life sciences industry, 
a noteworthy observation is the strategy of 
coopetition among established companies 
in the quantum technology industry, which is 
likely to result in mutually beneficial gains and 
progress within the wider quantum technology 
industry. The benefits of coopetition within 
the quantum technology life sciences industry 
relate to the challenges they face, such as the 
need for further developments in quantum 
hardware and specialised quantum algorithms 
as well as the need for further investment 
in quantum materials. These challenges, 
combined with the emergent nature of the 
industry, will require specialist collaboration to 
overcome in a manner that spreads risk, lowers 
costs, and minimises duplication. We also 
observed that the life sciences industry could 
consider engaging in discussions to encourage 
the growth of the remit of public sector support 
of quantum computers and simulators R&I 
beyond their current focus to include life 
sciences more actively, as well as continuing 
to collectively pull and re-direct life science 
industry resources towards further investment 
in quantum computer and simulator R&I.
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Successfully implementing quantum 
technology applications in the life sciences will 
require different stakeholders in the industry 
to come together. The research that we have 
carried out in this study is intended to be a 
‘living analysis’. As we have demonstrated, 
there are compelling signals to indicate that 
the connections between life sciences and 
quantum computer and simulator research will 
deepen over time. It is hoped that the analysis 
in this report can be updated to provide insight 
into developments as they happen. 

In Box 12, we use our analysis to summarise 
a set of potential activities to help enable 
the quantum technology (including quantum 
computers and simulators) – life sciences 
ecosystem in the future. Growing and 
nurturing the wider ecosystem will require 
a combination of activities, some of which 
are specific to the life sciences industry and 
others that are more general which horizontally 
apply across multiple sectors and industries. 
These activities are unlikely to be achieved by 
governments or industry alone and will require 
an active, multi-stakeholder approach.

Box 12 Summary of potential activities to help enable the quantum technology 
(including quantum computers and simulators) ecosystem

To help grow and nurture the quantum computer and simulator life sciences ecosystem will 
require a combination of activities, some of which are specific to the life sciences and quantum 
technology industries and others that are more general.

Focusing on developing and nurturing a diverse and skilled workforce within 
academia and industry – by training, reskilling and upskilling – is key to helping 
create an environment in which R&I can flourish and will help build a resilient 
pipeline of talent working at the intersection of the life sciences and quantum 
computers and simulators R&I: 

 » While investing in doctoral programmes (both government and private sector funded) 
related to quantum technology is vital to developing the much-needed ‘knowledge 
infrastructure’, it will not be sustainable to rely on this route as the primary source of 
skills and expertise in the long run. In this regard, the value of focusing on additional 
avenues of developing and retaining specialised talent – such as continual professional 
development, workplace learning through specialised courses and apprenticeships – 
cannot be overestimated.

 » In addition to technical skills related to quantum technology and the life sciences, non-
technical skills – such as business expertise and commercial and leadership skills – 
are needed to help commercialise the technology and its applications.

Stimulating the creation and continued support of inclusive, multi-stakeholder 
collaborations, particularly those that involve partnerships between industry, 
universities and government, will be critical to capturing a variety of perspectives 
and aid the development and eventual commercialisation of novel quantum 
technology applications in the life sciences:   

 » Successfully implementing quantum technology applications in the life sciences 
to tackle real-world problems at scale will require a multidisciplinary approach and 
the coming together – over several years – of different stakeholders in the industry 
including developers of platforms and algorithms, hardware developers and companies 
operating in the life sciences domain.
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 » Given some of the potential risks associated with the use of quantum computers 
and simulators in the life sciences, it will be important to incorporate relevant social 
sciences, ethical and legal perspectives, and to actively engage with the public as 
technological developments mature over the next few years.

 » This will help to foster trust, buy-in and shared responsibility for the development of the 
ecosystem and contribute to growing opportunities in the medium to long term.

At the country level, developing and/or participating in national and international 
quantum technology initiatives (e.g. policy measures, strategies, actions and 
plans) – including bilateral and multilateral initiatives with multiple stakeholders 
– will be important to support and strengthen the ecosystem and help develop 
the necessary technical infrastructure to address the future needs of the 
industry: 

 » In the long term, these activities will help create cross-cutting partnerships and 
effective governance frameworks, enable the adoption of responsible R&I practices, 
and may also accelerate commercialisation and the development of global quantum 
technology standards and frameworks for regulation.

Systematically capturing the lessons learnt from different activities in the 
quantum technology R&I ecosystem – on both ‘what works’ and ‘what does not 
work’ – and creating incentives to disseminate those lessons through various 
fora can help foster a culture of openness, transparency and knowledge sharing:

 » More broadly, learning lessons from different approaches to the oversight of other 
emerging technologies (current and historical) and adapting them to the distinctive 
quantum computers and simulators R&I life sciences ecosystem will help establish the 
enabling conditions within which businesses can flourish while benefiting society.

 » It will be important to adopt a tailored approach and carefully consider the local context 
within which the quantum computer and simulator R&I developments are taking place 
rather than adopting a ‘one-size fits all’ approach.

Given the relatively early stage of development of quantum technologies around 
the world (particularly in relation to the life sciences) and its potential to have 
a paradigm-shifting impact on society, it is important that key stakeholders 
involved are ‘patient’ and embrace a holistic, long-term and foresight-driven 
approach to its development and adoption:

 » Embedding flexible, evidence-based and forward-looking approaches will help: explore 
and test the uncertainty surrounding how the quantum technologies R&I landscape will 
evolve over the next few years (and decades); better understand and respond to the 
various factors shaping its development; recognise and adapt to potential risks and 
opportunities; anticipate and prepare for unintended consequences; and ensure the 
benefits of the technology are equitably distributed.
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Alongside the continuation of long-term public investment, incentivising private 
sector investment and nurturing the evolving start-up and small and medium-
sized enterprises (SME) ecosystem will be key to ensuring dynamism and 
accelerating growth in the application of quantum computers and simulators to 
the life sciences:

 » This could be achieved by approaches targeted at smaller, newer companies such 
as reducing barriers to entry; improving access to quantum technologies; through 
cooperative, supportive partnerships; through public procurement of quantum 
technologies; and the sharing of knowledge and expertise.

The life sciences industry could consider engaging in discussions with different 
public and private sector stakeholders to encourage the growth of the specific 
remit of public sector support of quantum computers and simulators R&I beyond 
their current focus to include the life sciences more actively, as well as continue 
to collectively pull and re-direct life science industry resources towards further 
investment in quantum computer and simulator R&I.
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Detailed description of methods

This section presents a detailed description 
of the methodological approach we adopted 
in the study. To reiterate, this report analyses 
the development and adoption of quantum 
computing technologies in the life sciences 
sector with a particular focus on quantum 
computers and quantum simulators, referred to 
throughout the report as quantum computers 
and simulators. The scope of the research 
encompasses different aspects related to 
the hardware and software components 

57 As noted previously, the broader topics of quantum sensing and quantum communication were not considered within 
the scope of the research, despite topics like quantum sensing potentially having applications within the life sciences.

required for operation. This includes topics 
such as quantum electronics, quantum 
software, quantum algorithms, quantum 
materials, and qubit control and engineering, 
and the applications of these topics to the life 
sciences.57 

The study, which included both qualitative and 
quantitative components, was conducted over 
four work packages as illustrated in Figure 4.

Figure 4 Work packages of the study and the associated methodologies to conduct the research

ANNEX A. 

WP1. Inception

Task 1.1: Scoping 
interviews

Task 2.1: Targeted 
literature review 
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WP4. Triangulation 
of evidence
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These work packages are discussed in detail 
below.

A.1. Work package 1: Inception
A.1.1. Task 1.1: Scoping interviews

We conducted scoping consultations with 
experts with knowledge of developments 
within the wider quantum technology 
ecosystem, including the life sciences. These 
consultations aimed to establish a robust 
baseline understanding of the landscape of 
quantum computing and simulators; and to 
obtain suggestions for initiatives, stakeholder 
interviewees and articles to consult in the 
next phase of the study. Topics covered 
with interviewees as part of this discussion 
included:

• Key trends, opportunities and challenges in 
the research, development and application 
of quantum computers and simulators 
(with respect to the life sciences).

• Key examples of (potential) applications of 
quantum computers and simulators in the 
life sciences.

• Potential strategies or policy measures 
that are being, or could be, adopted to 
strengthen the quantum technology R&I 
ecosystem.

We conducted three interviews using the online 
platform Microsoft Teams. The interviews were 
semi-structured in nature, which allowed us to 
ask similar questions to all interviewees but 
also enabled us to examine emergent issues 
during the conversation. We conducted the 
interviews under the principles of informed 
consent in line with the requirements of 
the EU General Data Protection Regulation 

58 A systematic review uses reproducible methods to comprehensively identify all relevant studies that answer a 
specific research question, which are selected using explicit criteria.

requirements and the Ethical Assurance for 
Social Research in Government principles.

A.2. Work package 2: Landscape 
review
A.2.1. Task 2.1: Targeted literature review 

We conducted a rapid evidence assessment 
of the literature to identify and analyse 
information on international developments 
in quantum computing and simulator 
research and applications. A rapid evidence 
assessment follows a similar process to 
a systematic review, but is more limited in 
scope.58 We sought to analyse key trends in R&I 
developments and potential applications, and 
to understand the general direction of travel, as 
well as the opportunities and challenges 

Conducting searches
We developed a search strategy, including 
identifying search terms and search criteria, 
presented in Table 8 and Table 9, respectively. 
The search was conducted using the 
Dimensions database, which we used to 
conduct the scientometric analysis. The 
literature review focused on the life sciences 
sector and covered developments in Europe, 
North America and the Asia-Pacific region. 
Where relevant, we also aimed to capture 
developments in other regions with strengths in 
the field. Furthermore, as the research focused 
on investigating quantum computers and 
simulators and their use in the life sciences, the 
search did not cover topics such as quantum 
communication (including teleportation and 
encryption) and quantum sensing. Because of 
this focus, for those quantum technologies that 
can be used for both quantum computers and 
simulators, and for other purposes (e.g. qubits 
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for sensing, quantum dots for cancer therapy), 
the search specifically targeted the use for 
quantum computers and simulators.59 The 
publication timeframe was restricted to 2017 
onwards to capture the most recent literature, 
and we only considered peer-reviewed 
academic publications (book chapters, 
articles, reviews and conference proceedings) 
published in English. We identified a total of 
1,661 potentially relevant studies for screening. 

In addition to the formal searches of academic 
literature, we conducted targeted searches 
of the grey literature (publicly available 
documents such as strategies, roadmaps, 
reports by think tanks and consultancies, 
government departments, international 

59 For example, from a topical point of view, the research did not focus on quantum dots and similar quantum 
technologies for therapies (cancer, drug delivery, fluorescent probes, etc.), but quantum dots as a tool for generating 
and controlling quantum states was within scope.

60 As far as possible, we endeavoured to rely on the peer-reviewed scientific literature as the primary sources of 
evidence, backing them up, where relevant, with evidence from the grey literature.

61 This included 27 from the rapid evidence assessment and 26 from the targeted searches.

organisations and professional associations).60 
We conducted searches in Google using 
a similar search strategy and inclusion 
and exclusion criteria. We also identified a 
small number of additional articles through 
‘snowballing’, where we scanned the reference 
lists of the articles already identified for 
inclusion, and through existing knowledge 
within the study team. From these we identified 
109 potentially relevant articles for screening. 

Screening
We screened articles by title and abstract for 
relevance against predefined inclusion and 
exclusion criteria and identified 53 articles that 
met the inclusion criteria.61 

Table 8 Search terms used in the literature review

Category Search terms Rationale

1 (‘quantum comput*’ OR ‘quantum simulat*’ OR ‘quantum 
bit’ OR ‘quantum technolog*’ OR ‘quantum algorith*’)

This set of search terms focuses 
on developments in quantum 
computers and simulators

2 (‘life sciences’ OR biolog* OR chem*OR molecul* OR 
cell*OR health OR medic* OR biomed*)

This set of search terms aims to 
focus on developments within 
the life sciences

3 (‘research and innovation’ OR R&I OR research OR 
innovation OR application* OR policy OR policies OR 
training OR education OR infrastructure OR collaboration 
OR fund* OR employ* OR skill* OR oversight OR regulat* 
OR governance OR standard* OR trust OR ethic* OR 
‘public engagement’ OR geopolitic*)

This set of search terms focuses 
on the innovation R&I ecosystem 
and policy contexts and 
challenges
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Table 9 Inclusion and exclusion criteria in the literature review

Criterion Include Exclude Rationale

Topic 
relevance

Studies addressing 
developments in quantum 
computers and simulators 
(including developments 
within hardware, 
software, algorithms), 
with a particular focus 
on innovation and 
applications within the life 
sciences

Studies focused 
on quantum 
communication 
(including teleportation 
and encryption), 
quantum dots, quantum 
sensing; studies without 
potential applications in 
the life sciences

To maintain the focus on 
quantum computers and 
simulators in the life sciences

Geography Europe; North America; 
the Asia-Pacific region

N/A To focus on the key regions 
outlined here but may include 
other regions where relevant

Year of 
publication

2017 onwards 2016 and earlier To capture the most relevant 
articles that address the 
research questions (these will 
most likely have been published 
in the last 3–4 years)

Study type Peer-reviewed journal 
articles and reviews, 
conference proceedings, 
grey literature with clear 
authorship

Documents without 
clear organisational 
authorship, theoretical 
work, book reviews, sub-
PhD level theses

To optimise the quality of 
sources in the literature search

Language English Other languages To identify English-language 
articles

Extraction
We extracted information from each included 
publication to facilitate cross-analysis. We 
independently recorded data about each 
selected publication meeting the inclusion 
criteria and developed an Excel extraction 
spreadsheet for consolidating and comparing 
relevant information drawn from the selected 
initiatives and schemes. We captured the 
following information:

• Type of quantum technology

• Application to the life sciences

• Developments in other disciplines of 
relevance

• Current trends in the research, 
development and application of quantum 
computers and simulators

• Future opportunities and challenges in the 
research, development and application of 
quantum computers and simulators

• Initiatives (e.g. policy measures, strategies, 
actions and plans) that have been adopted 
to strengthen the R&I ecosystem.

In addition to the 53 articles that were the 
result of the formal literature review screening 
process, we drew on information and data 
from approximately 130 other articles (e.g. that 
contributed to: the background and context 
section, the references for footnotes, websites 
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for the platforms, the references for the policy 
initiatives).

A.2.2. Task 2.2: Stakeholder interviews

To build on the targeted literature review, and 
provide a more in-depth understanding of 
the field, we carried out a series of interviews 
with key opinion makers, and stakeholders 
with knowledge of the quantum technology 
R&I ecosystem, focusing on the life sciences 
aspects. We conducted ten semi-structured, 
stakeholder interviews with senior experts 
within the wider quantum technology and 
life sciences R&I ecosystem covering 
academia, industry and the third sector. As 
noted previously, across the scoping and 
stakeholder interviews, we spoke to individuals 
in Europe and the United States who included 
the following profiles (in no particular order): 
CEO of a quantum computing software and 
algorithms company; senior executive and 
R&I expert at a national quantum initiative; 
senior executive at a biotech company 
using quantum technologies; CEO of a 
quantum computing software company; 
senior academic researcher specialising in 
quantum chemistry; senior executive at a 
national quantum technology consortium; 
senior academic researcher specialising in 
computational biology and bioinformatics; 
senior academic researcher and R&I 
expert specialising in quantum technology; 
senior academic researcher specialising 
in quantum biology and computational 
chemistry; senior executive at a technology 
company working at the intersection of the 
life sciences and quantum computing; senior 
academic researcher specialising in quantum 
computing; senior executive and R&I expert 
at a biopharmaceutical company; and senior 

62 All charts and tables were generated dynamically from queries to the Dimensions data set that have been captured in 
an associated set of Python notebooks.

researcher specialising in quantum chemistry 
at a quantum computing software company.

The aim of this engagement process was to 
establish a robust baseline understanding 
of the landscape of quantum computer and 
simulator developments and their applications 
in the life sciences, and to provide a more 
nuanced understanding of key emerging 
trends, potential challenges and opportunities 
(including growth areas), knowledge gaps, 
areas for further research, R&I needs, and 
potential strategies and policy measures 
to strengthen the quantum technology R&I 
ecosystem. By speaking to experts, we were 
able to obtain more in-depth and ‘on the 
ground’ insights into key developments and the 
policy context. We conducted the interviews 
using the online platform Microsoft Teams and 
they lasted up to one hour. We asked a similar 
set of topics as for the scoping consultations 
but also allowed for emergent issues to be 
discussed.

A.3. Work package 3: 
Scientometric analysis
Alongside the literature review and interviews, 
we carried out a comprehensive scientometric 
analysis of global quantum technologies 
research, focusing on quantum computers 
and simulators in the life sciences.62 This 
quantitative analysis complements the 
qualitative analysis. Below we provide details 
about the dataset, search strategy and 
methodological approach.

A.3.1. About the global dataset used in 
the analysis

To undertake the analysis, we used the 
Dimensions database as the global dataset. 
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Dimensions contains major blocks of 
interlinked data sources:

• Publications: the meta data backbone 
containing over 122 million records

• Grants: just under six million awarded grant 
records from over 600 funders in over 200 
countries. Grants data is obtained from a 
number of public sources, including Europe 
PMC, Gateway to Research and directly 
from funder organisations.63

These data sources are linked via references 
and citations. Data sources are further 
enhanced by identifying individual authors 
and institutions. Where sufficient metadata is 
present (usually title and abstracts,) records 
are classified against multiple external 
classification systems. 

Dimensions uses natural language processing 
models to classify individual research outputs, 

63 Dimensions also includes: patents (over 140 million records from 130 jurisdictions); clinical trials (almost 675,000 
clinical trials from registries including Australia, China, the EU, Germany, Iran, Japan, the Netherlands, New Zealand, 
South Korea, the United Kingdom and the United States); and policy documents (over 743,000 full-text grey literature 
reports from more than 200 bodies, including the WHO, FAO and the UK government).

including fields of research (FoR), units of 
assessment and sustainable development 
goals. This report uses the FoR Classification 
Scheme, which is designed to cover all areas of 
research, and is part of the Australian and New 
Zealand Standard Research Classification. The 
original FoR system has three levels (two-, four- 
and six-digit codes). The implementation in 
Dimensions categorises on two- and four-digit 
codes (148 different research areas).

A.3.2. Methodological steps

Determining an appropriate corpus of 
publications on which to focus the analysis – 
as is the case with most bibliometric studies 
– was a complex process. In our analysis, we 
employed the high-level approach shown in 
Figure 5 to assess quantum computer and 
simulator research.

Figure 5 High-level approach involved in the scientometric analysis

* The Novo Nordisk Foundation and Novo Holdings selected Canada, China, Denmark, Finland, Germany, The 
Netherlands, Sweden, Switzerland, the United Kingdom and the United States to be the ten countries of focus in the 
analysis.

Identify papers representing 
global quantum computer and 

simulator research

Analyse the papers to provide key 
insights (e.g. looking at countries, 

funders, companies and institutions 
involved in the research
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We first identified the cohort of papers 
representing quantum computer and simulator 
research using a search strategy developed in 
discussion with a subject matter expert.64 We 
then analysed the collection of papers returned 
using the structures available in Dimensions 
to provide insight into the countries, funders, 
institutions and companies involved in the 
research. For some of the country-level 
analysis, we also analysed quantum computer 
and simulator research for the following 
countries of focus selected by the Novo 

64 As noted previously, the search strategy was developed iteratively in collaboration with Dr Morten Bache, Scientific 
Director at the Novo Nordisk Foundation.

65 In addition, for parts of the analysis, we identified linkages between life sciences and quantum computer and 
simulator research based on incoming citations, as well as the disciplines of the researchers involved in the research.

Nordisk Foundation and Novo Holdings: 
Canada, China, Denmark, Finland, Germany, the 
Netherlands, Sweden, Switzerland, the United 
Kingdom and the United States.65 

A.3.3. Search strategy

Using Dimensions, quantum computer 
and simulator papers were selected via 
the following search strategy developed in 
conjunction with the Novo Nordisk Foundation 
and Novo Holdings:

(‘quantum computer’~1 OR ‘quantum computing’~3 OR

(‘quantum computation’~3 NOT (‘quantum chemical’ OR ‘quantum chemistry’ OR ‘quantum 
mechanical’)) OR

‘quantum simulator’~3 OR

(‘quantum simulation’ AND (qubit OR trap* OR ‘quantum information’)) OR

‘quantum processor’~3 OR ‘quantum neuron’~1 OR

(‘quantum gate’~2 NOT (‘split gate quantum’ OR ‘quantum dot gate’)) OR

((‘Z gate’ OR ‘cz gate’ OR (‘controlled not’ AND gate) OR (cnot AND gate) OR (‘controlled z’ AND 
gate) OR ‘toffoli gate’~1 OR (‘ccnot’ AND gate) OR ‘hadamard gate’~1 OR ‘pauli gate’~2 OR 
‘swap gate’~2 OR ‘fredkin gate’~3) AND (quantum* OR qubit)) OR

‘quantum material’ OR

(‘fault tolerant’ AND quantum) OR

(((‘quantum bit’ NOT ‘quantum bit error rate’) OR (qubit NOT (qubit NOT quantum)) OR qudit 
OR qutrit OR ‘transmon qubit’ OR (‘spin qubit’ OR (‘singlet-triplet’ AND qubit)) OR ‘qubit gate’~2 
OR ‘atom qubit’~2 OR ‘multiatom qubit’~2 OR ‘molecular qubit’~2 OR ‘ensemble qubit’~2 OR 
‘atomic qubit’~2) NOT (sensor OR sensing)) OR

((readout OR ‘charge noise’ OR ‘charge sensor’ OR ‘charge sensing’ OR ‘noise spectroscopy’) 
AND qubit) OR

((‘compressed sensing’ OR ‘state tomography’) AND quantum) OR

(‘quantum algorithm’~3 NOT (‘quantum monte carlo’ OR ‘quantum mechanical molecular 
mechanical’ OR ‘quantum mechanical’ OR ‘quantum molecular dynamic’ OR ‘quantum 
evolutionary algorithm’~2)) OR
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‘quantum programming’~3 OR ‘asymmetric quantum code’~2 OR (‘quadratic binary 
optimization’~3 AND quantum) OR ‘grover algorithm’ OR ‘grover search’ OR (‘shor algorithm’ OR 
(‘shor’ AND factorisation)) OR

‘quantum error correction’~3 OR

‘qubit fidelity’~3 OR ‘qubit gate fidelity’~3 OR

(‘qubit coherence’~3 NOT (‘qubit sensor’ OR ‘qubit sensing’)) OR ‘qubit decoherence’~3 OR 
‘quantum computer decoherence’~3 OR ‘quantum computer coherence’~3 OR

‘noisy intermediate scale quantum’ OR nisq OR

‘boson sampling’ OR

‘hybrid quantum architecture’~2 OR ‘hybrid quantum device’~2 OR (‘quantum circuit’~3 NOT 
‘short circuit’) OR

(‘quantum photonic’ AND computing) OR ‘coherent quantum photonic’~7 OR ‘quantum 
nanophotonic’~4 OR ‘nanophotonic quantum’~4 OR ‘quantum-photonic device’~3 OR

((‘spin photon interface’~3 OR ‘single photon quantum’~3 OR ‘generation single photon’~3 OR 
‘single photon source’~3 OR ‘photon indistinguishability’~2 OR ‘indistinguishable photon’~2 OR 
‘photon indistinguishable’~2) NOT (pet OR ‘computed tomography’ OR sensor OR sensing)) OR

(‘quantum information’~1 NOT (‘quantum gis’ OR ‘quantum geographic information system’ 
OR ‘quantum geographical information system’ OR ‘quantum metrology’ OR ‘quantum 
communication’ OR sensor OR sensing OR ‘quantum mechanical’)) OR ((‘quantum information’ 
AND (proces* OR science OR application* OR technolog*)) AND qubit) OR

‘majorana mode’~2 OR ‘majorana bound state’~3 OR (‘majorana fermions’~2 AND quantum) 
OR (‘zero energy mode’ AND quantum) OR (‘quantum device’ and majorana) OR (‘Andreev 
state’ AND nanowire AND superconducting) OR ‘majorana device’ OR (‘hybrid nanowire’~4 AND 
(topologi* OR majorana OR andreev)) OR ‘Majorana hybridization’~4 OR (‘quantum dot’ AND 
topological) OR

‘semiconductor superconductor nanowire’ OR ‘semiconductor superconductor hybrid 
device’~4 OR ‘superconductor semiconductor hybrid’~4 OR ‘superconducting nanobridge’~7 
OR (‘Josephson junction’ AND nanowire) OR ‘epitaxial superconductor semiconductor’~3 OR 
(‘coulomb blockade’ AND nanowire) OR

((‘ion trap’~2 OR ‘paul trap’ OR ‘kingdon trap’ OR orbitrap OR ‘ion coulomb crystal’~2) AND 
(quantum OR qubit OR entangle* NOT ‘quantum gravity’)) OR

((‘multipartite entangled’ OR ‘multipartite entanglement’ OR ‘continuous variable 
entanglement’~2 OR ‘quantum entanglement’~2 OR ‘quantum entangled’~2 OR ‘entangled 
state’ OR ‘entangled pair state’ OR ‘entangled photon state’~2 OR (‘fock state’ AND (entangl* OR 
atom*)) OR ‘entangled number state’ OR ‘entangled photon pair’~3 OR (entangle* AND gate)) 
NOT (((entangle* OR topol*) AND dna) OR (‘sensor’ OR ‘sensing’)))

)
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The search returns articles that match the 
phrases above either in the title or abstract. 
All article types in Dimensions were searched 
across all years, including book chapters, 
journal articles and preprints. Where it was 
possible to identify preprints that have 
also been published in journals, these were 
removed. This process identified 136,229 
publications in total.66

As was the case with the literature review, since 
the research focused on examining quantum 
computers and simulators and their use in 
the life sciences, the scientometric search did 
cover topics such as quantum communication 
(including teleportation and encryption) 
and quantum sensing. For those quantum 
technologies that can be used both for quantum 
computers and simulators and for other 
purposes (e.g. qubits for sensing, quantum dots 
for cancer therapy), the search was specifically 
targeted at their use for quantum computers 
and simulators. For example, the search 
parameters did not include quantum dots and 
similar quantum technologies for therapies 
(e.g. cancer, drug delivery, fluorescent probes), 
but quantum dots as a tool for generating and 
controlling quantum states was within the scope 
of the research. This choice of distinguishing 
quantum computers and simulators from 
quantum sensing and quantum communication 
is part of the reason for the relatively complex 
search string listed above. 

A.4. Work package 4: 
Triangulation of evidence
A.4.1. Task 4.1: Analysis, synthesis and 
reporting

In the final stage of the study, we collated and 
analysed the findings from work packages 

66 To help describe the evolution of quantum computer and simulator research, papers returned by the search strategy 
were also linked together on the basis of common citations (114) and then partitioned into clusters using a clustering 
algorithm that maximises well-connected communities within each cluster (115).

1, 2 and 3. The evidence from the focused 
literature review was cross-analysed with the 
observations from the scoping consultations, 
stakeholder interviews and scientometric 
analysis. The insights from the literature review, 
interviews and scientometrics formed the 
basis of the findings reported in this document. 
We have employed message-led headings 
to communicate the findings of the research 
and where relevant have included examples of 
initiatives to illustrate specific findings. 

A.5. Limitations of the analysis
The findings of this study are subject to some 
limitations related to the approach, the scope 
of the literature and the scientometric analysis. 

We conducted a focused review of the 
literature rather than a systematic review, 
and so we may have excluded important 
sources, either because we did not identify 
them through our search strategy or because 
they fell outside our inclusion criteria. We 
are confident, however, on the basis of our 
approach, our discussions with researchers 
at the Novo Nordisk Foundation and Novo 
Holdings, and our interviews with stakeholders, 
that our analysis provides a fair and relatively 
representative snapshot view of the current 
state of developments.

Although we aimed to capture a wide diversity 
of views through interviews with stakeholders, 
the number of interviews was limited, and so 
some views and perceptions may be under- 
or over-represented. It may be that other 
stakeholders would have different viewpoints. 
Nonetheless, we ensured we had sufficient 
coverage across stakeholder categories, 
including industry and academia. 
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As with all research assessment tools, 
bibliometric analyses are also subject to 
some common limitations. These should be 
borne in mind when interpreting the analysis 
presented in this report. Bibliometric analyses 
assume that citations are a proxy for research 
quality; however, publications can be cited for 
a variety of reasons (not all of which may be 
positive). Therefore, simply depending on the 
number of citations alone may not provide a 
completely accurate picture of the quality of a 
particular research area or field. There are also 
limits related to the coverage in bibliometric 
databases of some FoR, although those of 
interest in this study appear to be relatively well 

covered. Defining FoR is challenging and there 
are several ways in which this can be done, 
each with its own strengths and weaknesses. 
In this study, we have relied on a relatively 
holistic definition of quantum computers 
and simulators balanced by the inclusion of 
some specificities that was arrived at in an 
iterative manner after detailed discussions 
with a subject matter expert at the Novo 
Nordisk Foundation. Although we acknowledge 
that there are caveats associated with the 
approach, we think the method we have 
employed to build a global dataset of quantum 
computer and simulator publications provides 
a useful indication of research in the field. 
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Table 10 The number of quantum computer and simulator publications by year, 2000–2021

Year Number of publications

2000 1,429

2001 1,881

2002 2,447

2003 2,907

2004 3,156

2005 3,856

2006 4,273

2007 4,338

2008 4,421

2009 5,469

2010 5,147

2011 5,468

2012 5,847

2013 6,434

2014 6,787

2015 7,094

2016 7,705

2017 8,421

2018 9,462

2019 11,311

2020 13,090

2021 15,286

Source: Digital Science analysis of Dimensions publication data

Supplementary evidence 
associated with the analyses

ANNEX B. 
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Table 11 The top 30 most active countries in quantum computers and simulators research by 
number of publications between 2017 and 2021 (the 10 focus countries have been denoted in the 
list with an asterisk ‘*’; countries ordered by total number of publications)

Country 2017 2018 2019 2020 2021

United States* 1,077 1,204 1,538 1,896 2,152

China* 1,088 1,270 1,492 1,643 1,892

Germany* 533 530 618 760 824

United Kingdom* 452 426 471 495 586

India 229 273 463 421 593

Japan 283 285 376 442 495

Canada* 232 252 317 309 357

Russian Federation 186 207 275 333 317

France 216 237 249 280 315

Italy 209 211 248 286 321

Australia 205 197 234 229 271

Spain 176 203 193 229 294

Switzerland* 124 168 176 205 244

Netherlands* 116 142 167 180 192

Poland 117 134 129 169 195

Austria 127 118 134 132 180

South Korea 79 127 132 143 208

Brazil 116 107 122 148 132

Singapore 91 102 137 105 168

Iran 111 99 120 120 124

Denmark* 90 97 112 111 125

Israel 73 65 94 112 95

Sweden* 75 68 88 110 96

Saudi Arabia 37 42 45 75 80

Egypt 41 26 48 69 95

Finland* 33 40 38 55 86

Hungary 38 47 41 56 40

Czech Republic 34 31 48 46 62

Belgium 31 37 40 49 63

Turkey 20 32 29 43 58

* The ten focus countries, selected by the Novo Nordisk Foundation and Novo Holdings.
Source: Digital Science analysis of Dimensions publication data
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Table 12 The top 50 most active countries in terms of quantum computer and simulator outputs 
as a percentage of physical sciences output between 2017 and 2021 (the 10 focus countries have 
been denoted in the list with an asterisk ‘*’; countries ordered by percentage in 2021)

Country 2017 2018 2019 2020 2021

Bahrain 1.036 3.398 3.901 2.448 1.630

Austria 1.203 1.056 1.180 1.098 1.438

Singapore 0.763 0.826 1.091 0.800 1.261

Iceland 0.627 0.293 0.760 0.679 1.238

Switzerland* 0.675 0.902 0.932 1.019 1.190

Denmark* 1.006 1.011 1.137 1.048 1.146

Israel 0.983 0.831 1.194 1.347 1.122

Moldova 0.629 0.626 0.148 0.312 1.089

Germany* 0.702 0.677 0.773 0.925 0.964

Cameroon 2.959 1.358 1.385 0.865 0.955

Georgia 0.731 0.325 0.322 0.615 0.930

United States* 0.495 0.532 0.669 0.804 0.927

Netherlands* 0.644 0.754 0.864 0.868 0.897

Finland* 0.386 0.450 0.412 0.563 0.889

Poland 0.518 0.554 0.550 0.740 0.863

Canada* 0.624 0.646 0.786 0.713 0.809

Uruguay 0.575 0.263 0.131 0.530 0.795

United Kingdom* 0.698 0.635 0.680 0.673 0.779

Hungary 0.856 0.962 0.846 1.091 0.772

Spain 0.498 0.558 0.525 0.577 0.749

Luxembourg 0.306 0.298 0.454 0.745 0.738

United Arab Emirates 0.099 0.197 0.338 0.527 0.704

Bulgaria 0.302 0.138 0.447 0.316 0.693

Japan 0.417 0.396 0.510 0.597 0.684

Italy 0.475 0.472 0.530 0.568 0.641

Australia 0.588 0.521 0.578 0.535 0.639

Slovenia 0.124 0.232 0.340 0.335 0.631

Sweden* 0.502 0.442 0.572 0.662 0.570

France 0.393 0.434 0.460 0.503 0.567

Ireland 0.246 0.308 0.393 0.744 0.538

Malta 0.316 0.541 1.351 2.857 0.513

Greece 0.395 0.216 0.294 0.193 0.488
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Country 2017 2018 2019 2020 2021

Morocco 0.309 0.301 0.390 0.464 0.476

Belgium 0.247 0.287 0.311 0.358 0.453

Ukraine 0.151 0.322 0.198 0.407 0.440

Argentina 0.410 0.303 0.477 0.474 0.426

Brazil 0.438 0.366 0.403 0.456 0.409

China* 0.395 0.382 0.387 0.396 0.408

India 0.266 0.280 0.450 0.329 0.397

Qatar 0.335 0.128 0.168 0.282 0.392

Philippines 0.144 0.063 0.151 0.050 0.370

South Africa 0.281 0.228 0.236 0.360 0.340

Chile 0.362 0.323 0.302 0.345 0.337

Romania 0.081 0.229 0.211 0.226 0.328

Saudi Arabia 0.328 0.340 0.305 0.378 0.324

Portugal 0.153 0.156 0.203 0.161 0.306

Colombia 0.327 0.274 0.213 0.198 0.298

Mexico 0.347 0.232 0.347 0.393 0.282

Norway 0.066 0.052 0.109 0.245 0.267

Turkey 0.133 0.193 0.160 0.213 0.255

* The ten focus countries, selected by the Novo Nordisk Foundation and Novo Holdings.

Table 13 provides an overview of a selection 
of applications of quantum computer and 
quantum simulators in the life sciences. Some 
of the examples in the table are referred to 
at relevant points in Chapter 2. For most of 
the examples below, we have briefly outlined 
the life-science-related application as noted 
in the source material. For some examples 
related to hardware developments, no specific 

life science application has been noted in the 
source material, however, on the basis of our 
research, there could be potential applications 
to the life sciences domain in the future (e.g. 
related to drug discovery and personalised 
medicine) as hardware advances move 
towards developing fault-tolerant quantum 
computers.   
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Table 13 Examples of specific quantum computer and simulator applications in the life sciences 

High-level application area Specific application in the 
life sciences

Description of application

Drug design and discovery Gaussian boson samplers 
used to predict molecular 
docking for pharmaceutical 
drug design

Gaussian boson samplers are types of photonic quantum devices. They can be employed in 
combinatorial optimisation problems, which aim to identify large clusters of data (45). Molecular 
docking is a method to predict the optimal interaction between to molecules, by searching the 
configurational space of two molecules and then scoring each pose by using potential energy 
functions (45). Determining the stable ligand-receptor complexes is a key problem within drug design in 
the pharmaceutical industry (45). 
It has been suggested that Gaussian boson sampling can be used to solve this problem and predict 
accurate molecular docking configurations (45). This molecular docking is a central problem in drug 
design where docking configurations are needed to predict candidate molecules (45).

Drug design and discovery Quantum ML generative 
adversarial network (GAN) to 
generate drug-like molecules

The quantum GAN can be used to learn patterns in molecular datasets and generate small drug-like 
molecules (42). Quantum GAN with hybrid generator (QGAN-HG) or patched quantum GAN with hybrid 
generator (P-QGAN-HG) can learn molecular distributions and output an atom vector and bond matrix, 
to graphical representation of drug molecules (42).

Drug design and discovery Quantum ML quanvolutional 
neural networks (QuanNN) 
to assist with ML models for 
drug development 

These networks can be used to classify ligand-binding protein pockets into three groups, which assist 
with the development of quantum ML models in drug development pipelines (42).

Drug design and discovery Quantum ML variational auto-
encoder (VAE) to generate 
large drug molecules

Quantum VAE can be used to generate large drug molecules, by screening molecular datasets and 
generating probabilistic cloud of molecules (42).

Drug design and discovery Deutsch–Jozsa algorithm 
used to find errors in genome 
sequencing 

The Deutsch–Jozsa algorithm could be used on quantum computers to test if a nucleotide in a gene is 
sequenced correctly. The properties of a quantum computer allowed all four possible nucleotides to be 
encoded by two qubits. Then by comparing each nucleotide against a reference template, the algorithm 
can determine if there are errors in the sequenced gene (5).

Drug design and discovery Grover’s algorithm used for 
the localisation of a codon 
within a gene or genome 

A proof of concept application was completed in 2018 by constructing a three qubit sequence, which 
was then translated into an R code (5).
Grover’s algorithm applied on a quantum computer could be used to search for a specific qubit 
sequence within a gene or genome. Using a quantum computing system allows for a codon to be 
encoded by six qubits, and then the algorithm could search where this specific sequence of six qubits 
is in the gene or genome.
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High-level application area Specific application in the 
life sciences

Description of application

Drug design and discovery Using D-Wave Advantage 
systems in antiviral peptide 
designs 

In 2021, it was reported that Menten AI was using D-Wave quantum computing to assist in designing 
novel therapeutic peptides (116,117). COVID-19 has led Menten AI to consider using quantum annealer-
powered approach to explore antiviral peptides that may block the SARS-CoV-2 virus (116,117). 
Using the D-Wave Advantage system, Menten set out to design a peptide that could thwart infection 
by trapping viral spike proteins when they were in a closed state (116,117). Quantum assisted with 
the exploration of the huge combination space of possible amino acid compositions for chemical 
scaffolds (116,117). This made it possible to identify molecules which may be well suited for binding 
and inhibiting the protein spike (116,117).

Drug design and discovery Quantum-inspired algorithms 
for molecule discovery

OTI Lumionics uses computational approaches to molecule discoveries, trying to determine a 
molecule’s structures and properties (58). To choose the molecule to model, OTI starts with thousands 
of potential candidates and then narrows the list based on estimates or properties of molecular 
structure (58,118). Near-term benefits of OTI’s work included returns by helping companies derive 
quantum-inspired algorithms which can be applied on current classical computers (58). In January 
2021, within Microsoft’s QIO quantum-inspired service, OTI’s quantum-inspired algorithms used with 
Azure Quantum on classical hardware performed better than other classical methods on the same 
hardware (58,119).

Modelling Quantum computers and 
epidemiology models

In 2007, a quantum computer was used in an epidemic study to predict infection rates and spread 
of HIV virus in Chile (1986–2000) (5). Quantum’s superposition allowed unique analysis of the case, 
as each individual was encoded in the quantum model (1 = the person was infected with HIV, 0 = the 
person was uninfected, qubit in superposition = it was unclear if the person was infected, so they 
were being coded the value of 1 and 0 at the same time) and then ran the qubits through quantum 
gates (collapsing the qubits which were in superposition) (5). This created a model of the number of 
HIV cases and potential asymptomatic HIV cases, but this model differed significantly from official 
predictions so needed further adjustments in the future (5).

Simulations Hartree-Fock calculation 
using NISQ devices for 
chemical simulation and 
modelling 

In 2020, Google’s AI Quantum team conducted a large-scale chemical simulation, using a Hartree-Fock 
calculation to produce a model of the binding energies of H6, H8, H10 and H12 (41).
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High-level application area Specific application in the 
life sciences

Description of application

Simulations VQE used to create a 
simulation of BeH2 molecule 
(beryllium hydride) 

In 2017, researchers from IBM’s Thomas J Watson Research Center in New York have recently created 
a simulation of the BeH2 molecule (beryllium hydride) with quantum-based computation chemistry. 
They demonstrated that hardware efficient VQE on a six-qubit superconducting quantum processor 
is able to address molecular problems beyond period 1 elements, with the use of experimental 
optimisation of Hamiltonian problems in order to determine the ground-state energy of molecules of 
increasing size, up to BeH2. They demonstrated the flexibility of their approach applying it to a problem 
of quantum magnetism (antiferromagnetic Heisenberg model in an external magnetic field) (58,120). 

Simulations Hybrid quantum applications 
for de novo protein design 

Menten AI combines quantum computing, synthetic biology and ML to support the creation of new 
proteins (58,121). Menten AI partnered with D-Wave Systems in 2020 to support the building and 
running of hybrid quantum applications (122). The CEO of Menten AI said ‘We are using quantum to 
design proteins today. Using hybrid quantum applications, we’re able to solve astronomical protein 
design problems that help us create new protein structures. We’ve seen extremely encouraging results 
with hybrid quantum procedures often finding better solutions than competing classical solvers for de 
novo protein design.’ (122). 
This application of quantum computing could allow for the creation of better proteins to enable new 
drug discoveries (122).

Simulations Near-team quantum 
computing methods for 
chemical simulations

Zapata computing pioneered multiple of near-term quantum computing methods for chemical 
simulations and have developed a software platform with quantum libraries for chemistry, biopharma, 
ML (etc.) applications (58,123). Most recently Zapata has published a report on how the ground 
and exited state energies can be estimated using ‘classical-boosting’ and be combined with VQE 
Hamiltonian decomposition, resulting in the acceleration of ground-state energy estimations of closed-
shell homonuclear diatomic molecules (124). 

Simulations Large-scale protein-ligand 
interactions 

The use of symmetry-adapted perturbation theory (SAPT) is used to compute interaction energies 
between large molecular systems and hybrid methods (51). The SAPT (VQE) active space formulation 
requires only one and two particle density matrices to be measured on a quantum computer, and are 
computes as a classical post-processing step, which was shown capable of simulating systems with 
hundreds of atoms and hundreds of basis functions in the active space. SAPT naturally reduced the 
error included by solving the Schrödinger equation on a quantum computer.
In the future, a natural extension to this experiment will be to determine the second order SAPT terms 
to find accurate interaction, inductions and dispersion energies (51). Other questions include how to 
increase accuracy of the methods and gathering more challenging drug-protein systems (51).
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High-level application area Specific application in the 
life sciences

Description of application

Hardware developments Quantum annealing and 
quantum tunnelling

D-Wave Systems were pioneered 20 years ago with quantum annealing and using quantum tunnelling 
through barriers between different solutions to explore optimisation problems that may have 
algorithmic advantage (58). In September 2020, D-Wave launched the Advantage quantum system with 
more than 5.000 qubits and 15-way qubit connectivity, with an expanded hybrid solver services, which 
can run problems with up to one million variables (58,122). This launch also included a new hybrid 
solver, with a discrete quadratic model (DQM) solver to give developers and businesses to apply the 
benefits of hybrid quantum computing to new problems (122). In early 2020, it was announced that 
D-Wave collaborated with the German Jülich Supercomputing Centre (125). This machine is D-Wave’s 
most powerful so far with 5,000 quantum logic processing units and is the first to be installed outside 
of the company’s headquarters (125). The Jülich Unified Infrastructure for Quantum Computing aims 
to allow access to quantum computing systems for user groups across Europe (125).

Hardware developments Phosphorus-based silicon 
processors

In early 2020, researchers from University of Melbourne and University of New South Wales in Australia 
made a breakthrough to allow cheap production of quantum computers, showing a new method of 
embedding single atoms into silicon wafers (126,127). The new method allows scientists to count and 
direct phosphorus atoms one by one into specific locations, instead of previous methods where atoms 
were falling on chips (126,127).

Platforms Photonic platforms Xanadu and Imec have partnered together to develop photonic chips to active fault-tolerant quantum 
computers. This approach allows for the development of uniform silicon nitride circuits for error-
corrected qubits. On 2 September 2020 Xanadu offered cloud access to its photonic quantum 
computers (128). Customers are able to use the 8 or 12 qubit machine (128). Xanadu’s tools are 
available on GitHub and include Strawberry Fields and PennyLane (128).

Platforms Photonic platforms An idea proposed in 2021 was to combine photonic platforms with quantum information processing to 
allow gate operations to be implemented through a cluster state (129). 
If the cluster-state entanglements improved and there is a supply of states available through the 
Gottesman-Kitaev-Preskill encoding, then fault-tolerant universal quantum computing is possible with 
this platform approach (129).

Hardware developments Photonics PsiQuantum uses photonics approach, aiming to build the world’s first useful fault-tolerant, error-
corrected quantum computer (29). In 2021, PsiQuantum and their partners GlobalFoundries claimed a 
breakthrough using silicon photonic and electronic chips (130). 
PsiQuantum is said to be on its way to building a fault-tolerant quantum computer within a scalable, 
manufacturing environment (131). It is suggested that PsiQuantum’s approach will support designing 
life-saving drugs in a fraction of the time it would take a classical computer (132).
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High-level application area Specific application in the 
life sciences

Description of application

Hardware developments Solid-state spin quantum 
computers

Nuclear spins have exceptional quantum coherence and atomic-scale footprint, so they were among 
the first physical platforms to be used for quantum information processing (133). However, weak 
coupling remains was a key challenge for multi-qubit logic operators. This problem is being addressed 
by coupling multiple nuclei to a common electron spin and further process is being made by linking 
several defects via optical photons (133).
What remains to be developed is a pathway to exploit atomic-scale dimensions of nuclear spin qubits 
in order to engineer scalable quantum processors (133). Silicon is suggested as the natural system 
which could be used to develop these dense nuclear spin-based quantum processors (133).

Hardware developments Solid-state spin quantum 
computers

For fault-tolerant computers to solve hard problems there needs to be quantum error correction. 
Electron spin qubits in silicon are promising for large-scale quantum computer error correction 
but is limited in two-qubit date fidelity due to slow operations. In 2022, two-qubit gate fidelity was 
demonstrated to 99.5% in silicon spin qubits using fast electrical control, micromagnet-induced 
gradient fields, and tuneable two-qubit coupling (134). The Deutsch–Jozsa and Grover search 
algorithms has high success rates using this set of universal gates (134). This is an important step 
towards fault-tolerant quantum computation in silicon spin qubit (134).

Hardware developments Solid-state spin quantum 
computers

High-fidelity control of quantum bits is needed for the use of quantum algorithms and achieving fault 
tolerance. In 2022, it was reported that spin-based quantum processor in silicon with single qubit 
and two-qubit gate fidelities, above 99.5% (135). The high-fidelity gate set allowed the calculation of 
molecular ground-state energies for a VQE algorithm (135).
As the 99% barrier for two-qubit gate fidelity has been passed these semiconductor qubits could 
contribute to fault tolerance and application in NISQ devices (135). 

Hardware developments Superconducting qubits In November 2021, IBM announced its 127-qubit quantum computer, the Eagle processor (136,137). 
This pushed quantum processing past the 100-qubit barrier and is considered a key milestone towards 
practical quantum computation (137). 
Within IBM’s roadmap for scaling quantum computers it states a 1,000 qubit chip is targeted for the 
end of 2023 (16). This may support using quantum computers to solve more complex problems 
including linking genomes, drug discovery and improving protein folding predictions (57).
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High-level application area Specific application in the 
life sciences

Description of application

Hardware developments Superconducting qubits In October 2019, Google realised a landmark claim of reaching quantum supremacy (this claim 
was later challenged by IBM) (138). This claim was based on using a processor with programmable 
superconducting qubits, this creates states for 53 qubits with corresponding computation state-space 
(18). 
This experiment marks the first computation to be performed only on a quantum processor and it is 
expected that computational power will only continue to grow (at the rate equivalent to Moore’s Law) 
(18). This advancement has the potential to unlock new computation capabilities with the use of new 
creative algorithms (18), which (speculatively) may support the creation of algorithms related to the life 
sciences. 

Hardware developments Solid-state spin quantum 
computers

In 2022, an experiment from researchers at QuTech suppressed the 99% barrier for two-qubit gate 
fidelity (135). They used a spin-based quantum processor in silicon with single-qubit and two-qubit gate 
fidelity (135). 
This makes superconductor qubits well positioned to achieve fault tolerance and possible applications 
in NISQ devices (135). This may support the development of a quantum computer which in turn may 
open up more possibilities of using quantum computers in the life sciences.  

Hardware developments Semiconductor 
manufacturing 

In March 2022, Intel and QuTech scientists delivered the first qubit to be made from industrial 
manufacturing facilities as mass-produced computer chips (139). 
It is expected this breakthrough could lead to the production of qubit devices with high yield, uniformity 
and few detects (140). This may support advancements in chemistry, materials science and molecular 
modelling including drug discovery. 

Source: RAND Europe analysis
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In Table 14 below, we outline a selection of quantum technology initiatives at the national, regional and international levels. 

Table 14 Selected quantum technology R&I initiatives (including policy measures, strategies, actions and plans) 

Country or 
region

Initiative Description of initiative Example initiatives and companies specific to life 
sciences 

Australia National 
Quantum 
Strategy 
(2021)

In November 2021, the Australian government issued its Blueprint and Action Plan 
for Critical Technologies, which included quantum technologies as one of nine 
technologies for initial focus (141). The strategy provided a A$111m in investment 
into quantum technology, with A$70m set aside for a ‘quantum commercialisation 
hub’ aimed at fostering strategic partnerships and commercialising Australia’s 
quantum research (142). The strategy also established the National Committee 
on Quantum, to guide policy development as part of its overall National Quantum 
Strategy (141). 

Australian–German start-up company Quantum 
Brilliance is working to revolutionise in silico 
approaches to drug discovery with quantum-
accelerated molecular dynamics (143).

Austria Austrian 
Quantum 
Technology 
Initiative 

The Austrian Quantum Technology initiative has three strategic objectives. These 
are related to (a) increasing cooperation across Austrian researchers, companies 
in European and international initiatives; (b) enabling the development of quantum 
relevant skills and infrastructure; and (c) supporting the transfer of R&D results into 
value and demonstrators (144). Austria has an active research community, including 
the Erwin Schrödinger Center for Quantum Science and Technology and the Vienna 
Center for Quantum Science and Technology (144). These and other research 
centres have benefited from a combination of funding from the EU Quantum 
Flagship and from the Austrian government allocated €32.7m for the ramp-up phase 
(2017–21) of the Quantum Technology Initiative (4). 

None	identified	in	public	search.	

Canada National 
Quantum 
Strategy 
Consultations 
(2021)

Canada’s National Quantum Technology Strategy was spearheaded by launching 
a series of public consultations on its national quantum strategy in July 2021, and 
the accompanying allocation of C$360m in the 2021 national budget to launch 
the strategy (145). The strategy seeks to support Canada’s quantum technology 
industry and build the workforce needed to bolster Canada’s global position in this 
industry. The strategy builds on previous investment of C$1bn in quantum research 
and science from 2009 to 2020, mainly through competitive granting agency 
programmes (145). 

Toronto-based start-up company Netramark uses 
quantum ML algorithms for drug development, 
resurrection and disease definition (146).
Also based in Toronto is ProteinQure, a company 
combining quantum computing, reinforcement 
learning and atomistic simulations to design novel 
protein drugs. Using this mix of technologies they 
model essential processes, such as protein folding, 
and the underlying physics of interactions between 
biomolecules (147).
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Country or 
region

Initiative Description of initiative Example initiatives and companies specific to life 
sciences 

China 14th Five-
Year Plan 
(2021–2025); 
made in China 
2025; China 
Standards 
2035

China has embedded its strategies and policies around quantum technology within 
its five-year plans, including, most recently, the 14th Five-Year Plan (2021–2025) 
which identifies quantum technology as one of its priority technologies (148) and 
states its plans to increase R&D spending on these and other advanced technologies 
by 7% per year from 2021 to 2025 (149). China’s approach to quantum technology 
has also been highlighted in its 2015 strategic plan for its manufacturing sector 
‘Made in China 2025’ – China’s 2015 strategic plan for its manufacturing sector 
– and in ‘China Standards 2035’, both of which identify quantum technologies as 
areas of strategic focus (149). This focus on quantum technology was re-iterated by 
President Xi Jinping who emphasised the importance and urgency of advancing the 
development of quantum science and technology in his 2020 speech to the Chinese 
Politburo (148). China’s main initiatives include the construction of the NQL in Hefei 
which has received US$15.3bn of funding over five years from its launch in 2017 
(12). On the back of quantum technology successes – including the launching of two 
superconducting quantum computing systems, Zuchongzhi and Zuchongzhi 2.1, 
within a half year in 2021 – quantum computing in particular is cited as one of four 
technologies set to define China’s science and technology sector in 2022 (150). 

None	identified	in	public	search.	

Denmark No official 
national 
strategy or 
policy

Denmark is considered to have had a head-start in quantum technology built on the 
legacy of the founding father of quantum theory, Niels Bohr (15). This is reflected in 
the strength of the Danish research environment with Danish quantum researchers 
receiving a higher proportion of EU research funds than researchers in other 
fields, and Denmark having the highest number of graduates attending quantum-
related studies per million inhabitants in Europe (15). Despite these significant 
achievements, Denmark is one of the countries defined as not having a coordinated, 
fully fleshed-out national strategy. Instead it has various nationally focused 
initiatives, centred on R&D funding and investment (4). These initiatives include 
the Quantum Innovation Centre (Qubiz), which received US$12.8m in funding from 
Innovation Fund Denmark to promote scientific research for quantum technology 
in 2016; the Niels Bohr Institute at the University of Copenhagen; the Solid-state 
Quantum Simulators for Biochemistry (Solid-Q) and Quantum for Life funded by the 
Novo Nordisk Foundation; and Microsoft’s Quantum Labs situated in Copenhagen 
and Lyngby (4). These and other initiatives have been established in a quantum 
technology ecosystem described as consisting of three layers (i): producing, 
supplying and distributing quantum technology; (ii) standardising and using the 
technology etc.; and (iii) broader business ecosystem of funding, regulating, 
researching etc. (15). 

In addition to being a global leader in this industry, the 
Novo Nordisk Foundation has funded two new centres 
and collaborations: Solid-state Quantum Simulators for 
Biochemistry (Solid-Q) and Quantum for Life (151).

Danish start-up Molecular Quantum Solutions (MQS)
provides computational tools to accelerate R&D efforts 
by the pharmaceutical, biotech and chemical industry 
(152).



103

Country or 
region

Initiative Description of initiative Example initiatives and companies specific to life 
sciences 

Finland No official 
national 
strategy or 
policy

Similar to Denmark, Finland has no official national strategy, having instead 
significant government-led or endorsed initiatives (4). Most recently, the Finnish 
Ministry of Economic Affairs announced its funding of a new project to build the 
country’s first quantum computer for the VTT Technical Research Centre of Finland 
until 2024 (153). Also announced in early 2022 is the launching of a new three-
year research project – QuTI. Coordinated by VTT, QuTI consists of 12 partners 
and has a total budget of around €10m, partly financed by Business Finland (154). 
The project scope covers the full value chain of quantum industry from materials 
and hardware to software and system-level solutions (154). Finnish researchers 
are described as strategically focusing almost exclusively on the superconducting 
qubit approach (153). Additionally, the country focuses on obtaining strategic 
advantage by taking quantum technology from research to industrialisation through 
its start-up ecosystem, most notably through the successful commercialisation of 
superconducting quantum interference devices (Squids) and terahertz spectroscopy 
and terahertz imaging (153). 

Finnish start-up Algorithmiq is set to develop noise-
resilient quantum algorithms for a wide range of 
practical applications starting with drug development 
(155). 

France National 
Strategy for 
Quantum 
Technologies 
(2021)

In January 2021, France announced its new Quantum Plan aimed at providing a 
framework for industry and research to make the country a key player in quantum 
technology (156). The Quantum Plan has received €1.8bn of funding, and provides 
for actions in support of research (especially for quantum computers, sensors and 
communications), industry, and academic and professional training (156). In addition 
to a focus on talent and training, the plan includes a call for projects via program 
and equipment for priority research’ (PEPR); the development of manufacturing 
platforms and a quantum metrology platform; and public procurement of quantum 
technologies for computation and defence (4). More recently, in early January 2022, 
the French government launched a new programme to link quantum machines and 
supercomputers. The platform, which will be installed at the High Performance 
Computing Centre at the French Atomic Energy Commission, was announced 
jointly with France’s Armed Forces minister, reflecting military interest in quantum 
technologies (157). 

Headquartered in Paris, French start-up company Qubit 
Pharmaceuticals seeks to accelerate drug discovery 
using quantum physics and high performance 
computing (158).
Also based in Paris is Aqemeia, a silicon drug discovery 
start-up that strives to discover more innovative 
therapeutic molecules using deep physics and AI (159). 
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Country or 
region

Initiative Description of initiative Example initiatives and companies specific to life 
sciences 

Germany Quantum 
Technologies 
– From Basic 
Research to 
Market (2018) 

Germany’s national quantum technology strategy was launched in 2018 with a 
budget of €650m (2018–22) to support its quantum technologies framework (4). 
The strategy consists of six strategic goals: to : (i) expand the research landscape, (ii) 
to create research networks for new applications; to (iii) establish lighthouse projects 
for industrial competitiveness; to (iv) ensure security and technological sovereignty; 
(v) to shape international cooperation; and to engage the people of their country (12).
Following on from this initial strategy, in May 2021, Germany’s Science Minister 
announced that the country is to invest €2bn in quantum computing and related 
technologies over five years, with the education and research ministry committing 
€1.1bn by 2025 for R&D, while the economy ministry will contribute €878m 
to develop applications (160). This has been referred to as ‘one of the biggest 
spending plans of its kind in the world’ (160), following on the heels of similar public 
expenditure in quantum technology announcements across Europe. 

Australian–German start-up company Quantum 
Brilliance is working to revolutionise in silico 
approaches to drug discovery with quantum-
accelerated molecular dynamics (143).
German start-up company HQS Quantum Simulation 
provides software for material scientists in the 
chemical industry and academia that incorporates 
quantum-level models of the properties of molecules 
and materials (161).
Based in Berlin, Creative Quantum develops quantum 
mechanics-based R&D for the chemical and 
pharmaceutical industries, with research support from 
the Humboldt University Berlin, University of Potsdam 
and the Leibniz Institute for Catalysis (162).

India National 
Mission on 
Quantum 
Technologies 
& Applications 
(2020)

India’s National Mission on Quantum Technologies & Applications focuses 
on fundamental science, translational research, technology development and 
entrepreneurship in computing, materials, communications, sensing and metrology 
(163). With a budget of ₹80bn (US$1.08bn) over 5 years (2020–2024), the national 
mission is set to establish 4 research parks and 21 quantum hubs to conduct basic 
and translational R&D, technology development, training and start-up incubation 
(4). This funding is set to support various programmes to advance its capabilities 
in quantum information and meteorology, quantum applications and materials, and 
quantum communications (164). With ambitions to develop a quantum computer 
with 50 qubits by 2026, the country’s quantum technology landscape is growing, with 
enterprise adoption projected to expand from 1% in 2022 to 35–45% by 2030 (164).

Quantumzyme is an Indian-based biotransformation 
company, focused on clean and green chemistry and 
research to enhance enzyme activity, selectivity and 
specificity by applying novel quantum mechanics, 
molecular modelling and engineering approaches (165).
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Italy No official 
national 
strategy or 
policy

Italy does not have an official national strategy. The country’s government focuses 
instead on fostering partnerships to develop quantum technologies. Most notably, 
in 2019, Italy’s National Institute for Metrological Research constructed a fibre-optic 
Italian Quantum Backbone from the French border, through Turin, Milan, Florence, 
Bologna, Rome and Naples to Matera (166). This infrastructure is described as 
serving as a testbed for the EU quantum key distribution (QKD), gravity measurement 
and space geodesy (4). In addition to this initiative, Italy fosters partnerships within 
the EU through Italian institutions, and companies are participating in EU Quantum 
Flagship, OpenQKD and QuantERA with Italy also being a signatory on the European 
Quantum Communication Infrastructure (EuroQCI) declaration (4).

None identified in public search. 

Japan Quantum 
Technology 
Innovation 
Strategy 
(2020)

Japan launched its Quantum Technology Innovation Strategy in January 2020, 
outlining its principles and strategies for the next 10–20 years and allocating an 
initial 5-year budget of US$960m (4). The strategy aims: to develop roadmaps for 
four priority technological areas (quantum computing and simulation, quantum 
sensing and metrology, quantum communications and cryptography, quantum 
materials) for strategic support; to develop roadmaps for three integrated innovation 
areas (quantum AI, quantum biotechnology, quantum security) as the most 
important areas of future development for Japanese industry; and to establish 
five more quantum innovation centres (4). These efforts have borne fruit, with the 
most recent success being the announcement of a key step in the development of 
a quantum computer using photons by a team of Japanese scientists in December 
2021 (167). These and other research activities are in line with initiatives: the 
Ministry of Education’s 10-year (2018–2027) Quantum Leap Flagship Program; the 
New Energy and Industrial Technology Development Organization’s 10-year (2018–
2027) Project for Innovative AI Chip and Next-Generation Computing Technology 
Development; and the cross-ministerial Strategic Innovation Promotion Program (4).

Japan’s Quantum Technology Innovation Strategy 
includes quantum biotechnology as one of its three 
integrated innovation areas (4).
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The 
Netherlands

National 
Agenda for 
Quantum 
Technology 
(2019)

The Netherlands launched its national agenda for quantum technology in September 
2019 (168) committing €23.5m to the national agenda in February 2020 (4). The 
agenda consists of four ‘action lines’: (i) R&I in both hardware and software in 
quantum computing, sensing and communication; (ii) developing a full ecosystem 
with research infrastructure, local hubs and international cooperation; (iii) developing 
human capital through education; and (iv) creating broader awareness (168). 
The agenda also includes three catalyst programmes aimed at accelerating 
the development of quantum technology, namely: (i) building the first European 
quantum computing platform, with application development; (ii) creating a national 
quantum network with links to EU and space; and, (iii) developing quantum sensing 
applications (168). With the blueprint of the agenda in mind, the Netherlands 
established five interdisciplinary and multi-section innovation hubs: Quantum Delft; 
Quantum Amsterdam; Center for Quantum Materials and Technology Eindhoven; 
Applied Quantum Algorithms, Leiden; and a hub at University of Twente focused on 
nanotechnology for quantum applications (4). 

None	identified	in	public	search.	

Singapore Quantum 
Engineering 
Program (QEP) 
(2018)

Singapore’s QEP was launched in 2018 to fund research and ecosystem-building 
towards applying quantum technologies to solve user-defined problems (169). 
Hosted by the National University of Singapore (NUS), the QEP’s work is focused 
over four pillars: quantum sensing, quantum communication and security, quantum 
computing and the establishment of a National Quantum Fabless Foundry (169). 
Supported by the National Research Fund the QEP has been allocated SG$121.6m 
(US$90.9m) in funding from 2018 to 2025 (4). Singapore is also focusing on 
partnerships with industry to achieve the QEP’s goals. For example, the NUS 
partnered with Singtel Cyber Security R&D Laboratory, set up in 2016 to develop QKD 
technology for the telecom’s fibre network (4).

Entropica Labs is a Singapore-based start-up building 
cloud-based quantum computing software and 
algorithms for bioinformatics. Their platform integrates 
multi-omics datasets and phenotypic measurements 
with hybrid classical-quantum ML methods (170).
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South Korea Quantum 
Computing 
Technology 
Development 
Project (2019)

Launched by the South Korean Ministry of Science and ICT in 2019, the Quantum 
Computing Technology Development Project is a five-year project aimed to ensure 
the continued competitiveness and strategic advantage of South Korea’s ICT industry 
(4). The project has two primary focus areas. First, it seeks to develop the core 
hardware for quantum computers and simulators with the goals of implementing a 
practical 5-qubit machine with 90% reliability by 2023 and demonstrating use cases 
for quantum simulators with societal and economic benefits. Second, it develops the 
software needed for quantum computers, such as new architectures and algorithms 
(4). This initiative was supported by the announcement of South Korea’s post-COVID 
‘Digital New Deal’, which includes the piloting of a national-wide QKD network (171).

ID Quantique and SK Broadband (a South Korean fixed-
line telecommunications media service company) were 
selected to build a pilot QKD infrastructure in Korea to 
enhance security in 16 use cases in the public, medical 
and industrial sectors, as part of the digital new deal 
initiative (172).
PharmaCADD is a South Korean start-up that 
developed ‘Pharmulator’ – a platform that operates with 
deep neural network algorithms, molecular dynamic 
simulation and quantum mechanics computation as 
key technologies – to reconstruct 3D protein structure 
from amino acid sequence within seconds (173).

Sweden No official 
national 
strategy or 
policy

As with Denmark and Finland, Sweden has no national strategy. However, there 
are numerous government-led or endorsed initiatives developing and advancing 
quantum technology in the country. In particular, the WAQCT aims to build a 
100-qubit quantum computer in ten years, establishing an excellence programme to 
support research in quantum computing, simulation, communication and sensing 
(4). These activities are supported by funding of US$118m over ten years (2018–
2027), with US$70.9m from the Wallenberg Foundation and the rest from industry 
and participating universities (89). 

None identified in public search. 

Switzerland No official 
national 
strategy or 
policy

In the absence of an official national quantum technology strategy, the Swiss 
Science Council published a white paper entitled ‘Quantum technology in 
Switzerland’ (174) to provide recommendations on how Switzerland can best exploit 
quantum technology to its national strategic advantage. The recommendations 
were centred on the need for continued support for basic research and education 
of new talents, together with technology transfer through increased communication 
and coordination among academia, start-ups, venture capital and potentially 
affected industry sectors (174). Additionally, it was recommended that the Swiss 
government support these efforts by addressing the security implications of 
quantum technology in various domains (such as data and communication systems, 
critical infrastructures or military applications) (174). In line with the SCC’s white 
paper’s recommendations, the Swiss National Science Foundation currently funds 
two NCCRs focused on quantum research — NCCR QSIT (Quantum Science and 
Technology) and NCCR SPIN, whose goal is to develop a silicon-based quantum 
computer (4). Significantly, Switzerland is home to IBM Research – Zurich, a 
significant quantum research hub that includes multiple EU-funded projects (4). 

ChemAlive is a Swiss company focused on applying 
a mix of technologies, including quantum mechanics 
calculations and ML, for accurate prediction of 
chemical reactions and molecular properties, as well as 
modelling processes for drug discovery research (175).
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United 
Kingdom

National 
Strategy for 
Quantum 
Technologies 
(2013 – phase 
1; 2020 – 
phase 2)

In 2013, the United Kingdom announced an investment of £270m over five 
years into the National Quantum Technologies Programme (NQTP) (87). Years 
ahead of most countries, the programme aimed at accelerating the translation 
of quantum technologies into the marketplace, boosting British business, and 
making a real difference to our everyday lives (87). The NQTP entered ‘Phase 2’ 
in 2020, receiving a further £1bn plus public–private investment ten-year budget 
(2014–2024). Along with additional funding, Phase 2 of the NQTP renewed its 
goals to include: stimulating market growth, unleashing innovation, and growing a 
thriving ecosystem; maintaining and building the UK’s excellence in research and 
technology; building a resilient network of national assets and mutually beneficial 
international relationships; and growing, attracting and retaining talent (4) As part of 
the NQTP, four national quantum technology hubs were established – UK Quantum 
Technology Hub Sensors and Timing, QuantIC (quantum-enhanced imaging), 
Quantum Computing & Simulation Hub (formerly Networked Quantum Information 
Technologies Hub) and the Quantum Communications Hub (87). Further UK 
quantum technology initiatives include the NQCC, launched in September 2020 to 
address the challenges of scaling up quantum computing, and the National Physical 
Laboratory which opened the Advanced Quantum Metrology Laboratory in 2021 
(4). More recently, in 2021, the ISCF issued several quantum technology challenges, 
including ‘Commercialising Quantum Technologies’, investing £153m (supported by 
£205m from industry) to develop new products and technologies based on advances 
in quantum science (176).

The British company Cambridge Quantum is beta-
testing EUMEN, a quantum-computational chemistry 
package and development ecosystem aimed at 
facilitating the design of pharmaceuticals, speciality 
chemicals, performance materials and agrochemicals 
(177).
Kuano is a British start-up company that is developing 
AI and quantum solutions for designing molecules. The 
company is set to work with Amazon Web Service to 
run the quantum and molecular simulation, exploring 
antiviral drug similar molecules against SARS-
CoV-2 main protease as part of the COVID-19 High 
Performance Computing Consortium (178).
Riverlane is a Cambridge-based start-up company that 
uses technology across a range of quantum computing 
hardware platforms, establishing commercial relations 
with early adopters in materials design and drug 
discovery (179).
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United States National 
Quantum 
Initiative Act 
(2018)

The National Quantum Initiative was signed into law in December 2018, with the 
aiming of ‘ensuring the continued leadership of the United States in quantum 
information science and its technology applications’ (180). Its main objectives 
are: (i) to develop the scientific approach to solve the challenges identified for 
transformative progress; (ii) to develop a quantum workforce that can meet the 
growth of the industry; (iiI) to promote industry engagements to create public–
private partnerships; (iv) to promote economic growth; (v) to ensure national 
security; and (vi) to promote and develop international partnerships and collaboration 
(4). The National Quantum Initiative Act allocated up to US$1.275bn in spending 
across the Department of Energy, the NSF and the National Institute of Standards 
and Technology (12), and is steered by the National Quantum Coordination Office 
(180). Of the numerous quantum technology initiatives in the United States, NSF’s 
three quantum leap challenges – Q-SEnSE: Quantum Systems through Entangled 
Science and Engineering; HQAN: Hybrid Quantum Architectures and Networks; and 
the Institute for Present and Future Quantum Computing – are notable examples of 
the use of multidisciplinary research to educate a quantum-ready workforce (4). Also 
notable are the US National Institute for Standards and Technology, which maintains 
a webpage entitled Quantum Algorithm Zoo that contains descriptions of more than 
60 types of quantum algorithms (181).

ODE is a social enterprise company seeking to solve 
non-deterministic polynomial time hardness chemistry 
problems with quantum algorithms (182).
Polarisqb is a US-based company that uses quantum 
computing, AI, ML and personalised medicine to 
support drug development (183).
Based in Boston, QSimulate uses quantum simulation 
to address challenges in the pharmaceutical and 
chemistry spaces (184).
Zapata Computing builds enterprise quantum software 
including solutions tailored to the biopharma industry in 
the areas of optimisation, machine leaning, simulation 
and modelling (123).
Cloud Pharmaceuticals is a North-Carolina-based 
company applying a set of computational technologies, 
including cheminformatics, ML and quantum 
mechanics, to accelerate and improve the drug 
discovery process (185).
FAR Biotech is a Texas-based quantum start-up 
company that applies quantum mechanics and ML to 
identify drug-like molecules (186).
California-based Qulab has built an integrated AI-
powered drug design and chemical synthesis planning 
platform, Quleap, which currently works on classical 
computers and already provides high precision 
modelling capabilities for the pharmaceutical partners 
(187).
Headquartered in San Francisco, Menten AI is a drug 
discovery company focused on designing peptides 
for conditions with high unmet medical need using 
computational methods for protein design that leverage 
ML and quantum computing (121).
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European 
Union 

European 
Quantum 
Flagship 
Programme 
(2018)

The €1bn EU Quantum Flagship Programme is the largest international funding 
framework for quantum technology, bringing together stakeholders in government, 
academia and industry from 32 countries within the EU and beyond (12). Launched 
in 2018, the flagship programme specifically aims to convene research institutions, 
industry and public funders to promote European research in the quantum field, 
with the goal of creating a competitive industry for commercialisation in Europe 
(3,4). Exemplar initiatives funded through the flagship programme include 
QuantERA (a consortium of research funding agencies across 27 countries that 
coordinate international, interdisciplinary funding) and OpenQKD (a consortium of 
industry, university and national institutes from countries working to advance QKD 
technology) (4). Most recently, in January 2022, the working group on education of 
the flagship programme (QTEdu) published a competence framework for people 
working in quantum technologies further informing policy development this field 
across Europe and beyond (3). These activities have been supported by QFlag, the 
Quantum Flagship Coordination and Support Action, and the QCN, a network of 
multipliers put in place to engage the large number of stakeholders in Europe (3).

Reflected	in	national	initiatives	of	relevant	EU	Member	
States.

Source: RAND Europe analysis
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