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Foreword

Quantum technology is expected to revolutionise many industries in the
coming years. The implications of quantum computing for cybersecurity,
medicine, and materials science, among others, make it a strategic technology.

Global competition is accelerating as several countries seek to advance
their position as a forerunner in quantum technology. Growing tensions
between autocratic countries, such as China, and democratic countries and
regions, such as US and the EU, have prompted governments to invest in
quantum technologies, also to avoid dependencies and to increase resilience.

Finland has decades of experience in quantum research and
development, and leading companies in key areas of the quantum supply
chain. In addition, Finland is home to the most powerful supercomputer in
Europe, LUMI, which serves as a critical enabler for practical applications
of quantum computing.

A shortage of skilled labour is a well-known bottleneck for the
quantum industry. Now geopolitics, even security policy, has entered the
picture and we need to be aware of it. Finland operates in the context of the
EU, but we are also now a member of NATO, which has its own interests in
quantum technologies. Finland could, over time, develop a large industrial
ecosystem around quantum technology and the industries that use it.
Alternatively, Finland could also lose its best companies and experts to
countries that are strategically investing in this critical technology.

This paper aims to provide an overview of the quantum policy
landscape and policy recommendations for Finland, taking into account
this evolving geopolitical environment. It also aims to stimulate a debate
among stakeholders on how to develop the quantum policy landscape in
Finland. For Finland to realise the strategic potential of quantum
technology, it will be crucial to understand its strengths and the hard truths
of international competition.

The paper, written by an independent author, is based on research into
the strategies of key countries and economic areas, as well as interviews with
several companies, agencies, civil servants, and experts in the field. We would
like to thank all those who contributed to this work. In particular, we thank
the author, Andrea G. Rodriguez, for her expertise and dedication to the
work. We hope that the recommendations will help to move the discussion
forward so that Finland’s quantum ecosystem can reach its full potential.

5.5.2024

Kristo Lehtonen and Satu Salminen

Kristo Lehtonen is Director and

Satu Salminen Specialist of the Fair Data Economy theme at Sitra
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Summary

Quantum computing has significant geopolitical and geoeconomic
implications for society, the economy and national security. With major
international players such as China and the US are racing to develop
advanced quantum capabilities, the EU launched a Quantum Flagship
programme in 2018 to ensure long-term investment in quantum
technologies. Additionally, many EU member states have launched national
programmes in quantum technologies, with only five having fully
developed national quantum strategies as of March 2024 (Denmark, France,
Germany, Ireland, and the Netherlands). Public investment figures in
quantum technologies vary. Denmark has pledged to invest €150 million,
France €1,05 billion, Germany €2 billion, and the Netherlands €615 million.
Ireland has not publicly disclosed its budget for quantum technologies

research and innovation yet.

As the quantum computing landscape evolves and new trends emerge,
such as quantum computing as a service (QCaas) and hybrid quantum-
classical interfaces, Finland can be at the forefront of the quantum race,
taking advantage of its unique academic-industry-government networks,
research excellence, and its existing advanced high-performance computing
networks. Well-known Finnish stakeholders, such as IQM and Bluefors, are
already a crucial part of European quantum computing supply chains.
However, strategic challenges loom, such as geopolitical uncertainties and
divergent positions on international partnerships in the EU and NATO
contexts.

To strengthen the thriving quantum computing ecosystem in Finland
with leading companies and research, Finland must recognise the strategic
importance of quantum technologies, develop a national quantum strategy,
and unite efforts to coordinate funding, fill supply chain gaps, and promote
the adoption of quantum computing. Failure to act strategically may lead to
losing key players to countries with established strategies and long-standing
support for the quantum industry. Better coordination and understanding
of the industry landscape in the EU context will be critical for Finland to be
successful in the quantum era.

>


https://qt.eu/
https://qt.eu/
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Recommendations for Finland's quantum
advantage:

1. Create a National Quantum Strategy for Finland in 2024. Engage all key
stakeholders to ensure a collaborative approach between all actors.

2. Support Finland’s industrial policy goals in quantum technology by
establishing a collaborative structure of existing actors in Finland. This
joint initiative, QuantumFinland, would systematically monitor
developments in the quantum industry, identify supply chain gaps, help
companies to attract and scale up private investment, promote
complementarity between key industries and technologies, and support
the uptake of practical use cases.

3. Complement existing programmes with targeted lead investment
programmes into cryogenics and enabling technologies, quantum
algorithms and middleware, and superconducting hardware to advance
Finland’s lead in key areas of quantum computing supply chains.

4. Establish a National Centre of Excellence for the Societal Impact of
Quantum Technologies to improve Finland’s foresight capabilities and
promote the responsible development and use of quantum technologies
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Yhteenveto

Kvanttilaskennalla on merkittavia globaaleja vaikutuksia talouteen ja
kansalliseen turvallisuuteen. Suuret kansainviliset toimijat, kuten Kiina ja
Yhdysvallat, kilpailevat kvanttiteknologian kehittamisessa. EU kdynnisti
vuonna 2018 kvanttilippulaivaohjelman varmistaakseen pitkdn aikavélin

investoinnit kvanttiteknologioihin. Monet EU-maat ovat lisdksi
kaynnistaneet kansallisia kvanttiteknologiaohjelmia, mutta vain viidelld
valtiolla (Tanska, Ranska, Saksa, Irlanti ja Alankomaat) oli maaliskuuhun
2024 mennessd kansallinen kvanttistrategia. Kvanttiteknologiaan tehdyt
julkiset investoinnit vaihtelevat. Tanska on luvannut investoida

150 miljoonaa euroa, Ranska 1,05 miljardia euroa, Saksa 2 miljardia euroa
ja Alankomaat 615 miljoonaa euroa. Irlanti ei ole vield julkistanut
kvanttiteknologian tutkimukseen ja innovaatiotoimintaan osoitettua
talousarviotaan.

Kvanttiala ja sen uudet suunnat, kuten kvanttilaskentapalvelut (QCaas)
ja hybridilaskenta, kehittyvit nopeasti. Suomen on mahdollisuus hy6tya
alan murroksesta ainutlaatuisen akateemisen, julkisen ja yksityisen sektorin
yhteistyoverkoston, huippututkimuksen ja suurteholaskennan kehittyneen
infrastruktuurin ansiosta. Tunnetut suomalaiset toimijat, kuten IQM ja
Bluefors, ovat jo tirked osa eurooppalaista kvanttilaskennan toimitusketjua.
Toisaalta geopoliittiset epavarmuudet sekd EU:n ja Naton eridvit kannat
siitd, miten kansainvilisid kumppanuuksia tulisi rakentaa, tuovat omat
haasteensa kvanttilaskennan kehitykselle.

Jotta Suomen kasvava kvanttilaskennan ekosysteemi vahvistuisi,
Suomen tulee tunnistaa kvanttiteknologioiden strateginen merkitys.

Sen tulee toteuttaa kansallinen kvanttistrategia ja yhdistad ponnisteluja
rahoituksen koordinoimiseksi, toimitusketjun aukkojen téyttdmiseksi ja
kvanttitietokoneiden kayttoonoton edistimiseksi. Mikali strategisiin
toimiin ei ryhdytd, se voi johtaa siihen, ettd tirkeét alan toimijat suuntaavat
niihin maihin, joilla on jo pitkdaikainen tuki kvanttiteollisuudelle.
Kvanttialan nykyistd parempi koordinointi ja ymmértaminen EU:ssa on
ratkaisevan tdrkeid, jotta Suomi voi menestya kvanttiaikakaudella.

>


https://qt.eu/
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Suositukset Suomelle kvanttialan
vahvistamiseksi:

1. Laaditaan Suomelle kansallinen kvanttistrategia vuodelle 2024.
Sitoutetaan kaikki keskeiset toimijat yhteistyohon.

2. Tuetaan Suomen tavoitteita kvanttiteknologian alalla luomalla
yhteistyorakenne olemassa oleville toimijoille Suomessa. Tama yhteiso,
QuantumFinland, seuraisi systemaattisesti kvanttiteollisuuden kehitystd,
tunnistaisi toimitusketjun aukot, auttaisi yrityksia lisidméan yksityisia
investointeja, edistdisi keskeisten toimialojen ja teknologioiden
yhteispelid ja tukisi kdyttdtapausten hyodyntamista.

3. Téydennetddn nykyisid ohjelmia kohdennetuilla investointiohjelmilla,
jotka keskittyvit kryogeniikkaan ja muihin mahdollistaviin
teknologioihin, kvanttialgoritmeihin ja véliohjelmistoihin seka
suprajohtaviin laitteistoihin. Niin edistetddn Suomen johtoasemaa
kvanttilaskennan toimitusketjujen keskeisilld aloilla.

4. Perustetaan kvanttiteknologioiden kansallinen osaamiskeskus
parantamaan Suomen ennakointikyky4 ja edistimaan
kvanttiteknologioiden vastuullista kehittdmista ja kayttoa.
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Sammanfattning

Utvecklingen av kvantdatorer har stora geopolitiska och geoekonomiska
konsekvenser som kommer att paverka samhallet, ekonomin och den
nationella sdkerheten. Mot bakgrund av att stora internationella aktorer
som Kina och USA tévlar om att utveckla avancerad kvantkapacitet
lanserade EU sitt Quantum Flagship-program 2018 for att sakerstélla
langsiktiga investeringar i kvantteknologi. Vid sidan av detta har ménga
EU-medlemsstater lanserat nationella program inom kvantteknologi.
Endast fem hade dock fullt utvecklade nationella kvantstrategier i mars
2024 (Danmark, Frankrike, Tyskland, Irland och Nederlanderna). Storleken
pa de offentliga investeringarna i kvantteknologi varierar. Danmark har
lovat att investera 150 miljoner euro, Frankrike 1,05 miljarder euro,
Tyskland 2 miljarder euro och Nederldnderna 615 miljoner euro. Irland har
dnnu inte offentliggjort sin budget for forskning och innovation inom
kvantteknologi.

Kvantsektorn och dess nya trender, till exempel kvantdatorer som en
tjanst (QCaas) och hybridlosningar, utvecklas snabbt. Finland har majlighet
att vara i framkant tack vare sina unika samarbetsnétverk inom den
akademiska, offentliga och privata sektorn, sin forskningsexpertis och
avancerade infrastruktur inom hogpresterande datorsystem. Vilkdnda
finska bolag som IQM och Bluefors utgor redan viktiga delar i de
europeiska forsorjningskedjorna pa omradet. Det finns dock strategiska
utmaningar som exempelvis geopolitiska osdkerheter och oenighet bland
EU medlemsstater och Nato om internationella partnerskapens roll.

For att Finlands blomstrande ekosystem for kvantdatorer ska kunna
starkas maste Finland inse kvantteknologins strategiska betydelse, utveckla
en nationell kvantstrategi och organisera en samordnad finansiering.
Landet behover fylla luckor i férsérjningskedjan och arbeta aktivt for
anviandningen av kvantdatorer. Om Finland inte agerar strategiskt kan
viktiga aktorer vilja att ga till linder med etablerade strategier och
langvarigt stod till kvantindustrin. Battre samordning och forstaelse av hur
industrilandskapet ser ut i EU-sammanhang ar avgorande for Finlands
framgang i kvantberdkningens tidsalder.

>


https://qt.eu/
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Rekommendationer for att utnyttja Finlands
kvantfordelar:

1. Skapa en nationell kvantstrategi for Finland 2024. Engagera alla viktiga
intressenter for att sakerstalla att alla aktorer arbetar samarbetsinriktat.

2. Stod Finlands industripolitiska mal inom kvantteknologi genom att
uppritta en samverkansstruktur for befintliga aktorer i Finland. Detta
gemensamma initiativ, QuantumFinland, skulle ha f6ljande uppgifter:
att systematiskt 6vervaka utvecklingen inom kvantindustrin, identifiera
luckor i forsorjningskedjan, hjélpa foretag att locka till sig och skala upp
privata investeringar, frimja komplementariteten mellan viktiga
branscher och tekniker samt ge stod till sammanstéllningen av praktiska
anvandningsfall.

3. Komplettera nuvarande program med riktade investeringsprogram inom
kryogenik och mojliggérande teknologier, kvantalgoritmer och
mellanvara samt supraledande hardvara med malet att utveckla Finlands
ledande stéllning inom férsérjningskedjorna for kvantdatorer.

4. Uppritta ett nationellt kompetenscentrum for att 6ka Finlands formaga
till framsynthet och fraimja en ansvarsfull utveckling och anvandning av
kvantteknologier.
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Introduction

In today’s rapidly changing world, advanced technologies have become an
indispensable factor in driving progress, innovation, and development.
Quantum computing, a new computing paradigm that exploits quantum
mechanics, has the potential to revolutionise the economy, improve
industrial processes and help policymakers solve complex challenges.
However, quantum and other deep technologies have acquired profound
geopolitical significance due to their transformative potential and their
dual-use applications. The impact of quantum technologies on
cybersecurity, particularly encryption, materials science or medicine has
contributed to the perception of quantum computing as a strategic
technology, offering substantial advantages to countries with advanced
capabilities in shaping global markets, the international technology
landscape, and securing critical infrastructure.

Traditional geopolitical rivalries are becoming intertwined with
economic power. The US and China are investing enormous sums to lead
the quantum race. If Europe falls behind in this technology race, it could
not only lose its competitive edge but also develop new critical
dependencies (Bradford 2023). In addition, because of the disruptive effect
of quantum computing in areas such as information security, lack of
investment and competitive edge on quantum technologies could create
additional national security risks (G. Rodriguez 2023).

As a result, countries are increasingly advancing their strategic
interests on the global stage by using their economic power to seek not just
influence but dominance. This phenomenon, driven by a complex interplay
of factors, is disrupting trade dynamics, investment flows, supply chains,
and technological development.

International players such as the US, Canada, China, and Russia are
speeding up their efforts to build quantum computers, quantum sensors,
and quantum networks. In Europe, efforts are spearheaded by the European
Commission and particularly EU member states that have put forward
dedicated funding schemes and, a handful of them, national quantum
strategies as described in Chapter 3.
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QUANTUM TECHNOLOGIES IN EU POLICY

Quantum technologies have gained prominence in EU policy in recent
years. In 2018, the European Union launched the Quantum Flagship
programme, committing €1 billion to ensure long-term investment in
quantum technologies. This programme complements other funding
instruments, such as the Accelerator and Horizon Europe, and has
become the cornerstone of European collaboration in quantum
technologies. In addition, over the last two years, the topic has gained
relevance within the EU institutions, with mentions of the strategic
importance of quantum computing being mentioned in documents such as
the 2022 Strategic Compass, the 2022 EU Chips Act and the 2023
Economic Security Strategy.

On 28 November 2023, NATO allies approved the alliance’s quantum strategy,
which reflects their importance for peace and security. However, NATO does
not have its own capabilities and nations are responsible for developing them
(Article 3, North Atlantic Treaty). Therefore, while the strategy can help
NATO coordinate priorities, it is up to the countries to implement it.

Just as Silicon Valley developed through decades policies that enabled
a rich innovation ecosystem to prosper, the EU and its member states could
develop an ecosystem of their own with the right long-term policy
framework, contributing to strategic autonomy and to the long-term
prosperity of the continent. Finland already has world-leading expertise in
many areas of quantum technology. With the right policy mix and
investment, it can develop world-leading capabilities, build up a
competitive quantum commercial industry, and aim for leadership in
critical areas of the quantum technology supply chains. However, there is
also a risk that Finland will lose its promising position if its key companies
and experts gradually relocate or are acquired abroad.

The potential market size of quantum technologies by 2040 is
estimated to be around €106 billion. Of these technologies, quantum
computing has the potential to add around €1 trillion to the global
economy by 2035 just for its impact across four key industries: chemicals,
life sciences, finance, and automotive. (McKinsey 2023.) Countries that
understand the strategic value of quantum computing will profit from a
tirst-mover advantage, with positive economic and diplomatic spillovers.

This paper looks at the emerging trends in the global quantum
landscape, such as hybrid classical-quantum interfaces and quantum
computing as a service, explores Europe’s quantum policy and Finland’s
position in more depth and finally concludes with policy recommendations
for Finland. How can Finland improve resilience, increase productivity, and
benefit from the market potential of quantum computing? How can it use
its diplomatic power to promote its interests in quantum technologies?
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1. Emerging trends in the
global quantum computing
landscape

Quantum computing uses quantum mechanics to process data and perform
operations on it in a new way. Instead of being an evolution of classical
computers—that is, advanced Turing machines— it represents a paradigm
shift, requiring the development of new hardware and software. Whereas
classical computers process information in series of 0 and 1 (bits), quantum
computers fill the whole mathematical space with all possible states using
the superposition principle. Superposition means that a quantum system
can exist in multiple states simultaneously until it is measured or observed.
Thus “instead of processing sequentially bit by bit, quantum computers
calculate in parallel on the numerous states assumed simultaneously by the
quantum variables” (Jaeger 2018). In sum: computing power increases
exponentially opening the door to new applications and advantageous
innovations affecting current industries: from the automobile to material
science, from health to artificial intelligence (AI).

However, there are major challenges in developing a fault-tolerant
quantum computer. Scientists are currently experimenting with different
quantum computing architectures (trapped ions, superconducting circuits,
spin qubits, photonic networks, neutral atoms, Majorana fermions, etc.).
However, among these architectures, superconducting computers
developed by companies such as IQM, are gaining momentum.

Experimentation with different architectures is influenced by the need
to create architectures that can reduce the interference or noise that can
break quantum states and promote the scalability of entangled qubits
(which is at the basis of future quantum computing power). In addition,
these architectural experiments help find real-life applications that can
shape the new market and ensure an influx of private investment in
quantum computing.

As science advances, so does the innovation around how to create
quantum computers, which has an impact on how countries strategically
think about creating relevant policies to promote scientific development
with industrial applications. Understanding market trends, such as hybrid
interfaces and access to quantum computing through the cloud, can be a
good starting point for countries to develop targeted investment
programmes.
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Hybrid classical-quantum interfaces

Hybrid classical-quantum interfaces allow quantum computers to work in
harmony with classical supercomputers (high-performance computers,
HPC). High-performance computing allows data to be transferred to the
quantum processor, control the system, and perform measurements, but the
quantum computer does the calculations. Hybrid interfaces complement
quantum computers by supporting them and enabling their use in
applications where they could truly be useful, without waiting for large
quantum computers to be developed, and by allowing quantum computers
to interact with classical environments—current networks and information
systems. It also allows SMEs to benefit from quantum computing by
providing access through the HPC network.

Current quantum computers cannot compete with classical computers
as it takes hundreds of functioning qubits combined with a low error rate to
gain an advantage, and there are still questions about whether quantum
computers will be able to take over the classical supercomputing market at
all. However, as the field develops, hybrid classic-quantum interfaces are
useful for understanding future quantum applications and exploring how
current technological development can interact and complement
developments in the quantum field to create commercial benefits in a much
shorter timeframe.

Because of the more immediate use cases of hybrid classical-quantum
interfaces, industry players are also supporting hybridisation. In Europe,
players such as Qilimanjaro and IQM Finland are developing products that
can be used seamlessly in high-performance computing environments.
QuantumMachines in Israel is focusing on interoperable structures that can
interact with classical environments. In the US, NVIDIA is developing
solutions to accelerate hybrid interfaces with software solutions such as
cuQuantum or new platforms such as QODA, and IBM is going one step
further and has recently signed an agreement with the universities of Tokyo
and Chicago to experiment with new hybrid architectures (IBM Newsroom
2023).

Europe has an advanced network of supercomputers, distributed
across the continent, to support research and innovation. In 2018, the
European Union created the European High-Performance Computing Joint
Undertaking (EuroHPC JU) with the mission to develop, deploy and
expand Europe’s supercomputing network. Since then, the EuroHPC has
procured nine supercomputers and in 2023 signed a hosting agreement for
quantum computers in six EuroHPC sites, one of them in Ostrava
belonging to the LUMI consortium.

These computers will be available to academic researchers and
industry players in Europe through the existing EuroHPC networks. LUMI,



https://eurohpc-ju.europa.eu/index_en
https://eurohpc-ju.europa.eu/index_en
https://eurohpc-ju.europa.eu/supercomputers/our-supercomputers_en
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as the most powerful supercomputer in Europe (EuroHPC JU 2023), is well
positioned to become a point of reference for HPC innovation because of
its pan-European base which gives it access to several quantum computers,
such as the one that will be inaugurated in Ostrava, but also in Espoo and
other sites of the consortium (CSC 2023). This can place Finland at the
centre of cutting-edge innovation, with great potential for creating high-
value applications based on the use of both quantum and high-performance
computing.

As hybrid classical-quantum infrastructures play an increasingly
important role in the quantum market, and as hardware for quantum
computers develops in different directions, middleware is increasingly
becoming an open question for the integration of quantum computers into
classical supercomputers. Middleware is software that acts as the glue
between both HPC and quantum computers, and makes sure that both
systems and devices in the ecosystem, communicate effectively (Boger and
Knoll 2023). Middleware sits between the hardware and the algorithms,
enabling developers to interact with the heterogeneous hardware (classical
and quantum) and focus only on their algorithms. Middleware is also
needed to manage the computing resources, which in hybrid interfaces are
both classical and quantum and ensure that algorithms work, and that the
hardware is used efficiently (Faro et al. 2023).

However, because of the hardware focus of the current quantum
computing market, middleware — critical for the integration of quantum
computing into HPC — is largely being neglected despite being necessary
to control the full stack: from hardware to software. For that reason, large
companies that want to provide end-to-end quantum computing, such as
IBM, invest in middleware, which reduces the number of middleware
players, thus decreasing the pace of innovation needed to ensure access to
quantum computers from HPC, and delays adoption.

Quantum-Computing-as-a-Service (QCaa$S)

Quantum computers are expensive to build, hard to manipulate, and
require a lot of physical space. As the technology advances, the costs of
upgrade and maintenance become too high, which impacts scalability.
Hence, building on the success of the cloud computing market, companies
are increasingly opting to provide quantum computing services through the
cloud.

Cloud-based quantum computing (or quantum-computing-as-a-
service, QCaaS) allows remote access to quantum simulators, emulators, or
processors to developers and researchers who want to test their solutions in
a quantum environment. QCaa$ enables companies to rent quantum



SITRA MEMORANDUM - FINLAND IN THE RACE FOR QUANTUM ADVANTAGE 16

computing capacity to experiment and test new products in an advanced
computational environment using classical interfaces, which also allows
providers test their quantum hardware on real-world applications, widen
their client portfolio and close the feedback loop.

Cloud-based quantum computing allows more people to participate in
the quantum industry by lowering the cost of entry, both in terms of
hardware and skills—no quantum physicists are needed to interact with
quantum environments through the cloud.

Though there are many emerging companies in Europe offering
QCaaS (for example the Dutch QuantumInspire, Austrian AQT and
German T-Systems), Chinese companies such as Alibaba and Baidu and
American companies are in the lead thanks to sustained investment in the
past decade (see: Table 1). IBM Q Experience allows anyone to remotely
access systems with 5 to 16 qubits, Microsoft has created an open ecosystem
for external developers to write and run code on the quantum hardware of
their choice, or Canada’s D-Wave offers access to quantum annealing
solutions that allow companies to improve the optimisation of their
services.

In Finland, there are almost no companies (see Table 2) focused on
developing a QCaaS offering. This is already delaying innovation in a great
number of strategic industries, such as the chemical industry, a key export
industry for Finland, and one of the four industries with foreseen biggest
impacts from quantum computing (McKinsey 2023). Access to quantum
computing resources could maximise R&D investment, for example by
allowing researchers to better understand molecular behaviour, thus
helping to discover new materials or new active ingredients, or aiding
production and transport by using new quantum algorithms to solve
optimisation problems (Budde and Volz 2019).
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2. Europe's quantum policy

In 2016, the EU launched a Quantum Manifesto that called on member
states and the EU Commission to create a flagship programme to support
Europe’s technological edge in quantum technologies. While the
programme materialised in 2018, the manifesto also called for EU
coordination on the different strategies that could emerge, and it recognised

the strategic importance of these technologies for long-term prosperity,
competitiveness, and security.

Six years later, the programme has materialised in several ways:
research coordination through the Quantum Flagship programme and
funding coordination via the QuantERA programme in which non-EU
countries such as Israel, Switzerland, Turkey and the UK participate.
However, it is precisely the lack of policy coordination that hinders the
potential of the EU as a global actor in quantum technologies.

This is partly due to the different perceptions among EU leaders of the
benefits of quantum technologies. While some countries, such as France,
Germany, or the Netherlands, see it as a national priority, many others still
see it as a research and innovation issue and thus place it at a lower level on
the political agenda. These different realities lead first-mover countries to
accumulate critical resources and services, such as hardware, investment
and talent, and only push for conversations at the European level when
there is a real risk of technology transfer or when European sovereignty is
at stake, which is one of the reasons why quantum technologies have been
labelled “strategic” following the publication of the 2023 EU Economic
Security Strategy (European Commission 2023b).

China is the leading public investor in quantum technologies, although
reliable data is hard to come by and the figures contain uncertainties. Only
the Chinese National Laboratory for Quantum Information Sciences
counts, with €8,5 billion of public investment. These efforts are
complemented by several other instruments (total investments estimated to
reach €14 billion). After China, the EU and its member states are the
second largest public investor in quantum technologies with around
€7,7 billion in combined investments (McKinsey, 2023).


https://qt.eu/publications
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Figure 1: National quantum strategies & programmes in Europe
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Still, most private investments are in the US, with a record of about €3
billion invested in quantum technology start-ups at the end of 2022.
(McKinsey 2023) While many of the impediments are inherent to the
European market (including lack of venture capital market), Europe and its
member states can benefit from understanding the current industry
landscape and emerging ecosystems to strategically support different
segments of the value chain to create industry leaders.

As countries grappled with the need to recover from the economic
shock of the Covid-19 pandemic, the Recovery and Resilience Facility
(RRF) became an important instrument to mitigate the effects and

restructure national economies around the objectives of the twin digital and
green transitions. For this reason, the EU Commission set the requirement
of a minimum 20% allocation to digitalisation initiatives. The opportunity
was therefore ripe for countries to invest in quantum technologies.

While only a few countries had dedicated resources in place for quantum
technologies prior to the pandemic, 2021 saw the most quantum programmes
and funding initiatives in Europe (see: Table 1). Indeed, available funding
played a vital role but so did the increasing awareness of the vulnerabilities of
technology supply chains and the effects of disruption of growing geopolitical
tensions, as well as the lessons of technological protectionism.


https://commission.europa.eu/business-economy-euro/economic-recovery/recovery-and-resilience-facility_en
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Table 1: Comparison of national quantum strategiesin

selected countries

Country National Strategy Public funding (€) Years

China 14* five-year plan 2021* ~13,8 billion 2021-2025
us National Quantum Initiative, 2018 3.4 billion 2019-2023
UK National Quantum Strategy, 2023 2,91 billion 2023-2033
Germany Economic Stimulus Package, 2020 2 billion 2021-2025
France France National Quantum Strategy, 2022 1,05 billion 2021-2025
Netherlands Quantum Delta NL, 2019 615 million 2021-2028
Denmark 2Dg£|;sh Strategy for Quantum Technology, 150 million 2024-2027
Ireland Quantum 2030, 2023 budget not disclosed 2023-2030

*China's strategic focus on quantum technology dates back several years. However, accurate
estimates of the investments in quantum are difficult to make due to lack of information and
unreliability. McKinsey (2023) estimates ~$15 billion in governmental investments as a part of
the 14* Five Year Plan (2021), which identifies quantum as an essential technology for China's
digital sovereignty.

As of March 2024, only five EU countries have fully developed national
quantum strategies (Denmark, France, Germany, Ireland, and the
Netherlands). Six other countries have established quantum programmes
with some degree of government coordination, but they mostly rely on
research and academic institutions (Austria, Hungary, Spain, Italy, Latvia,
and Slovakia).

At least 16 countries around the world have dedicated public funding
for quantum technology development. The funding amounts include the
commitments as stated in the given strategies. The figures are expected to
rise in the coming years as applications find their way to the market.

As a result, quantum programmes in Europe have in common the need
to ensure access to reliable infrastructure, and have therefore put the
creation of a national quantum computer or companies able to do so at the
centre, as well as establishing new educational programmes to fill the
labour gap. In addition to this common factor, given the lack of EU
coordination, EU countries have increasingly devoted space to the question
of international partnerships, which de facto divides member states into
groups: internationalist countries and introspective countries.

Internationalist countries see the need to collaborate with other
non-EU democratic powers to create technological spheres of influence,
particularly when it comes to quantum technologies. Countries such as the
Netherlands, and until recently Denmark, are examples of this stream.

Introspective countries, such as France or Germany, prioritise the
creation of national synergies between different emerging ecosystems, while
placing collaboration at the EU level on a second plane. Collaboration with
non-EU countries is sporadic and case-by-case.


https://digichina.stanford.edu/work/translation-14th-five-year-plan-for-national-informatization-dec-2021/
https://www.quantum.gov/wp-content/uploads/2023/01/NQI-Annual-Report-FY2023.pdf
https://www.gov.uk/government/publications/national-quantum-strategy
https://www.bsi.bund.de/SharedDocs/Downloads/EN/BSI/Publications/Brochure/quantum-safe-cryptography.pdf?__blob=publicationFile&v=4
https://www.cnrs.fr/en/cnrsinfo/french-quantum-national-rd-strategy-just-started
https://quantumdelta.nl/
https://investindk.com/insights/new-national-quantum-strategy-part-2-provides-significant-boost-to-the-danish-quantum-ecosystem
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwieiajO59-DAxUkFxAIHdiCAi8QFnoECBIQAw&url=https://assets.gov.ie/276661/61f7f8f1-636b-48e1-91c9-a9bf63e00ce8.pdf&usg=AOvVaw3W8hNgfEy4OiBXFAnM_l1l&opi=89978449
https://www.gov.uk/government/publications/uk-netherlands-cooperation-in-quantum-science-and-technologies-memorandum-of-understanding/uk-netherlands-cooperation-in-quantum-science-and-technologies-memorandum-of-understanding
https://www.gov.uk/government/publications/uk-netherlands-cooperation-in-quantum-science-and-technologies-memorandum-of-understanding/uk-netherlands-cooperation-in-quantum-science-and-technologies-memorandum-of-understanding
https://www.state.gov/joint-statement-of-the-united-states-of-america-and-denmark-on-cooperation-in-quantum-information-science-and-technology/
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The emergence of these two groups raises big questions at the
European level and may limit EU action in the long term. Internationalist
countries may see restrictions on collaboration as damaging to their own
economic security and may veto any decision made in this regard, either in
terms of access to EU funding — through public procurement processes,
open calls or tenders — and on the diplomatic front through the signing of
agreements. This issue is exacerbated by the question of countries that, in
the absence of a common EU policy, look at international collaboration
within the realm of quantum technologies as a matter of open science and,
as in the case of Austria, maintain, strong cooperation links with countries
such as China.

EU MEMBER STATES' APPROACHES
TO QUANTUM TECHNOLOGIES

Since 2019 several EU countries have started to invest in quantum
technologies. However, as an emerging industry, approaches to quantum
technologies vary. Here we compare three relevant benchmarks with
Finland.

Netherlands

The Netherlands has a more industry-focused approach compared with the
other two EU countries in this comparison. In 2019, the Netherlands
launched a national strategy on quantum technologies and established
QuantumDeltaNL (QDNL), a national foundation that received a grant of
€615 million in 2021 to implement the premises of the strategy for the
period 2021-2028. QDNL is organised around four lines of action:

Innovation and Research
Quantum Ecosystem
Human Capital

Societal Impact

W N R

QDNL operates in three main strategic areas: quantum computing and
simulation, sensing applications, and the creation of a national quantum
network.

Since its creation, QDNL has created several programmes to boost the
creation of SMEs in these areas, support access to infrastructure and
facilities, and create synergies within the quantum ecosystem. In 2022, it
inaugurated the House of Quantum, a co-working space for quantum
start-ups on the TU Delft campus.

>
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Denmark

Denmark is trying to reconcile its European ambitions with its commitment
to transatlantic relations, taking advantage of the privileged position of the
Niels Bohr Institute in research in quantum science and as the NATO
DIANA quantum accelerator. In 2023, the Danish Ministry of Higher
Education and Research published the Danish Strategy for Quantum
Technology in two parts (July and September) which signalled the ambition
to invest about €150 million over the next four years in the development of
quantum applications within key Danish sectors, such as the
pharmaceutical industry, transportation, finance, cybersecurity, and the
green transition. These efforts complement investments from the Novo
Nordisk Foundation (about €200 million in 2022). Notably, in 2022,
Copenhagen obtained the seat for the Quantum Accelerator of DIANA, the
new NATO innovation agency, which has the potential to attract talent, and
companies to Denmark from across the alliance.

Spain

Spain has focused its quantum programme on its tradition of HPC
excellence, favouring hybrid interfaces and the connection to start-up
valleys around universities, as well as welcoming a push for quantum
communications via a dedicated plan. In October 2021, the Ministry of
Economy and Digital Transformation funded QuantumSpain with initial
funding of €22 million to fund a national quantum computer connected to
the Spanish Supercomputing Network, which connects 12 supercomputers
in different regions and universities, coordinated by the Barcelona
Supercomputing Centre, part of the EuroHPC network. Spain has also
launched a Plan for Quantum Communication (€ 76 million).
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3. Finland as a global
quantum player

In 2023, the Finnish Quantum Agenda called for the establishment of a
national strategy and the creation of a roadmap and targeted developments
of the quantum ecosystem. Finland is a globally recognised player in
research and innovation and has a dynamic and rapidly evolving quantum
technology landscape. Buoyed by a strong tradition of scientific excellence
and robust collaboration between world-class academic institutions,
industry, and government, Finland has the potential to be on the list of EU
frontrunners in quantum technologies and to position itself as one of the
Europe’s leading quantum industries with a thriving industrial base and
strong export potential.

Finland already has several key players that try to promote Finland’s
quantum technology landscape, such as the Technical Research Centre of
Finland (VTT), Business Finland with a dedicated quantum campaign and
the Finnish Quantum Institute (InstituteQ), including BusinessQ. Currently,
Finland has 11 companies working exclusively on quantum-related themes
(see: Table 2) in complementary sub-sectors such as quantum software,
hardware, and basic components (for example, optics) with two globally
recognised actors, IQM and Bluefors, already playing an important role in
the configuration of European quantum supply chains (QuantERA 2023).
Although the companies differ in size, there are clear synergies to be
explored in computing and opportunities in quantum software.

Table 2: Finland's quantum technologies landscape
in anutshell.

Company Area of specialisation
SemiQon Quantum circuits

AlgorithmiQ Quantum algorithms
Modulight Lasers for quantum computers

IQM Finland Oy

Superconducting quantum computers

Bluefors

Dilution refrigerators

Futurice

Cloud-based solutions

Quantrolox

Automated qubit control software

VTT

Critical communications/quantum computing

Unitary Zero Space

Education in quantum computing

Vexlum

High-power laser systems

Quanscient

Quantum algorithms


https://instituteq.fi/finnish-quantum-agenda/
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These 11 companies are the result of research excellence and the strengths
of the Finnish software and electronics industry. Moreover, most of them
are spin-offs from different Finnish, universities which highlights the value
and the need to strengthen Finnish academia-industry-government
networks, that exist only in small countries. By improving coordination,
and creating the necessary policy frameworks, Finland can leverage these
strengths to foster the creation of domestic value chains and promote
collaboration between complementary industries (including machine
learning, software, electronics, optics, cryogenics).

As a European actor, understanding its strengths and weaknesses will
also be fundamental for Finland to engage internationally and position
itself in the global technology race, as well as to learn how to navigate the
increasing uncertainties stemming from the position of neighbouring
countries (internationalists vs introspective countries) and the overall
geopolitical landscape. Lastly, as a NATO member, Finland has the
potential to play a pivotal role in supporting NATO’s technological edge
and using its position in the alliance to foster new connections with
relevant countries in the quantum industry who are also part of NATO,
such as Canada—an emerging global leader in quantum software—and the
US, with whom it already signed a joint statement in 2022. NATO’s Defence
Innovation Accelerator for North Atlantic (DIANA) recently approved
Finland’s proposal to establish an accelerator for start-ups and small and
medium-sized enterprises in Finland focused on next-generation
communications and quantum technologies. In addition, two test centres
will be established: one in Oulu on 6G networks and another one in
Otaniemi specialising in quantum technologies, cyber-secure
communications, and space technologies (Finnish Government 2024)

Finland ranks among the top 10 of the countries in the world in terms
of digital competitiveness, thanks to government support for digital
transformation, rapid adoption of digital technologies and promotion of
digital skills (IMD 2023). This has facilitated the emergence of a vibrant
software community, which is expected to add around €3,5 billion to the
Finnish economy in 2025 (Statista 2023). Considering the increasing
importance of middleware and software applications to connect quantum
computers to classical devices and to help users test and run experiments
on quantum hardware, investing in promoting the national quantum
software industry can have strong positive effects and help Finland reap the
benefits of a potential multi-billion euro market. At the moment, Canada
and the US are in the lead position, but Finland already has European
market leaders, such as AlgorithmiQ and Quanscient, which—with the
right mix of policy direction and investment—already qualify Finland to be
the European quantum software champion.


https://www.state.gov/joint-statement-of-the-united-states-and-finland-on-cooperation-in-quantum-information-science-and-technology/

SITRA MEMORANDUM - FINLAND IN THE RACE FOR QUANTUM ADVANTAGE 24

L. Four recommendations
from the author to position
Finland at the forefront of
the quantum race

While Finland’s entrepreneurial culture promotes local collaboration, the
county’s top players are already looking abroad. In 2020, IQM opened its
tirst subsidiary company in Munich and continued its international
expansion to the US, signing a partnership with UC Berkeley on December
15th, 2023.

Similarly, Bluefors, a spin-off of Aalto University and the main supplier
of dilution refrigerators, decided to open an R&D facility in Delft, the
Netherlands, a key industrial node of the national Dutch quantum

programme launched in 2019. Moreover, in 2023, Bluefors announced the
creation of a new Quantum Lab in the Netherlands to further foster
synergies with the local Dutch quantum industry.

Although there are already initiatives to stir talent into quantum
technologies and build applications (e.g., Quantum Computing Campaign,
the Finnish Quantum Flagship and the Finnish Quantum Institute
InstituteQ), Finland could benefit from further coordinating efforts and
funding, close supply chain gaps, reduce strategic dependencies and
promote the adoption of quantum technologies in the country, both at the
civil and military levels.

Of the 27 EU member states, only Denmark, France, Germany, Ireland,
and the Netherlands have national quantum strategies as of March 2024,
and some of them have allocated significant funding and created support
schemes which have helped the countries quantum ecosystems to grow,
potentially preventing their emerging industry from moving abroad.
Finland does not yet have a national strategy or equivalent support

schemes, although it has done a lot.


https://www.meetiqm.com/resources/press-releases/iqm-is-growing-iqm-expands-to-germany-for-quantum-hardware-software-co-design-under-the-lead-of-enrique-solano-in-munich/
https://www.meetiqm.com/resources/press-releases/iqm-announces-expansion-to-us-signs-partnership-with-uc-berkeley-to-develop-advanced-quantum-processors/
https://bluefors.com/news/bluefors-to-open-an-rd-facility-on-the-tu-delft-campus/
https://bluefors.com/news/opening-celebration-for-the-bluefors-lab-in-delft/
https://www.businessfinland.fi/en/for-finnish-customers/services/programs/quantum-computing
https://www.aka.fi/en/research-funding/programmes-and-other-funding-schemes/flagship-programme/finnish-quantum-flagship/
https://instituteq.fi/
https://instituteq.fi/
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Recommendation 1:
Create a National Quantum Strategy

A National Quantum Strategy should reflect on the international aspects of
quantum technologies, including the new geo-economic dynamics, and set
priorities and timelines to create a sustainable quantum computing
ecosystem in Finland, building on the strengths of its mature industries and
strengthening its academic-industry-government networks. The goal of the
strategy would be to create of a dynamic quantum industry in Finland that
integrates and builds on current efforts in the Finnish educational, research,
and commercial sectors, and explicitly outlines the supplementary
measures needed to achieve this and other strategic goals.

The need for a strategy was already signalled by the Finnish Ministry
of Economic Affairs and Employment in 2022. The further deterioration of
the geopolitical environment, Finland’s accession to NATO and the effects
of increased global competition for talent, companies and investment make
it urgent for Finland to have a quantum strategy in 2024, developed in a
collaborative approach that engages all relevant stakeholders.

The strategy could include the creation of three important and closely
interconnected components: QuantumFinland, a National Centre of
Excellence and lead programmes to maintain leadership in vital parts of
emerging quantum computing supply chains, the identification and
adoption of relevant use cases of quantum technologies and promote
economic growth in Finland.
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Recommendation 2:
Establish QuantumFinland to support
industrial efforts

While Finland already has ongoing efforts to boost the local quantum
technology industry, stronger coordination is needed to ensure that research
excellence is transformed into industry leadership. Closer cooperation
between the actors in the Finnish ecosystem will be fundamental to ensuring
that Finland has a critical mass of industry leaders to create economies of
scale around quantum technologies, while ensuring that funding is invested
strategically to meet the needs of the National Quantum Strategy.

For this reason, it would be recommended to establish
QuantumFinland to support Finland’s industrial policy objectives.
QuantumFinland could be a collaborative structure of the existing actors
supporting quantum technologies in Finland. It would monitor the
developments in the quantum industry and have a helicopter view of the
quantum landscape— both in Finland and abroad. QuantumFinland could
build on the achievements of existing initiatives, such as BusinessQ, but
would have at its core the creation of a sustainable and dynamic industrial
ecosystem that benefits from research excellence. QuantumFinland would,
therefore, help accelerate the development of practical use cases with the
help of the combination of quantum technologies, high-performance
computing, and cloud services (QCaaS).

QuantumFinland would also help identify gaps in the supply chain and
help companies to attract and scale up private investments. In addition, it
could promote complementarity between key industries and technologies,
such as high-performance computing, artificial intelligence,
semiconductors, cloud, and green technologies. Lastly, QuantumFinland
could become a key factor in strengthening international collaboration in
the development of practical quantum applications and services.

Recommendation 3:

Ensure investment in lead programmes in
cryogenics, quantum software and
superconducting quantum computers

In addition, it will be essential to continue investing in Finland’s strengths
while diversifying opportunities in the quantum market. To this end, to
ensure that Finland has an advanced position in the full stack of quantum
computing and is competitive in global markets, it is recommended to
complement existing programs with additional lead programmes in
cryogenics and enabling technologies, quantum algorithms and middleware,
and superconducting quantum computers. These three dedicated lead
programmes would not substitute investments on other areas of the quantum


https://instituteq.fi/business/
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value chain and are to be perceived as complementing, and not restricting,
existing structures.

Finland, as an attractive location for software companies and as a leader
in quantum hardware with companies such as IQM could further cement its
advantage in the European market and become a global leader internationally
by creating dedicated funding schemes that support innovation in these two
tracks. Therefore, these two flagship programmes should identify clear
milestones and count on independent funding to ensure long-term gains.
Similar initiatives can be found in other countries. The Netherlands, for

instance, has a €29 million workstream for quantum sensors and France has
dedicated programmes with independent funding on strategic areas

(Quantum Priority Research and Equipment Programme, PERP) with a total
budget of €150 million.PERP) with a total budget of €150 million.

Recommendation 4:
Set up a National Centre of Excellence for the
Societal Impact of Quantum Technologies

At the end of 2023, several European countries, including Finland, signed
the Quantum Declaration. In it, they committed to creating a network of
centres of excellence in quantum technologies. Finland could play its part
by establishing the National Centre of Excellence for the Societal Impact of
Quantum Technologies to improve its foresight capacity around the impact
of quantum technologies. The same centre of excellence could potentially
look into other disruptive technologies as well, such as those with dual-use
capabilities such as space, 6G, cyber and Al

This entity, under the National Quantum Strategy, could help Finland
lead the debate at the EU level in understanding the societal impact and
environment of quantum technologies, including questions around the
responsible use and development and also the future of work. As the world
adopts and develops quantum technologies it will be fundamental to foresee
its impact on the labour market and create appropriate structures that
ensure the availability of expertise and talent. The Centre, which should
count on independent funding, could be at the centre of these debates and
provide policy recommendations to the government and to the European
Union to promote quantum literacy, increase the number of experts in
quantum technologies, and raise awareness of the societal impact of
quantum technologies.

In addition, as the experience with trustworthy AI shows, promoting
responsible development from an early stage can have a positive impact on
the reputation of Finnish quantum applications, help shape European and
global policy, and reduce the costs of adapting to future regulations enforcing
fairness. Additionally, Finland would position itself at the forefront of these
debates, which could translate into industrial competitive advantage.



https://assets.quantum-delta.prod.verveagency.com/assets/a-summary-of-the-quantum-delta-nl-programme-2021--2027-(incl.-budget).pdf
https://www.cnrs.fr/en/cnrsinfo/french-quantum-national-rd-strategy-just-started
https://digital-strategy.ec.europa.eu/en/news/european-commission-welcomes-spanish-presidency-declaration-strengthen-collaboration-quantum
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5. Conclusion

Quantum computing will be fundamental to realising Finland’s innovation
ambitions and managing data flows. It will be a key technology for advanced
Al or the development of 6G networks and virtual worlds. As the field
becomes contested, Finland, as well as other European countries, will be
faced with the question of how and with whom to collaborate
internationally, and how to prevent technology transfer and the acquisition
of leading companies. While Finnish companies are already seeking funding
outside of Finland, the biggest challenges in technology transfer will not be
with democratic allies, where Finland’s position as an internationalist or
introspective is still to be defined, but rather with autocratic regimes that can
use Finnish innovation to advance their interests.

To this end, consideration of a national quantum strategy should also
include measures not only to make of Finland an attractive place for
investment and innovation, but also to promote Finland’s strengths and
protect Finnish technology from foreign acquisition. The recommendations
in this paper aim to support the emergence of a competitive quantum
industry in Finland, attract and retain talent, foster international
collaboration, promote the responsible development of quantum
technologies, and prevent the acquisition of key companies by foreign actors.
This measure could make of Finland a testbed of innovative solutions that
could potentially be replicated at the European level to meet global demand.

In 2022, Finland was the only European country to feature in the top
10 list of global venture capital/private equity investments in quantum start-
ups (McKinsey 2023). This is a clear reflection of Finland’s potential to
become a global leader in quantum computing with further coordination
and clear public investment that build on the strengths of academia-
industry-government networks, research excellence and access to the
cutting-edge HPC technology of LUMI.

As international competition intensifies and more European countries
join the quantum race, understanding quantum computing as a
foundational technology, and signalling the prioritisation of quantum
innovation can help Finland attract the necessary talent and have the
critical mass to create positive spillovers in its economy while keeping
quantum companies within its borders.

The cost of inaction is too high, and the time to be an early mover is
coming to an end. As 2024 sees new countries joining the quantum race
and new deals and investments in quantum technologies, a national
quantum strategy, and even stronger collaboration between key
stakeholders, as well as an ambitious industrial policy, are necessary steps to
position Finland at the forefront of global quantum race.
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Appendix 1: Stages of the
study and interviewees
Timeline Description Location
Sept.-Nov.2023 Desk-research and compilation of sources Brussels
L. . Copenhagen
7 Nov. 23 to Visit to Denmark and the Netherlands and informal
9 Nov. 23 meetings with relevant actors
Amsterdam
Study trip to Finland
Meeting with VTT
Meeting with CSC
9 Nov.23 to . . Helsinki/
16 Nov. 23 Meeting with IQM Espoo
Meeting with SITRA
Finnish Information Security Cluster (FISC)
Finland's Ministry of Employment and the Economy
22 Nov. 23 to . . .
23 Nov. 23 Informal meetings with QUANTera actors Madrid
Dec. 2023 Analysis and online meeting with Business Finland (B):‘L:is::ls/
Madrid
Jan. 2024 Peer review, proofreading, and finalisation of the paper
Brussels
Jan. 2024 Presenta.tlorl of.the study to the stakeholder and policy Espoo
community in Finland
Jan./Feb. 2024 Review of the paper and incorporation of feedback Brussels
23 Feb. 2024 Review meeting with Aalto University Online
1 March 2024 Review meeting with Business Finland Online
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