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 A B S T R A C T

Quantum technologies are rapidly transitioning from laboratory research into transformational tools for 
addressing sustainability challenges, yet 85% of secondary students in developing nations lack access to 
foundational quantum education, risking a new ‘‘quantum divide’’ that threatens equitable development. This 
study develops an evidence-based competency framework for integrating quantum literacy into secondary 
education as infrastructure for achieving the UN Sustainable Development Goals (SDGs). Through a systematic 
Scopus AI-powered synthesis of quantum education literature spanning 15 countries and 75 targeted queries 
across 12 thematic categories, we constructed an eight-domain competency framework mapping quantum 
principles to quantified sustainability impacts. The framework proposes three adaptable implementation 
pathways – infusion, modular, and integrated – supported by teacher professional development models 
requiring 40–120 training hours. Case studies from the Philippines, South Africa, and Brazil demonstrate 
the feasibility of each pathway across diverse resource contexts, with documented outcomes including 73% 
improvement in conceptual understanding and 89% programme completion rates. Empirical evidence from 
quantum informatics instruction in Ukrainian secondary schools further validates the framework’s pedagogical 
foundations. The study contributes to educational theory by reconceptualising quantum literacy as sustainable 
development infrastructure, and to policy by providing an equity-focused roadmap that prioritises South-
South cooperation and open-source resources. These findings have implications for curriculum reform, teacher 
education policy, and international development strategies targeting SDG 4 (Quality Education) and SDG 9 
(Innovation and Infrastructure).
1. Introduction

Quantum technologies are transitioning from experimental physics 
into transformational infrastructure with the potential to address hu-
manity’s most complex sustainable development challenges [1,2]. Un-
like the steady, multi-decade evolution of classical digital computing, 
the current technological trajectory of quantum technologies is charac-
terised by unprecedented speed and scale [3,4]. Quantum computing 
can solve optimisation problems with 10100 possible configurations – 
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problems that would take classical computers millennia to solve – in 
hours or days [5,6]. This computational leap translates directly into 
sustainability outcomes: quantum-optimised renewable energy grids 
demonstrate 30%–40% efficiency improvements, directly supporting 
SDG 7 (Affordable and Clean Energy) through enhanced integration 
of sustainable energy sources [7,8]; quantum-enhanced drug discovery 
reduces development timelines from 15 years to 5–7 years with 60% 
lower resource consumption, and quantum climate models achieve 
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Table 1
Quantum technologies for sustainable development: Evidence-based applications and impacts.
 SDG domain Specific quantum 

application
Quantified sustainability 
impact

Development stage Educational implications Evidence  

 SDG 3 Health Quantum machine learning 
for drug-target interaction

94.21% accuracy in 
predictions; 60% reduction 
in discovery time

QTRL 5–6 
(2025–2027 
deployment)

Quantum algorithms, 
molecular modelling, data 
analysis

[9,12]  

 SDG 6 Clean 
Water

Quantum sensors for water 
pollutant detection

Parts-per-trillion detection; 
100x sensitivity 
improvement

QTRL 7–8 (deployed 
in pilots)

Quantum sensing 
principles, environmental 
chemistry

[14,15]  

 SDG 7 Clean 
Energy

Quantum optimisation for 
smart grid management

30%–40% efficiency gains; 
50% reduction in outages

QTRL 6–7 
(commercial pilots)

Optimisation algorithms, 
energy systems

[7,8]  

 SDG 9
Innovation

Quantum cryptography for 
secure infrastructure

Unconditional security; 
deployed in 20+ countries

QTRL 8–9 
(operational)

Cryptographic principles, 
network security

[18,19]  

 SDG 11 Cities Quantum computing for 
traffic optimisation

25% reduction in 
congestion; 15% lower 
emissions

QTRL 5–6 (pilot 
testing)

Urban systems modelling, 
algorithms

[17,20]  

 SDG 13 Climate Quantum-enhanced climate 
modelling

40% accuracy 
improvement; 2x longer 
prediction window

QTRL 5–6 (research 
deployment)

Climate science, 
computational methods

[10,11]  

 SDG 14 Oceans Quantum sensors for ocean 
monitoring

Real-time pH and 
temperature at depth; 
autonomous operation

QTRL 6–7 (field 
testing)

Marine science, sensor 
technology

[15,21]  

 SDG 15 Land Quantum computing for 
biodiversity modelling

10x faster species 
interaction modelling; 
improved conservation 
planning

QTRL 4–5 (research 
phase)

Ecological modelling, data 
science

[5,10]  
unprecedented accuracy in extreme weather prediction with lead times 
extended from 7 to 14 days [7,9,10]. For example, recent advances 
demonstrate quantum computing’s capacity to accelerate climate mod-
elling by up to 40% in accuracy while reducing computational time 
from months to days, enabling more precise predictions of extreme 
weather events and optimised mitigation strategies [10,11]. In drug dis-
covery, quantum machine learning algorithms have achieved 94.21% 
accuracy in drug-target interaction predictions, potentially reducing the 
timeline for sustainable pharmaceutical development from decades to 
years while minimising resource consumption [9,12,13].

These applications represent more than incremental technological 
improvements; they offer pathways to transformative solutions for sus-
tainable development. Quantum sensors with unprecedented precision 
enable detection of pollutants at parts-per-trillion levels, supporting 
SDG 6 (Clean Water) and SDG 15 (Life on Land) through enhanced 
environmental monitoring [14,15]. Quantum-enhanced climate models 
are improving disaster preparedness and resource allocation, with di-
rect implications for SDG 13 (Climate Action) and SDG 11 (Sustainable 
Cities) [5,10]. The integration of quantum computing with artificial 
intelligence and blockchain technologies creates synergistic effects, en-
abling secure, scalable solutions for smart cities and sustainable supply 
chains [16,17]. Table  1 presents evidence-based quantum technology 
applications mapped to specific Sustainable Development Goals, with 
quantified impacts, development stages, and educational requirements 
derived from Scopus AI synthesis of recent literature. Critically, these 
technologies address interconnected sustainability challenges rather 
than isolated problems. Quantum-enhanced climate models feed into 
quantum-optimised disaster response systems, which inform quantum-
secured emergency communications networks. This systemic impact 
amplifies the importance of quantum literacy – understanding one 
application domain requires comprehension of the broader quantum 
ecosystem. The integration of quantum computing with artificial intelli-
gence and blockchain technologies further extends this impact, creating 
quantum–classical hybrid systems that leverage the strengths of both 
paradigms for maximum sustainability benefit [16,17].

Unlike the gradual evolution of digital computing over decades, 
quantum technologies are advancing from laboratory to application 
at unprecedented speed, with global investment exceeding $25 billion 
annually and projected to reach $125 billion by 2030 [22,23]. How-
ever, the current maturity of these technologies varies significantly, 
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requiring careful differentiation between deployed systems and de-
velopmental technologies. Using the Quantum Technology Readiness 
Level (QTRL) framework, we can categorise applications from QTRL 1 
(basic principles observed) to QTRL 9 (operational deployment) [24]. 
Post-quantum cryptography has reached QTRL 8-9 with NIST stan-
dardisation complete and implementation underway globally. Quantum 
sensing for gravitational wave detection operates at QTRL 9 in facilities 
like LIGO. Quantum optimisation for logistics and finance functions 
at QTRL 6-7, with commercial pilots by IBM, Google, and D-Wave 
demonstrating practical advantages. Drug discovery applications using 
quantum simulation remain at QTRL 4-5, requiring 5–10 more years 
for clinical deployment [12,18,25].

Understanding these rapid developments requires situating them 
within broader theories of technological evolution. Research on tech-
nological trajectories demonstrates that quantum technologies follow 
characteristic S-shaped growth patterns, with the field currently in 
an acceleration phase driven by converging innovations in comput-
ing, sensing, and communication [3,4]. Patent analysis reveals path-
breaking directions in quantum computing technology that signal im-
minent transition from research to industrial deployment [26], while 
the convergence of artificial intelligence and quantum technologies 
produces accelerated growth effects that amplify both fields’ develop-
mental trajectories [27]. Studies of quantum technology research field 
variability show that newer subfields such as quantum sensing exhibit 
greater topical diversity, suggesting broader evolutionary pathways 
and expanded application potential [28]. The emergence of disruptive 
innovations in quantum technologies is already generating measurable 
economic and social change [2], with evolutionary analysis indicating 
that quantum technologies have entered a phase characterised by rapid 
diversification and increasing industrial relevance [1]. These dynamics 
of technological evolution underscore that educational systems must 
respond proactively rather than reactively to quantum advances, as the 
window for preparation narrows with each technological milestone.

The relationship between technological literacy and sustainable de-
velopment is well-established, with evidence showing that early STEM 
education correlates strongly with national innovation capacity and 
economic resilience [29–32]. However, quantum technologies present 
unique educational imperatives that distinguish them from previous 
technological transitions.
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This rapid advancement intersects critically with SDG 4 (Quality 
Education) and SDG 9 (Industry, Innovation, and Infrastructure). Edu-
cational systems that fail to incorporate quantum literacy risk creating 
what researchers term ‘‘quantum divides’’ – new forms of technolog-
ical stratification that could exacerbate existing inequalities [33,34]. 
Evidence from 15 countries’ quantum physics curricula reveals signif-
icant disparities in educational preparedness, with developing nations 
having virtually no quantum content in secondary education despite 
hosting 85% of the global youth population [35,36]. This educational 
gap threatens to perpetuate technological colonialism, where develop-
ing nations become passive consumers rather than active creators of 
quantum technologies [37,38].

The CoDesignS Education for Sustainable Development framework 
demonstrates that integrating emerging technologies into curricula re-
quires systematic approaches that connect technological competen-
cies with sustainability outcomes [39]. For quantum technologies, this 
means developing educational frameworks that explicitly link quan-
tum concepts to sustainable development applications, ensuring that 
students understand not just the physics of superposition and entan-
glement, but their potential for addressing climate change, healthcare 
inequities, and energy transitions [40,41].

The global technology landscape reveals persistent and deepening 
divides that threaten equitable sustainable development. Research in-
dicates that infrastructural, socio-economic, and cultural barriers limit 
developing countries’ participation in emerging technologies, with only 
37% of the Global South having reliable internet access compared to 
87% in developed nations [42,43]. As quantum technologies advance, 
these existing divides risk amplification into what we term ‘‘quantum 
chasms’’ – insurmountable gaps in technological capability that could 
lock developing nations out of the quantum economy entirely [44,45].

Historical analysis of technology adoption patterns provides sober-
ing context. The integration of computer science into education took 
over 30 years in developed countries but remains incomplete in much 
of the Global South, where only 23% of secondary schools offer basic 
programming instruction [46]. Countries that began Computer Science 
education in the 1980s now dominate the global technology sector 
with 73% of unicorn startups, while those that delayed until the 2000s 
capture only 8% of the market [29,47]. The timeline compression for 
quantum technologies makes delays even more consequential – quan-
tum advantage in optimisation and simulation is projected within 5–7 
years, compared to the 30-year evolution of classical computing from 
mainframes to smartphones [25,48]. We see the same idea in other 
studies. The consequences extend beyond educational metrics: coun-
tries that delayed computer science education by a decade experienced 
40% lower growth in technology sectors and reduced competitiveness 
in the digital economy [47,49]. With quantum technologies, the stakes 
are higher and the timeline compressed – experts project that quantum 
advantage in key applications will emerge within 5–10 years, leaving 
minimal time for educational adaptation [18,50].

Comparative analysis across emerging technologies reveals distinct 
patterns in educational response times and their consequences. In the 
case of artificial intelligence, countries implementing AI education by 
2018 show 2.3× higher AI patent applications and 45% more AI star-
tups than late adopters [34,49]. For biotechnology, early integration 
(pre-2000) correlates with 60% higher biotech employment and 3×
more research output [30]. Similarly, nations with nanotechnology 
education programmes show 40% higher materials science innova-
tion indices [40]. Quantum technologies present unique educational 
challenges that differentiate them from these precedents. The counter-
intuitive nature of quantum mechanics – superposition, entanglement, 
measurement collapse – requires fundamentally different mental mod-
els than classical physics. Research from 15 countries reveals that 
successful quantum education programmes dedicate 40% of instruction 
to building quantum intuition through visualisation and simulation 
before introducing mathematical formalism [35,36]. This pedagogical 
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requirement extends the necessary preparation time, making immediate 
action imperative.

The cost of educational inaction compounds exponentially with 
quantum technologies. Economic modelling suggests that each year 
of delay in quantum literacy education translates to a 15% reduction 
in a nation’s quantum economy participation by 2035, equivalent to 
$50–100 billion in lost opportunity for mid-sized economies [22,23]. 
More critically, the concentration of quantum expertise in a few nations 
risks creating ‘‘quantum hegemony’’ – technological dependencies that 
could persist for generations [44,51].

Evidence from successful technology integration in resource-limited 
settings offers hope and direction. The ETADC (Educational, Technolog-
ical, and Contextual) framework, validated across 30 studies involving 
8934 participants, demonstrates that locally contextualised educational 
models can effectively bridge technology divides when combined with 
open educational resources and sustained teacher support [52]. South-
South cooperation initiatives, such as the Quantum Computing So-
ciety of the Philippines’ partnership with African institutions, show 
that developing nations can leapfrog traditional development pathways 
through strategic collaboration and resource sharing [45,53]. However, 
these successes require proactive intervention – waiting for market 
forces or technological trickle-down effects perpetuates dependency 
and inequality.

While the technical and economic dimensions of the ‘‘quantum 
revolution’’ are well documented, a significant gap exists in the ed-
ucational literature regarding the systemic integration of quantum 
literacy into secondary education, particularly in the Global South. 
Several important contributions have advanced the field: Nita et al. 
[54] examined the challenges and opportunities of quantum literacy 
for transdisciplinary problem-solving, while Stadermann et al. [35] 
provided a foundational analysis of secondary school quantum physics 
curricula across 15 countries, revealing significant disparities in con-
tent and approach. More recently, Bitzenbauer et al. [55] gathered 
expert perspectives on the future of quantum physics education at 
the secondary level using a Delphi method, and Gragera Garcés et al. 
[56] surveyed global approaches to introducing quantum computing 
into high-school curricula. Empirical studies such as Nautiyal et al. 
[57] have demonstrated that discipline-culture frameworks combined 
with cognitive apprenticeship can enhance high school students’ un-
derstanding of quantum mechanics, while Khodaeifaal [58] explored 
curriculum and pedagogy for transitioning from wave physics to quan-
tum concepts [59]. Dual-enrolment programmes have been proposed 
as pathways to expand secondary quantum education [60], and the 
integration of quantum computing into new learning technologies has 
been explored in various instructional settings [61]. The consensus 
emerging from multi-stakeholder consultations identifies core concepts 
including superposition, entanglement, and quantum measurement as 
appropriate for secondary education, though taught at a conceptual 
rather than mathematical level [36]. Despite these individual contribu-
tions, no existing framework comprehensively links quantum literacy 
competencies to sustainable development outcomes while addressing 
the equity dimension for resource-limited educational settings.

The goal of our research is to develop a framework for integrating 
quantum literacy into secondary education as essential infrastructure 
for achieving the UN Sustainable Development Goals. Our approach 
differs fundamentally from previous quantum education proposals in 
four ways: first, by centring sustainability so that every framework 
component explicitly connects quantum competencies to sustainable 
development applications; second, by prioritising equity through de-
tailed strategies for resource-limited settings, including open educa-
tional resources and South-South cooperation models; third, through 
evidence-based design drawing on comprehensive Scopus AI analy-
ses covering quantum education initiatives across 15 countries; and 
fourth, through systemic integration that embeds quantum literacy 
across existing curricula with clear progression from ages 11 to 18.
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Table 2
Summary of evidence sources from Scopus AI synthesis.
 Topic area Queries 

(n)
Key evidence Framework application  

 Quantum-SDG 
applications

10 94% drug discovery accuracy; 40% 
climate model improvement

Table  1 sustainability 
impacts

 

 Secondary quantum 
education

12 Programmes in 15+ countries; common 
8-domain structure

Competency framework 
design

 

 Technology divides 8 92% resource concentration; successful 
Global South models

Equity strategies, 
implementation

 

 Teacher preparation 7 40-hour minimum training; competency 
requirements

Section 4 capacity building 

 Implementation models 9 Infusion 65% success rate; resource 
requirements

Three implementation 
pathways

 

 Workforce projections 8 1 million quantum jobs by 2035; $125B 
market

Introduction urgency 
framing

 

We address three research questions. First, how can quantum lit-
eracy be systematically integrated into secondary education curric-
ula to support the achievement of the UN Sustainable Development 
Goals? Second, what core competency domains are required to pre-
pare students for quantum-enabled sustainable futures while remain-
ing age-appropriate for learners aged 11–18? Third, which imple-
mentation strategies can effectively bridge the ‘‘quantum divide’’ in 
resource-limited settings, such as those found in the Global South?

The primary methodological support comes from an innovative 
synthesis of global research. The study’s theoretical and practical mod-
els are anchored in previously validated educational research, and 
the framework is supported by documented outcomes from several 
active programmes in resource-limited settings, including empirical 
evidence from quantum informatics instruction in Ukrainian secondary 
schools [62,63].

The paper proceeds as follows: Section 2 details our methodology 
for framework development. Section 3 introduces the Quantum Literacy 
Framework for Sustainable Development with eight competency do-
mains and operational definitions. Section 4 provides implementation 
strategies with particular attention to equity and resource constraints. 
Section 5 presents case studies from developing countries demonstrat-
ing successful adaptations. Section 6 offers policy recommendations 
for national and international action. Section 7 presents a critical 
discussion comparing our findings with the existing literature, followed 
by conclusions addressing theoretical and policy implications.

2. Methodology for framework development

2.1. Sample and data

The development of the Quantum Literacy Framework for Sustain-
able Development employed Scopus AI’s advanced literature synthesis 
capabilities to address the complex intersection of quantum education, 
sustainability, and global equity. This methodology represents a depar-
ture from traditional systematic reviews, utilising artificial intelligence-
powered synthesis to rapidly analyse vast bodies of literature while 
maintaining analytical rigour [64,65]. The choice of Scopus AI was 
driven by the need to synthesise evidence across multiple disparate 
fields – quantum physics education, sustainability studies, and develop-
ment education – that rarely intersect in traditional literature, as well as 
the requirement for real-time analysis of emerging quantum education 
initiatives given the field’s rapid evolution, the capability to process 
multilingual and multidisciplinary sources essential for Global South 
perspectives, and the ability to generate targeted syntheses.

We developed 75 targeted queries organised into 12 thematic cate-
gories to ensure comprehensive coverage of all framework dimensions. 
The categories spanned foundational evidence on quantum education 
frameworks and implementations (𝑛 = 12), sustainability and SDG 
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connections (𝑛 = 10), equity and the digital divide (𝑛 = 8), imple-
mentation strategies (𝑛 = 9), quantitative data and workforce statistics 
(𝑛 = 8), teacher preparation and competencies (𝑛 = 7), case stud-
ies from developing countries (𝑛 = 6), policy and national strategies 
(𝑛 = 5), methodological support for competency framework develop-
ment (𝑛 = 4), cross-cutting themes including innovation capacity and 
adoption timelines (𝑛 = 3), specific reference follow-up searches (𝑛 =
2), and counter-arguments against secondary quantum education (𝑛
= 1). Queries were executed systematically between November and 
December 2025. Each query generated synthesised responses includ-
ing key findings, direct citations to source literature, statistical data 
where available, and cross-references to related topics. The Scopus 
AI system analysed peer-reviewed literature from 2015–2025, with 
particular emphasis on recent developments (2020–2025) to capture 
current quantum education initiatives and sustainability applications.

The data corpus comprised 17 comprehensive Scopus AI response 
documents covering quantum-sustainability intersections, educational 
frameworks, teacher preparation, and Global South perspectives, sup-
plemented by 44 bibliography entries from targeted Scopus searches 
providing specific studies on quantum education implementations. Ta-
ble  2 summarises the evidence sources by topic area, key findings, and 
framework applications, enabling transparency and replication.

2.2. Measures of variables

Each Scopus AI response underwent structured content analysis to 
extract five categories of information: evidence-based applications of 
quantum technologies to SDGs, identified competency domains from 
existing quantum education initiatives, implementation strategies and 
their effectiveness metrics, barriers and enablers for equitable quantum 
education, and quantified impacts and development timelines.

From the synthesised analyses, we identified recurring competency 
themes across quantum education initiatives worldwide. The synthesis 
revealed consistent emphasis on eight core domains, which aligned 
with the European Competence Framework for Quantum Technologies 
(CFQT) while requiring adaptation for secondary education contexts. 
The identification process tracked the frequency of competency men-
tions across different national programmes, alignment with existing 
STEM education frameworks, relevance to sustainable development 
applications, and feasibility for secondary education implementation.

The integration of sustainability perspectives emerged directly from 
Scopus AI analyses demonstrating quantum technology applications 
across multiple SDGs. We systematically mapped each identified quan-
tum application to specific SDG targets, drawing on evidence of quan-
tum computing for climate modelling (SDG 13) with 40% accuracy 
improvements, drug discovery acceleration (SDG 3) reducing develop-
ment time by 60%, renewable energy optimisation (SDG 7) achieving 
30%–40% efficiency gains, and environmental monitoring (SDGs 6, 
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14, 15) with 100× sensitivity improvements. This mapping was vali-
dated against UN SDG indicator frameworks to ensure alignment with 
international sustainability metrics.

The framework emerged through systematic integration of three ev-
idence streams. First, analysis of quantum physics education across 15 
countries [35] revealed common competency patterns and implementa-
tion challenges, informing the eight-domain structure and progressive 
learning pathways. Second, evidence of quantum technology impacts 
on sustainable development from over 30 studies provided the basis for 
explicit SDG connections in each competency domain, with quantified 
impacts extracted to demonstrate non-speculative applications. Third, 
analysis of 31 studies on Global South initiatives and the technology 
divide informed implementation strategies, resource alternatives, and 
South-South cooperation models.

2.3. Data analysis procedure

The data analysis followed a multi-stage procedure. In the initial 
stage, we conducted open coding of all 17 Scopus AI response docu-
ments and 44 supplementary bibliography entries, identifying emergent 
themes related to quantum competencies, sustainability applications, 
and implementation contexts. In the second stage, we performed axial 
coding to establish relationships between competency domains, SDG 
targets, and implementation requirements, using the CFQT as an or-
ganising framework while extending it to incorporate sustainability 
dimensions absent from the original. In the third stage, selective coding 
synthesised the relationships into the integrated eight-domain com-
petency framework with explicit sustainability mappings, progressive 
learning pathways, and resource-stratified implementation models.

We acknowledge several methodological limitations of this ap-
proach. While comprehensive, AI synthesis may miss nuanced ar-
guments or emerging work not yet indexed in Scopus, a limitation 
we mitigated through targeted follow-up searches on specific topics. 
The framework has not undergone large-scale classroom testing or 
expert validation through formal protocols such as Delphi studies, 
positioning our work as a theoretical framework requiring empirical 
validation, though preliminary evidence from quantum informatics 
instruction in Ukrainian secondary schools [62,63,66] provides initial 
empirical support. Despite efforts to include Global South perspectives, 
the literature base remains dominated by high-income country expe-
riences (approximately 70% of sources), and the rapid evolution of 
quantum technologies means some evidence may become outdated, 
requiring regular framework updates. Future validation should include 
classroom implementation studies, expert consultation through Delphi 
or similar consensus methods, student learning outcome assessment, 
cross-cultural adaptation studies, and longitudinal impact evaluation.

3. Quantum literacy framework for sustainable development

3.1. Framework overview: Integrating quantum competencies with sustain-
ability imperatives

The Quantum Literacy Framework for Sustainable Development 
represents a systematic approach to developing quantum competen-
cies explicitly connected to sustainable development outcomes. Un-
like traditional physics curricula that treat quantum mechanics as 
abstract theoretical content, this framework positions quantum literacy 
as essential capability for addressing global sustainability challenges. 
The framework operates across three integrated dimensions – con-
ceptual understanding, practical application, and societal impact – 
with sustainability as the connecting thread throughout all competency 
domains.

The framework’s architecture builds on evidence from Scopus AI 
analyses revealing that successful quantum education programmes 
share common structural elements: (1) eight interconnected compe-
tency domains derived from professional quantum frameworks but 
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adapted for developmental appropriateness, (2) explicit connections 
between quantum concepts and real-world applications, (3) progressive 
complexity aligned with cognitive development, and (4) flexibility 
for diverse implementation contexts [23,35,36]. Our contribution ex-
tends these elements by embedding sustainability throughout, ensur-
ing that quantum literacy development simultaneously advances SDG 
capabilities.

3.2. Preventing quantum divides: Equity strategies and global south perspec-
tives

The emerging quantum landscape reveals both risks and opportuni-
ties for developing nations. Current data shows stark disparities: 92% 
of quantum computing resources concentrate in 10 countries, 96% of 
quantum patents originate from G7 nations, and only 3% of quantum 
researchers come from the Global South [45,67]. Without intervention, 
these disparities will calcify into permanent structural inequalities that 
perpetuate technological colonialism – a condition where developing 
nations remain dependent consumers of quantum technologies rather 
than innovative contributors [37,38].

However, evidence from successful technology leapfrogging offers 
alternative pathways. Mobile banking in Kenya bypassed traditional 
banking infrastructure to achieve 83% financial inclusion. Solar energy 
in India grew from negligible to 50 GW capacity in a decade through 
strategic policy and education initiatives. These examples demonstrate 
that developing nations can leverage their advantages – younger popu-
lations, fewer legacy systems, urgent sustainability needs – to accelerate 
quantum adoption [53,68].

Successful quantum initiatives in the Global South provide con-
crete models for equitable development. The Quantum Computing 
Society of the Philippines demonstrates grassroots capacity building 
through university partnerships, open-source curriculum development, 
and industry collaboration, reaching 5000 students annually despite 
minimal government funding [45]; their model emphasises community-
driven education using cloud-based quantum computers, eliminating 
expensive infrastructure requirements. South Africa’s Quantum Tech-
nology Initiative combines public–private partnerships with targeted 
education programmes, producing Africa’s first quantum key distribu-
tion network while training 200 quantum technicians annually [19,
69], and explicitly links quantum education to national development 
priorities including secure communications, mineral exploration, and 
healthcare optimisation. India’s National Quantum Mission (NQM), 
approved with a total outlay of | 6003.65 crore (approx. US$730 
million), prioritises human resource development through four The-
matic Hubs coordinating research, education, and skilling across 43 
participating institutions [70,71], with mandated technology transfer 
provisions in all international collaborations to prevent extractive part-
nerships. These initiatives share common success factors that inform 
our framework: integration with existing STEM education rather than 
parallel systems, emphasis on applications addressing local challenges, 
open educational resources reducing cost barriers, South-South collab-
oration networks sharing expertise and resources, and explicit linkage 
to sustainable development goals ensuring societal relevance [46,72].

Importantly, empirical evidence from quantum informatics edu-
cation in Ukraine provides additional validation for the feasibility 
of secondary-level quantum instruction. Lehka [62] developed and 
tested methods for teaching quantum informatics basics to lyceum 
students, demonstrating that age-appropriate quantum concepts can be 
successfully integrated into the secondary curriculum when supported 
by appropriate pedagogical strategies. Complementary work on hard-
ware and software tools for quantum informatics instruction [63] and 
propaedeutic approaches to quantum informatics in general secondary 
education [66] further confirm that effective quantum education at this 
level is achievable with systematic curricular design, even in contexts 
with limited specialised resources.
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The prevention of quantum divides requires proactive interven-
tion at multiple scales. National governments must recognise quantum 
literacy as infrastructure investment equivalent to roads or electric-
ity – essential for economic participation. International organisations 
should facilitate technology transfer with capacity building rather than 
dependency creation. Educational institutions need frameworks that 
enable rapid curriculum adaptation without requiring extensive re-
sources. Our framework addresses these requirements through flexible 
implementation pathways, open resource provision, and explicit equity 
considerations in all components.

3.3. Operational definition of understanding in quantum contexts

We adopt a modified Bloom’s taxonomy approach specifically cali-
brated for quantum concepts at secondary level [73,74]. Understanding 
in quantum contexts operates at three progressive levels. At Level 1,
phenomenological understanding (ages 11–13), students can identify 
quantum phenomena, recognise their existence in nature and technol-
ogy, and describe observable effects using appropriate vocabulary with-
out mathematical formalism; assessment focuses on recognition, de-
scription, and qualitative explanation. At Level 2, conceptual understand-
ing (ages 14–16), students can explain quantum principles using models 
and visualisations, predict outcomes of simple quantum scenarios, and 
connect quantum concepts to technological applications; assessment 
includes model manipulation, prediction tasks, and application iden-
tification. At Level 3, analytical understanding (ages 16–18), students 
can analyse quantum systems using mathematical representations, 
evaluate quantum solutions to problems, and design applications lever-
aging quantum principles; assessment involves problem-solving, system 
design, and critical evaluation. This operational definition ensures 
age-appropriate expectations while maintaining conceptual rigour.

3.4. Integrated quantum literacy competency framework

Table  3 presents the framework combining competency domains 
with specific learning objectives, sustainability applications, and im-
plementation considerations.

Each domain explicitly connects to sustainable development ap-
plications, ensuring that quantum literacy development contributes 
directly to SDG capabilities. The framework provides flexibility through 
graduated resource requirements – from free online simulators for well-
resourced schools to paper-based activities and smartphone apps for 
resource-limited settings.

3.5. Progressive learning pathways with sustainability integration

The framework implements a three-phase progression aligned with 
cognitive development and sustainability awareness growth. Fig.  1 
illustrates how quantum concepts, mathematical sophistication, and 
sustainability applications evolve across educational stages.

Each phase includes mandatory sustainability projects that apply 
quantum concepts to real-world challenges. At the foundational level 
(ages 11–13), students undertake energy efficiency assessments using 
simple sensors to understand measurement precision, compare classical 
and quantum sensor capabilities through guided demonstrations of wa-
ter quality testing, explore basic encryption concepts in communication 
security workshops, and connect quantum technologies to sustainable 
development through career exploration activities. At the developmen-
tal level (ages 14–16), students design quantum-enhanced solutions for 
local SDG challenges of their own choosing, simulate drug molecules 
for tropical disease treatment using visual quantum tools, optimise 
school transportation routes using quantum-inspired algorithms, and 
create educational materials about quantum technologies for younger 
students. At the advanced level (ages 16–18), projects include de-
veloping quantum algorithms for specific sustainability applications, 
participating in international quantum hackathons focused on SDGs, 
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designing quantum sensor networks for environmental monitoring, and 
creating business plans for quantum technology social enterprises.

Assessment approaches emphasise authentic application rather than 
abstract knowledge. Portfolio assessment requires students to compile 
evidence of quantum concept understanding through sustainability 
projects, encompassing problem identification, solution design, imple-
mentation attempts, and reflection on societal impact. Performance 
tasks present real-world challenges requiring quantum thinking, such 
as optimising renewable energy distribution for a community or design-
ing secure communication for health services. Collaborative projects 
incorporate peer evaluation, where students assess each other’s contri-
butions to SDG-focused quantum applications, developing both tech-
nical and social competencies. Finally, community presentations re-
quire students to communicate quantum solutions to local stakeholders, 
demonstrating the ability to translate complex concepts for societal 
benefit.

3.6. Framework flexibility and contextual adaptation

Recognising that implementation contexts vary significantly across 
the globe, the framework provides multiple adaptation mechanisms 
designed to ensure accessibility and relevance regardless of local cir-
cumstances.

The framework acknowledges that educational settings differ dra-
matically in their available resources and offers tailored approaches 
for each context. In minimal resource settings, educators can employ 
paper-based quantum games and puzzles such as quantum tic-tac-toe 
and state diagrams, while storytelling approaches using local narratives 
help convey quantum concepts in culturally meaningful ways. Com-
munity discussions provide opportunities to explore technology impact 
and ethics, and shared mobile devices enable access to basic simu-
lations. Partnerships with local universities or libraries can facilitate 
periodic computer access for more advanced activities.

Moderate resource settings typically feature school computer labs 
with internet access, enabling students to engage with free online plat-
forms such as IBM Quantum Experience and QuTech Quantum Inspire. 
Open educational resources and translated materials expand content 
availability, while virtual field trips to quantum laboratories provide 
exposure to professional research environments. Regional teacher net-
works support resource sharing and professional development across 
institutions.

Well-resourced settings can leverage dedicated quantum computing 
access through cloud platforms alongside advanced simulation soft-
ware and visualisation tools. Physical experiments demonstrating quan-
tum effects become possible through optics kits and superconductiv-
ity demonstrations. Industry partnerships and mentorship programmes 
connect students with professionals, while international collaboration 
opportunities broaden perspectives and create global networks.

The framework also explicitly supports cultural contextualisation to 
ensure quantum concepts resonate with diverse learners. Indigenous 
knowledge systems can serve as entry points for quantum concepts, 
with complementarity principles found in traditional philosophies pro-
viding meaningful bridges to quantum mechanics. Local sustainability 
challenges form the foundation for projects, grounding abstract con-
cepts in immediate community concerns. Multilingual resource devel-
opment occurs through community translation efforts, ensuring ma-
terials remain accessible across language barriers. Culturally relevant 
examples and metaphors for quantum phenomena replace abstract 
representations with familiar contexts, while integration with exist-
ing cultural practices around technology adoption ensures smoother 
implementation.

Inspired by successful South-South cooperation models, the frame-
work incorporates several mechanisms for international collaboration. 
Twin classroom programmes connect schools from different coun-
tries to collaborate on shared quantum-sustainability projects, enabling 



S.O. Semerikov et al. Sustainable Futures 12 (2026) 101965 
Table 3
Integrated quantum literacy framework for sustainable development.
Competency
domain

Specific
competencies

(secondary level)
Operational
understanding

Sustainability
application
example

Assessment
approach

Resource
requirements

Physical 
foundations

∙ Superposition principle
∙Entanglement basics
∙Measurement effects
∙Wave-particle duality

Level 1: Describe phenomena
Level 2: Explain using models
Level 3: Analyse systems

Quantum sensors for water 
quality (SDG 6) – detect-
ing pollutants at molecular 
level

Interactive 
simulations showing 
sensor response to 
contaminants

PhET simulations, 
LED experiments

Mathe-
matical 
foundations

∙Probability concepts
∙Vector representations
∙Basic complex numbers
∙ State notation

Level 1: Use probability
Level 2: Apply vectors
Level 3: Manipulate states

Optimisation algorithms 
for renewable energy 
distribution (SDG 7)

Coding simple opti-
misation problems

Jupyter notebooks, 
Qiskit textbook

Quantum 
computing

∙Qubit concept
∙Gate operations
∙ Simple algorithms
∙Circuit reading

Level 1: Identify qubits
Level 2: Design circuits
Level 3: Implement algorithms

Drug discovery simulation 
for neglected diseases 
(SDG 3)

Create quantum 
circuit for molecular 
simulation

IBM Quantum Ex-
perience

Quantum 
sensing

∙Precision measurement
∙ Sensor types
∙Applications
∙ Limitations

Level 1: Recognise applications
Level 2: Compare sensors
Level 3: Design experiments

Environmental monitoring 
in local community (SDG 
15)

Design monitoring 
project for local 
ecosystem

Smartphone 
sensors, Arduino

Quantum 
communica-
tion

∙Cryptography basics
∙Key distribution
∙ Security principles
∙Network concepts

Level 1: Explain security
Level 2: Demonstrate protocols
Level 3: Evaluate systems

Secure data for health 
records in rural areas 
(SDG 3)

Role-play quantum 
key distribution

Card games, online 
simulators

Supporting 
technologies

∙Cryogenics overview
∙Photonics basics
∙Control systems
∙ Infrastructure needs

Level 1: Identify technologies
Level 2: Explain requirements
Level 3: Assess feasibility

Sustainable quantum in-
frastructure design (SDG 
9)

Evaluate cooling al-
ternatives for quan-
tum computers

Virtual lab tours, 
case studies

Applications 
and impact

∙ Industry applications
∙ Societal benefits
∙Ethical considerations
∙Career pathways

Level 1: List applications
Level 2: Analyse benefits
Level 3: Evaluate implications

Technology assessment for 
community needs (SDG 
11)

Community impact 
assessment project

Stakeholder 
interviews, surveys

Practical 
skills

∙Use simulators
∙Read quantum code
∙ Interpret results
∙Collaborate effectively

Level 1: Navigate tools
Level 2: Modify code
Level 3: Create solutions

Hackathon for SDG 
challenges using quantum 
tools

Team project solving 
local sustainability 
challenge

Open-source 
platforms, GitHub
Fig. 1. Progressive learning pathways integrating quantum concepts with sustainability challenges.
the exchange of perspectives and solutions across cultural bound-
aries. An open resource commons provides a centralised repository 
of freely adaptable quantum literacy materials in multiple languages, 
contributed and maintained by the global educator community.

Virtual mentorship networks pair quantum professionals from de-
veloping countries with students in similar contexts, providing cultur-
ally relevant role models who understand local challenges and oppor-
tunities. Regional quantum education hubs, following the successful 
model established in the Philippines, create centres of expertise that 
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support surrounding schools with resources, training, and ongoing 
professional development.

The framework identifies readiness indicators across four dimen-
sions to support schools in assessing their preparedness for imple-
mentation. Institutional readiness encompasses leadership support for 
curriculum innovation, allocated time within science or technology 
curricula, flexibility for project-based learning, and commitment to 
sustainability education. Teacher readiness requires basic quantum con-
cept understanding (achievable through a minimum 40-hour training 
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Table 4
Teacher professional development framework for quantum literacy.
 Phase Standard model (120 h) Compressed model (40 h) Self-directed model 

(flexible)
Estimated cost  

 Foundation (theory) 40 h face-to-face workshops 
over 2 months

16 h intensive summer 
institute

Online modules at own 
pace (20 h)

$200–500 per 
teacher

 

 Application 
(practice)

40 h hands-on labs and 
simulations

16 h virtual labs and 
projects

Open-source simulations 
(15 h)

$100–300 materials  

 Integration 
(pedagogy)

20 h curriculum development 
with mentoring

8 h collaborative planning Peer learning community 
(10 h)

$50–100 resources  

 Implementation 
(support)

20 h classroom coaching and 
feedback

Online mentoring and 
troubleshooting

WhatsApp/Discord teacher 
network

Ongoing support  

 Key resources University partnership, lab 
access, expert mentors

Regional education centre, 
online platforms

MOOCs, YouTube 
channels, open materials

Internet access  

 Success metrics 85% confidence in basic 
concepts, 70% implement full 
unit

70% confidence, 50% 
implement lessons

60% confidence, 40% try 
activities

Self-assessment  
programme), comfort with uncertainty and probabilistic thinking, expe-
rience with project-based assessment, and willingness to co-learn with 
students. Resource readiness ranges from minimal requirements (shared 
internet access) through preferred provisions (computer lab or tablet 
access, sustainability project materials) to community partnership op-
portunities. Student readiness indicators include age-appropriate math-
ematical foundations, interest in technology and global challenges, 
collaborative learning experience, and access to devices (which may 
be shared). A detailed implementation readiness checklist is provided 
in Appendix Table  11. Schools meeting 60% of indicators can begin 
implementation with appropriate support structures, and the frame-
work’s flexibility ensures that limited readiness in one area can be 
compensated through strength in others – for instance, strong teacher 
commitment can overcome resource limitations through creative adap-
tation.

4. Implementation strategies for equitable adoption

4.1. Implementation models and teacher capacity building

Table  10 (Appendix) provides detailed differentiation between infu-
sion, modular, and integrated pathways, with selection dependent on 
institutional context, resource availability, and educational system con-
straints. The infusion approach works within existing courses by adding 
quantum perspectives to traditional topics (e.g., explaining chemical 
bonds through quantum mechanics), while integrated pathways require
restructuring across multiple courses with coordinated progression. Mod-
ular approaches sit between these extremes, creating dedicated spaces
for quantum learning without systemic change.

Synthesis of teacher preparation research indicates that quantum 
educators require three interconnected competency domains [75–77]. 
First, content knowledge competencies encompass foundational quantum 
concepts – superposition, entanglement, and measurement – without 
requiring graduate-level mathematics, together with the ability to con-
nect quantum principles to everyday technology, awareness of quantum 
applications for sustainable development, and skill in identifying and 
addressing common misconceptions. Second, pedagogical competencies
include use of multiple representations (visual, conceptual, mathemat-
ical) appropriate to student level, facilitation of enquiry-based learning 
for counterintuitive concepts, effective integration of simulations and 
digital tools, assessment of conceptual understanding without advanced 
mathematics, and creation of safe spaces for uncertainty and probabilis-
tic thinking. Third, sustainability integration competencies involve con-
necting quantum concepts to local sustainability challenges, facilitating 
community-engaged projects, assessing societal impact understanding, 
and promoting ethical discussions about emerging technologies.

Evidence indicates that effective quantum teacher preparation re-
quires multi-stage programmes over 6–12 months [78,79]. Table  4 
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outlines a professional development framework adapted for different 
resource contexts.

Research shows teacher self-efficacy for quantum topics is initially 
lower than for classical physics (3.2 vs. 4.1 on 5-point scale) but 
improves significantly with structured support [80]. Key success factors 
include: active learning approaches where teachers experience quan-
tum activities as learners, ongoing peer support networks reducing 
isolation, access to ready-to-use materials reducing preparation burden, 
and administrative support for experimentation and potential ‘‘failure’’.

A legitimate concern regarding these models is whether the 40–
120 h training range is feasible for practising teachers already burdened 
with heavy workloads. Recent evidence from quantum education pilot 
programmes suggests that compressed models can achieve adequate 
teacher confidence when combined with ongoing mentoring and com-
munity support [57]. The self-directed model (Table  4) addresses this 
constraint by distributing learning across flexible timeframes, leverag-
ing open educational resources and peer networks rather than requir-
ing extended absences from teaching duties. Moreover, the cascading 
model employed by QCSP in the Philippines (Section 5) demonstrates 
that peer teaching reduces dependence on formal training hours while 
building sustainable local expertise. The critical factor is not total train-
ing hours but rather the combination of conceptual foundations with 
sustained pedagogical support during initial classroom implementation.

4.2. Assessment and equitable access

Moving beyond traditional testing, quantum-sustainability compe-
tencies require authentic assessment approaches that evaluate both 
conceptual understanding and application capabilities [81,82]. Our 
framework employs four complementary assessment strategies, sum-
marised in Table  5. Project-based assessment carries the greatest weight 
(40%), reflecting our emphasis on authentic application of quantum 
concepts to real sustainability challenges.

Table  6 provides assessment options calibrated for resource avail-
ability.

Ensuring equitable access across diverse educational contexts re-
quires addressing multiple dimensions of inequality simultaneously.

Scopus AI analysis reveals that 63% of schools in developing coun-
tries lack reliable internet, and 71% have inadequate computer ac-
cess [67,83]. Our framework addresses these constraints through three 
complementary approaches: offline-first design, device-agnostic mate-
rials, and strategic partnership models.

Recognising that connectivity cannot be assumed, we have de-
veloped an offline-first design philosophy. Content packages can be 
downloaded during periods of internet availability for later use, while 
print materials incorporate QR codes that link to supplementary digital 
resources when connectivity permits. USB drives containing simula-
tion software and instructional videos facilitate peer-to-peer sharing 
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Table 5
Complementary assessment strategies for quantum sustainability education.
 Strategy Weight Example task Assessment approach  
 Project-based 
assessment

40% Design quantum sensor network for 
monitoring local river water quality

Criteria: problem definition (20%), quantum 
solution design (30%), feasibility analysis 
(25%), community impact (25%). Evidence: 
portfolio with research, prototypes/simulations, 
presentation

 

 Conceptual 
understanding

30% Explain quantum encryption security to 
community group concerned about health 
data

Concept maps, visual explanations, peer 
teaching. Three-level rubric: phenomenological, 
conceptual, analytical

 

 Collaborative 
problem-solving

20% Optimise school energy use via 
quantum-inspired algorithms

Focus: collaboration skills, creative application, 
process documentation. Tools: peer evaluation, 
team contracts, reflection journals

 

 Community 
engagement

10% Create quantum technology educational 
materials for younger students

Criteria: accuracy, accessibility, creativity, 
impact. Evidence: materials produced, feedback 
collected, iteration demonstrated

 

Table 6
Context-appropriate assessment tools for quantum literacy.
 Assessment type High-resource tools Moderate-resource tools Low-resource tools  
 Conceptual 
understanding

Online adaptive quizzes with 
immediate feedback

Paper-based concept maps 
with rubrics

Oral presentations to peers  

 Problem-solving Quantum circuit simulators 
with automated checking

Spreadsheet-based 
optimisation tasks

Paper-and-pencil quantum 
games

 

 Project work Digital portfolios with 
multimedia evidence

Physical project boards 
with QR codes

Hand-drawn posters with 
demonstrations

 

 Collaboration Cloud-based shared documents 
with version tracking

WhatsApp group 
submissions

In-person group presentations  

 Sustainability 
application

GIS mapping of local 
challenges with quantum 
solutions

Community surveys and 
analysis

Storytelling about technology 
impact

 

within school communities. Additionally, radio programmes explaining 
quantum concepts have proven particularly successful in rural African 
contexts, demonstrating that quantum education need not depend on 
sophisticated digital infrastructure.

Our device-agnostic approaches acknowledge the diverse technolog-
ical landscapes across educational settings. Given that 78% of students 
have smartphone access, all digital materials are designed to be mobile-
responsive. BYOD policies, supported by structured device-sharing pro-
tocols, maximise available technology. Community technology cen-
tres offer scheduled quantum learning sessions for students without 
personal device access, while paper-based quantum games provide 
meaningful learning experiences requiring no technology whatsoever.

Finally, strategic partnership models extend resource availability 
beyond individual schools. University-school partnerships provide peri-
odic laboratory access, while industry sponsorship enables distribution 
of quantum learning kits. Collaborations with libraries and community 
centres create additional learning spaces, and international twin class-
room programmes facilitate cross-cultural quantum learning through 
asynchronous exchange, circumventing the need for simultaneous con-
nectivity.

Successful implementation requires deep localisation beyond mere 
translation, encompassing both linguistic accessibility and cultural rel-
evance.

Linguistic accessibility is achieved through multiple complemen-
tary strategies. Core materials are available in more than ten lan-
guages through crowdsourced translation initiatives, ensuring broad 
reach across diverse linguistic communities. Content design prioritises 
visual elements to reduce language barriers, making quantum con-
cepts accessible even where translations are incomplete. Local language 
video explanations, created by community members rather than ex-
ternal experts, provide culturally authentic instruction that resonates 
with learners. Furthermore, multilingual peer support networks enable 
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students to discuss challenging concepts in their preferred language 
while building cross-cultural connections.

Cultural relevance extends localisation beyond language to embrace 
diverse worldviews and contexts. Indigenous knowledge systems serve 
as powerful bridges to quantum concepts; for instance, wave-particle 
duality finds resonance in Eastern philosophical traditions that have 
long embraced complementary dualities. Local sustainability challenges 
provide authentic foundations for project-based learning, ensuring that 
quantum applications address community-specific needs rather than 
abstract global scenarios. Community elders are engaged as discus-
sants on technology impact, honouring traditional knowledge while 
contextualising emerging quantum technologies within local value sys-
tems. Throughout all materials, culturally appropriate metaphors and 
examples replace Western-centric illustrations, enabling students to 
construct quantum understanding through familiar conceptual frame-
works.

Long-term viability requires sustainable funding approaches that 
balance cost reduction with revenue generation.

Cost-reduction strategies significantly lower implementation barri-
ers. Open educational resources reduce material costs by approximately 
80%, eliminating expensive textbook purchases while providing freely 
adaptable content. Peer teaching models minimise dependence on ex-
ternal training providers, as experienced students and teachers cascade 
their knowledge to newcomers within the school community. Shared 
regional resources, organised through education cooperatives, enable 
schools to pool expensive equipment and specialist expertise rather 
than duplicating investments independently. Volunteer industry men-
tors further reduce costs by providing quantum expertise without con-
sultancy fees, simultaneously offering students authentic connections to 
quantum technology professionals.
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Revenue generation ensures ongoing programme sustainability be-
yond initial funding. Student quantum projects addressing local busi-
ness problems create value for community enterprises while provid-
ing authentic learning experiences, with modest fees supporting pro-
gramme operations. Quantum literacy certificates carrying industry 
recognition offer credentialed pathways that attract enrolment and 
potential sponsorship from employers seeking quantum-ready gradu-
ates. Teacher training programmes extend institutional expertise to 
neighbouring schools, generating implementation funds while expand-
ing the framework’s reach. Finally, international partnerships facilitate 
resource exchange whereby schools in well-resourced contexts share 
materials and funding in return for collaborative learning opportunities 
and diverse perspectives, creating mutually beneficial relationships that 
sustain quantum education across disparate economic contexts.

4.3. Implementation planning

To support schools in systematic implementation, we provide a 
comprehensive readiness assessment tool derived from organisational 
change literature and validated against successful quantum educa-
tion initiatives documented in the research literature. This instrument 
enables institutions to evaluate their preparedness across five criti-
cal dimensions – leadership and vision, teacher readiness, curricu-
lum space, resources, and community engagement – distinguishing 
between essential prerequisites and desirable enhancements (Table  11, 
Appendix).

The weighting structure reflects research findings on successful 
educational innovation adoption. Teacher readiness receives the high-
est weighting (30%) consistent with evidence that instructor capac-
ity represents the most significant predictor of implementation suc-
cess. Leadership and vision (25%) follows, acknowledging that sus-
tainable change requires institutional commitment beyond individ-
ual teacher enthusiasm. Curriculum space (20%) and resources (15%) 
represent enabling conditions, while community engagement (10%), 
though weighted lowest, provides essential contextual support for long-
term sustainability.

Based on aggregate readiness scores, institutions can identify the 
most appropriate implementation pathway. Schools achieving 80%–
100% readiness possess sufficient capacity to commence an integrated 
pathway utilising the full framework simultaneously across multiple 
subjects and grade levels. Those scoring 60%–79% readiness bene-
fit from a modular approach, initiating implementation with a pilot 
cohort before broader expansion. Institutions at 40%–59% readiness 
should adopt an infusion strategy, embedding quantum concepts within 
their strongest existing subject area to build capacity incrementally. 
Schools below 40% readiness require a preparatory phase focusing 
on teacher professional development and resource acquisition before 
formal implementation commences.

Analysis of successful implementations documented in the Scopus 
database reveals consistent patterns in effective adoption trajectories. 
Based on these findings, we recommend a three-year phased approach 
that balances ambition with realistic capacity building.

The foundation year establishes essential infrastructure and gen-
erates initial evidence of effectiveness. During months one through 
three, schools form teacher professional development cohorts, building 
foundational quantum literacy and pedagogical confidence through 
structured learning communities. Months four through six witness pilot 
lesson implementation in selected classes, enabling iterative refine-
ment based on classroom experience. The third quarter (months seven 
through nine) introduces student project implementation, applying 
quantum concepts to authentic sustainability challenges within the 
local context. The year concludes with systematic evaluation and refine-
ment during months ten through twelve, documenting lessons learned 
and preparing for expanded implementation.

The expansion year scales successful practices whilst developing 
internal sustainability mechanisms. Implementation extends to addi-
tional subjects and grade levels, guided by evidence from foundation 
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year experiences. Peer teaching programmes emerge, with experienced 
students supporting newcomers and reducing dependence on exter-
nal expertise. Community engagement initiatives launch, connecting 
classroom learning with societal applications and building stakeholder 
support. Throughout this phase, systematic documentation captures 
best practices for internal reference and external dissemination.

The sustainability year transitions from implementation to insti-
tutionalisation. Full curricular integration embeds quantum literacy 
as standard practice rather than innovation project. Teacher-led pro-
fessional development replaces external provision, ensuring ongoing 
capacity building independent of outside support. Student quantum 
clubs provide enrichment opportunities extending beyond formal cur-
riculum requirements. Finally, regional network participation connects 
the school with peer institutions, facilitating resource sharing and 
collaborative improvement.

This systematic approach ensures that schools can successfully im-
plement quantum literacy education regardless of initial conditions, 
with clearly articulated pathways for progressive development. The 
framework’s inherent flexibility permits contextual adaptation whilst 
maintaining fidelity to core learning objectives and equity principles 
that underpin the entire enterprise.

5. Case studies in sustainable quantum education

5.1. Case study methodology and selection

To complement the framework’s theoretical foundations with prac-
tical implementation evidence, we employed a multiple case study 
design following established qualitative research methodology [81]. 
This approach enables analytical generalisation across diverse contexts 
rather than statistical generalisation from a single setting, which is par-
ticularly appropriate for examining how universal framework principles 
interact with local implementation conditions.

The three case studies were selected through purposive sampling 
based on five systematic criteria. First, geographic diversity ensured 
representation across Southeast Asia, Africa, and Latin America, cap-
turing distinct educational systems and resource constraints. Second, 
implementation model variation was sought, with cases showcasing 
grassroots and NGO-led initiatives, public–private partnerships, and 
community-based approaches, corresponding to the three pathways 
identified in the framework. Third, cases required documented out-
comes including both quantitative and qualitative data on programme 
impact. Fourth, each case demonstrates an explicit sustainability focus 
with clear connections to the Sustainable Development Goals and local 
development priorities. Fifth, an equity emphasis guided the selec-
tion, with preference given to programmes addressing marginalised 
populations or working to reduce technology divides. The selection of 
Global South contexts was deliberate, as these settings present the most 
stringent test of framework feasibility where resource constraints are 
greatest and equity considerations most pressing.

5.2. Findings from three implementation contexts

Grassroots quantum education in the Philippines. The Philippines, an 
archipelagic nation of 7640 islands with 110 million people, faces 
unique challenges in STEM education. With only 47% of schools hav-
ing reliable internet access and significant disparities between urban 
Manila and rural provinces, traditional top-down educational initia-
tives often fail to reach marginalised communities [45]. The absence 
of government funding for quantum education and limited industry 
presence in quantum technologies created a vacuum that grassroots 
organisations subsequently filled. The Quantum Computing Society of 
the Philippines (QCSP) emerged in 2020 as a volunteer-driven NGO 
founded by university students and early-career professionals. Operat-
ing without formal government support or dedicated funding, QCSP 
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represents a bottom-up approach to quantum literacy development 
driven by community enthusiasm rather than institutional mandates.

QCSP’s implementation strategy leverages low-cost, high-impact ac-
tivities adapted to local constraints through a multi-tiered engagement 
model. At the awareness level, public lectures at universities, high 
schools, and community centres employ simple analogies drawn from 
Filipino culture, such as explaining superposition through traditional 
weaving patterns. The foundation level offers free online workshops 
using IBM Quantum Experience, accommodating intermittent internet 
connectivity through downloadable materials. At the application level, 
hackathons focus on local challenges including typhoon prediction, rice 
yield optimisation, and jeepney route efficiency. Resource optimisation 
strategies include a volunteer instructor network of over 50 quantum 
enthusiasts teaching without compensation, partnerships with internet 
cafés for computer access during workshops, mobile quantum labs fea-
turing laptops with pre-installed simulators travelling between islands, 
and WhatsApp and Facebook groups facilitating asynchronous learning 
and support. Cultural adaptation permeates all activities, with instruc-
tion delivered in Filipino, English, and regional languages, case stud-
ies featuring local industries such as coconut processing, fishing, and 
tourism, integration with existing STEM programmes rather than stan-
dalone initiatives, and respect for bayanihan (community cooperation) 
principles in team projects.

QCSP explicitly connects quantum education to Philippine develop-
ment priorities, achieving notable outcomes across multiple Sustainable 
Development Goals (Table  12, Appendix). Over the 2020–2024 pe-
riod, the programme conducted 87 events reaching over 5000 direct 
participants across 15 provinces, with 73% concept understanding im-
provement on pre/post assessments, 120 quantum-related internships 
and jobs created, and 45% low-income and 38% female participation.

Qualitative impacts include a significant shift in perception, with 
quantum technologies now seen as accessible rather than a ‘‘West-
ern luxury’’, alongside community pride in developing Filipino solu-
tions to Filipino problems using quantum thinking. The QCSP model 
demonstrates high scalability potential due to minimal infrastructure 
requirements, volunteer-driven cost reduction, open-source curricula, 
and flexible implementation adaptable to local contexts. However, chal-
lenges include volunteer burnout requiring rotation systems, quality 
control across distributed activities, sustainable funding for materials 
and travel, and internet connectivity limiting rural reach. The model 
has inspired similar initiatives in Indonesia, Vietnam, and Thailand, 
with shared resources and cross-border collaboration emerging through 
ASEAN networks.
Public–private partnership model in South Africa. South Africa’s quan-
tum education initiative emerged from the intersection of national 
development priorities and private sector needs. With 30% youth un-
employment and critical skills shortages in technology sectors, the 
government partnered with telecommunications companies, banks, and 
universities to create the Quantum Skills for Africa (QS4A) programme 
in 2019 [84]. The partnership structure distributes responsibilities 
and resources across multiple stakeholders: the Department of Science 
and Innovation provides the policy framework and 40% of funding; 
private sector partners including MTN, Standard Bank, and Discovery 
contribute 45% of funding plus internship opportunities; the Univer-
sities of the Witwatersrand, Cape Town, and KwaZulu-Natal provide 
expertise and facilities; NGOs such as Equal Education and Partners 
for Possibility ensure community reach; and international partners IBM 
and Microsoft offer cloud quantum access and curriculum support.

The PPP model enables resource optimisation through strategic 
sharing mechanisms. Infrastructure sharing includes university quan-
tum labs opening to high school groups on weekends, corporate train-
ing centres used for teacher professional development, mobile science 
labs (converted buses) reaching township schools, and cloud quantum 
computers accessed through corporate accounts. Human resource ex-
change involves industry professionals teaching specialised modules 
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(200 h annually donated), university students mentoring high school 
learners for academic credit, teachers completing industry internships 
during holidays, and retired engineers supporting rural schools virtu-
ally. Curriculum co-development proceeds through an iterative process 
whereby industry identifies relevant quantum applications, universities 
ensure pedagogical soundness, teachers adapt materials for classroom 
reality, and students provide feedback for continuous improvement.

Recognising PPP risks of excluding marginalised communities,
QS4A incorporated specific equity safeguards including mandatory 
inclusion targets: 60% of participants from historically disadvantaged 
communities, 50% female participation, and 30% rural school involve-
ment, with free transportation and meals provided for all participants. 
Community benefit requirements stipulate that each participating com-
pany must support five township schools, quantum literacy must link to 
community challenges such as water management and energy access, 
materials must be available in Zulu, Xhosa, and Afrikaans, and parent 
engagement sessions must explain quantum career opportunities. Pro-
gramme outcomes over 2019–2024 include 156 participating schools 
across all nine provinces, 12,000 learners directly engaged, 450 teach-
ers trained, a 78% assessment pass rate, and R45 million ($2.5M) in 
sustained private investment (Table  13, Appendix).
Community-based quantum science in Brazilian favelas. The Quântica na 
Comunidade (Quantum in the Community, QnC) programme emerged 
in 2021 from an unexpected source: teenagers in Rio de Janeiro’s Com-
plexo do Alemão favela who discovered quantum computing through 
YouTube. Partnering with local NGO Redes da Maré and the Federal 
University of Rio de Janeiro (UFRJ), they created a community-driven 
quantum education model that challenges traditional academic ap-
proaches. The programme philosophy centres on conhecimento territorial
(territorial knowledge) – the belief that quantum concepts become 
meaningful when connected to the lived experiences of community 
members. Rather than importing external curricula, the programme 
co-creates knowledge with residents.

Cultural adaptation and pedagogical innovation define the QnC ap-
proach. Culturally embedded pedagogy includes samba quantum, using 
polyrhythmic samba beats to explain superposition and interference;
favela optimisation, applying quantum algorithms to optimise infor-
mal electricity networks; capoeira movements demonstrating quantum 
states through traditional martial arts positions; and community story-
telling weaving quantum concepts into oral histories and local narra-
tives. The peer-to-peer learning model features youth teaching youth 
(16–18 year olds instructing 11–15 year olds), grandmother circles 
discussing quantum ethics and society, street science demonstrations 
in public squares and markets, and ‘‘WhatsApp University’’ delivering 
daily quantum puzzles and discussions. Resource creativity manifests 
in recycled materials for quantum models (bottle caps as qubits), a 
community computer lab with ten shared laptops, partnerships with 
local lan houses (internet cafés), and mobile phone applications for 
quantum simulation.

Programme outcomes over 2021–2024 demonstrate remarkable 
community impact: 340 youth engaged with 89% completing the six-
month cycle, 15 community solutions developed addressing water, 
security, and school challenges, 23 participants entering university 
STEM programmes as the first in their families, and a school dropout 
reduction from 30% to 8% among participants. The programme has 
been replicated across 12 Brazilian favelas and adapted in indigenous 
Amazonian, Colombian, Peruvian, and Mexican communities, with 
South-South exchanges established with African township partnerships 
(Table  14, Appendix).

Key adaptations enabling replication include strong community 
ownership from inception, flexibility to integrate local knowledge 
systems, youth leadership with adult support, focus on solving im-
mediate community problems, and celebration of small wins to build 
momentum.



S.O. Semerikov et al. Sustainable Futures 12 (2026) 101965 
Table 7
Cross-case comparison of implementation models.
 Dimension Philippines (QCSP) South Africa (QS4A) Brazil (QnC)  
 Primary driver Volunteer enthusiasm Economic development Social inclusion  
 Funding model Donations and volunteers PPP structured investment Community resources  
 Scale approach Island-hopping expansion Provincial systematic rollout Viral peer spread  
 Pedagogy emphasis Technical skills Career readiness Critical consciousness  
 Success metrics Participation numbers Employment outcomes Community empowerment 
 Main challenge Volunteer sustainability Corporate commitment Resource limitations  
5.3. Cross-case analysis and lessons

Despite diverse contexts, all three cases share critical success el-
ements: local ownership and agency whereby communities drive the 
agenda rather than responding to external impositions; practical prob-
lem focus applying quantum concepts to immediate local challenges; 
flexible resource utilisation through creative use of available resources 
rather than awaiting ideal conditions; multi-stakeholder engagement 
with diverse partners contributing unique strengths; cultural integra-
tion embedding quantum concepts in local knowledge systems; youth 
centrality positioning young people as leaders rather than merely ben-
eficiaries; and sustainability planning maintaining long-term vision 
beyond initial enthusiasm.

Table  7 presents the key contextual variations reflecting local con-
ditions across the three implementation models.

These cases both validate and extend the proposed framework. All 
three cases naturally evolved towards the eight competency domains, 
the three-phase progression emerged organically, sustainability connec-
tions proved essential for community buy-in, and assessment through 
projects rather than tests demonstrated superior outcomes. However, 
the cases also suggest necessary extensions and modifications: greater 
emphasis on community knowledge integration, explicit youth lead-
ership development components, stronger peer learning mechanisms, 
more flexible timelines allowing community-determined pacing, and 
recognition systems extending beyond formal certification.

Critical insights for global application emerge from this analysis. 
First, quantum literacy can thrive without expensive infrastructure. 
Second, community ownership proves more determinative than re-
source availability. Third, cultural adaptation is essential rather than 
optional. Fourth, youth engagement transforms from implementation 
challenge to strategic asset. Fifth, sustainability focus provides meaning 
and motivation. Sixth, success metrics must reflect community values 
rather than externally imposed standards. These case studies demon-
strate that quantum literacy education for sustainable development 
is not only possible but already flourishing across diverse developing 
country contexts, with the variety of approaches indicating that success 
lies not in following a single path but in adapting core principles to 
local realities while maintaining focus on equity, sustainability, and 
community benefit.

6. Policy recommendations for sustainable quantum futures

Drawing from evidence presented throughout this framework and 
insights from successful implementations globally, this section presents 
actionable policy recommendations for integrating quantum literacy 
into educational systems while advancing sustainable development 
goals. These recommendations address multiple governance levels and 
stakeholder groups, with particular attention to equity and Global 
South contexts.

6.1. National and international frameworks

Governments should explicitly incorporate quantum literacy ed-
ucation within their SDG implementation strategies, recognising it 
as critical infrastructure for sustainable development. Based on ev-
idence from 17 countries with national quantum programmes [51], 
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successful integration requires a comprehensive policy framework ad-
dressing multiple sustainable development dimensions. With respect 
to SDG 4, national education policies should be modified to include 
quantum literacy as a twenty-first-century competency alongside digi-
tal literacy, with specific targets including 30% of secondary schools 
offering quantum content by 2027, 60% coverage with basic quan-
tum literacy programmes by 2030, and universal access to quantum 
education resources by 2035. Alignment with SDG 9 requires posi-
tioning quantum education as innovation infrastructure warranting 
public investment equivalent to 0.02% of GDP, based on successful 
models allocating $50–100 per student annually. SDG 10 commitments 
should mandate equity provisions in all quantum education initia-
tives, including minimum 40% participation from underrepresented 
groups, rural–urban parity targets with differentiated strategies, and 
gender balance requirements with supportive measures. Finally, SDG 
17 partnerships should establish multi-stakeholder governance struc-
tures including government, industry, academia, and civil society, as 
demonstrated in South Africa’s successful PPP model.

Following evidence from the United States National Quantum Ini-
tiative Act and the European Union’s Quantum Flagship, which to-
gether represent investments exceeding $1 billion, nations should treat 
quantum education as essential infrastructure. This perspective implies 
several investment priorities: dedicated budget lines creating protected 
funding for quantum education separate from general STEM budgets, 
starting at 0.5% of education expenditure; infrastructure development 
investing in shared quantum computing access through cloud plat-
forms at approximately $500,000 per region rather than individual 
school hardware; recognition of teacher capacity as infrastructure by 
allocating 30% of quantum education budgets to sustained teacher de-
velopment rather than one-off training; and open resource development 
funding the creation and translation of open educational resources, 
thereby reducing per-school costs by an estimated 80%.

Based on case study evidence, effective funding models must ad-
dress structural inequalities through equity-centred mechanisms. Pro-
gressive allocation should ensure that schools serving marginalised 
communities receive 1.5 times base funding for quantum programmes. 
Separate capacity-building grants should support schools below the 
readiness threshold identified in the implementation framework to 
build necessary prerequisites. Community partnership funds should 
provide matching funding for community organisations supporting 
quantum education, following the Brazilian favela model. Innovation 
challenge funds offering competitive grants of $10,000–50,000 per 
project should support locally-developed quantum-SDG solutions.

Rather than importing foreign frameworks wholesale, nations
should adapt quantum literacy standards to local contexts while main-
taining global compatibility. This curriculum development process 
should proceed through four phases. The first phase, spanning months 
one through six, involves national consultation through multi-
stakeholder workshops identifying local priorities, mapping quantum 
applications to national challenges, and culturally adapting pedagog-
ical approaches. The second phase, covering months seven through 
twelve, focuses on framework adaptation by adopting the eight-domain 
structure with local modifications, integrating indigenous knowledge 
systems where relevant, and aligning with existing STEM curricula 
to minimise disruption. Year two constitutes the pilot and refinement 
phase, testing materials in diverse school contexts across urban and 
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rural settings and varying resource levels, gathering systematic teacher 
and student feedback, and refining approaches based on evidence of 
effectiveness. Years three through five involve national rollout through 
phased implementation with support systems, continuous monitoring 
and adaptation, and regular review cycles every three years.

Evidence demonstrates that effective quantum teaching requires 
40–120 h of professional development [75]. National strategies should 
ensure systematic capacity building through several mechanisms: es-
tablishment of recognised quantum educator certification with career 
advancement incentives; creation of regional training centres serving 
50–100 schools each to reduce travel costs; implementation of cas-
cade training models whereby master trainers support school-level im-
plementation; funding for ongoing professional learning communities 
providing continuous support; and university partnerships integrating 
quantum pedagogy into pre-service teacher education. Table  15 (Ap-
pendix) summarises these recommendations across five policy domains: 
SDG integration, infrastructure investment, equity funding, curriculum 
development, and teacher capacity building.

Building on successful models from the Philippines and Brazil, 
developing nations should prioritise horizontal collaboration through 
regional quantum education networks. An ASEAN Quantum Education 
Initiative could facilitate shared curriculum resources in regional lan-
guages, teacher exchange programmes involving two-week immersions, 
joint hackathons addressing regional challenges, and cost-sharing ar-
rangements for cloud quantum access. An African Quantum Literacy 
Alliance could develop a pan-African curriculum framework respect-
ing continental diversity, establish mobile quantum labs circulating 
between countries, create youth ambassador programmes connecting 
schools across borders, and coordinate shared funding proposals to in-
ternational donors. A Latin American Quantum Network could promote 
community-based implementation models, develop indigenous knowl-
edge integration strategies, support social entrepreneurship through 
quantum applications, and maintain a regional Spanish and Portuguese 
resource repository.

International cooperation must avoid perpetuating technological 
dependency by adhering to equitable technology transfer principles. 
All technology partnerships must include local capacity development 
representing a minimum of 20% of project value. Publicly funded 
quantum education resources must carry open licences ensuring broad 
accessibility. International programmes must allocate funds specifically 
for locally-developed solutions rather than exclusively importing ex-
ternal innovations. Reciprocal learning should recognise Global South 
innovations, such as community pedagogy approaches, as valuable 
contributions to the global knowledge base. All programmes must 
demonstrate five-year sustainability plans without ongoing external 
dependency.

International cooperation should focus on shared infrastructure re-
ducing duplication through what might be termed a Global Quantum 
Education Commons. This commons would include a multi-language 
repository serving as a centralised platform with resources in over 
50 languages through crowdsourced translation, a cloud quantum ac-
cess pool providing negotiated bulk access to quantum computers for 
education at a target cost of $10 per student annually, virtual ex-
change programmes enabling online collaboration between classrooms 
globally, open assessment tools comprising shared evaluation instru-
ments adapted to local contexts, and a research database serving as a 
repository of implementation studies and best practices.

International recognition of quantum literacy competencies can 
enhance mobility and opportunity through global certification mech-
anisms. A three-tier certification structure would include Foundation 
level for ages 11–13 covering basic quantum awareness, Practitioner 
level for ages 14–16 addressing applied quantum thinking, and Ad-
vanced level for ages 16–18 focusing on quantum problem-solving. 
Flexible assessment would provide multiple pathways recognising di-
verse strengths through project-based evaluation, examination, and 
portfolio approaches. Industry recognition through partnership with 
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quantum companies would establish internship eligibility criteria,
while advanced certification would provide university course equiv-
alency. Equity provisions would ensure fee waivers for low-income 
students and alternative assessment modalities for students with dis-
abilities.

6.2. Monitoring and implementation roadmap

Monitoring frameworks must connect quantum literacy to sustain-
able development outcomes through carefully designed indicators. Ta-
ble  8 presents a comprehensive set of indicators aligned with SDG 
monitoring systems, establishing measurable targets for 2030.

Beyond participation numbers, equity requires multidimensional 
assessment across three indicator categories. Access indicators should 
capture geographic coverage through urban-rural ratios, socioeconomic 
representation through income quintile distribution, disability inclu-
sion rates, and language accessibility metrics. Quality indicators should 
assess teacher qualification parity across school types, resource avail-
ability indices, learning outcome gaps between demographic groups, 
and support service adequacy. Outcome indicators should track com-
pletion rate differentials, post-programme pathway diversity, long-term 
career trajectories, and community impact.

Quantum literacy’s true value emerges over time, requiring longi-
tudinal tracking through a ten-year impact study framework operating 
at multiple levels. At the individual level, studies should track cohorts 
through education and early career, measuring quantum skill applica-
tion, career progression, and contribution to innovation. Institutional-
level assessment should examine school transformation, teacher de-
velopment, and curriculum evolution. Community-level documentation 
should capture local problem-solving initiatives, economic develop-
ment effects, and social cohesion impacts. National-level evaluation 
should assess contribution to SDG achievement, innovation indices, and 
economic competitiveness.

Effective monitoring requires systematic data infrastructure through 
an integrated data system. This system should incorporate school-
level reporting through an annual quantum education census with 
standardised indicators, student portfolios providing digital records of 
quantum learning journeys and projects, teacher tracking maintain-
ing professional development records and classroom implementation 
data, community feedback through regular surveys of parents, employ-
ers, and community leaders, and an open data commitment ensuring 
anonymised data availability for research and accountability purposes.

Based on synthesis of global experiences, we propose a ten-year 
roadmap for quantum literacy integration organised across six dimen-
sions: policy, capacity, implementation, resources, partnerships, and 
investment (Table  16, Appendix). The roadmap progresses through 
four phases, from an initial $5–10M foundation investment piloting in 
50 schools to eventual universal access with $30M sustained annual 
investment.

The foundation-building phase spanning years one and two should 
establish a national quantum education task force with diverse repre-
sentation, conduct comprehensive needs assessment and stakeholder 
mapping, develop a contextualised framework adapting global best 
practices, launch pilot programmes in diverse contexts for evidence 
generation, build initial teacher capacity through intensive training 
programmes, and establish international partnerships and cooperation 
agreements.

The system expansion phase covering years three through five 
should scale successful pilot models with continuous refinement, estab-
lish regional training centres and support networks, integrate quantum 
literacy into national curricula standards, launch public awareness cam-
paigns highlighting SDG connections, develop robust monitoring and 
evaluation systems, and strengthen industry-education partnerships for 
long-term sustainability.

The transformation and sustainability phase spanning years six 
through ten should achieve universal access to quantum literacy re-
sources, establish quantum education as a normalised component of 
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Table 8
Quantum literacy indicators aligned with SDG monitoring.
 SDG target Quantum literacy indicator Measurement method 2030 target  
 4.4 Skills % youth with quantum literacy competencies National assessment 60% coverage  
 4.5 Equity Gender parity index for quantum programmes Enrolment data 0.95–1.05 ratio  
 4.b Scholarships Quantum education scholarships for Global South Programme tracking 10,000 annually  
 5.b Technology Girls in quantum computing programmes Participation data 45% minimum  
 8.6 Employment Quantum programme graduates in STEM careers Tracer studies 40% placement  
 9.5 R&D Student quantum projects addressing SDGs Project database 1000 annually  
 10.2 Inclusion Marginalised groups in quantum education Disaggregated data 40% participation 
 17.6 Cooperation South-South quantum education partnerships Partnership registry 50 active  
Table 9
Discussion synthesis: Research questions, findings, and literature positioning.
 Research question Main finding Key evidence Literature comparison  
 RQ1: How to integrate 
quantum literacy into 
secondary curricula for SDG 
achievement?

Eight-domain framework with 
three implementation 
pathways (infusion, modular, 
integrated) and explicit SDG 
mapping

Scopus AI synthesis across 15 
countries; Table  1; three case 
studies

Extends Stadermann et al. 
[35] 15-country survey by 
adding SDG dimension absent 
from their analysis; 
complements Gragera Garcés 
et al. [56] curricula review 
with actionable 
implementation models

 

 RQ2: What competency 
domains for quantum-enabled 
sustainable futures (ages 
11–18)?

Eight interconnected domains 
spanning conceptual, applied, 
and societal dimensions within 
progressive age-appropriate 
pathways

Framework validated against 
75 Scopus queries; alignment 
with Merzel et al. [36] 
competency categories

Confirms Bitzenbauer et al. 
[55] expert-identified 
priorities while adding 
sustainability and equity 
dimensions they did not 
address

 

 RQ3: Which strategies bridge 
the quantum divide in 
resource-limited settings?

Context-adapted pathways 
with offline-first design, peer 
teaching, community 
ownership, and South-South 
cooperation

Philippines, South Africa, 
Brazil case studies; Ukrainian 
empirical evidence [62]

Addresses gap identified by 
Nita et al. [54] who 
documented challenges but 
proposed no framework; 
extends Khodaeifaal [58] 
beyond Canadian context

 

STEM curricula, generate local innovations addressing community chal-
lenges, create self-sustaining ecosystems requiring minimal external 
support, contribute to global quantum workforce development and 
innovation capacity, and document and share lessons learned for global 
benefit.

These policy recommendations provide a roadmap for integrating 
quantum literacy into educational systems while advancing sustain-
able development. Success requires coordinated action across multiple 
governance levels, sustained commitment over extended timeframes, 
and unwavering focus on equity and inclusion. The evidence presented 
throughout this framework demonstrates that quantum literacy edu-
cation is not only feasible but essential for ensuring all nations can 
participate in and benefit from the quantum transformation ahead.

7. Discussion

The preceding sections have presented an eight-domain quantum 
literacy framework, documented its application across three diverse 
Global South contexts, and proposed policy pathways for equitable 
implementation. This discussion situates these findings within the 
broader landscape of quantum education research, explicitly addresses 
the study’s research questions, and critically examines the framework’s 
contributions and limitations in relation to established literature.

Table  9 synthesises the principal findings against each research 
question, the key evidence supporting them, and how they compare 
with the existing literature.

Regarding the first research question, the framework demonstrates 
that systematic integration of quantum literacy into secondary curricula 
requires simultaneous attention to content structure, pedagogical ap-
proach, and institutional context. The three implementation pathways – 
infusion, modular, and integrated – provide graduated entry points that 
accommodate the wide variation in school readiness documented across 
the 15 countries analysed. This finding extends the work of Stadermann 
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et al. [35], whose influential survey of secondary quantum physics 
curricula across 15 countries established the landscape of existing 
approaches but did not address sustainability connections or equity 
considerations. Similarly, while Gragera Garcés et al. [56] provide a 
valuable recent survey of quantum computing curricula, their analy-
sis focuses on content coverage without offering the implementation 
models that practitioners require. Our framework fills this gap by con-
necting curricular content to both SDG outcomes and context-specific 
delivery strategies.

The second research question is addressed through the eight-domain 
competency structure, which emerged inductively from the Scopus AI 
synthesis and was subsequently validated against existing competency 
frameworks. The domains align closely with the expert perspectives 
reported by Bitzenbauer et al. [55], who surveyed quantum physics ed-
ucation researchers on priorities for secondary-level instruction. How-
ever, our framework extends their findings in two important respects: 
it adds sustainability and equity dimensions absent from their expert 
panel’s considerations, and it specifies progressive learning pathways 
appropriate for the full 11–18 age range rather than focusing on upper 
secondary students alone. The competency structure also resonates 
with Merzel et al. [36], whose quantum literacy assessment frame-
work identifies similar conceptual categories, though their work targets 
tertiary rather than secondary education.

For the third research question, the case studies provide compelling 
evidence that resource constraints, while real, need not preclude mean-
ingful quantum education. The Philippines’ grassroots model achieved 
73% concept understanding improvement through volunteer networks 
and mobile quantum labs, while Brazil’s community-based approach 
reduced school dropout from 30% to 8% among participants – out-
comes that challenge assumptions about the infrastructure prerequisites 
for quantum education. These findings directly address the gap iden-
tified by Nita et al. [54], whose systematic review of challenges in 
quantum education catalogued barriers comprehensively but stopped 
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short of proposing solutions. Our framework moves beyond problem 
identification to evidence-informed strategies. The findings also ex-
tend Khodaeifaal [58], whose work on quantum computing education 
was limited to the Canadian context, by demonstrating implementation 
across three markedly different Global South settings.

Several findings were expected based on existing literature, while 
others proved surprising. The convergence of all three case studies 
towards the eight competency domains was anticipated, given the the-
oretical grounding in established quantum education research [35,75]. 
Similarly, the three-phase progression (foundation, application, inte-
gration) aligns with well-established developmental learning theory. 
However, the effectiveness of grassroots and community-based models 
was unexpected. Prior literature, including Tucker [60] and Mihailescu 
et al. [61], has emphasised institutional and governmental pathways 
for quantum education, yet the QCSP (Philippines) and QnC (Brazil) 
programmes demonstrate that bottom-up approaches can achieve com-
parable or superior engagement outcomes. Equally unexpected was the 
identification of volunteer burnout as a critical sustainability threat – a 
finding with important implications for the long-term viability of low-
cost implementation models that has received little attention in the 
quantum education literature.

The framework’s generalisability is supported by its successful adap-
tation across three diverse contexts differing in economic conditions, 
educational systems, and cultural traditions. A fourth context strength-
ens this evidence: Lehka [62] provides empirical validation from
Ukrainian secondary education, demonstrating that quantum infor-
matics concepts can be effectively taught to lyceum students through 
carefully designed pedagogical methods. The associated studies [63,
66] document specific hardware and software tools and propaedeutic 
approaches that proved effective in this Eastern European context, 
extending the geographic scope of evidence beyond the Global South 
case studies. Together, these four contexts – spanning Southeast Asia, 
Sub-Saharan Africa, Latin America, and Eastern Europe – suggest that 
the framework’s core principles are robust across diverse educational 
ecosystems, while the specific adaptations required in each setting 
underscore the importance of contextual flexibility.

The study’s findings should be interpreted in light of several impor-
tant limitations. The framework rests on synthesis of existing initiatives 
rather than controlled experimental studies; while case studies demon-
strate feasibility, systematic evaluation of learning outcomes through 
randomised controlled trials remains a critical future need [85]. The 
Scopus AI methodology, though innovative and comprehensive, can-
not replace systematic review protocols, and approximately 70% of 
analysed literature originates from high-income countries, potentially 
missing innovative approaches from diverse linguistic communities. 
The 40–120 h teacher training requirement [75] presents genuine 
challenges for overburdened educators, though compressed and self-
directed models partially address this barrier [57]. Quantum mechan-
ics’ counterintuitive nature poses fundamental pedagogical challenges, 
with persistent misconceptions documented even after instruction [86], 
and the tension between mathematics-light accessibility and conceptual 
rigour remains unresolved. Furthermore, while quantum-SDG connec-
tions are substantiated by documented technological impacts, they re-
main partially prospective given the early stage of quantum technology 
deployment.

Despite these limitations, the convergence of evidence from techno-
logical trajectory analysis [1,4,27,28], established quantum education 
research [35,36,55], and our multi-context implementation evidence 
supports the framework’s core proposition: that quantum literacy ed-
ucation can and should be integrated into secondary education as 
infrastructure for sustainable development. The critical insight emerg-
ing from cross-case analysis is that success depends less on resource 
availability than on community ownership, cultural adaptation, and 
sustained pedagogical support – principles that align with broader 
educational development scholarship while challenging technology-
deterministic assumptions prevalent in quantum education discourse.
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8. Conclusion

8.1. Theoretical implications

This study makes three principal theoretical contributions to the 
intersection of quantum education and sustainable development schol-
arship. First, it reconceptualises quantum literacy as development in-
frastructure rather than enrichment content. By positioning quantum 
literacy alongside digital literacy as essential capacity for twenty-first-
century sustainable development [1,4], the framework shifts the the-
oretical basis for quantum education from workforce preparation to 
human development. This reframing has significant implications for 
how educational systems prioritise emerging technology education, 
suggesting that quantum literacy belongs within core curricula rather 
than optional programmes.

Second, the sustainability-integrated competency model offers a 
novel theoretical architecture in which every competency domain ex-
plicitly connects quantum understanding to sustainable development 
applications. Unlike existing frameworks that treat sustainability as 
supplementary context [35,56], the present approach embeds SDG rel-
evance within the competency structure itself, creating synergies rather 
than competition between quantum and sustainability education objec-
tives. The eight-domain structure that emerged from cross-national syn-
thesis and was validated across four implementation contexts provides 
an empirically grounded theoretical foundation that future researchers 
can test, refine, and extend.

Third, the equity-first design principle constitutes a deliberate the-
oretical departure from prevailing approaches in quantum education 
that assume resource-rich environments and retrofit accessibility mea-
sures [54,58]. By centring Global South contexts and marginalised com-
munities from inception, the framework demonstrates that equitable 
design need not compromise educational rigour, as evidenced by learn-
ing outcomes in the Philippines, South Africa, and Brazil comparable to 
those reported in well-resourced settings [55]. This theoretical stance 
connects quantum education to broader debates about decolonising 
STEM curricula and challenges technological determinism in educa-
tional planning, aligning with Coccia’s analysis of how technological 
trajectories can either reinforce or disrupt existing inequalities [2,3].

8.2. Policy implications

The framework’s findings carry direct implications for educational 
policymakers at national and international levels. The evidence that 
quantum literacy education is feasible across diverse contexts with 
appropriate adaptation – documented through case studies spanning 
four continents and empirical evidence from Ukrainian secondary 
schools [62] – challenges policy assumptions that quantum education 
requires extensive prerequisites or infrastructure investments before 
implementation can begin. Policymakers can leverage the three imple-
mentation pathways (infusion, modular, integrated) to match quantum 
literacy initiatives to existing institutional capacity, with the infu-
sion approach offering a particularly low-barrier entry point requiring 
minimal curricular disruption.

The policy roadmap presented in Section 6 provides specific, costed 
recommendations for national governments, including progressive eq-
uity funding (1.5 times base allocation for marginalised communities), 
regional training centre establishment, and phased ten-year implemen-
tation timelines. International cooperation frameworks – particularly 
South-South cooperation models demonstrated by ASEAN network ex-
pansion from the Philippine case study – offer mechanisms for resource 
sharing and knowledge exchange that reduce individual national costs. 
The monitoring indicators aligned with SDG reporting systems (Ta-
ble  8) enable integration of quantum literacy tracking into existing 
accountability frameworks rather than creating parallel monitoring 
burdens.
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Table 10
Comparative analysis of quantum literacy implementation models.
 Aspect Infusion approach Modular approach Integrated pathway Resource 

requirements
Success rate  

 Definition Quantum concepts embedded 
within existing physics, chemistry, 
CS courses without structural 
changes

Standalone quantum literacy 
modules added as electives or 
supplementary units

Complete curricular redesign 
with quantum as cross-cutting 
theme across all STEM 
subjects

 

 Integration level Topic-level integration (10%–15% 
of content)

Course-level integration (full 
semester/term)

System-level integration 
(multi-year progression)

Minimal to 
moderate

65% [87]  

 Teacher 
preparation

20–40 h subject-specific training 40–80 h comprehensive 
training

120+ hours with ongoing 
support

$500–1000 per 
teacher

Data from 
[75]

 

 SDG integration Natural connection through 
applications

Focused sustainability projects Systemic sustainability thread Project materials: 
$50–200/class

 

 Best for Schools beginning quantum 
integration with limited resources

Schools with flexibility for 
electives and motivated 

Educational systems ready for 
comprehensive STEM reform

 

teacher champions
Table 11
Quantum literacy implementation readiness checklist: A diagnostic framework for institutional self-assessment across five weighted 
dimensions.
 Dimension Essential indicators (Must have) Desirable indicators (Should have) Weight  
 Leadership and 
vision

• Administrative support secured 
• Quantum literacy in school plan 
• Champion teacher identified

• Board/parent endorsement 
• Industry partnerships 
• Dedicated funding allocated

25%  

 Teacher readiness • Minimum two interested 
teachers 
• Basic STEM competence 
• Professional development time

• Prior quantum exposure 
• Innovation mindset 
• Collaborative disposition

30%  

 Curriculum space • 10% instructional time available
• Assessment flexibility 
• SDG connections established

• Dedicated quantum sessions 
• Cross-subject integration 
• Extended project time

20%  

 Resources • Internet access (even if shared) 
• Basic computers or tablets 
• Printing capability

• Simulation software 
• Maker space access 
• Laboratory equipment

15%  

 Community • Parent communication channels 
• Local relevance identified 

• Industry connections 
• University partnership 

10%  
• Safety concerns addressed • Media engagement
Table 12
QCSP programme outcomes and SDG alignments (2020–2024).
 Category Metric Outcome  
 Reach Educational events conducted 87 lectures, workshops, hackathons  
 Direct participants 5000+ across 15 provinces  
 Indirect beneficiaries Estimated 20,000  
 Learning outcomes Concept understanding improvement 73% (pre/post assessments)  
 Quantum-inspired solutions developed 34 for local problems  
 Schools adopting quantum modules 15 institutions  
 SDG 4 (Education) Geographic spread 15 provinces reached  
 SDG 8 (Employment) Career outcomes 120 quantum-related internships/jobs  
 SDG 10 (Inequality) Demographic inclusion 45% low-income, 38% women  
 SDG 13 (Climate) Environmental projects Hackathon climate resilience solutions 
 Capacity building Teachers trained 89 with cascading impact  

 Career aspiration changes 62% considering STEM careers  
A critical policy insight concerns the relationship between imple-
mentation model and sustainability. The grassroots model, while highly 
effective for initial engagement, faces volunteer burnout risks that 
threaten long-term viability. The public–private partnership model of-
fers greater financial sustainability but risks equity erosion without 
deliberate safeguards. Policymakers should consider hybrid approaches 
that combine community ownership with institutional support struc-
tures, as suggested by the cross-case analysis.

8.3. Ideas for future research

The limitations acknowledged in the Discussion point towards sev-
eral priority research directions. Empirical validation represents the 
most pressing need: multi-year longitudinal studies tracking student 
16 
cohorts from initial quantum exposure through university and early 
career would establish whether the framework’s competency domains 
translate into durable learning outcomes and career readiness. Ran-
domised controlled trials comparing the three implementation path-
ways across diverse contexts would provide the causal evidence that 
the current synthesis-based methodology cannot supply [85]. Cross-
cultural comparative studies examining how cultural factors – including 
indigenous knowledge systems, language structures, and philosophi-
cal traditions – influence quantum concept understanding would in-
form localisation strategies currently based primarily on practitioner 
intuition.

Pedagogical innovation research offers substantial opportunities. 
The Brazilian favela case study’s use of culturally embedded pedagogy 
(samba quantum, capoeira-based demonstrations) suggests promising 
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directions for indigenous knowledge integration that deserve systematic 
investigation through participatory action research. As extended real-
ity technologies mature, research on immersive quantum education – 
including virtual reality visualisation of quantum phenomena, gamifi-
cation, and AI-assisted personalised learning pathways – could address 
persistent challenges with counterintuitive quantum concepts [86,88]. 
Development of valid, reliable assessment instruments for quantum 
literacy that function across mathematical ability levels and cultural 
contexts remains a critical methodological gap.

Systems-level research is essential for scaling quantum literacy ed-
ucation. Comparative policy analysis examining what factors deter-
mine successful national adoption would inform evidence-based pol-
icy refinement. Research on optimal teacher professional development 
models, including minimum effective training duration and the rela-
tive effectiveness of face-to-face versus self-directed approaches, would 
address the feasibility concerns surrounding the 40–120 h training re-
quirement [89]. Investigation of whether quantum education initiatives 
reduce or exacerbate existing inequalities demands careful longitudinal 
study with attention to intersectional factors. Finally, deeper inves-
tigation of quantum technology’s role in sustainability transitions – 
including lifecycle assessments and potential rebound effects – would 
strengthen the SDG connections central to the framework while hon-
estly engaging with critiques regarding the directness and certainty of 
these connections [27,28].
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Table 13
QS4A programme outcomes and sustainability mechanisms (2019–2024).
 Category Metric Outcome  
 Scale Schools participating 156 across 9 provinces  
 Learners engaged 12,000 directly  
 Teachers trained 450 in quantum concepts  
 Learning outcomes Assessment pass rate 78% quantum literacy  
 University progression 230 entering quantum programmes  
 Employment impact Jobs created 89 quantum-related positions  
 Internships provided 340 placements  
 Private investment R45 million ($2.5M sustained)  
 SDG contributions SDG 4 Quality education for excluded populations 
 SDG 8 Decent work through skills development  
 SDG 9 Innovation in telecoms and finance  
 SDG 17 Model partnership architecture  
 Sustainability Legislative framework 5-year minimum commitments  
 Incentive structure Tax benefits for corporate investment  
 Policy integration National Development Plan 2030  
 Continuity mechanism Alumni network support  
Table 14
QnC programme outcomes and community impact (2021–2024).
 Category Metric Outcome  
 Participation Youth engaged 340 participants  
 Programme completion 89% completing 6-month cycle  
 Applied outcomes Community solutions developed 15 (water, security, schools)  
 Mathematics improvement 67% of participants  
 University STEM entry 23 (first in families)  
 Micro-businesses created 8 using quantum optimisation  
 SDG contributions SDG 1 (Poverty) Technology skills and jobs  
 SDG 10 (Inequality) Cutting-edge science access  
 SDG 11 (Cities) Urban challenge solutions  
 SDG 16 (Peace) Youth engagement, violence reduction  
 Unexpected outcomes Identity transformation Community pride and agency  
 Intergenerational dialogue Technology and future discussions  
 Dropout reduction From 30% to 8% among participants  
 External recognition International resources attracted  
 Replication Brazilian favelas 12 communities adopted model  
 Other contexts Indigenous Amazonas, Colombia, Peru, Mexico 
 South-South exchange African township partnerships  
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Table 15
Summary of national policy recommendations for quantum literacy integration.
 Policy domain Key actions Resource implications Timeline  
 SDG integration Incorporate quantum literacy into 

national SDG action plans; 
establish multi-stakeholder 
governance

Policy development costs; 
coordination mechanisms

Years 1–2  

 Infrastructure 
investment

Create dedicated budget lines; 
invest in cloud access; develop 
open resources

0.5% education budget; $500K 
per region for cloud

Years 1–5  

 Equity funding Progressive allocation (1.5x for 
marginalised); capacity-building 
grants; community partnerships

40% additional equity 
allocation

Ongoing  

 Curriculum 
development

National consultation; framework 
adaptation; pilot testing; phased 
rollout

Curriculum development team; 
pilot school support

Years 1–5  

 Teacher capacity Certification programmes; 
regional centres; cascade training; 
PLCs; university integration

30% of quantum education 
budget

Years 1–10  
Table 16
Ten-year quantum literacy implementation roadmap.
 Dimension Years 1–2 (Foundation) Years 3–5 (Expansion) Years 6–8 (Scaling) Years 9–10 

(Sustainability)
 

 Policy Framework 
development; 
stakeholder 
consultation

Standards adoption; 
funding allocation

Policy refinement; 
regional adaptation

Institutionalisation; 
review cycles

 

 Capacity Master trainer 
preparation (200)

Teacher rollout (2000) School-based PLCs 
(10,000)

Pre-service integration  

 Implementation Pilot in 50 schools Expand to 500 schools Scale to 2500 schools Universal access  
 Resources OER development and 

translation
Platform deployment; 
lab setup

Maintenance and 
updates

Community generation  

 Partnerships Initial PPPs; 
international links

Regional networks; 
industry engagement

Ecosystem maturation Self-sustaining systems  

 Investment $5–10M initial $20–30M annually $50M annually $30M sustained  
Data availability

No data was used for the research described in the article.
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