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The operating context for global energy systems is undergoing 
fundamental changes. Geopolitics, supply chain vulnerabilities, 
mounting climate pressures and rapid advances in digitalization 
and artificial intelligence are redefining both what energy 
systems must deliver and how they deliver it. 

At the same time, the traditional energy transition lens is 
widening. Success now means achieving affordability, equity, 
security, resilience and sustainability together, and at speed. 

Delivering across these attributes in a world that is changing at 
an unprecedented pace will depend on technology acceleration 
and, more importantly, a reconfiguration of how we perform 
energy innovation (Figure 1).

Building on insights developed by the Global Future Council on 
Energy Technology Frontiers, this briefing paper outlines design 
guidelines necessary to create energy innovation ecosystems fit 
for purpose. 

F I G U R E  1  The Energy Trilemma reflecting the multiple attributes and global realities interconnecting and 
impacting the energy system
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https://initiatives.weforum.org/global-future-council-on-energy-technology-frontiers/home
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F I G U R E  2  The 3C Framework outlines the feedback loops that fuel technological advancement and  
market evolution
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The 3C Framework

The 3C Framework’s circles build upon each other, creating feedback 
loops that further fuel technological advancement and market evolution
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The 3C framework reframes the challenge as one of 
orchestration. It emphasizes that innovation value arises 
increasingly not from standalone breakthroughs but from how 
technologies interact with one another, with markets and with 
institutions. Taking this approach means investing not only in 
individual assets but in the intersections of systems. It also means 
recognizing that energy innovation is a system of interdependent 
functions performed by diverse actors: knowledge creation 
and diffusion (universities, labs, firms), enterprise and market 
formation (start-ups, corporates, financiers) and policy support 
(regulators, policy-makers, public funders).1

When these functions are misaligned, innovation stalls. 
Breakthroughs remain trapped in laboratories, pilot  
projects fail to scale and capital sits idle despite strong  
demand. Conversely, when these functions reinforce one 
another, learning cycles accelerate, risk declines and scale 
becomes achievable.

The five principles that follow translate this 3C framework into 
actionable design guidelines, each addressing a distinct function 
that innovation ecosystems must perform if technologies are to 
scale, value chains to converge and benefits to compound.

Source: World Economic Forum, Technology Convergence Report, 2025 (https://www.weforum.org/publications/technology-convergence-report-2025/)

Introduction
Recent years have underscored how tightly energy systems are 
now interwoven with global uncertainty. Geopolitical instability, 
extreme weather events, and rapid structural shifts in demand 
– from electrification to the surge in AI-driven data centre 
load – are reinforcing that energy security and resilience are no 
longer parallel considerations but core determinants of transition 
trajectories. As a result, innovation ecosystems must anticipate 
interdependencies across minerals, water, talent and digital 
infrastructure, and operate cohesively across sectors.

These dynamics reinforce the need for decision-makers to 
move beyond technology-centric thinking towards system 
performance thinking. Innovations now succeed or fail not 
only on cost or maturity but also on other factors such as 
permitting pathways, land availability, grid absorptive capacity, 
public acceptance, data governance and cross-sector 
policy coordination. Ultimately, any innovative technology or 
combinations of technologies must be integrated into viable 
business models that meet a real demand from customers.   

Crucially, this reconfiguration is not a choice among 
technologies. The task for decision-makers is to create the 
conditions for multiple technologies and business models 
to scale in parallel and in convergence so that combinations 
become systems and systems yield compounding benefits. 
The Technology Convergence 3C framework is proposed to 
navigate this complex reality (Figure 2):

	– Combination: Pairing complementary technologies and 
practices as they reach maturity

	– Convergence: Using those combinations to reshape value 
chains and market dynamics across sectors

	– Compounding: Capturing network effects, learning curves 
and cost declines that accelerate adoption and generate 
systemic value



1. Planning for scale
To enable innovation and the scaling of emerging and frontier 
technologies, planning needs to become anticipatory, 
dynamic and integrative. Traditional linear planning cycles – 
build, operate, upgrade – simply cannot keep pace with the 
exponential technological developments. 

Planning for scale requires shifting from reactive approval 
processes to proactive ecosystem design. Instead of asking 
whether individual projects meet minimum criteria, leaders 
must ask how portfolios of projects interact, what optionality 
they preserve and how they enable future combinations and 
convergence. This includes planning for excess capacity, 
modularity and interoperability so that infrastructure built today 
does not constrain innovation tomorrow.

National and regional planning frameworks must embed 
systems thinking that aligns industrial policy, spatial planning, 
digital connectivity, workforce development and broader societal 
considerations such as public acceptance, affordability and 
equity. This means co-designing energy, digital and logistics 
infrastructure corridors, mapping interoperability requirements 
across grids and data platforms, and using scenario modelling 
to coordinate cross-sector investments. 

Such planning must also incorporate uncertainty: geopolitical 
risk, supply fragility and rapid technology cost curves that can 
alter the slope of national transition pathways and introduce 
new stressors for energy security. Planning frameworks must 
also account for material supply chains where the lack of 
access can constrain technology combinations as significantly 

as any domestic policy choice. Anticipatory planning that 
maps mineral dependencies alongside infrastructure decisions 
reduces strategic exposure and informs where processing 
capacity or allied partnerships warrant pre-emptive investment. 

Equally important is temporal coordination. Technologies 
mature at different speeds, but infrastructure decisions often 
lock in pathways for decades. Anticipatory planning can reduce 
stranded assets by sequencing investments and using adaptive 
regulatory frameworks that evolve alongside technology 
readiness, while maintaining public trust and ensuring that 
benefits and impacts remain balanced over time.

Recent strain on electricity systems from AI-driven data 
centres illustrates the need for anticipatory planning. In 
several countries, rapid load growth has outpaced grid 
expansion, forcing delays, rationing or private micro-grid 
development. At the same time, projects that were once 
actively incentivized are facing growing public scrutiny and, 
in some cases, moratoriums due to concerns over land use, 
water consumption and local impacts. Integrating digitalization 
trends into national energy models – especially when regional 
water constraints or land impacts are involved – is now 
essential to avoid bottlenecks that cascade across the nexus 
and erode the social licence to operate. 

Planning authorities should therefore move from permitting 
individual assets to orchestrating systemic value, ensuring 
infrastructure, standards, skills and societal alignment  
evolve together.

2. Creative financing to unlock system value

Example: China’s battery surge was the product of deliberate, system-wide planning. A national mission – anchored in Made 
in China 2025 – elevated batteries and electric vehicles and directed ministries and provinces to align land, industrial parks, 
finance and standards around manufacturing, materials and equipment. China treated this as an evolving innovation ecosystem 
through which iterative policy measures, data-rich operations and increased use of digital/AI tools reinforced learning curves and 
promoted industry champions, turning combinations of technologies into competitive systems.

For many frontier energy technologies, capital is no longer the main 
bottleneck as investor appetite and public resources are sizeable, 
notably at early and later stages. The challenge now is how to 
deploy this finance so that solutions cross the “valley of death”, the 
gap between promising demonstration and bankable commercial 
deployment, and become repeatable portfolios rather than 
bespoke one-offs. Ultimately, finance should evolve from subsidy-
only approaches to blended, market-making toolkits that provide 
policy stability, transparent performance data and revenue certainty 
so first-of-a-kind projects become productized fleets.

Creative financing is therefore about inventing new pools of 
capital while also redesigning how risk is allocated, priced and 
progressively retired. Public actors are uniquely positioned to 
absorb early-stage uncertainty, while private capital excels at 

scaling proven models. Effective ecosystems create hand-off 
points where risk moves systematically from public balance 
sheets to commercial markets.

Financing mechanisms should explicitly differentiate between 
early research, first demonstrations and early commercial 
deployment. For high-risk, high-reward innovations, national 
and multilateral insurance schemes could provide critical 
backstops, reducing perceived risk for private actors. 
Additionally, transparent performance data – shared openly 
across financiers and project developers – can help convert 
early-stage successes into bankable portfolios, accelerating 
replication and scaling. To do this, different actors need to play 
distinct, yet complementary roles in unlocking and deploying 
various mechanisms.

Example: The First Movers Coalition, convened by the World Economic Forum, uses large companies’ purchasing power to 
commit to early offtake of low-carbon fuels, materials and technologies, helping to kick-start markets in heavy-emitting sectors.

https://intelligence.weforum.org/topics/a1GTG000002HTE92AO
https://www.iea.org/policies/15670-made-in-china-2025
https://www.iea.org/policies/15670-made-in-china-2025
https://www.weforum.org/stories/2025/06/how-china-is-reinventing-the-future-of-global-manufacturing/
https://initiatives.weforum.org/first-movers-coalition/home


3. People-centred value
Energy innovation needs to be people-centred from the onset. 
That means designing solutions so that all fundamental services 
– mobility, sustenance, products and comfort – are easy to 
access, affordable and resilient to risks. This requires a fresh 
approach to people-centred design and service delivery, making 
participation the default and focusing demand on meeting user 
needs rather than on consumption of electricity, fuels or other 
commodities itself. 

As this model of participation scales, the data and user insights 
it generates will help create a market for new hardware, 
software and data-driven services, shorten feedback loops 
between users and innovators and enable continuous 
improvement of service offerings – turning households, fleets 

and factories into real-world testbeds where new solutions can 
be rapidly developed, tested and scaled.

Ensuring “no one is left behind” must become a core 
component of innovation programmes, with accessibility 
embedded in regulatory design, pricing frameworks and 
digital interfaces. Engaging communities directly – through 
participatory planning processes, community ownership models 
and locally tailored training programmes – builds trust and 
accelerates adoption. 

Treating people not just as consumers but as partners in 
innovation strengthens domestic markets and improves the 
long-term resilience of transition pathways.

Example: UK pilots show how this can work in practice. Bundling rooftop solar, home batteries, heat pumps and smart 
controls into a guaranteed “zero-bills” tariff turns a complex system into a simple promise of predictable costs and comfort. 
One programme aims for around 100,000 Zero Bills homes by 2030, pairing finance and warranties so that adoption is turnkey 
rather than a technical project for each household. In parallel, the “Saving Sessions” scheme enrolled about 1 million customers, 
paying them for verified peak reductions via smart meters. Together, these models show how clear offers, automation and 
transparent measurement – backed by stable market access – translate advanced technologies into people-centred value: lower 
bills, greater control, improved comfort and reduced peak demand.

4. AI as an actor
AI has moved from being a pilot device to becoming a core 
system actor serving as a system-wide intelligence layer that 
links technologies, assets and markets. On one hand, data 
centres consumed around 415 TWh in 2024 (about 1.5 % of 
global electricity) and could more than double by 2030.2 At the 
same time, AI-assisted optimization could unlock over $100 
billion annually in operational savings and free as much as 175 
GW of latent grid capacity.3 Beyond operations, AI accelerates 
energy innovation by exploring new materials and system 
designs, compressing lab-to-market cycles through digital twins 
and spreading proven solutions faster.

AI’s contribution should be recognized not only in operational 
efficiency but also in enabling breakthroughs in clean energy 
technologies. AI-driven materials discovery can reduce reliance 
on critical minerals, identify new battery chemistries and 
accelerate hydrogen innovation. It is also important to embed 
sustainability-by-design into the AI ecosystem, ensuring that 

Example: Recent work by Microsoft demonstrates how AI-enabled “digital chemistry” platforms can autonomously explore 
vast chemical spaces – screening tens of millions of candidates and identifying new battery materials in days rather than years, 
including chemistries that significantly reduce reliance on critical minerals such as lithium. This marks a shift from AI as a tool to 
AI as an active agent in the innovation cycle, shaping research pathways, prioritizing materials choices and influencing upstream 
resource dependencies.

enterprises adopt efficient model architectures, transparent 
reporting and resource-aware operational practices as part of 
responsible scaling.

However, to realize these gains while safeguarding the core 
attributes, AI must be governed and planned as critical 
infrastructure. In addition, by adopting an approach that 
intentionally uses sustainability as a lever for competitiveness, 
AI can deliver benefits that outweigh the energy and resources 
required to scale it.4

Moreover, AI should be viewed as part of a broader family of 
emerging technologies – semiconductors, edge computing, 
digital twins, quantum computing and advanced robotics – 
that together create a new intelligence layer for the energy 
system. This layer integrates forecasting, automation, asset 
orchestration and cross-sector balancing at a speed and 
granularity not achievable through traditional control systems.

Example: The Sizewell C nuclear project (UK) reached FID in July 2025 using a Regulated Asset Base (RAB) model that 
provides regulated revenues during construction, combined with state co-investment and long-tenor, export-credit backed debt. 
Once this structure was in place, institutional and corporate investors were able to come in, illustrating how clear policy, public 
risk-sharing and patient capital can unlock mega-scale clean power.

https://octopus.energy/blog/100k-zero-bills-homes-by-2030/?utm_source=chatgpt.com
https://azure.microsoft.com/en-us/blog/quantum/2024/01/09/unlocking-a-new-era-for-scientific-discovery-with-ai-how-microsofts-ai-screened-over-32-million-candidates-to-find-a-better-battery/?utm_source=chatgpt.com
https://www.gov.uk/government/news/sizewell-c-gets-green-light-with-final-investment-decision


5. Unconventional partnerships
Transforming energy innovation into system change requires 
partnerships that blend capabilities – policy, capital, digital and 
demand – across boundaries that have rarely worked together 
before. The Forum’s Innovation Playbook for Future Power 
Systems shows that next-generation progress comes from 
contracts and business models that share risk and reward, 
creating a web of actors that accelerates deployment and drives 
compounding innovation across sectors.

System-changing partnerships often require new governance 
structures that transcend the limitations of bilateral contracts. 
Multi-stakeholder governance platforms – combining public 
agencies, utilities, financiers, innovators, and community 
representatives – can coordinate investment sequencing, 
align incentives and create shared accountability for 
outcomes. In practice, effective governance can layer three 
models: multistakeholder platforms to coordinate investment 
sequencing; government-mandated consortia where market 

failures persist; and industry-led coalitions where purchasing 
commitments can unlock markets without regulatory 
intervention. Choosing the right combination depends on 
technology maturity, market concentration and the political 
economy of the sector.

As energy and digital systems converge, actors who have 
historically operated separately, including utilities, industrial 
clusters, AI developers, cities and financiers, must work 
in coordinated, trust-based arrangements that unlock 
value at the intersections of systems. Furthermore, many 
system challenges, such as water scarcity, mineral supply 
chains, interregional grid balancing, extend beyond national 
boundaries. Partnerships that pool expertise, harmonize 
standards, or jointly develop shared infrastructure (e.g., green-
corridor shipping routes or cross-border renewable hubs) 
can unlock efficiencies that no single actor or jurisdiction can 
capture alone.

Conclusion

Energy innovation is no longer moving along a linear pathway.  
It is evolving through overlapping transitions in energy, materials, 
digital infrastructure and industrial systems, each reshaping the 
others in real time and all subject to intensifying geopolitical and 
supply-side pressures.

The decisive advantage will not come from having the “right” 
technology but from building the conditions in which multiple 
technologies, business models and actors can scale together. 
The 3C framework describes how this value is created. The five 
principles in this paper are what make it achievable: anticipatory 
planning creates the infrastructure optionality that creative 
financing can unlock; people-centred design generates the 
demand that makes markets viable; and AI accelerates the 
learning cycles that unconventional partnerships then spread 
across sectors and borders.

Example: By coupling a hyperscale-adjacent data centre with nearby manufacturing, Hewlett Packard Enterprise and Danfoss 
repurposed waste heat from servers into usable process heat, thereby linking the digital and industrial value chains. The 
collaboration aligned four moving parts: (1) a technology firm optimizing heat capture and controls; (2) an industrial host adapting 
processes to low-temperature heat; (3) the local utility integrating thermal-electric operations; and (4) city authorities smoothing 
permits and rights-of-way. In addition to energy savings, this partnership created bankable templates that other campuses can 
adopt and stimulated investment in heat networks.

Policy and finance set the enabling conditions, through stable 
regulatory frameworks, blended financing structures and long-
term signals that convert promising pilots into productive fleets. 
But they only deliver alongside inclusive design that brings 
people in as active participants, AI governance that keeps 
the system trustworthy and partnerships that reach across 
boundaries no single actor can bridge alone.

The choices made today on infrastructure, standards, supply 
chains and market design will shape which technologies 
converge and who benefits. Those who invest in building 
ecosystems that align all five principles will be best placed to 
deliver a transition that is not only fast, but resilient, inclusive 
and lasting.

https://initiatives.weforum.org/future-power-system/innovation-playbook
https://initiatives.weforum.org/future-power-system/innovation-playbook
https://www.hpe.com/us/en/newsroom/press-release/2024/06/hewlett-packard-enterprise-and-danfoss-partner-to-curb-data-center-energy-consumption-and-reuse-excess-heat.html?utm_source=chatgpt.com


Annex
Further information 

The World Economic Forum’s Network of Global Future 
Councils is the world’s foremost multistakeholder and 
interdisciplinary knowledge network dedicated to promoting 
innovative thinking to shape a more resilient, inclusive and 
sustainable future. 

The network operates as a time-bound think-tank, grouped in 
expertise-based thematic councils, to identify and disseminate 
transformative ideas with the potential for positive global impact.

The mandate of the Global Future Council on Energy 
Technology Frontiers is to explore how stakeholders can 
accelerate and leverage new technologies and innovative  
tech combinations in the coming decade to ensure fit  
for 2050 energy systems that take a holistic view on the  
energy transition.

Other resources 

Interested companies or stakeholders may wish to review other 
World Economic Forum initiatives actively working in energy 
innovation and technology convergence:

	– Innovation Playbook for Future Power Systems

	– UpLink Challenge on Powering Tomorrow: Electricity 
Systems

	– Future of Energy Transformation Map

	– Report on Quantum for Energy and Utilities: Key 
Opportunities for Energy Transition 

	– Initiative on Technology Convergence 

	– The Advanced Energy Solutions community

https://initiatives.weforum.org/global-future-council/home
https://initiatives.weforum.org/global-future-council/home
https://initiatives.weforum.org/global-future-council-on-energy-technology-frontiers/home
https://initiatives.weforum.org/global-future-council-on-energy-technology-frontiers/home
https://initiatives.weforum.org/future-power-system/innovation-playbook
https://uplink.weforum.org/systems-industries-energy-powering-tomorrow-electricity-systems
https://uplink.weforum.org/systems-industries-energy-powering-tomorrow-electricity-systems
https://intelligence.weforum.org/collection/090ae2f8-b40a-410d-ae73-3419dde91407
https://www.weforum.org/publications/quantum-for-energy-and-utilities-key-opportunities-for-energy-transition/
https://www.weforum.org/publications/quantum-for-energy-and-utilities-key-opportunities-for-energy-transition/
https://initiatives.weforum.org/technology-convergence-initiative/home
https://www.weforum.org/communities/advanced-energy/related/
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