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Top 10 Emerging Technologies of 2026

Foreword

Frederick Fenter
Chief Executive Editor,
Frontiers

Every year, a small number of scientific advances
reach the point where they are ready to change
the world. The Top 10 Emerging Technologies
report, now in its 14th edition, is how we find and
share them. The technologies we bring forward
are chosen for their novelty, development progress
and potential impact. Above all, they are chosen
for the signals that suggest they are approaching
the moment when decisions made by governments,
industry and research institutions will meaningfully
shape how they arrive in the world.

This year’s edition arrives at a time of deep
uncertainty. Systems have grown more fragile,

and resilience has become a priority across sectors
and regions. The question of what technology can
offer in response is one worth sitting with, because
each of the 10 technologies featured this year

is extraordinary. A cancer vaccine can now be
synthesized from a patient’s own tumour, teaching
the immune system to recognize cells it had
previously missed. A coating has been developed
that emits heat directly into space, cooling a surface
without consuming any electricity. Microbes given
new genetic instructions are now producing the
same proteins as a dairy cow, using a fraction of the
land, water and emissions. Each tells its own story,
and each is worth the reader’s time on its own.

Jeremy Jurgens
Managing Director,
World Economic Forum

Looking across the 10 as a group, three things
stand out. Many of these technologies are
becoming more personal, designed around one
patient or one context rather than a standardized
whole. Many are becoming more distributed,
producing food, energy and critical materials
closer to where they are needed. A third tendency
is that many of these technologies do more with
less, producing cooling without power, protein
without herds and chemistry without persistent
waste. These are not the defining qualities of every
technology in the report, but they are tendencies
that recur, and they say something about where
the frontier is moving.

Each technology in this report is presented in two
parts: an overview of what the technology is today,
and a strategic outlook, developed with the Dubai
Future Foundation, that imagines the world it could
bring into view.

The technologies in this report are, by design,

not finished stories. We are grateful to the advisory
council members and to the many researchers
whose expertise shaped this year’s selection.

What happens next with each of these technologies
depends on the choices being made now, including
by readers like you.
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Technology, foresight and
the desirable future ahead

Khalfan Belhoul

Chief Executive Officer,
Dubai Future Foundation

Decision-makers are often challenged to balance
visionary thinking and bold action with on-
the-ground realities. During periods of rapid
technological acceleration, acting on the future
without addressing critical questions can become
the norm. Conversely, when market realities shift
and disruptions take hold, we are quickly reminded
of the need for practical, grounded and long-
term thinking. Effective leadership is the ability

to strike that balance — and this is the purpose

of technological foresight.

Technologies are the mechanisms by which
innovative ideas are delivered, enabling public

and private sector organizations to capture and
sustain value. Rather than reacting to short-term
hype, technological foresight enables organizations
to deliberately explore futures — acting on near-
term opportunities while anticipating longer-term
implications. Whether preparing to capture the
benefits of new technologies or mitigating the
financial and societal risks that may accompany
them, leaders must evaluate technology through the
lens of desirable futures: futures defined by growth,
prosperity and well-being.

Together, this lens and the 10 megatrends that
shape it form the Dubai Future Foundation’s view
of the future. It is through this perspective that each
of the 10 technologies in this report is assessed.
For each of the emerging technologies, we:

—  Work backwards to understand what
it would take to realize a desirable future

— Evaluate the technical and contextual
conditions required for the technology
to enable the desirable future

— Assess the regulatory, organizational, sectoral
and societal factors that accelerate or obstruct
the realization of that future

— Identify the risks that delay development and
the decisions that determine whether those
risks are managed or ignored

While the strategic outlooks presented here may
not fully reflect your context, we encourage you

to use this approach to inform your own technology
strategy, long-term priorities and decision-making.
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01 Everything-to-grid energy

"~ Turning every building, vehicle
' d factory into a power source.
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Hot summer evenings, when air conditioners

are running at full capacity and the sun has just
dropped below the horizon, place the greatest
stress on grids. A sudden spike in demand can
push the grid out of balance, even as potential
sources of flexibility are available but remain
unused: charged electric vehicles, energy stored in
commercial buildings and rooftop solar installations
that are no longer generating after sunset. The issue
is not simply the availability of energy, but whether
it can be mobilized when the grid needs it most.

Everything-to-grid energy closes that gap. Every
building, vehicle and device becomes a place that
can store power, return it and help balance supply
and demand in real-time, turning the grid into a
network of intelligent nodes.

The most consequential change is happening
inside the battery itself, where a generation of
new chemistries is finally addressing the constraints
that have held grid-scale storage back. For two
decades, lithium-ion batteries have depended

on cobalt and nickel, metals concentrated in a
handful of countries and subject to price volatility
and ethical controversy.” Newer chemistries
break that dependence by drawing on readily
available materials, such as lithium and sodium.
Some of them can charge faster, some of

them can last longer and most of them cost less.?

Everything-to-grid transformation map
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In 2025, lithium-ion batteries surpassed traditional
nickel-based batteries in global electric vehicle
deployments for the first time.®

The hardware that moves power between these
batteries and the grid has evolved in step, with
new semiconductors preserving almost all of the
energy during round trips and new control systems
letting distributed storage actively stabilize the
grid rather than passively feed it.* Coordination
software stitches millions of these assets into a
single orchestrated resource, and compensation
frameworks are beginning to pay for storage
based on the electricity it delivers rather than only
for the energy it delivers.® What these advances
produce together is a layer of distributed storage
and intelligence woven throughout the system —
coordinated rather than commanded.

Australia offers one of the clearest glimpses

of what this looks like at scale. In the second

half of 2025, Australian households added more
than 180,000 home batteries,® and state and
national programmes’ now pay them to connect
those batteries to software networks that can draw
on the stored energy collectively, stabilizing the
grid when demand spikes. Buildings, vehicles and
devices are no longer just electricity consumers;
they are now active resources that can help
reimagine the grid.

o

Rather than functioning only as
electricity consumers, electric assets
can adjust their consumption or
even send electricity back to the

grid in response to system needs.
Collectively, these represent a vast
source of distributed flexibility that
could help absorb surplus renewable
energy, reduce peak demand and
support grid stability.

ZhaoYang Dong (Joe)

JC STEM Lab of Future Energy Systems,
City University of Hong Kong; Frontiers
in Energy Research

Yuechuan Tao
City University of Hong Kong

& READ MORE

Explore the full transformation map for everything-
to-grid energy on the World Economic Forum’s
Strategic Intelligence Platform.
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Imagining 2031

On a residential block of mixed apartment buildings, frequency, the price, the state of the battery and
the energy that used to flow only one way is now the driver’s plans for the morning. The rooftop solar
moving in both directions. The buildings’ batteries panel arrays are participating in a market that pays
discharge into the local grid through the early evening, | for flexibility delivered, not energy produced. The
drawing on the cool air they pulled in overnight. The transformer that used to hum with one-way flow now
cars in the garages charge or discharge according runs cooler, and the substation it feeds has not called
to what each one reads from the grid: the local for emergency capacity since the last storm season.

Strategic outlook @
Everything—to-grid energy [ By Dubai Future Foundation ]

1
N ’
@

If buildings, vehicles and factories become active parts whether energy becomes a more flexible, connected system
of the power system, energy planning will no longer sit or remains constrained by sector-by-sector decisions.'?
only with utilities or energy ministries. For businesses
and governments, decisions about fleets, buildings, For utilities and other institutions built around the traditional
data centres and procurement will increasingly shape grid, this would be a different kind of transition from the one
energy costs, resilience and exposure to risk. As many are preparing for. Some utilities may need to move
electrification accelerates, competitive advantage may from selling power to managing networks of distributed assets.
depend not only on access to power, but on the ability to In that model, competitive advantage would depend on
manage when and where it is generated, stored and used. coordinating flexibility at scale, rather than owning generation.'®
Whether the greatest value flows to asset owners,

This changes how organizations think about their aggregators, utilities or system operators remains uncertain.
assets. A delivery fleet, commercial building or factory
could provide grid flexibility by storing power, reducing Battery degradation,' uncertain revenue models and
demand or releasing electricity back into the system warranty risks could slow adoption,'® while cybersecurity
when needed.®%0 Electrification would therefore become will become increasingly system-critical as power networks,
less of a standalone infrastructure investment and more communications infrastructure and cloud platforms become
of a system-wide planning challenge. more closely linked.®
This would require grids to become more flexible and As energy becomes more connected across industries, the
decentralized, while regulation would need to move central question is whether it develops as a shared system of
beyond old industry categories. Energy policy will be resilience or as a fragmented race to capture control and value.
important, but so will transport procurement, building
codes, data infrastructure, software standards and Related DFF megatrends: redefining finance and monetary
workforce planning. Together, these choices will determine systems; evolving ecosystems
Building towards scale: everything-to-grid energy @

Standards and certification Policy and regulation

Establish interoperability standards to enable Redesign tariff and compensation models

consistent protocols and accelerate cross- to reward consumer flexibility and

market integration. distributed energy participation.

m A

Infrastructure and procurement Developers and manufacturers

Integrate distributed resources into grid Build real-time coordination platforms

operations to operationalize flexibility with embedded cybersecurity to enable

and align system incentives. grid-wide orchestration.
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Direct lithium extraction
More sustainable resources,
MOore secure supply chains.
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In Chile’s Atacama Desert, lithium-rich brine

is pumped into large evaporation ponds that
spread across vast areas of the salt flats. Over
many months, the sun evaporates the water,
concentrating the lithium until it can be refined.
The process can take up to two years, requires
large amounts of water and works only in specific
geological conditions. As electric vehicle production
scales'” and decarbonization targets become more
urgent, this slow, resource-intensive process is
struggling to keep pace with global demand.

Direct lithium extraction narrows that gap.

Rather than spreading brine across open

ground and waiting for evaporation, engineered
systems process the same liquid directly,

pulling lithium out in hours and returning the
depleted water underground. The underlying
approaches of direct extraction differ in their
chemistry. Sorbent-based systems use materials,
often aluminium compounds, that selectively attract
lithium ions, allowing the metal to be captured while
the rest of the brine is reinjected. Membrane filtration
passes brine through a molecular sieve. Solvent
extraction involves mixing an organic liquid with
the brine, binding the lithium and then performing a
final purification step. The most capable operations
sequence these methods, matching the technique
to the chemistry of each source.

This flexibility matters for reasons beyond speed.
Conventional evaporation ponds only work
where brine is concentrated and exposed to

Direct lithium extraction transformation map
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reliable sunlight. Direct lithium extraction works
with geothermal fluids, oilfield wastewater and,
eventually, solutions obtained from battery recycling
processes, opening sources that the evaporation
model cannot reach. It also recovers more lithium
from the brine. Where evaporation captures roughly
half, direct extraction can reach 80-95%, and the
output can be closer to battery-grade.'®

In Argentina’s Puna region, Eramet’s Centenario-
Ratones plant is the first industrial lithium operation
to run without evaporation ponds.™ With its first
production delivery in 2024, the plant is designed
to have an annual capacity of 24,000 tonnes.

It sits at 4,000 metres elevation in one of the
world’s most remote deserts,? with the intention
of proving the technology works at altitude and
scale. Centenario-Ratones has now achieved that.
At California’s Salton Sea, EnergySource Minerals’
geothermal plant is showing what the next chapter
could look like.?" The plant generates electricity
from superheated brine and extracts lithium from it
before it returns underground. The project received
a $1.4 billion federal loan in February 2026 to reach
full commercial scale.?

Evaporation ponds are not going anywhere soon,
and they will continue to supply a meaningful share
of global lithium for years. What is changing is

the geography of supply. Direct lithium extraction
enables the production of near-battery-grade lithium
from locations and sources that conventional mining
cannot reach.

o

Given both resource and
technological constraints, integrating
renewable energy into direct lithium
extraction systems can further
improve sustainability and efficiency.
One advantage of solar-driven direct
lithium extraction is the potential

for dual-use operation, enabling
lithium recovery alongside freshwater
production via solar desalination.

Veera Gnaneswar Gude

Director, Purdue University Northwest
Water Institute (PWI); Frontiers
in Environmental Chemistry

& READ MORE

Explore the full transformation map for direct
lithium extraction on the World Economic Forum’s
Strategic Intelligence Platform.
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Imagining 2031

Strategic outlook
Direct lithium extraction

Direct lithium extraction could change lithium production
by bringing extraction and refining closer together. In the
conventional process, these stages are often physically
separated: lithium is extracted in one place and refined
into battery-grade chemicals somewhere else, most
commonly in China. Direct lithium extraction can produce
an intermediate that is already close to battery-grade,®
potentially shortening and simplifying the refining process
and allowing it to be co-located with extraction.?

This could result in a more integrated operation, changing
both the economics of battery-grade lithium production
and the geography of who can compete in it.

Commercial pressure is already building. Vehicle
manufacturers are seeking domestically produced battery-
grade chemicals, while US incentives create a limited
window, likely through around 2028,% for companies to
benefit from policy support for domestic critical mineral
supply chains. Strategic advantage could therefore shift
from controlling deposits alone to controlling integrated
production capacity, bringing new geographies with viable
brine sources and co-located refining capacity into the
lithium supply chain.

For that future to materialize, capital would need to
flow towards integrated facilities rather than standalone

Building towards scale: direct lithium extraction

A process engineer monitors the sorbent
columns at one of the first lithium operations

to combine extraction and refining on a single
site. The brine entering the columns runs through
the selective extraction stage in a matter of

hours — rather than the months it would have
taken inan evaporation pond — and exits as

an intermediate already close to battery-grade.
The refinery on the other side of the perimeter
finishes the process.

@

[ By Dubai Future Foundation }

extraction assets. Refining capacity would need

to be built in new geographies, while the current
concentration in China, Chile and Argentina means
workforce and supplier ecosystems may need to develop
largely from scratch.?® Sorbent technology still needs to
be validated across a wider range of brine chemistries;
to date, it has proven effective only across a narrower
set.?” Regulatory frameworks for water use, subsurface
rights and waste streams would need to mature in
jurisdictions that have not previously regulated lithium
extraction, let alone refining.?

Those conditions are difficult to meet quickly. Refining
expertise takes time to build, and new capacity may not
come online quickly enough to meet vehicle manufacturers
contracting timelines. With lithium losing over 80% of

its value since 2022,%° economic pressure makes the
integrated-hub model a necessity rather than a preference.

The question over the next five years is whether new
integrated hubs emerge or whether refining continues
to expand in places that already have the workforce
and infrastructure.

Related DFF megatrends: materials revolution;
evolving ecosystems

e

Policy and regulation

Incentivize regional refining capacity to reduce supply
chain concentration and strengthen energy security.

A

C

Infrastructure and procurement

Deploy direct lithium extraction technology
in desalination and brine systems to unlock
co-production at existing sites.

Developers and manufacturers
Secure offtake agreements with distributed
producers to anchor investment and
stabilize emerging supply chains.

7\

Research and academia

Improve sorbent durability and life cycle
performance to reduce operational costs at scale.

Top 10 Emerging Technologies of 2026
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03 Passive radiative cooling materials
/Zero-energy cooling for a better
built environment.




FIGURE 3

&

Space

@
B

Al and
energy use

Y

On a sunny afternoon in a dense city neighbourhood,
heat settles into the concrete underfoot and the
asphalt beyond it. The street’s geometry slows

the wind that might help carry this heat away, and
the air conditioning units running in every building
push more heat outside, where it accumulates. US
urban heat islands are now, on average, 0.5-4.0°C
warmer than surrounding rural areas during the
day.®® The cooling systems used to manage

this heat can also intensify it, while contributing
significantly to electricity demand growth.®!

Although the atmosphere traps most infrared
radiation, it allows a narrow range of infrared
wavelengths to pass through into deep space.
Passive radiative cooling materials are designed

to release heat within that same range, allowing
surfaces to cool without using electricity. They

also scatter over 95% of incoming sunlight before

it becomes heat, using microscopic air bubbles that
act as mirrors at the scale of a wavelength of light.
A surface doing both loses more energy than it gains
and drops below the temperature of the surrounding
air, without consuming any power. These properties
can be embedded into paint, roof tiles, window films
and heavy-duty fabrics, applied to new construction
or retrofitted onto existing structures.

With this range of applications, two of the world’s
largest building markets have written passive

Passive radiative cooling transformation map
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7

Cooling for
cutting-edge
technologies

radiative cooling into law. California’s Energy Code®?
requires cool roof materials on most commercial
and high-rise buildings, and China’s Dual Carbon
policy®® has incorporated the technology into
national green building standards. This regulatory
pull has brought chemical giants, including Arkema
and Solvay, into the supply chain and helped
manufacturing shift from complex laboratory
processes to standard industrial coating and film
production. Radiative cooling paints cost around
$6 per square metre, while 3M and SkyCool have
reported energy savings of 15-20% in grocery and
retail settings.®

This principle is also being applied to electrical
infrastructure. In the United Kingdom, AssetCool
has developed a coating for power cables that
can keep them cool enough to carry around 30%
more electricity through existing infrastructure,®
increasing capacity without new wires or additional
energy use. SRI International’s self-cooling

paint applies the same logic to grid and building
components, reducing surface temperatures

by up to 15 degrees below ambient conditions

in systems where heat limits performance.®®
SPACECOOL, an offshoot of Osaka Gas, has
produced a film that reflects 95% of sunlight while
emitting an equivalent share of heat into space.
The film is now being applied to shipping containers
and energy switchboards.®”

o

A rule-of-thumb for the lifetime
dependence of electronics on
temperature is that a 10°C increase
halves the lifetime. Keeping the
temperature as low as possible
was therefore an important goal.
Whereas active cooling could have
been implemented, this would have
required additional electronics,

as well as maintenance and repair,
increasing costs. The conclusion
was to look for a simple passive
cooling solution.

Anish Thukral

Research Scientist lll, SRI International

& READ MORE

Explore the full transformation map for passive
radiative cooling materials on the World Economic
Forum’s Strategic Intelligence Platform.
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Imagining 2031

Strategic outlook

1
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@

Passive radiative cooling could transform heat management
from an ongoing operating cost into a materials decision
made at the design stage. Buildings that adopt these
materials at scale would gain an energy-cost advantage
that becomes more valuable as temperatures rise, changing
how cooling capacity is priced into the built environment.

As cooling becomes embedded in materials, value could
shift from heating, ventilation and air conditioning (HVAC)
equipment towards coatings supply, retrofit services

and hybrid system integration. This could change how
developers assess project economics and how lenders
price energy risk.

The economic benefits would be felt first where heat already
limits growth. Manufacturers may reconsider locations
constrained by energy costs, while food processing could
become more viable closer to where food is grown. Indoor
temperatures can drop by 5-10°C,**° and energy savings can
reach up to 42% in hot, dry climates,*®*' making the largest
gains likely where cooling demand is already a major burden.

To become standard practice, passive radiative cooling
materials still need to prove long-term performance under
sustained UV exposure, dust and humidity.*? Standardized

Building towards scale: passive radiative cooling materials

In an equatorial region where high cooling costs have
long made year-round manufacturing difficult, a new
factory is able to operate even through the hottest
months. External paint and window film keep the
building cool enough for the production line to run,

Passive radiative cooling materials

Standards and certification

Update building rating systems to formally
recognize passive radiative cooling as a structural
energy contribution.

cooling, turning a recurring operating cost into

before the factory’s foundations were poured.

@

[ By Dubai Future Foundation }

testing protocols, warranty frameworks and building
simulation tools would help give developers, certifiers
and public authorities confidence.

Building codes in most jurisdictions do not yet account for
passive radiative cooling,*® limiting its use for regulatory
compliance. Integration into rating systems such as LEED*
and BREEAM,* would help move the technology towards
standard practice.

Early regulatory action shows how adoption could
accelerate. In Abu Dhabi, Estidama“® is positioned to set
standards that reflect where value sits. If other hot-climate
regulators follow, passive radiative cooling could become

a default specification, especially where public procurement
drives construction.

Whether passive radiative cooling becomes standard in
the hottest regions will depend on how quickly regulation
and standards move. Without that support, it may remain
a specialized upgrade as cooling demand and operating
costs rise.

Related DFF megatrends: materials revolution;
evolving ecosystems

e

Developers and manufacturers

Deploy large-scale demonstration projects to validate
long-term material durability across climates.

codes to mandate adoption in new construction.

N R
Policy and regulation Capital and risk
Embed passive radiative cooling Fund integrated new-build and retrofit pathways to
surfaces into public procurement and building accelerate deployment across existing and future stock.

Top 10 Emerging Technologies of 2026

an upfront design decision made by the architects

even when outdoor temperatures rise. The films cost
less per square metre than one year of additional
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PFAS destruction
Breaking down-the forever
chemicals, for good.




Innovation

In the Arctic, thousands of kilometres from the
nearest factory, scientists have found synthetic
chemicals in the snow.*” The same chemicals have
also been detected in rainwater on every continent*®
and in the blood of nearly every person tested.*®
PFAS (per- and polyfluoroalkyl substances) were
engineered to resist heat, water and chemical
breakdown, and sometimes they do their job

too well. Conventional treatment can remove

them from drinking water, but only by moving them
somewhere else. Destroying them means breaking
the carbon—fluorine bond, one of the strongest

in organic chemistry, and the reason PFAS persist
in the first place.

Several approaches have now demonstrated the
ability to break these bonds. One heats water
past its critical point, into a state beyond liquid
or gas, where PFAS molecules dissolve and
break apart into water, carbon dioxide and
mineral salts. Another runs contaminated water
across specialized electrodes, using electrical
current to strip electrons directly from PFAS
molecules — an approach particularly suited

to concentrated industrial waste. A third uses
UV light to drive a catalyst, generating a precise
burst of chemical energy targeted at the carbon—
fluorine bond itself.

Each method is suited to a different contamination
challenge. Municipal drinking water, industrial
effluent and concentrated chemical stockpiles left

FIGURE 4 | PFAS destruction transformation map
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behind by decades of use each present distinct
challenges in terms of volume, concentration and
chemistry. The most capable systems address this
by combining filtration and destruction in sequence,
first concentrating PFAS before breaking them
down. This approach is what makes deployment

at scale possible and is what the field has been
steadily building towards.

Regulation has helped accelerate the shift from
laboratory demonstration to deployment. The
European Union adopted legally binding PFAS
limits in drinking water in 2020.%° Regulators in the
US, Japan and Australia have since moved in the
same direction. Now, with a growing and legally
mandated incentive to destroy rather than contain
PFAS, the results are beginning to show.

In Grand Rapids, Michigan, a facility has been
continuously destroying PFAS drawn from landfill
runoff since 2023, among the first operations of its
kind to reach commercial scale.®' At the other end
of the contamination landscape, Daikin Industries,
a major PFAS producer, completed a large-scale
field trial processing over 170,000 gallons of its
own industrial wastewater using UV photochemical
destruction.®? Together, the two cases show that
from legacy contamination in municipal groundwater
to active industrial waste streams, destruction is
now operating where it previously could not, and
the carbon-fluorine bond is no longer guaranteed
to last forever.

o

Artificial intelligence-enabled
automation could further enhance
PFAS destruction technologies

and overall treatment performance
by adjusting operating conditions

in response to changing water
chemistry and contamination levels.

Qingguo Huang

Professor, University of Georgia;
Frontiers In Environmental Engineering

& READ MORE

Explore the full transformation map for PFAS
destruction on the World Economic Forum’s
Strategic Intelligence Platform.
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Imagining 2031

At the back of an industrial site, an engineer
watches as a mobile destruction unit the size of

a shipping container processes concentrated
waste. When it leaves, a year after it arrived at the

Strategic outlook
PFAS destruction

PFAS destruction technologies could turn long-term
contamination liability into a more defined treatment cost.
If destruction below the limit of detection becomes reliable
at scale, contaminated sites could become easier to value,
finance and manage.

This also changes the operating model. Today,
contaminated foams, sludge and resins are collected and
shipped to incinerators, at a cost of $1,000-5,000 per
tonne, compared with about $50 per tonne for ordinary
municipal solid waste.**%* As destruction technologies
mature, more treatment could happen locally. For high-
concentration PFAS waste streams, some systems are
approaching destruction efficiencies of 99%, supporting
localized treatment models.5®

For localized destruction to take hold, regulation would
need to recognize destruction rather than containment
alone: requiring proof of destruction, supported by
harmonized verification standards across jurisdictions.®:57
Effluent-cap rules that make capture and storage the
cheapest route to compliance would need to change.%8%°
Liability transfer mechanisms would need to be clear

Building towards scale: PFAS destruction

site, the soil and groundwater beneath the site
are expected to meet clean-up standards that
did not exist when the contamination was first
recorded decades ago.

@

[ By Dubai Future Foundation }

enough for service providers to handle contaminated
streams without inheriting exposure from the original
generator. Without those changes, PFAS destruction may
remain technically possible but difficult to value and price.

The harder questions are institutional and political. Verifying
complete destruction at scale remains technically complex,
and the operational risk of high-temperature systems sits
with a small number of specialized providers.®® Making liability
addressable could reopen the debate over PFAS restrictions
at source. The case for restriction has rested partly on

the fact that PFAS cannot be eliminated once released.

If manufacturers can commit to end-of-life destruction in
exchange for continued production, that may slow upstream
restrictions such as the EU’s Annex XV proposal.®'

With destruction capacity likely to remain limited, the
hardest choices may be about which sites are treated
first, and whether the communities facing the worst
contamination can attract the capital needed to address it.

Related DFF megatrends: materials revolution;
evolving ecosystems

e

Policy and regulation

Embed verified destruction mandates into regulation
to shift industry incentives away from containment.

Standards and certification

Scale interoperable verification systems to enable consistent
measurement and cross-jurisdiction comparability.

7\

7

Infrastructure and procurement

Adopt performance-based procurement models to align
operational costs directly with destruction outcomes.

Capital and risk

Clarify liability frameworks to reduce investor
uncertainty and unlock private sector participation.

Developers and manufacturers

Standardize integration across capture, concentration
and destruction systems to enable scalable deployment.

Top 10 Emerging Technologies of 2026
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05 Precision fermentation
Micro-factories for food,
medicine and materials. \




FIGURE 5
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For decades, the global supply of artemisinin,

the most effective antimalarial drug ever
developed, relied on the sweet wormwood harvest.
A poor growing season, a price collapse driving
farmers to other crops, or a logistics breakdown
between field and factory could each trigger
shortages across clinics in Sub-Saharan Africa
that have no alternative to offer patients. Precision
fermentation addresses that dependency by going
directly to its source, the genetic sequence that
codes for the molecule itself.

Every molecule a living organism produces, whether
a protein, a fat, a pigment or a drug compound, is
encoded somewhere in that organism’s genome.
Scientists identify the specific genes responsible

for the target molecule and transfer them into a
microbial host, typically yeast, bacteria or fungi.

The microbe does not know it has been given new
instructions. It simply reads them, the way it reads
its own genome, and produces the corresponding
molecule as part of its normal cellular activity. Those
microbes are then cultivated in large fermentation
tanks, fed on simple nutrients like sugar and left to
produce the target molecule at scale. What comes
out is purified and chemically identical to whatever
the original organism would have made, performing
the same way across every application that
depends on it. Bringing that to commercial scale
required the ecosystem around it to catch up.

Precision fermentation transformation map

Advanced
manufacturing a
@ Agritech

Nature and
biodiversity

/@

Biofoundries

drive innovation

Researchers can now use Al to model the most
efficient biological pathways before running a
single experiment, compressing molecule design
from years to months. Regulatory frameworks
in the US® and European Union® have clarified
enough to give manufacturers and investors the
confidence to commit at scale. The companies
gaining traction are those that combined those
conditions with vertical focus, picking a single
molecule, mastering the full production chain
and getting it onto a shelf.

Perfect Day now supplies fermentation-derived
whey protein to multiple US food brands and is
expanding production into India.®* In 2024, Nestlé
introduced a fermentation-derived whey protein
isolate into its functional nutrition line,®® and a

year later, EVERY began a nationwide rollout of

its precision fermentation-derived egg proteins at
Walmart.®® The incumbents are paying attention
too. Fonterra, the world’s largest dairy exporter,
has invested in Vivici,” a precision fermentation
start-up producing beta-lactoglobulin, the primary
protein in whey, at an industrial scale, and using
87% less water than the cattle-derived products.®®
Food is where the largest commercial bets are
being placed, but the same process is also being
applied to cosmetic peptides, pharmaceutical
compounds and chemical building blocks currently
derived from fossil fuels.

o

Automated DNA assembly, high-
throughput screening and standardized
workflows allow researchers to

explore many alternative designs

and identify optimal production

strains more efficiently. By combining
automation, data science and
biological engineering, biofoundries
are helping scale innovation

in precision fermentation.

Tomas Garcia Cayuela

Tecnologico de Monterrey; Frontiers
in Food Science and Technology

Michael E. Himmel

National Laboratory of the Rockies;
Frontiers in Industrial Microbiology

& READ MORE

Explore the full transformation map for precision
fermentation on the World Economic Forum’s
Strategic Intelligence Platform.
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Imagining 2031

A plant operator monitors the fermentation

tanks at a facility on the edge of a port city

whose food economy was, for as long as anyone
there can remember, about moving cargo rather
than growing it. The tanks have been running
continuously on sugar feedstock and clean power

from the grid. The proteins and peptides leaving
the plant this week will be used in cosmetics,
sports nutrition supplements and pharmaceutical
excipients. They will ship to customers that the
operator’s predecessors could not have reached
without an agricultural sector behind them.

Strategic outlook
Precision fermentation

Precision fermentation could shift food security from a
question of geography to one of infrastructure. Arable land,
favourable climates and established livestock herds have
long given agricultural economies a competitive advantage.
That advantage could weaken if the same proteins can be
produced anywhere with sufficient clean energy, capital
and bioreactor capacity. The opportunity also extends to
cosmetic peptides, pharmaceutical compounds and fossil-
derived chemical building blocks,? but the structural stakes
are clearest in food systems.

Production could move towards places that can supply cheap,
clean power and industrial-scale bioprocessing capacity,
rather than those that grow feed and raise livestock.” For
energy-rich, land-poor states, this could make food security
more of an infrastructure and capital-allocation challenge. For
dairy-export economies, it could create the opposite pressure.
Sterile, continuous fermentation in repurposed industrial
facilities could reduce protein supply exposure to climate
disruption, animal disease and geopolitical interference.”

For production to change in this way, financing, regulation
and intellectual property would all need to adapt. Proving
a fermentation process at commercial scale requires
capital between what venture investors will fund and what
infrastructure investors usually require. Some companies
are beginning to bridge that gap by repurposing idle
pharmaceutical and industrial fermentation capacity.

Building towards scale: precision fermentation

Developers and manufacturers

Deploy Al-enabled process controls to achieve <

continuous fermentation at commercial scale.

7\
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Regulatory pathways outside the US and EU remain
fragmented, slowing commercialization in markets where
the geographic advantages may be strongest. Questions
over foundational biological intellectual property, including
who owns engineered strains and on what licensing terms,
also sit underneath this transition.

The hardest challenge is displacement. Agriculture supports
over a billion livelihoods globally,” but the jobs and value
created by precision fermentation may not emerge in the rural
areas where agricultural employment is most at risk. The same
transition that could make food systems more resilient could
also separate future production from the crops, herds and
land-based knowledge on which entire economies depend.

Such displacement could also concentrate control.
Unlike farmland, strain libraries and bioreactor capacity
are likely to be concentrated in smaller groups of
companies, investors and industrial hubs, moving
more value away from agricultural regions.

Whether food security shifts from regions that grow protein
to regions that can power its production will depend on
decisions about capital, intellectual property and regulation
made now.

Related DFF megatrends: advanced health and nutrition;

evolving ecosystems
e

Policy and regulation

Harmonize approval frameworks across
jurisdictions to accelerate safe market entry
for fermentation-derived products.

A

Infrastructure and procurement

Secure long-term clean energy contracts to stabilize
input costs for biomanufacturing at scale.

Developers and manufacturers

Expand bioreactor manufacturing capacity
globally to meet growing demand for
large-scale fermentation systems.

Top 10 Emerging Technologies of 2026

19



06 Exosome drug delivery
Using the bady's own
couriers tgfdeliver meaicine:

T




FIGURE 6
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Molecular medicine has a last-mile problem.

A new type of highly targeted therapies can silence
a gene, edit a mutation or deliver a protein directly
to a diseased cell, and many of them work in the
lab. However, most degrade in the bloodstream
before they arrive at their destination, trigger
immune responses that neutralize them or fail

at the biological barriers the body maintains to
keep foreign material out. The most sophisticated
therapy in the world is only as good as its ability
to reach the cell that needs it.

One solution may already exist inside the bodly.
Exosomes are membrane-wrapped packets
that cells continuously produce to deliver
proteins, RNA (ribonucleic acid) and genetic
instructions toone another, acting like the body’s
internal mail system. Unlike synthetic carriers,
they carry the molecular signatures the body
recognizes as its own, which lets them survive
the bloodstream, cross barriers like the one
protecting the brain and deliver their contents
into cells better than synthetic carriers. Engineering
them for drug delivery means loading the packet
with therapeutic cargo and reprogramming its
surface proteins to find a specific diseased cell
and deposit their contents into the cytoplasm.
The body accepts the delivery because it
recognizes the courier.

Exosome drug delivery transformation map

Industry: health @
and healthcare
@ Global health

Al for scientific
discovery

/@

Targeted drug

delivery

Automated systems, three-dimensional bioreactors
and new purification techniques arrived close enough
together in the early 2020s to change what was
possible, increasing yields by up to fifty-fold and
making clinical-scale production viable for the first
time. Regulatory bodies, including the Food and Drug
Administration (FDA) and European Medicines Agency
(EMA), responded by classifying exosome therapies
as biological medicinal products, giving developers
a category to work within as the approval framework
itself is still being built. Since 2022, over 200 clinical
trials have been launched across cancer, neurological
disease and the long-term effects of COVID-19.7®

Pancreatic cancer patients with no remaining
treatment options showed disease stabilization in a
phase 1 trial at the University of Texas MD Anderson
Cancer Center. In the trial, engineered exosomes
were able to target a mutation that had defeated
all previous drugs,’* one example among several
early studies testing the potential of this approach.
In 2025, researchers demonstrated exosomes
carrying gene-editing tools across the blood-brain
barrier and entering into neurons without triggering
an immune response, a leap forward for ongoing
but difficult research into Alzheimer’s, Parkinson’s
and glioblastoma.” A $1.5 billion collaboration
between Eli Lilly and Evox Therapeutics suggests
the industry has taken note.”®

o

Exosome studies have demonstrated effective
delivery of chemotherapies, genetic medicines,
therapeutic RNA, proteins and more to the
brain, which could revolutionize treatments for
a wide range of neurological diseases, including
Alzheimer’s disease, Parkinson’s disease,
glioblastoma, amyotrophic lateral sclerosis and
Huntington’s disease, as well as rare genetic
neurodevelopmental disorders and psychiatric
conditions. Given the vast global burden of
neurological disease, this capability could
impact hundreds of millions of patients.

Gianni Ciofani

Research Director, Italian Institute of Technology;
Frontiers in Bioengineering and Biotechnology

Driton Vllasaliu

Reader (Associate Professor) in
Biotherapeutics Delivery, King’s College
London; Frontiers in Drug Delivery

& READ MORE

Explore the full transformation map for exosome
drug delivery on the World Economic Forum’s
Strategic Intelligence Platform.
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Imagining 2031

A neurologist administers a therapy to a patient with
early-stage ALS (amyotrophic lateral sclerosis) as
part of one of the first trials to clear early regulatory
milestones for an exosome-delivered medicine. The
treatment reaches the motor neurons that the disease

has begun to attack, carried by a vessel small and
familiar enough to pass through the brain’s defences
without triggering the rejection that once made it
unreachable. Down the corridor, the manufacturing
suite is producing next week’s doses for the trial.

Strategic outlook
Exosome drug delivery

Exosome drug delivery could expand the range of
diseases medicine can realistically target. Conditions
affecting parts of the body that are difficult for drugs
to reach, including rare neurological diseases, could
become more viable drug targets.”

This would also change the care models built around long-
term management, including specialist nursing, home health
and disability support, which could begin to shift towards
treatment and recovery.

Targeted delivery could also change what existing therapies
can safely do. For example, chemotherapy can be limited
by the damage it causes to healthy tissue as it travels
through the body. If delivery becomes more precise,

some therapies could potentially be used in ways that

are currently too harmful.

Early adoption is likely to be in diagnostics, because
reading exosomes is easier than engineering them for
therapeutic delivery.”® Exosomes can act as early warning
signals, detecting cancer, neurodegenerative disease

and cardiovascular conditions in blood or saliva before
symptoms appear.” Each clinical validation could build
trust, improve understanding of how exosomes behave
and strengthen the case for tailored approval pathways
for exosome-based therapies.®°

Building towards scale: exosome drug delivery

Developers and manufacturers

Standardize surface engineering protocols to ensure <<

consistent and reproducible site-specific drug delivery.

7\
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Therapeutic use will move more slowly because the

field still needs to prove consistency at scale. For example,
no exosome-based therapy is FDA-approved as of

late 2025, and biological fluids contain many particles

of similar size, making pure, reproducible exosomes
difficult to obtain.®" Manufacturing remains a bottleneck,
while quality control standards still need to develop

across targeting precision, distribution through the

body, dosing and durability.®

Regulation adds another challenge. Agencies require
evidence of how a therapy moves through and is processed
by the body, but exosomes are designed to reach specific
targets rather than spread widely.®® Measurement is

also unsettled: dose can be defined by particle count,
protein content or payload activity, making studies

difficult to compare.

Whether exosomes reach patients will depend on how
quickly the field can characterize, manufacture and regulate
a therapy designed to move through the body’s defences.
If those questions are resolved, exosomes could open new
treatment pathways for some of medicine’s hardest targets
that have long resisted targeted therapies.

Related DFF megatrends: advanced health and nutrition;

materials revolution
Oe

Policy and regulation

Establish regulatory frameworks for targeting specificity
and long-term safety to enable clinical translation.

B A

Research and academia

Prioritize neurological and central nervous
system trials to generate efficacy evidence
in otherwise inaccessible tissues.

Infrastructure and procurement

Scale liquid biopsy infrastructure to build the clinical
evidence base needed to support therapeutic adoption.
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FIGURE 7

Two patients may receive the same diagnosis
from an oncologist, yet their prognosis may be
very different. The mutations driving one cancer,
the proteins marking those cells as dangerous, the
vulnerabilities a treatment might target, are entirely
unique to that patient. Until recently, treatment
could not be built at that level of specificity.

Personalized messenger RNA (mRNA) cancer
vaccines work differently from drugs. Rather than
attacking cancer directly, they train the immune
system to recognize cancer. When a patient is
diagnosed, doctors extract cells from their tumour
and sequence its genetic mutations to identify the
proteins, called antigens, that mark those cancer cells
as foreign. An mRNA vaccine is then synthesized
around that specific profile, carrying instructions that
prime the immune system to recognize and respond
to cells bearing those markers. If the cancer returns,
the immune system is already prepared.

Two decades of genomics research and the

rapid expansion of MRNA infrastructure during

the COVID-19 pandemic have converged to give
personalized cancer vaccines new momentum.
The COVID-19 pandemic transformed mRNA from
a research platform into a global manufacturing and
regulatory infrastructure. This compressed years of
development into months, backed by an estimated
$79.4 billion in public investment across global vaccine
development programmes.® Over the same period,
the cost and time required to sequence a tumour’s
mutations fell dramatically, making it more practical
to design vaccines around the specific biology of

each patient’s cancer. In March 2026, the US National
Cancer Institute announced a $200 million public-
private partnership to fund further trials,® a signal
that the field has moved past proof of concept.

In the case of pancreatic cancer, for which global
five-year survival rates hover around 13%,% and few
treatments have meaningfully changed outcomes,
the question is whether the immune system could
be shown what to fight. Early results from a trial at
Memorial Sloan Kettering Cancer Center suggest
that custom-made vaccines based on unique
changes to tumour DNA and delivered using mRNA
could be the answer to a global problem. Over the
six-year study, the survival rate among patients
whose immune systems responded to the therapy
after their last treatment was 90%.5"

For patients who have had a tumour removed
but remain at risk of recurrence from undetectable
residual disease, the question is about readiness
rather than fighting. In a trial spanning multiple
centres across the US and Europe, patients

with high-risk melanoma received a personalized
vaccine alongside pembrolizumab, a widely

used immunotherapy. The combination reduced
the risk of recurrence or death by 49% compared
to immunotherapy alone,® a result strong enough
to advance the combination into phase 3 trials,
now under way.

The same diagnosis no longer has to mean the same
treatment. Instead, the biology of each tumour can
now define the vaccine designed to target it.

Personalized mRNA cancer vaccines transformation map

o

Pandemic preparedness . . .
and response @ The pandemic accelerated innovations

Vaccination ® Global health in mRNA synthesis, purification
® and delivery technologies, which
are moving the field closer towards
Q) " : .
| . sei realizing the potential of personalized
""°(‘g on c'énce mRNA cancer vaccines.

N /

Peter Brossart

Director, University Hospital
Bonn; Frontiers in Immunology

Advantages

of mMRNA
platforms

Rita Carsetti

President, International Union of Immunological
Societies (IUIS); Frontiers in Immunology

& READ MORE

Explore the full transformation map for
personalized mRNA cancer vaccines on the World
Economic Forum’s Strategic Intelligence Platform.
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Imagining 2031

A patient’s biopsy is taken on Monday, sequenced
on Tuesday and the design for the vaccine arrives
from the lab on Thursday morning. By the end of
the week, clinicians are preparing a treatment from

genetic instructions that did not exist a few days
earlier. Down the corridor, another patient with the
same diagnosis is waiting for a vaccine designed
around a different tumour profile.

Strategic outlook

Personalized mRNA cancer vaccines could make
sequencing, design and manufacturing capability a central
source of value in oncology.

This would create a second production model alongside
conventional drug development. Standardized
immunotherapies and targeted agents would continue to
be developed for patient populations and manufactured
at scale, while a personalized layer is built around one
patient at a time. For pharmaceutical companies designed
to produce millions of identical doses, this would change
the economics of an industry built around scale.

The institutions around cancer care would need to adapt
as well. Regulators would need to evaluate a process
rather than a single identical product, since no two doses
are the same. Insurers and national health systems would
need to price treatments for a single patient. Delivering at
scale would require sequencing, design and manufacturing
to work as one pipeline, rather than as separate handoffs
between labs, vendors and hospitals.®

Health systems with sequencing labs, manufacturing
partnerships and computational analysis capacity already
in place would have an early advantage. Hospitals

would need on-site or partnered sequencing capacity,
computational design that can turn a tumour profile

into a vaccine sequence in hours and manufacturing

Building towards scale: personalized mRNA cancer vaccines

Personalized mMRBNA cancer vaccines

Deo

[ By Dubai Future Foundation }

able to produce thousands of individualized doses
each month, rather than millions of identical ones.

The relationship between diagnosis and treatment would
also change. A biopsy would no longer only identify
disease; it would become the input that determines the
medicine a patient receives. If the immune response trained
by the vaccine persists after treatment, the body may be
better able to detect returning cancer cells, changing what
survivorship means and how patients live after diagnosis.

Access is the central risk. Early treatments exceeding
$100,000 per patient could limit personalized vaccines

to patients in well-resourced health systems, widening
global gaps in cancer outcomes.®® Shared neoantigen
libraries and hybrid models that combine personalized
and off-the-shelf vaccines could help balance cost, speed
and specificity, particularly for health systems unable to
manage the full sequencing, design and manufacturing
process themselves.

The defining challenge over the next five years is whether
health systems can deliver mRNA cancer vaccines at scale
without turning precision medicine into a privilege rather
than a standard of care.®

Related DFF megatrends: advanced health and nutrition;

materials revolution
Oe

Policy and regulation

Establish fast-track regulatory pathways to enable timely
approval of individualized mRNA cancer therapies.

72\

Infrastructure and procurement

Invest in integrated sequencing and bioinformatics
infrastructure to support localized treatment delivery.

Developers and manufacturers

Scale modular mRNA manufacturing platforms to produce
thousands of personalized doses reliably and rapidly.

7\

7

Capital and risk

Develop financing mechanisms to ensure equitable access
to personalized therapies across low-resource health systems.

Research and academia

Build shared neoantigen databases to accelerate vaccine
design and reduce development costs across institutions.
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A single protein can contain thousands of atoms,
each interacting with its neighbours in ways that
determine whether a drug will bind to its target,

slip past it or trigger an unintended reaction
elsewhere in the body. For decades, predicting
those interactions has required simplification, which
has usually led to errors. Roughly nine in 10 drug
candidates that enter clinical trials fail®? for a variety
of reasons, including design and computing errors.

Quantum simulation offers a different starting

point. Where conventional computers approximate
molecular behaviour by reducing its complexity,
quantum simulation models it directly, using the
same physical principles that govern how atoms
and molecules actually interact. The result is a
molecular portrait with a level of fidelity that classical
computing cannot match, one that can capture
how a drug candidate will fold, bind and behave
before it ever enters a lab.

For years, this remained more promise than
practice. What has changed recently is the
engineering. Improvements in error correction
have made quantum calculations meaningfully
more reliable, and hybrid architectures combining
quantum and classical processors have made the

technology compatible with existing pharmaceutical
workflows rather than requiring researchers to
rebuild around it. The pharmaceutical industry has
noticed: the quantum drug discovery market has
roughly doubled in value over the past five years,®
a pace that reflects genuine investment towards
deployment rather than speculative positioning.

The proof is in specific partnerships. In 2025,

IBM and Moderna completed the largest protein
folding and mRNA simulation run on a quantum
computer to date,* a milestone that had been out
of reach just a few years earlier. In France, start-ups
Pasqal and Qubit Pharmaceuticals are pursuing

a different path,® using neutral atom quantum
computers for small-molecule discovery with
backing from the Wellcome Trust.%

What draws the most attention is where
quantum simulation begins to expand the
possible. Certain diseases have long been
considered undruggable because the molecular
targets were too complex, too dynamic or

too subtle for classical models to resolve.
Quantum simulation can now access that level
of complexity. It does not guarantee a drug,

but it changes what is worth attempting.

Quantum simulation for drug discovery transformation map

Quantum
economy Agile
® governance

World
models
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The quantum

health ecosystem

o

Three pillars of the quantum health
ecosystem - creators, deliverers and
enablers - illustrate a future in which
quantum-enabled optimization of drug
discovery, healthcare delivery and
system infrastructure could help the
health sector accelerate innovation
while improving safety, efficiency

and scalability.

Zhen Cheng

Vice-Director, State Key Laboratory
of Drug Research; Frontiers in Physics

& READ MORE

Explore the full transformation map for quantum
simulation for drug discovery on the World
Economic Forum’s Strategic Intelligence Platform.
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Imagining 2031

A drug compound now in clinical trials for
pancreatic cancer was designed in simulation,
before any of it was synthesized in the lab.
The team watched candidate molecules fold,
bind and move through the target site atom by
atom, with every electron accounted for and

every interaction predicted; only the candidates
the simulation said had the geometry to hold
were brought forward. The current trial can

be run with a few hundred patients, instead

of the few thousand typically needed under
traditional trial design.

Strategic outlook

1
N .
@

Quantum simulation could change which diseases
pharmaceutical companies are willing to pursue.

For decades, some conditions have been screened

out of drug pipelines because the odds of failure were

too high to justify the cost. Part of that failure has been
computational: classical computers could not model
molecular behaviour accurately enough to predict whether
a drug would work. If quantum simulation reduces that
uncertainty, diseases once considered too costly or
commercially marginal could become more viable targets.

This could be especially important for rare and orphan
diseases — now the fastest-growing segment of quantum-
enabled drug discovery.®” These are conditions that
traditional pharmaceutical economics has often treated

as commercially marginal. If simulation can help rule out
weaker candidates earlier,® late-stage trials could become
smaller and more focused, potentially involving hundreds
of patients rather than thousands.

The economics of drug development would change with
that prediction. Lower failure rates could affect which
programmes are financed and who can run them. Capital
priced against a roughly nine-in-10 failure rate could be
reallocated if that rate moves, while the cost of running

a credible drug programme could fall. Hybrid quantum-

Building towards scale: quantum simulation for drug discovery

Quantum simulation for drug discovery

Standards and certification

Develop standardized validation frameworks to establish
shared benchmarks for simulation-derived evidence.

f Y
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classical platforms, where quantum processors work
alongside high-performance computing systems, remain
necessary until fault-tolerant quantum computers become
available.®® Hardware constraints, error mitigation and
biological data encoding are still limiting factors.'®

Regulators will need shared validation standards before
simulation can be accepted as evidence in drug approval
decisions. Transparency, reproducibility and quantified
confidence will be essential, especially when a drug targets
a disease with no prior approval to compare against.'"
Those standards do not yet exist. Pharmaceutical
companies and quantum hardware providers are generating
early data, but proprietary advantage can limit openness,
while academic publication alone does not create the
shared benchmarks the field needs.

Quantum simulation could make treatments possible

for diseases ruled out by old economics. Whether those
treatments materialize will depend on decisions about
capital, regulation and research priorities, especially

for patients whose diseases have long been underserved
by conventional drug development.

Related DFF megatrends: advanced health and nutrition;

boundless multidimensional data
Oeo

Developers and manufacturers

Prioritize interoperable hybrid quantum-classical architectures
to integrate simulation across drug discovery workflows.

7\

Policy and regulation

Establish adaptive regulatory pathways to incorporate
simulation-derived evidence into drug approval processes.

7\

Research and academia

Align cross-disciplinary incentives to sustain collaboration
between quantum, computational and life science communities.

Infrastructure and procurement

Invest in translational capabilities to convert predictive
simulation outputs into actionable clinical decisions.
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09 World models
Al that can think and
act in three dimensions.




A nine-month-old who has never heard the word
“gravity” already knows that objects fall. She knows
this because she has dropped things, watched
them fall, heard the thud and felt the jolt in her hand
as the weight left it. Before acquiring language, she
has already built a small model of the physical world.

Today’s most powerful Al systems learned a different
way. Large language models trained on text can
describe gravity with fluency and precision, but

they learn from human descriptions of the world,

not from direct experience of physical reality. Ask a
large language model to reason about an unfamiliar
physical situation, and the gaps appear quickly.

World models are designed to learn how the world
behaves from data, drawing loose inspiration from
how babies learn through experience. They ingest
data from multiple sensory channels at once — video,
depth sensors, pressure readings, motion capture —
and compress these inputs into a single shared
representational space. A video of an apple falling, a
sensor registering the impact and a written description
of gravity all map to the same place in that space,
because they describe the same underlying event.
The model captures the patterns of events, not the
medium through which it was recorded.

Scale, data and a single architectural insight made
this possible. Models are now large enough to
meaningfully compress rich multimodal physical
data. A decade of robotics, autonomous vehicles
and industrial sensors has produced the vast
streams of real-world sensory input the approach
requires. Training a model to predict compressed

FIGURE 9 | World models transformation map
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representations rather than raw pixels forces it

to learn dynamics and relationships rather than
surface appearances. This last puzzle piece is the
core insight behind Yann LeCun’s Joint Embedding
Predictive Architecture,® introduced in 2022.
Instead of recreating every visual detail, the model
learns the structure behind what happens next:
how objects move, interact and change over time.

The first platforms built on an understanding of
the physical world are now in developers’ hands.
NVIDIA's Cosmos platform, launched in 2025 and
trained on 20 million hours of physical-world data
spanning robotics, industrial environments and
driving, is the most significant early deployment
of these ideas.'® Robots trained on Cosmos
generalize to physical situations they have never
encountered because they reason from an internal
model of how things behave, not a library of
situations they have seen before.

Climate science has long faced a version of the
same problem of oversimplification in modelling.
The turbulent, fine-grained dynamics of storms

and clouds, and the physical processes that
determine whether a forecast is right or wrong at
the scale that affects people, have always sat just
beyond the resolution of conventional models. In
2026, researchers at Stanford Doerr School of
Sustainability showed that embedding world-model
approaches into climate simulation can close

that gap.'® The atmosphere, as it turns out, also
rewards a system that has learned the fundamental
laws that dictate how weather systems, and the
world, behave.

o

For research institutions and funding bodies,
the strategic implication is clear: investment
priorities should shift from isolated
laboratory infrastructure towards integrated
Al-simulation-automated experiment lab
platforms that can close the hypothesis-
to-verification loop autonomously, while
governance frameworks ensure human
scientists retain meaningful oversight of an
increasingly autonomous discovery process.

Hiroaki Kitano
Chief Technology Fellow, Sony Group

& READ MORE

Explore the full transformation map for world
models on the World Economic Forum’s Strategic
Intelligence Platform.
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Imagining 2031

A maintenance lead walks the row of cranes at a
port terminal before her morning shift. Inside, the
terminal’s model is already testing tomorrow’s loading
sequence against the tide, wind forecast and weight
distribution of containers that have not yet arrived. By

the time she reaches the last crane, the model has
run the day twice and revised the schedule once. In
the operations room, a dispatcher checks the revised
schedule against two decades of notes on what

the terminal tends to do in conditions like these.

@
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Strategic outlook
World models

World models could move Al from observing or simulating
operations to actively informing decisions in real-world
physical settings. As that happens, organizations

will need clearer ways to test, govern and hold these
systems accountable.

The challenge is that many institutions deploying world
models are built around stability and standardization. They
are not designed for systems that continuously revise their
assumptions. Research institutions could help by operating
validated model libraries as shared infrastructure rather than
proprietary assets."'® No single organization can generate
enough edge cases on its own to make these models
reliable; reliability will need to accumulate across the field.

The first changes would be felt in sectors where operations
already generate continuous data, including manufacturing
and logistics.'®% |n these settings, the model in production

can learn from the operation as it runs. This could extend Policy-makers would also need governance frameworks

automation into forms of physical work that depend on
reading a situation in the moment, rather than following
fixed instructions. As the technology matures, industries
built on skilled physical judgement, including logistics,
construction, manufacturing and elder care, could see
their workforces change. The institutions that retrain and
redeploy people as roles evolve will help determine how
productivity gains are shared.

World models also introduce a different kind of risk: they
may not only reproduce data bias, but also build flawed
assumptions about how the world behaves.™” A model

that support accountability, transparency and safe
deployment in critical sectors. Those frameworks
would need to develop quickly enough to keep pace
with adoption.™ Audit frameworks, liability standards
and validation benchmarks are still being built, even
as deployment accelerates.'? Institutions built for
stability will therefore need to govern systems that
change continuously.

The impact of world models will depend on whether
organizations can identify flawed assumptions before they
influence decisions with real-world consequences. If they

can be internally consistent and still wrong, '® creating blind
spots when systems move from controlled environments
into real-world settings. Catching this kind of error would
require clear assumptions up front, rigorous stress testing

can, these systems could make critical operations safer,
faster and more resilient. If they cannot, errors may be
harder to detect and spread further before they are caught.

and audits that track data drift, possible tampering'®®
and changes in the model’s underlying assumptions.

Building towards scale: world models

Related DFF megatrends: life with autonomous robots

and automation; digital realities
e

Research and academia

Validate world models in real-world environments
to close the gap between lab performance and
deployment reliability.

A

C

Policy and regulation

Establish clear accountability and testing
standards to govern the deployment of
world models in consequential settings.

Developers and manufacturers

Collaborate across sectors to benchmark
and improve causal reasoning in world
models against shared standards.

C

8 A

Capital and risk

Fund foundational research that stress-tests
world model assumptions against real-world
data and edge cases.
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10 Lattice-based cryptography
Protecting today’s data against
tomorrow’s computers.




Somewhere on an unknown server, an archive

of encrypted internet traffic is growing. The data
cannot be read today, but whoever collected it

is waiting for the moment it can be. In security
circles, this strategy has a name: “harvest-now-
decrypt-later”. This threat exists because quantum
computers process information differently from
classical machines. Once powerful enough, that
capability could unravel the mathematical problems
underpinning most encryption in use today.

The response to this threat is not to simply build a
stronger lock. Lattice-based cryptography works
differently. It hides data inside complex geometric
structures with noise deliberately added in, like a
fog. The system encodes information within a vast
multi-dimensional grid of mathematical points, then
adds small random errors during encryption. The
correct solution is indistinguishable from the wrong
ones. Those errors make it extremely difficult for an
attacker to work back to the original data: from the
outside, the correct solution is hard to distinguish
from many plausible wrong ones, even with
powerful classical or quantum machines.

This fog has uses beyond keeping adversaries

out. The same mathematical properties that make
lattice schemes quantum-resistant enable a further
capability that classical cryptography cannot match.
Fully homomorphic encryption allows computations
to run directly on encrypted data without ever
exposing it. In 2024, researchers at Asan Medical
Center used this approach to train Al models across
more than 300,000 patient records from three

hospitals, with no hospital’s raw data ever leaving its
own servers.''® The models outperformed anything
a single institution could have built on its own. With
the capabilities proven, the field needed a common
foundation to build on.

The National Institute of Standards and
Technology (NIST) spent two years evaluating
competing approaches to post-quantum
encryption before finalizing its standards in
2024."* Its choice of lattice-based algorithms

as the primary foundation gave the entire
industry a vetted blueprint to build against, and
others followed. The International Organization
for Standardization (ISO) and the European
Telecommunications Standards Institute (ETSI)
aligned behind the same lattice-based encryption
foundation, and deadlines for quantum-

safe systems have been set. The European
Union designated 2026 as the year public
systems must begin quantum-safe migration,'®
the National Security Agency (NSA) required
quantum-safe algorithms across all new national
security systems by January 20271 and SWIFT,
the network carrying financial messages between
more than 11,000 institutions across 200 countries,
is actively engaged in post-quantum migration
planning. Google has committed to completing
its own transition by 2029.""

Encrypted data may still be being harvested,

but the response is no longer theoretical. The task
now is to move critical systems onto quantum-safe
foundations before that data can be exposed.

o

Public key encryption provides
confidentiality as the electronic equivalent
of putting a message in an envelope before
sending or storing. This protects against
secure channel decryption, where quantum
computing can break encrypted network

FIGURE 10 | Lattice-based cryptography transformation map
— Al and
cybersecurity
Blockchain ® Cybersecurity
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Digital Digital

identity communications
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Secure against

quantum threats

communications and ‘listen in’ on sensitive
conversations. With lattice-based methods,
these critical aspects of internet security
and operations can be secured in the
post-quantum era.

Daniele Micciancio

Professor, University of California, San Diego

& READ MORE

Explore the full transformation map for lattice-
based cryptography on the World Economic
Forum’s Strategic Intelligence Platform.
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Imagining 2031

A nurse in a tertiary hospital pulls the records of a

patient who arrived overnight from a country he has
never been to. The medical history loads in less than
a second. Somewhere in the infrastructure between

Strategic outlook

1
N .
@

Lattice-based cryptography could allow compliance
checks to happen as data moves, rather than after the fact.
If actions can be verified in real time without revealing the
underlying information, organizations could check whether
data is being used correctly at the point of transfer.

This would change how trust is built into digital systems.
Sampling records, interpreting ambiguity and negotiating
enforcement were necessary when infrastructure could not
check compliance at the point of origin. Recent lattice-based
protocols have cut verification times from 90 seconds to

20 milliseconds, ''® making real-time checks practical for
the first time. Trust could become a condition for access
rather than something established through later oversight.

For governments, finance and healthcare institutions,

the implications would extend beyond encryption.

With breaches now costing up to $4.44 million,

many are redesigning data flows and moving to quantum-
safe encryption.™12! Petabytes of genomic sequences,
wearable outputs and financial patterns could become safer
to share, compute on and verify, while remaining protected
from future decryption by quantum-capable actors.'®

For that future to work, compliance rules would need
to be precise before they are encoded into systems.

Building towards scale: lattice-based cryptography

Lattice-based cryptography

the two hospitals, the transfer has been verified
against the privacy law of the country where the
records originated, the data residency rules of the
country where they arrived and the patient’s consent.

Deo

[ By Dubai Future Foundation }

Once applied automatically, rules are followed exactly

as written, leaving less room for interpretation after the
fact. Software, hardware and institutions would also need
to upgrade together.?® Protocols, operating systems

and devices would need to adopt new standards in

step, without breaking the services that already depend
on them.'?#"25 During the transition, running lattice-based
and older encryption side by side would keep existing
services working.

The transition will not be even. Smaller devices such

as wearables and embedded sensors cannot yet handle
the heavier computational load required by lattice-based
methods,'? and older infrastructure can be difficult to
upgrade, especially when systems are fragmented or
outdated. As encryption becomes stronger, attacks
may increasingly target design and deployment flaws, %’
raising the stakes for engineering and implementation.

Lattice-based cryptography can make data safer to
share, analyse and verify; whether that will lead to trusted
data systems will depend on the standards, policies and
institutional choices built around it.

Related DFF megatrends: boundless multidimensional

data; technological vulnerabilities
e

Policy and regulation

Mandate post-quantum migration timelines to drive
coordinated transition across public and private infrastructure.

X

Capital and risk

Conduct comprehensive cryptographic asset inventories
to identify and prioritize exposure ahead of migration.

Developers and manufacturers

Implement hybrid classical-quantum cryptography in all new (

systems to ensure resilience during the transition period.

7

7

Standards and certification

Accelerate adoption of harmonized post-quantum
standards to enable interoperability across global systems.

Infrastructure and procurement

Secure end-to-end key life cycle management across
all environments to maintain cryptographic integrity at scale.
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The emerging landscape

Each technology in this report tells its own story.
Across these 10, certain patterns emerge that
suggest where broader shifts may be under way.
The most visible concerns how science itself is
working. Discovery is moving from the laboratory
to the model. Al is helping researchers determine
whether a drug candidate will bind to its target
before it is synthesized, identify a patient’s tumour
mutations before a treatment is designed and map
biological pathways before a fermentation tank is
loaded. Science has always advanced through a
hypothesis-experiment-revise cycle, with its cost

in time, capital and failure rate determining which
diseases are researched and which questions are
asked. That boundary is shifting, and the frontier of
what is worth attempting is expanding accordingly,
into diseases previously considered undruggable
and molecular targets too complex for classical
computing to resolve.

This shift has produced a distinct pattern
across this year’s cohort, towards the personal,
the distributed and the materially efficient. Two
implications of that pattern are worth examining
more carefully.

The first is that the geography of production is
beginning to decouple from the physical conditions
that have shaped it. Precision fermentation can
produce high-value proteins like whey or egg white
anywhere with reliable power, sugar feedstocks and
trained biologists, opening a path for production

in regions whose agricultural endowments would
not otherwise support it. Direct lithium extraction

opens a path to producing battery-grade lithium
from geothermal brines in regions where geology
has never offered shallow, concentrated deposits.
Passive radiative cooling emits heat through an
atmospheric window available anywhere on earth,
offering a cooling pathway in high-heat climates that
does not depend on cheap electricity. Everything-
to-grid turns buildings and vehicles into grid nodes,
shifting some functions of stabilization away from
the utilities that historically owned generation. None
of these technologies will redraw the industrial map
alone, but each is an early indicator that capability
and place are becoming less tightly linked in their
respective domains.

The second is that value is migrating from what
can be manufactured at scale to what can be
produced at the point of use. Pharmaceutical
blockbusters, centralized energy generation and
commodity-scale food production were all built
on the assumption that value accrues to whoever
can make the most identical units and ship them.
Personalized mRNA cancer vaccines invert that
assumption, making the patient both the starting
material and the endpoint of drug development,
with the biopsy becoming the specification for a
therapy synthesized in weeks. Quantum simulation
moves part of the locus of pharmaceutical value
upstream towards molecular design, opening a
class of diseases whose development economics
could not previously justify the uncertainty.
Exosome drug delivery reaches molecular targets
that earlier generations of medicine could not
address at all.
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Underneath both shifts sit two tensions that

will influence, more than any technical roadmap,
whether these technologies arrive well: trust
and access.

Trust is at stake because several of these
technologies ask the public, regulators and
clinicians to accept arrangements that have no
precedent. A therapy developed for one person
cannot be evaluated using trial designs built for
identical doses across large populations; the
frameworks for establishing its safety and efficacy
are still being written. A protein produced by an
engineered microbe asks consumers to extend trust
to a process they cannot see and a category that
does not yet have settled language. A grid stabilized
by millions of distributed assets asks households
and fleet operators to share data and surrender
some control over when their vehicles charge and
discharge. Trust is not a soft variable in the adoption
of these technologies; it is a precondition that must
be deliberately built.

Access is at stake because, left to default, the
benefits of these technologies will concentrate in
the regions and populations already best positioned
to capture them. Personalized therapies risk
becoming available only inside well-resourced
health systems, deepening existing gaps in cancer
outcomes between countries and within them.

The transition implied by precision fermentation,

in the high-value categories where it competes,
will fall hardest on the agricultural regions and
livelihoods currently supplying those categories —
a narrower claim than a wholesale reorganization
of food systems, but a serious one for the workers
and communities whose economies depend

on what is displaced. Grid flexibility rewards the
household with an electric vehicle and a home
battery; the renter without either may end up
subsidizing a system whose advantages they do
not share. None of these outcomes is inevitable,
but each is the default in the absence of policy
and design choices that direct otherwise.

Strategic decisions about technology are being
redistributed across a much wider set of actors
than the industries that have historically held them.
A municipal authority procuring a transport fleet is,
in part, deciding who benefits from grid flexibility. A
hospital system evaluating whether to manufacture
therapies it previously purchased is also deciding
which patients will receive them. A regional
government in a resource-producing economy
weighing industrial policy questions about refining
capacity is also deciding whose livelihoods are
protected through the transition. The redistribution
of decision-making is, in substance, a redistribution
of responsibility for whether these technologies are
trusted and whether their benefits are shared. What
these technologies could deliver, and what it would
take to deliver it well, is now visible.
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Appendix: Methodology

Al-discovery tool

For the 2026 report, the expert survey used in
previous years was replaced by an Al-based
nomination workflow developed by Frontiers. The
workflow uses large language models (LLMSs) to
systematically generate and validate technology
nominations at scale, drawing on Frontiers article
data and industry news, with cross-model validation
to ensure robustness.

The workflow covered eight academic fields of study
and 13 industry sectors. For each field or sector,

the LLM generated up to 10 structured nominations
that included the technology name, description,

key breakthrough, market applications and societal
impact. The workflow was run using three separate
LLMs to cross-check outputs, including OpenAl GPT-
4.1 mini, OpenAl GPT-5 and Google Gemini 2.5.

To ensure consistency and quality, the prompts
specified that every nominated technology had

to be realistic and applicable, thereby excluding
theoretical proposals for future innovations. An
additional classification step used the LLM to
evaluate whether each nomination represented a
genuine technology or a broader trend, and non-
technology nominations were flagged accordingly.

All Al-nominated technologies received a trendiness
score via the Al trend analyser developed by
Frontiers, which mapped nominations to key
concepts and matched them to their frequency

in academic articles over a rolling 10-year period.
From this analysis, an average trendiness score was
established, indicating each technology’s growing
presence and momentum in its field.

Nomination refinement

The Al-discovery tool’s nomination list was
narrowed from more than 1,200 technologies to
roughly 80. This refinement drew on the trendiness
data, an evaluation of emerging innovations,
internal consultations with topic experts from

World Economic Forum thematic centres and the
removal of innovations previously featured in Top 10
Emerging Technologies reports.

Expert consultations

Over the course of two months, leading global
researchers consulted on subsections of the

80-technology list most relevant to their fields,
helping identify the technologies that should be
moved forward for consideration by the Advisory
Council. Researchers confirmed each technology’s
novelty and potential impact, and recommended
removing technologies that did not warrant further
consideration. Through these consultations, the final
list of 20 technologies was identified for Advisory
Council consideration.

Quantitative and
qualitative scores

Before presenting the list to the Advisory Council,
each of the 20 technologies was assessed against
two additional scores that captured impact and
business traction.

The impact score was developed using the

World Economic Forum Resilience Consortium’s
Resilience for Sustainable, Inclusive Growth
framework, which focuses on the potential of
technologies to address systemic challenges

and build adaptive capacity for future generations.
The more areas of systemic challenge a technology
was expected to address, the higher its score on

a scale of 1 to 5.

The business traction score was developed by
constructing a search query for each nominated
technology and pulling funding totals and company
counts from CB Insights across two time windows
that captured recent and long-term activity. A log
transformation was applied to smooth outliers, and
the results were then normalized to a 0-100 scale.
A weighted composite score was then calculated
across three dimensions: funding accounting for
45%, density of active companies accounting for
30%, and the pace of recent acceleration relative
to historical activity accounting for 25%.

Advisory Council

The Advisory Council met and voted on
technologies for inclusion and wildcard nominations
in two 90-minute meetings in February 2026.
Deliberation followed a modified Delphi approach,
in which council members submitted anonymous
assessments through a structured survey before
the meetings and refined their views through
facilitated discussion across the two sessions.
The meetings were led by the report’s co-chairs
and informed by research and consultations
conducted throughout the process.
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Transformation maps

To complement the strategic outlooks,
transformation maps were developed by the World
Economic Forum’s Strategic Intelligence Platform
and co-curated with leading domain experts
connect each technology to broader systems,
global priorities and cross-domain implications.
Hosted on the Forum’s Strategic Intelligence
Platform, these maps provide decision-makers with
a live resource for tracking ongoing developments
across technology, industry and policy.

Strategic outlooks

Emerging technologies are first explored in terms
of their potential benefits and risks, then assessed
against the key conditions needed for success,
such as technological readiness, regulation,
market demand and societal impact. They are
explored within the context of relevant megatrends
to better understand future opportunities,
challenges and uncertainties.

The Dubai Future Foundation’s Human-Machine
Collaboration (HMC) icons throughout depict where
Al was used in the research and writing process.

Dubai Future Foundation’s
10 megatrends (2026)

@ Materials revolution — materials
innovation reshaping industries,
products and everyday consumption

@ Boundless multidimensional data — high-
speed, high-volume, high-variety data driving
real-time insights

@ Technological vulnerabilities — rising cross-
sectoral, complex cybersecurity threats
demanding adaptive security solutions

@ Redefining finance and monetary systems —
digital, decentralized finance and evolving
concepts of value reshaping money,
investment, wealth and the systems
that govern them

@ Evolving ecosystems — ecosystem-focused
sustainability prioritizing regeneration, resilience
and human needs

@ Borderless world, fluid economies —
borderless digital systems reshaping
governance, economies and
global communities

@ Digital realities — immersive digital
worlds redefining reality, interaction
and human experience

Life with autonomous robots and automation —
robotics and automation expansion
transforming industries while raising ethical,
workforce opportunities and challenges

Future humanity — evolving human identity
reshaping work, belonging and societal norms

@ Advanced health and nutrition — converging
technologies advancing health, longevity and
sustainable food systems

This approach balances visionary thinking
with practical grounding, imagining desirable
futures while identifying a real-world example
of industry impact.
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Decision-making groups for technology scaling

Building towards scale

p

Policy and regulation

Setting rules

National governments, ministries of energy
or health, environmental agencies, financial
regulators and central banks

7\

From the strategic outlooks, the Dubai Future Foundation created key calls to
action to support each technology’s path to scale. These were machine-led in
development and then refined for consistency and assigned to six groups of key
decision-maker tags to indicate which actions each group can take, as applicable.

Developers and manufacturers

Building and bringing to market

Technology companies, engineering firms,
pharmaceutical and biotech manufacturers,

hardware producers and software platform developers

7\

Infrastructure and procurement

Running and deploying systems

Grid and utility operators, hospital networks, municipal
water authorities, critical digital infrastructure

and public sector procurement bodies

Capital and risk

Allocating capital and underwriting risk
Institutional investors, development finance institutions,
sovereign wealth funds, global health funders and insurers

7N

7\ <

Standards and certification

Establishing shared benchmarks

International standards bodies, industry coalitions,
professional accreditation bodies and building
rating systems

)

Research and academia

Generating knowledge
Universities, national research institutions, clinical trial networks,
independent scientific advisory bodies and shared data networks
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