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Joleen Sadek

Plastic pollution is a major global issue because most synthetic plastics are highly resistant to
natural decomposition. Materials such as polyethylene (PE), polypropylene (PP), and polyethylene
terephthalate (PET) are made of long, stable polymer chains that can persist in the environment for
hundreds of years. Recently, scientists have been studying an alternative biological solution: using
fungi (including mushrooms) to help break down plastic. 

Mushrooms belong to the kingdom Fungi, organisms known for their ability to decompose complex
organic materials. Fungi secrete extracellular enzymes, meaning enzymes released outside their
cells, which chemically break down large molecules into smaller ones that the organism can absorb.
Some fungi produce enzymes such as laccases, peroxidases, and hydrolases. These enzymes are
capable of breaking strong carbon–carbon and carbon–oxygen bonds, which are also found in many
plastic polymers. When these bonds are broken, the plastic’s structure weakens and begins to
degrade.

Research has shown that certain fungal species can partially degrade specific plastics under
controlled conditions:
Polyethylene (PE): Found in plastic bags and packaging; some fungi can degrade it after UV or heat
pretreatment.
Polypropylene (PP): Used in food containers and bottle caps; lab studies show measurable mass loss
after fungal exposure.
Polyurethane (PU) and PET: Some fungi can break these down using specialised enzymes, even in
low-oxygen environments.

Using Mushrooms To
Break Down Plastic 
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Although the process is slow, it is significantly faster than natural environmental degradation.

Fungal plastic degradation has potential applications in:
Bioremediation of landfill waste
Supporting recycling systems by breaking plastics into reusable chemical components
However, this technology is still in development. The process is currently too slow for large-scale
use, and fungi cannot yet replace traditional recycling or plastic reduction strategies.

Using mushrooms to break down plastic is an example of applying biological systems to solve
environmental engineering problems. While fungal degradation is not a complete solution, it
represents a promising area of research within biotechnology and environmental science. With
further development, fungal enzymes may one day become an important tool in reducing plastic
pollution.
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Climate change stands as one of humanity's most
pressing challenges, and our ability to predict and
respond to it depends heavily on understanding
complex atmospheric systems. Enter artificial
intelligence: a powerful tool that's transforming
how scientists model climate patterns, predict
extreme weather events, and project future
environmental conditions with unprecedented
accuracy.
Traditional climate models have served scientists
well for decades, using physics-based equations to
simulate how Earth's atmosphere, oceans, and land
surfaces interact. However, these conventional
models require enormous computational resources
and can take weeks to run detailed simulations.
They also struggle with certain phenomena that
occur at scales too small for their grids to capture
directly, such as cloud formation and turbulence.

Machine learning is changing this landscape
dramatically. By training algorithms on decades of
observational data from satellites, weather stations,
and ocean buoys, researchers have developed AI
models that can identify patterns invisible to
human analysts. These systems excel at processing
vast datasets, recognizing subtle correlations
between variables, and making predictions that
complement traditional physics-based approaches.

One breakthrough application involves using
neural networks to improve short-term weather
forecasting. 

Google's DeepMind developed GraphCast, a
machine learning model that can produce ten-day
weather forecasts in under one minute on a single
machine, a task that would take conventional
supercomputer models hours to complete. More
impressively, GraphCast has demonstrated
superior accuracy compared to traditional models
for many variables, particularly in predicting the
paths of tropical cyclones and extreme weather
events.

The implications for disaster preparedness are
profound. Earlier and more accurate predictions of
hurricanes, floods, and heat waves give
communities precious additional time to evacuate,
secure infrastructure, and mobilize emergency
resources. In 2023, AI-enhanced models
successfully predicted the intensification of
Hurricane Otis near Acapulco several days before
traditional models caught the signal, potentially
saving lives through earlier warnings.
Beyond short-term forecasting, machine learning is
enhancing our understanding of long-term climate
trends. Researchers at institutions like MIT and
Stanford are using AI to analyze climate model
outputs, identifying which physical processes most
influence future warming scenarios. These insights
help refine traditional models and prioritize where
additional observational data is needed most
urgently.

AI also excels at downscaling climate projections.
Global climate models typically operate at
resolutions of 50 to 100 kilometers, too coarse to
capture local variations crucial for regional
planning.

Ferogh Shakouri

Artificial  Intel l igence for Cl imate Prediction:  How
Machine Learning Models Are Revolutionising

Weather Forecasting and Cl imate Science
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Machine learning algorithms can take these coarse projections and generate high-resolution predictions
for specific cities or watersheds, helping local governments make informed decisions about infrastructure
investments and adaptation strategies.

The technology shows particular promise in predicting climate tipping points, critical thresholds beyond
which environmental systems may change irreversibly. AI models can process multiple data streams
simultaneously to identify early warning signals that might indicate an approaching tipping point in ice
sheet stability, ocean circulation patterns, or rainforest ecosystems.

However, AI climate prediction isn't without challenges. Machine learning models are inherently limited
by their training data; they may struggle to predict conditions outside the range of historical observations,
particularly relevant as climate change pushes Earth into unprecedented territory. These models can also
be "black boxes," making predictions without providing clear physical explanations for their forecasts,
which can make them difficult to trust and improve.

Scientists are addressing these limitations through hybrid approaches that combine the physical
understanding embedded in traditional models with the pattern-recognition capabilities of machine
learning. This fusion leverages the strengths of both methods: physics-based models ensure predictions
remain grounded in fundamental scientific principles, while AI components capture complex relationships
that equations alone might miss.

The energy consumption of AI systems also presents an ironic challenge for climate science. Training large
machine learning models requires substantial computational power, generating significant carbon
emissions. Researchers are actively working on more efficient algorithms and leveraging renewable energy
for their computing needs to ensure that the tool doesn't exacerbate the problem it's trying to solve.
Looking ahead, the integration of AI into climate science represents not just a technological upgrade but a
fundamental shift in how we approach environmental prediction. As these systems continue to improve,
fed by ever-growing streams of satellite observations and sensor data, they promise to give humanity an
increasingly clear window into our climate future. This enhanced foresight is essential for making the
difficult decisions required to build a sustainable, resilient world capable of weathering the storms ahead.
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Renewable Energy Storage Solutions:
The Battery Technology Race
Powering Our Sustainable Future
Aamnah Younus

The sun doesn't always shine, and the wind doesn't always blow. This simple fact represents the central
challenge of renewable energy and the reason why battery technology has become crucial to our
sustainable future. Solar and wind power have become remarkably cheap, often the least expensive sources
of new electricity generation, but their intermittency requires storage solutions to provide reliable power
around the clock. The race to develop better, cheaper, and more sustainable energy storage technologies
will largely determine how quickly humanity can transition away from fossil fuels.

Lithium-ion batteries currently dominate the energy storage landscape, powering everything from
smartphones to electric vehicles to grid-scale installations. These batteries work by shuttling lithium ions
between positive and negative electrodes through an electrolyte, storing energy in chemical bonds. Their
high energy density, efficiency, and declining costs have driven an electric vehicle revolution and enabled
rapid growth in renewable energy deployment.
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Solid-state batteries represent another promising
direction. Conventional lithium-ion batteries use
liquid electrolytes that enable ion flow but create
safety risks and limit energy density. Solid-state
designs replace the liquid with solid materials that
conduct ions while eliminating fire risk and
enabling higher energy densities. Toyota and
QuantumScape are among the companies investing
heavily in solid-state technology, though
manufacturing challenges have delayed
commercialisation beyond initial projections.

For grid-scale storage, size and weight matter less
than cost, lifetime, and sustainability, opening
opportunities for technologies impractical for
vehicles. Flow batteries store energy in external
tanks of liquid electrolytes, allowing energy
capacity to scale with power output. Vanadium
redox flow batteries can charge and discharge tens
of thousands of times without degradation, making
them attractive for utilities needing decades of
reliable service. Their relatively low energy density
and high upfront costs have limited deployment,
but ongoing research into improved electrolytes
and membranes continues to enhance performance
and economics.

owever, lithium-ion technology faces
significant constraints. Lithium and
cobalt, key battery materials, come from
limited geographic sources  with 

concerning environmental and human rights
issues in their extraction. Mining operations
consume vast quantities of water in often water-
scarce regions, while cobalt extraction in the
Democratic Republic of Congo has been linked to
dangerous working conditions and child labor.
Additionally, lithium-ion batteries carry fire risks
and degrade over time, limiting their useful life.

These limitations have sparked intense research
into alternative battery chemistries. Sodium-ion
batteries replace scarce lithium with abundant
sodium, dramatically reducing material costs and
geopolitical supply chain concerns. While
sodium-ion batteries have lower energy density
than lithium-ion, they excel in stationary storage
applications where weight matters less than cost.
Chinese manufacturers have begun mass-
producing sodium-ion batteries for grid storage
and lower-cost electric vehicles, suggesting this
technology may soon achieve commercial
viability.

H
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Iron-air batteries exploit one of Earth's most abundant
elements. These devices generate electricity through
the reversible rusting of iron, oxidising during
discharge and reducing during charge. Form Energy
has developed iron-air batteries intended for multi-
day storage, providing backup power during extended
periods of low renewable generation. At target costs
below $20 per kilowatt-hour, well below lithium-ion,
iron-air batteries could make 100 percent renewable
grids economically feasible.

Thermal energy storage takes a different approach
entirely. Rather than storing electricity in chemical
form, these systems store heat or cold in materials like
molten salt, sand, or rocks. Concentrated solar power
plants have used molten salt storage for years, heating
the salt with focused sunlight and later using the
stored heat to generate electricity. Newer concepts
include storing excess renewable electricity by heating
sand or rocks to extreme temperatures, creating
thermal batteries that can provide industrial process
heat or generate electricity when needed.

Mechanical storage methods offer simplicity and
durability. Pumped hydroelectric storage, the most
deployed form of grid-scale storage globally, uses
excess electricity to pump water uphill to a reservoir,
then releases it through turbines to generate power on
demand. While geographically limited and
environmentally disruptive, pumped hydro provides
proven technology capable of storing enormous
quantities of energy. Compressed air energy storage
follows similar principles, using excess electricity to
compress air in underground caverns, later releasing it
through turbines.

Gravity-based storage represents a modern take on
mechanical storage. Companies like Energy Vault
use excess renewable electricity to lift heavy blocks
using cranes, then lower them to generate power
when needed. While the round-trip efficiency and
energy density lag battery technologies,
gravitational storage uses simple components with
minimal degradation over decades.

Hydrogen emerges as a wild card in the storage
landscape. Excess renewable electricity can split water
into hydrogen and oxygen through electrolysis, with
the hydrogen stored and later used in fuel cells to
generate electricity or burned for heat. Hydrogen's
very high energy density by weight and ability to be
stored indefinitely make it attractive for seasonal
storage and hard-to-electrify applications like aviation
and steel production. However, current round-trip
efficiencies of 30 to 40 percent compare unfavorably
to batteries achieving 85 to 95 percent, and significant
infrastructure investment is required.

The economics of energy storage have improved
dramatically. Lithium-ion battery prices have fallen
roughly 90 percent over the past decade, from over
$1,100 per kilowatt-hour to around $130, making
electric vehicles competitive with internal combustion
engines and grid storage economically viable.
Continued innovation and manufacturing scale
promise further cost reductions, though the pace may
slow as the technology matures.

The environmental footprint of battery production
demands attention. Mining operations for battery
materials can devastate local ecosystems and
communities. Manufacturing is energy-intensive,
though this impact diminishes as grids transition to
renewables. End-of-life recycling remains
underdeveloped, with most batteries landfilled rather
than recycled despite containing valuable materials.
Establishing robust recycling infrastructure is crucial
to making battery storage truly sustainable.

As renewable energy becomes increasingly cost-
competitive with fossil fuels, energy storage
transforms from technical curiosity to economic
necessity. The technologies emerging from
laboratories and startups today will shape tomorrow's
energy landscape, determining whether humanity can
build an affordable, reliable, sustainable energy
system. In the batteries being developed and deployed
worldwide, we're not just storing electricity—we're
storing our hopes for a cleaner future.
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The Science Behind Carbon Capture
Technology: Can We Engineer Our
Way Out of Climate Change?

By Danielle Patton

The numbers are sobering: humanity
currently emits roughly 40 billion tons
of carbon dioxide into the atmosphere
annually, and atmospheric CO2
concentrations have reached levels
not seen in millions of years. While
reducing emissions remains the
primary strategy for addressing
climate change, a growing consensus
among scientists suggests that
emission cuts alone may be
insufficient. We may also need to
actively remove carbon from the
atmosphere. This realization has
sparked intense interest in carbon
capture technology, but can
engineering truly reverse the damage
already done?

Carbon capture encompasses several
distinct approaches, each with
different applications and maturity
levels. The most established is point-
source capture, which prevents CO2
from entering the atmosphere by
capturing it at its source

,typically power plants or industrial
facilities. Before exhaust gases reach
the smokestack, they pass through
chemical solvents, solid adsorbents, or
membrane systems that selectively
bind CO2 molecules, separating them
from other gases.
The captured CO2 can then be
compressed and either stored
underground in geological formations
or utilized in industrial processes. This
approach, known as Carbon Capture
and Storage (CCS) or Carbon Capture
and Utilization (CCU), already
operates at commercial scale in
several facilities worldwide. The
Boundary Dam project in
Saskatchewan, Canada, has captured
over four million tons of CO2 since
2014, injecting it deep underground
in saline aquifers or using it for
enhanced oil recovery.

However, point-source capture only
prevents new emissions; it doesn't
address the trillion tons of CO2 

already in the atmosphere. This is
where Direct Air Capture (DAC)
enters the picture. DAC facilities use
large fans to draw ambient air over
chemical substrates that bind with
CO2. Once saturated, these materials
are heated or subjected to vacuum
conditions to release concentrated
CO2, which can then be stored or
used.
The engineering challenges of DAC
are formidable. Atmospheric CO2
concentrations are roughly 420 parts
per million, meaning the technology
must process enormous volumes of
air to capture meaningful amounts of
carbon. Point-source capture deals
with exhaust streams containing 4 to
15 percent CO2, making it inherently
more efficient than filtering the
atmosphere. This difference translates
directly into energy requirements and
costs.

Companies like Climeworks in
Switzerland and Carbon Engineering 
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in Canada, have demonstrated at a commercial scale, but current costs range from $600 to over $1000
per ton of CO2 captured, far above the prices needed for climate-significant deployment. Researchers are
working to reduce costs through improved materials, optimised processes, and economies of scale, with
targets of reaching $100 per ton within the next decade.
The energy requirements of carbon capture present a crucial sustainability paradox. If the electricity
powering capture facilities comes from fossil fuels, the technology might generate more emissions than it
removes. This makes pairing carbon capture with renewable energy essential, but it also raises questions
about opportunity costs. Would those renewable electrons be better used replacing fossil fuel power
generation directly rather than cleaning up after it?

Geological storage presents its own technical challenges and concerns. Injecting millions of tons of CO2
underground requires identifying stable rock formations with appropriate porosity, permeability, and
impermeable cap rocks to prevent leakage. Sites must be thoroughly characterised and monitored to
ensure long-term containment. While natural gas has been stored underground safely for decades, the
scale required for climate-relevant carbon storage is unprecedented.

Carbon utilization offers an alternative to storage by turning
CO2 into valuable products, though this approach faces
limitations. CO2 can be converted into synthetic fuels,
building materials, plastics, or chemicals, but most
applications eventually release the carbon back to the
atmosphere. Only products like concrete or carbon fiber that
sequester CO2 for decades or centuries provide genuine
climate benefits.

Enhanced weathering and ocean-based approaches
represent other carbon removal strategies. Enhanced
weathering accelerates natural processes by spreading
crushed silicate rocks on land or in oceans, where they react
with CO2 to form stable carbonates. Ocean alkalinization
uses similar chemistry to increase the ocean's capacity to
absorb atmospheric CO2. These approaches potentially offer
lower costs but require immense scale and raise questions
about ecosystem impacts.

Biological carbon capture through reforestation and soil
carbon sequestration provides time-tested, nature-based
solutions that deliver co-benefits like habitat restoration and
improved agriculture. However, biological approaches face
constraints on available land, permanence concerns as
forests can burn or trees can die, and limited capacity
compared to the scale of emissions.

The most honest assessment is that carbon capture
technology represents a necessary but not sufficient tool for
addressing climate change.
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The physics and economics
currently don't support
engineering our way out of the
problem without dramatically
reducing emissions
simultaneously. Carbon capture is
more accurately viewed as
damage control, helping to
address hard-to-eliminate
emissions from industries like
cement and steel production, and
potentially removing some legacy
emissions from the atmosphere.

The role of carbon capture in our
climate future likely depends on
continued innovation bringing
costs down and efficiency up,
coupled with strong policy
support through carbon pricing
or direct incentives. The recent
Inflation Reduction Act in the
United States significantly
increased tax credits for carbon
capture, spurring new projects
and investments in next-
generation technologies.
Ultimately, carbon capture
technology exemplifies both the
promise and limitations of
engineering solutions to
environmental challenges. It
demonstrates human ingenuity
and technical capability while
reminding us that the most
efficient approach to pollution is
prevention rather than cleanup. 

A sustainable future will likely
employ carbon capture as one
tool among many, emissions
reduction, renewable energy,
ecosystem restoration, and
fundamental changes in
consumption, working in concert
to stabilize Earth's climate.
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Nature has been running experiments in design and engineering for 3.8 billion years, testing countless
solutions through the rigorous process of natural selection. Every organism alive today represents a
success story, a design refined across millions of generations to maximize efficiency while minimizing
waste. Engineers and designers increasingly recognize that instead of fighting against natural principles,
they can learn from them through biomimicry, the practice of emulating nature's strategies to solve
human challenges sustainably.

The philosophy behind biomimicry is elegantly simple: nature has already solved many of the problems
we face. How do you design structures that withstand powerful forces using minimal materials? How do
you regulate temperature without energy-intensive systems? How do you create materials that are strong
yet biodegradable? Look to living organisms, and the answers often reveal themselves.

Consider the challenge of designing energy-efficient buildings. Traditional architecture often treats
climate as an adversary to be overcome with brute force, air conditioning in summer, heating in winter,
all consuming vast amounts of energy. Meanwhile, termites in Africa and Australia construct mounds
that maintain stable internal temperatures despite external fluctuations of up to 40 degrees Celsius. They
achieve this through carefully designed ventilation systems that harness convection currents.

BIOMIMICRY IN ENGINEERING

WHAT NATURE TEACHES US ABOUT SUSTAINABLE DESIGN
Alexa Kightlinger
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Rather than being solid throughout, bones use a porous internal
architecture that provides maximum strength with minimum
material. This principle of optimized material distribution has
revolutionized engineering design through topology optimization, a
computational method that removes material from structures
wherever it's not needed for load-bearing. The result is components
that use less material while maintaining strength, reducing weight
in everything from aircraft components to prosthetic limbs.

Water management presents another area where nature excels. The
Namib Desert beetle survives in one of Earth's driest environments
by harvesting water from fog using its uniquely textured shell,
which combines hydrophobic and hydrophilic regions. This
mechanism has inspired new technologies for water collection in
arid regions and self-cleaning surfaces that reduce the need for
chemical cleaners and water.

Architect Mick Pearce applied
this principle when designing the
Eastgate Centre in Harare,
Zimbabwe. The building uses a
passive cooling system inspired
by termite mounds, with a
design that allows cool night air
to be drawn through the
structure and stored in thermal
mass, then released during the
hot day. The result uses 90
percent less energy for climate
control than conventional
buildings of similar size,
dramatically reducing both
operating costs and carbon
emissions.
Materials science has found
equally valuable lessons in
nature's playbook. Spider silk
demonstrates strength-to-weight
ratios that exceed steel while
being completely biodegradable
and produced at ambient
temperature from non-toxic
materials. Researchers at
companies like Bolt Threads
have developed processes to
synthesize similar proteins using
engineered yeast, creating
sustainable alternatives to
petroleum-based synthetic fibers
without requiring spider farms.

The structure of bones offers
another compelling example.
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Japan's Shinkansen bullet train provides a celebrated example of biomimicry solving multiple problems
simultaneously. Engineers faced a challenge: when the train emerged from tunnels at high speed, it
created a sonic boom that disturbed nearby residents. The solution came from studying the kingfisher, a
bird that dives into water to catch fish without creating a splash. By reshaping the train's nose to mimic the
kingfisher's beak, engineers eliminated the sonic boom while simultaneously improving energy efficiency
by reducing air resistance.

Nature's circular economy offers perhaps the most important lesson for sustainability. In natural
ecosystems, waste doesn't exist; one organism's output becomes another's input. This principle challenges
the linear "take-make-dispose" model that characterizes much industrial production. Companies like
Interface, a carpet manufacturer, have embraced biomimetic principles to design products that can be fully
recycled or safely returned to the biosphere, eliminating the concept of trash.

The practice of biomimicry extends beyond copying individual features to understanding nature's
underlying principles. Life tends toward solutions that are locally attuned, resource-efficient, and
integrated into larger systems. These principles challenge engineers to consider not just whether a design
works, but whether it works in harmony with its environment.

However, biomimicry is not simply about copying nature blindly. A bird's wing may inspire aircraft design,
but a mechanical plane need not flap to fly. The key is understanding the principle nature uses to solve a
problem, then applying that principle using available human technologies and materials. This requires
deep collaboration between biologists and engineers, each bringing essential expertise to the translation
process.

As humanity confronts sustainability challenges from climate change to resource depletion, biomimicry
offers more than clever solutions to specific problems. It provides a framework for innovation that
inherently aligns human activity with planetary boundaries. By learning from organisms that have
successfully inhabited Earth for millions of years, we can design technologies that don't just minimize
harm but actively contribute to thriving ecosystems. In nature's example, we find not just inspiration but
instruction for building a truly sustainable civilization.
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Aribah Ibnath Siddique

Vertical Farming and Hydroponics: Engineering Solutions to Feed
Growing Cities Sustainably

By 2050, nearly 70 percent of humanity will live in urban areas, creating unprecedented demand for fresh
food in environments dominated by concrete and steel. Traditional agriculture, with its sprawling fields
and dependence on suitable climate and soil, cannot easily follow populations into cities. The solution may
lie not in expanding outward, but in building upward through vertical farming and hydroponic systems
that reimagine how and where we grow food.

Vertical farming takes agriculture indoors and stacks it skyward, using controlled environment agriculture
(CEA) to grow crops in multi-level structures. These facilities replace sunlight with LED arrays, soil with
nutrient solutions, and unpredictable weather with precisely regulated temperature and humidity. The
result is a farming system that can operate anywhere, from converted warehouses in Newark to purpose-
built towers in Singapore, independent of external climate conditions.

The engineering behind vertical farms addresses several critical sustainability challenges simultaneously.
Water usage drops dramatically compared to conventional agriculture. Hydroponic and aeroponic
systems, which grow plants in nutrient-rich water or mist rather than soil, recirculate water continuously,
reducing consumption by up to 95 percent. In a world where agriculture accounts for roughly 70 percent
of global freshwater use, this efficiency represents a crucial advancement.
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These systems also eliminate
agricultural runoff, one of
conventional farming's most
damaging environmental
impacts. Traditional farms leak
fertilizers and pesticides into
waterways, creating dead zones
in oceans and contaminating
drinking water supplies. Closed-
loop vertical farms contain all
nutrients within the system,
preventing environmental
contamination while recovering
and reusing resources that
would otherwise be wasted.
The proximity of vertical farms
to urban consumers slashes
transportation requirements,
addressing another major
sustainability concern.
Conventional produce often
travels thousands of miles from
farm to table, consuming fossil
fuels and requiring refrigeration
that contributes to food spoilage.
Vertical farms located within or
near cities can deliver harvests
within hours, reducing both
carbon emissions and food waste
while ensuring peak freshness
and nutritional value.

Year-round production further
enhances food security and
resource efficiency. Unlike
traditional farms constrained by
growing seasons, vertical
facilities can produce continuous
harvests, maximizing the
productivity of their
infrastructure and providing
consistent employment. A single
acre of vertical farming can yield
the equivalent of 10 to 20 acres
of traditional farmland, making
productive use of expensive
urban real estate.

The technology has matured
considerably over the past
decade. Companies have refined
growing systems that use
machine learning to optimize
every variable affecting plant
growth. Sensors monitor root
zone pH, dissolved oxygen,
nutrient concentrations, light
spectrum and intensity,
temperature, and humidity,
feeding data into algorithms that
continuously adjust conditions
for maximum yield and
nutritional content.

LED technology has been
particularly transformative.
Modern horticultural LEDs can
be tuned to emit specific
wavelengths that plants use most
efficiently for photosynthesis,
eliminating wasted energy on
spectrums plants don't need.
Researchers have discovered
that manipulating light recipes
can enhance specific traits,
increasing vitamin content,
intensifying flavors, or
accelerating growth rates.

Vertical farming faces significant
challenges, with energy
consumption chief among them.
Replacing free sunlight with
artificial lighting requires
substantial electricity, and critics
argue that until the grid runs
entirely on renewables, vertical
farms may simply shift
environmental impact from one
domain to another. Current
operations work hardest to
address this through solar
installations, battery storage,
and strategic location in regions
with clean energy grids.
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Economics presents another hurdle. The capital costs of constructing vertical farms and the operating
expenses of running them have led several high-profile companies to bankruptcy in recent years. The
technology currently makes economic sense primarily for high-value crops like leafy greens and
herbs, but struggles to compete with conventional agriculture for staple crops like wheat or rice,
which require too much energy input relative to their market value.

The solution may lie in continued innovation and thoughtful integration with existing food systems
rather than wholesale replacement. Vertical farms excel at producing fresh vegetables in food deserts
and harsh climates, complementing rather than competing with traditional agriculture. As renewable
energy becomes cheaper and technology improves, the economic equation continues to shift in favour
of controlled environment agriculture.

Looking forward, vertical farming represents more than just an alternative agricultural method; it
embodies a fundamental reimagining of humanity's relationship with food production. By applying
engineering principles to biology, these systems demonstrate that sustainability and productivity
need not be opposing goals. As cities grow and climate change makes traditional farming increasingly
unpredictable, the ability to produce fresh, nutritious food anywhere, using minimal water and no
pesticides, may transition from novel experiment to necessity.
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The modern world runs on electronics, from smartphones in our pockets to sensors monitoring
infrastructure, medical devices tracking our health, and countless computers orchestrating global systems.
Yet this digital revolution has created a mounting environmental crisis: electronic waste. Each year,
humanity generates over 50 million tons of e-waste, much of it containing toxic materials that leach into
soil and water when improperly disposed. Materials scientists are now asking a radical question: what if
our electronics could simply dissolve when we're done with them?

The concept of biodegradable electronics challenges fundamental assumptions about how we design
devices. Traditional electronics are built to last, using materials chosen for stability and durability, silicon
chips, copper circuits, plastic housings, and glass screens. These same properties that make electronics
reliable also make them environmental nightmares when discarded. Heavy metals like lead, mercury, and
cadmium persist in the environment, while plastics break down into microparticles that accumulate in
ecosystems and food chains.

Biodegradable Electronics: How Materials Science
Is Creating a Future Without E-Waste

Hamritha CV
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Transient electronics take the opposite approach.
These devices are intentionally designed to function
for a specific period, then harmlessly degrade into
benign byproducts. The concept isn't about planned
obsolescence that forces premature replacement, but
rather about creating electronics for applications
where retrieval is impractical or impossible, and
where leaving conventional electronics would cause
environmental harm.

Medical applications provide compelling use cases.
Imagine biodegradable sensors that monitor healing
inside the body after surgery, then dissolve once their
job is complete, eliminating the need for surgical
removal. Researchers at Northwestern University have
developed implantable devices that deliver electrical
stimulation to promote nerve regeneration, then safely
resorb into the body within weeks. These are
constructed from silicon thin films so delicate they
dissolve in biological fluids, along with electrodes
made from magnesium and molybdenum that the
body can safely metabolize.

Environmental monitoring offers another promising
application. Scientists need data from remote or
sensitive ecosystems like pristine forests or glaciers,
but retrieving conventional sensors is often
impractical and risks environmental disturbance.
Biodegradable electronics could gather data for a
season or year, then disappear, leaving no trace.
Researchers have demonstrated sensors that dissolve
in rain, in soil bacteria, or when exposed to UV light,
with degradation times tunable from days to years
based on material choices.

Agriculture could benefit significantly from
transient electronics. Farmers increasingly use
sensors to monitor soil moisture, nutrient levels,
and crop health, optimizing water and fertilizer use.
Current sensors either require removal and disposal
or contribute to soil contamination. Biodegradable
versions would simply disappear after the growing
season, making precision agriculture more
sustainable and economical.

 The materials science enabling these innovations is
sophisticated. Researchers have identified several
classes of materials that provide electronic
functionality while being environmentally degradable.
Silicon, the foundation of conventional electronics,
can be engineered at nanoscale thicknesses that
dissolve in water. Conductive traces can be made from
metals like magnesium, zinc, iron, or tungsten that
corrode predictably in biological or environmental
conditions.

Substrates and packaging present unique challenges.
Conventional circuit boards use fiberglass and epoxy
resins that persist indefinitely. Biodegradable
alternatives include silk fibroin, which can be
processed into robust films with controllable
degradation rates; cellulose from wood pulp; chitosan
from shellfish; and various protein-based materials.
These biological polymers can be engineered to match
many properties of conventional plastics while
breaking down into harmless compounds.
Controlling degradation rates is crucial. A medical
implant must remain functional during the healing
period but not too long afterward. An environmental
sensor needs to survive rain and humidity while
collecting data but ultimately degrade. Materials
scientists achieve this precision through careful
composition control, protective coatings, and
structural design. Encapsulating sensitive components
in layers that erode at different rates allows complex
timing of degradation.

Performance remains a significant challenge.
Biodegradable materials generally cannot match the
conductivity, switching speed, or stability of
conventional electronics. Current transient devices
typically operate at lower frequencies and power levels
than their traditional counterparts. For many
applications, this trade-off is acceptable, a soil
moisture sensor doesn't need gigahertz processing
speeds. 

However, expanding biodegradable electronics to
more demanding applications requires continued
materials innovation.
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Cost is another consideration. Many biodegradable
materials are more expensive than conventional
alternatives, and manufacturing processes are less
mature and efficient. As with many sustainable
technologies, achieving price parity requires
economies of scale that won't materialize until
deployment reaches critical mass, a classic chicken-
and-egg problem. Strategic deployment in high-
value applications like medical devices, where the
cost of device removal exceeds electronics costs,
provides a pathway to develop manufacturing
expertise and drive costs down.

The environmental calculus is complex. While
biodegradable electronics eliminate long-term waste,
their production may require more resources or
energy than conventional devices. Life cycle
assessment must consider raw material extraction,
manufacturing impacts, transportation, use-phase
energy consumption, and end-of-life degradation.
Early analyses suggest significant net benefits for
applications where devices can't be efficiently
collected and recycled, but the technology isn't
necessarily superior in scenarios where conventional
electronics can be responsibly recycled.

Looking forward, biodegradable electronics won't
replace conventional devices for most applications.
Your laptop and smartphone will likely remain built
for longevity with robust recycling pathways.
However, for the growing number of applications
where electronics are disposable by necessity, single-
use medical devices, temporary environmental
monitoring, authentication tags, smart packaging—
transient technology offers a path to maintain
functionality without accumulating waste.

This field exemplifies how materials science can
fundamentally reimagine technology's relationship
with the environment. By designing from the outset
for safe degradation rather than indefinite
persistence, researchers are creating a future where
our technological capabilities need not conflict with
planetary health. In electronics that vanish when
their work is done, we glimpse a more sustainable
approach to innovation itself.
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