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Background and Objectives: The shift towards circular economic models
renders new technologies for waste valorization highly competitive as waste
streams are turned into resources. In this mini review, we discuss the recent
advances in technologies such as artificial intelligence (AI)-based waste
management, advanced thermochemical conversion processes, biotechnological
approaches, and integrated waste-to-resource platforms.

Results and Conclusions: Recent results in the application of Al for sorting
technologies report classification accuracies greater than 95% for different mixed
waste streams; thermochemical processes such as pyrolysis and gasification
report conversion efficiencies of 70-85% for plastic and organic waste streams;
biotechnological approaches such as engineered microorganisms and enzyme
systems show promising advancements for converting different complex waste
streams into high-value chemicals and fuels. The combination of these
technologies into circular economy models provides numerous opportunities for
achieving the 2030 sustainable development goals by turning waste streams,

which could be treated as disposal costs, into economic value.

e Low efficiency and high cost of conventional waste management systems; poor scalability of
mechanical sorting (<70% accuracy) to handle tons of municipal solid waste in 2050 will be
problematic.

e Basic thermochemical processes (pyrolysis and gasification), conversion of waste; challenges in
energy efficiency, product quality control, and handling of various waste streams for these
processes exist.

o Biotechnological processing can help for waste handling; however, limited accuracy and yield
optimization hinder the commercialization of these approaches

What is already known about this
topic:

e Machine learning enabled waste sorting with >95% classification accuracy using convolutional
neural networks, compared to 60-70% for mechanical sorting by humans.

o Thermochemical conversion process conversion efficiencies for plastic and organic streams
ranging from 70-85% using advanced pyrolysis and gasification processes.

What this article adds:
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Waste production has reached unprecedented levels
worldwide. Annual generation is about 2.01 billion
tons of municipal solid waste, but is expected to reach
3.4 billion by 2050 | 1]. Such explosive growth, together
with cons-umers’ increasing environmental awareness
and the decreasing availability of natural resources,
has led to the development of new technologies to
valorize waste material into products, energy, and
resources The potential of waste streams for
valorization has been particularly highlighted
concerning the goals of the circular economy, that is, to
decouple economic growth from the use of materials by
Unlike

traditional waste disposal technologies, valorization

maintaining them in use for longer periods

technologies use various conversion processes such as
mechanical separation, thermochemical processing,
and biochemical process-ing to derive the highest value
possible from waste streams

New technologies, over the last few years, have
allowed a greater scale and more permanence in
valorization. Recent innovations in artificial intelli-
gence (AI) and machine learning have enabled the
automatic sorting of waste with a high degree of
accuracy. New thermochemical and biological
technologies can transform many waste streams not
commonly recycled mechanically into products of
value This pandemic has also highlighted the
importance of advanced waste management systems
that handle diverse waste streams in a cost-effective

and environmentally-friendly way

Artificial intelligence evolution is amazing; now-
adays, we can see that the models of Al are creative,
decision-making, and acting. This is a huge step
forward from the simple brute force of symbol
manipulation. Al systems developed in the mid-20th
century were brute-force attempts to mimic human
reasoning by simulating the human mind with the “if
then” rules. Due to the lack of computational power, it
was a too-simple and limited system Now there are

Al systems with machine learning, deep learning,
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neural networks, and strong computing systems with
agentic capabilities, 20-step tasks. Now the AI is
interacting with us on a much deeper level because it
can write complex computer programs, fake emotions,
and even create art and perform multiple complex
tasks. This has changed the paradigm of how we
interact with the human computing system, and this
has escalated new ethical, legal, and societal issues
such as trust, privacy, and right to surveillance and
command of the systems

One of the most promising emerging Al applications
is the use of AI for environmental sustainability. The
use of old systems has a lot of problems; for instance,
they are inefficient, costly, and non-scalable. Auto-
mation of the systems and data processing, all the way
to the Al predictive algorithms, can take care of all the
previous problems mentioned in this paper; they
increase accuracy while decreasing the waste manage-
ment environmental footprint Image recognition
and robotics, on the contrary, are capable of sorting the
waste with feature recognitional accuracies of 72.8-
99.95%
left behind by the automated sorting systems that not

Manual sorting of waste has long been

only increase the speed and accuracy of sorting waste
but also largely increase the recycling quality by
minimizing contaminants. Furthermore, Al systems
are integrated with other systems to improve chemical
analysis of waste pyrolysis, estimate carbon emissions,
and energy recovery from waste streams The
use of Al in environmental engineering not only helps
optimize processes affecting the people and the
environment but also provides information to make
decisions affecting the urban waste systems in the fight

against climate change across the globe.

Al technology has already transformed the waste
sorting process (Figure 1) with computer vision and
machine learning algorithms that automatically
classify and separate different types of waste New
Al-based sorting systems use convolutional neural

networks and deep learning architectures to classify
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mixed waste streams with accuracies greater than 95%
compared to traditional mechanical sorting systems of
less than 60-70%. Sorting systems use various sensing
modalities such as RGB (Red Green Blue) cameras,
near-infrared spectroscopy, and hyperspectral imaging
to distinguish different mat-erials based on their

spectral properties and physical characteristics
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Hyperspectral imaging is espec-ially useful in
differentiating similar-looking materials, such as
different polymer types of plastics, for high-quality
recycling streams. Recently, instance segmen-tation
techniques have been applied to these sorting systems
to detect and classify objects, even when materials are

partially covered or partially occluded.

Mixed Waste
Stream

|

Al-Based
Sorting
System

Sensing
Modalities

l

RGB NIR
Cameras Spectroscopy

l

Hyperspectral
Imaging

Figure1. Al-based waste sorting process

The Internet of Things (IoT) applications combining
AT have allowed for smart waste management systems
to optimize collection routes and predict waste
generation for each collection point, as well as monitor
environmental parameters These systems use a
combination of ultrasonic sensors, load cells, and gas
ensors installed in the waste containers to monitor fill

levels, composition change events, and safety hazards.

Material
Differentiation

Instance
Segmentation

High-Quality
Recycling
Streams

Machine Learning models trained on past waste
generation data can predict future collection needs
with an accuracy of 90% to optimize collection routes
and collection points using smart waste management
systems that can reduce costs by 15-25% for collection,
while having a minimal environmental impact

Predictive analytics models are continuously updated
with new data from past and current collection events
to take into account seasonality, local events, and

demogra-phic changes.



Desobgo & Panesar

Thermochemical conversion technologies offer a
variety of methods to transform waste materials into
valuable energy and products. These methods include
pyrolysis, torrefaction, gasification and plasma
technologies, combustion, and hydrothermal carbon-

ization, each with its advantages and applications.

A thermochemical decomposition of organic matter
in the absence of oxygen, producing a range of products
including bio-oil, biochar, and syngas. Torrefaction is a
mild pyrolysis process that produces a solid fuel with
higher heating value and lower moisture content than
the original biomass. The efficiency of the pyrolysis
technology (Figure 2) concerning product yields and

quality has been enhanced through advances in reactor

Pyrolysis E‘/ﬁ
Technology [ &/
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designs and optimization strategies for the process

Existing pyrolysis technologies can achieve 60-80% liquid
product yields when processing different types of
plastic waste, and the products, or “pyrolysis oils,” have
heating values on par with traditional fossil fuel
materials and may be used as feedstocks for chemical
treatments or refined for fuel use. The development of
plastic waste to desired hydrocarbons via catalytic
pyrolysis utilizing zeolite and metal oxide catalysts
showed promise while minimizing tar and char by-
products Another emerging technology that was
more energy efficient and had better process control
due to the ability to more selectively heat certain plastic
waste components via microwaves was the selective
conversion of mixed plastic waste streams into liquid

hydrocarbon fuels via pyrolysis.

é% Reactor Designs

Optimization
Strategies

Catalytic
Pyrolysis

Microwave
Pyrolysis

Figure 2. Unveiling pyrolysis technology advancements

Process-intensified advanced gasification and
syngas cleaning technologies have been developed that
can convert over 85% of certain waste feedstocks into
syngas Because of operating temperatures over
1000°C, plasma gasification technology could accept
virtually any organic waste feedstock and achieve
reductions in volume of over 95% with very little tar
production and high-quality synthesis gas outputs. An
integrated gasification system produced energy and
chemical feedstock as a waste biorefinery that could

extract the most value from a heterogeneous waste

stream Integrated gasifiers could transform
municipal solid waste, agricultural waste, and indus-
trial waste streams into electricity, heat, and chemical

feedstocks.

The technological advantage of hydrothermal
liquefaction (HTL) was the ability to upgrade high-
moisture organic waste streams to biocrude oil

products  without

drying steps
streams have resulted in biocrude product yields above

necessitating energy-intensive

HTL processes on organic waste

50% at temperatures between 250-375°C and pressu-
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res between 5-25 MPa, and heating values that are
comparable to fuels derived from petroleum. Organic
waste streams were transformed into carbon-rich
solids known as hydrochar through hydrothermal

carbonization processes that show promise for use in

Technological
Advancements

Reactor Design

Carbon Retention

Organic Waste Streams

Moisture Content

Waste Composition
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energy storage, water treatment, and soil amendment

Hydrothermal carbonization reactors ideal for
the processing of different organic waste streams have
been developed recently that improve on carbon

retention and energy input.

-
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Figure 3. Unveiling pyrolysis technology advancements

Process-intensified advanced gasification and
syngas cleaning technologies have been developed that
can convert over 85% of certain waste feedstocks into
syngas Because of operating temperatures over
1000°C, plasma gasification technology could accept
virtually any organic waste feedstock and achieve
reductions in volume of over 95% with very little tar
production and high-quality synthesis gas outputs. An
integrated gasification system produced energy and
chemical feedstock as a waste biorefinery that could
extract the most value from a heterogeneous waste
stream Integrated gasifiers could transform mun-
icipal solid waste, agricultural waste, and industrial
waste streams into electricity, heat, and chemical

feedstocks.

The technological advantage of HTL was the ability
to upgrade high-moisture organic waste streams to

biocrude oil products without necessitating energy-

intensive drying steps HTL processes on organic
waste streams have resulted in biocrude product yields
above 50% at temperatures between 250-375°C and
press-ures between 5-25 MPa, and heating values that
are comparable to fuels derived from petroleum.
Organic waste streams were transformed into carbon-
rich solids known as hydrochar through hydrothermal
carbonization processes that show promise for use in
energy storage, water treatment, and soil amendment

Hydrothermal carbonization reactors ideal for
the processing of different organic waste streams have
been developed recently that improve on carbon

retention and energy input.

Biotechnological approaches to waste valorization
involve using biological systems, like microorganisms
and enzymes, to convert waste materials into valuable

products. This process can transform waste into
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biofuels, biofertilizers, valuable chemicals, and other
useful materials, promoting a circular economy and

reducing environmental impact.

Recent advances in synthetic biology have given rise
to engineered microorganisms (Table 1) capable of
converting complex waste streams to a variety of high-
Metabolically

engineered bacteria and yeast can produce platform

value biochemicals and fuels

chemicals such as organic acids, alcohols, and amino
acids from cellulose and food waste, and even some
plastics by converting with close to theoretical yields.
This is done in the integrated biorefinery concept,
where several biotechnological processes are combined
to maximize the recovery of resources from an organic
waste stream. These systems can have over 80% overall
recovery percentages of resources, as anaerobic

digestion facilities to produce biogas are integrated

BiotechIntelect, Vol. 2, No. 1 (2025) e12 (1-12)

with aerobic fermentation facilities to produce high-

value chemicals

In a major enzymatic development for the circularity
of actual plastics, new enzymes (Table 1) that are
capable of degrading plastics have opened up
numerous new possibilities for biological plastic waste
valorization Engineered PETases and other
polymer-degrading enzymes can hydrolyze polyethyl-
ene terephthalate (PET) plastics under mild conditions
to monomers, which can then be used to produce
higher-quality plastics. This allows the creation of true
circular plastics, where waste plastics can be recycled
forever without quality degradation. Over 90% sugars
from lignocellulosic wastes can be achieved using
enzyme cocktails obtained from agricultural residues
and paper wastes that can be fermented into biofuels
or biochemical These technologies have enabled
the reusability of enzymes and the economics of the

processes.

Table 1: Engineered microorganisms, biorefinery concepts, and enzyme waste processing

Topic Key features Example outputs Advantages Recovery/Yield
rates

Engineered -Use of metabolically engi- = Organic acids, | -Maximized resource | Over 80% total
microorganisms and | neered bacteria and yeast | alcohols, amino acids, | recovery resource
biorefinery concepts - Conversion of cellulose, biogas, high-value | -Efficient waste | recovery

food waste, and even some | chemicals valorization

plastics -High integration and

-Integrated  biorefinery: flexibility of processes

combines anaerobic diges-

tion & aerobic

fermentation

-Production of platform

chemicals from waste

streams
Enzyme waste | -Advanced enzymes (e.g.,  Monomers for | - Enables circular plastic | Over 90%
processing PETases) for degrading : plastics, fermentable | recycling sugar  yields

plastics sugars, biofuels - High sugar yields from @ from

-Enzyme cocktails for agricultural/paper lignocellulosic

lignocellulosic waste residues waste

-Mild operating conditions - Enhances sustainability

for plastic hydrolysis and process economics

- Reusability of enzymes
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Integrated systems involving enzymes and microbes
offer significant potential for process optimization in
various industrial applications. By combining the
catalytic power of enzymes with the metabolic
capabilities of microorganisms, these systems can
achieve higher efficiency, improved product yields, and
novel bioprocesses. Process optimization involves fine-
tuning parameters like enzyme activity, microbial
growth conditions, and substrate utilization to

maximize desired outcomes.

Recent waste valorization facilities are more in the
fashion of cascading, where several value streams are
extracted from one waste feedstock, maximizing
economic profits and decreasing or eliminating
residues These facilities use mechanical,
chemical, and biological processes in combinations
that maintain high-value streams while processing the
residuals. With integrated food waste processing
facilities, high-value compounds like enzymes and
bioactive molecules are harvested first from the
material stream; the remaining materials are
processed in anaerobic digestion facilities to recover

biogas, and the digestate is either composted or

BiotechIntelect, Vol. 2, No. 1 (2025) e12 (1-12)

hydrothermally processed to become soil amendments

Machine learning -based advanced process control
systems improve conditions in real-time operation,
resulting in improved product yield as well as lower
energy use and emissions Digital Twin
technology enables testing of changes to the process in
the digital twin plant, leading to lower operational risk
and faster technology development cycles. Some use
models for predictive maintenance that rely on sensors
and machine learning to predict equipment failure and
optimal timing of maintenance, and thus reduce
downtime As a result, this leads to a 20-30%
increase in equipment lifecycle when compared to

conventional maintenance.

The economic feasibility of waste valorization
technologies is affected by many interdependent
factors (Table 2) (such as feedstock availability and
costs, values of products, processing efficiency, and
regulations Life cycle assessments have shown
that integrated waste valorization systems can result in
overall environmental benefits and economic gains

through a combination of products.

Table 2. Key economic and market factors affecting the feasibility of waste valorization technologies

Aspect Key Points

Main economic factors
-roduct values
-Processing efficiency
- Regulatory environment

-Feedstock availability and costs

Life cycle assessment results - Integrated systems offer environmental and economic benefits via multiple product outputs

Techno-economic
performance tons/year

Market expansion areas

- Achievable internal rate of return (IRR): >15% when treating mixed waste streams >100,000

- Chemical sector: premium pricing for circular materials due to reputation concerns

- Fuel sector: importance of environmental credentials

Drivers for
feasibility

Regulatory impact

economic -Combination of multiple product streams
- Broader environmental and market recognition

- Regulations influence operational costs and market access
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Newer techno-economic analyses (TEA) have shown
that a waste valorization facility can achieve an internal
rate of return of more than 15% on investment when
treating a mixed waste stream beyond 100,000 tons
per year The market is expanding for products
derived from waste, especially in the chemical sector,
where reputation is a concern and a premium price for
circular materials is developing, and in the fuel sector,
where environmental credentials are becoming

increasingly important.

Several companies and waste sorting systems have
been using AI and machine learning to address the
challenges associated with traditional sorting and
achieve higher levels of classification accuracy and
operational efficiency. AI sorting systems with
convolutional neural networks and deep learning
algorithms have overcome the traditional 60-70%
accuracy levels achieved with mechanical sorting, as Al
systems have consistently surpassed the 95%
benchmark Different types of plastics, metals,
organics, and waste have been classified using RGB
cameras, near-infrared spectroscopy, and hyper-
which  has

improvement in the quality of recycling streams and

spectral  imaging, advanced the
reduction of the contamination rates. In addition, the
efficiency of municipal recycling facilities has
improved significantly. Using robotics and real-time
data analysis, the systems adapt to the changing
compositions of the waste which improves the
performance Currently, Al-powered systems
are surpassing 95% accuracy in sorting which leads to

improvement in recycling quality and efficiency.

Thermochemical methods for the conversion of
organic waste have faced challenges with wet organic

waste due to the need for drying, which is an energy-

BiotechIntelect, Vol. 2, No. 1 (2025) e12 (1-12)

consuming process. However, HTL can directly
convert high-moisture-content agricultural waste into
biocrude oil at moderate temperature and high
pressure. HTL process occurs at a temperature range
of 250-375 °C and a pressure range of 5-25 MPa, and
can directly convert wet biomass into bio-oil without
drying processes Various high-moisture agri-
cultural wastes can be used as feedstock, such as food
waste, manure, and lignocellulosic biomass. Biocrude
yields from the HTL process have been reported above
50% and have a high calorific value similar to fossil
fuels, which makes this process a suitable route
towards sustainable biofuel production. Moreover, the
greenhouse gas emission from the HTL process is
reduced compared to incineration or landfilling, and is
suitable for the circular economy Over 50%
biocrude oil obtained from high-moisture content
agricultural waste using the HTL process, a suitable

method towards sustainable biofuel production

Despite recent technological progress, there are still
several challenges that hinder the commercial
deployment of waste valorization technologies (Table
3). High capital costs, the need for robust regulations,
and strict specifications of waste feedstock properties
hinder the

valorization technologies

commercial deployment of waste
The integration of
multiple technologies requires advanced process
control systems, which in turn complicate operations
and demand specialized knowledge. Future research
will focus on the development of more selective and
efficient catalytic systems and the development of
biotechnological solutions for waste streams The
integration of renewable energy sources into the waste
processing facility is another important area. The
application of Al in the future is likely to extend to the
full optimization of the supply chain and quality
control of the integrated waste valorization network in

real time.
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Table 3 . Challenges and future direction for waste valorization technologies

Aspect Current Challenges Future Directions and Research Focus
Economic - High capital costs
regulatory/Feedstock  -Need for robust regulations

- Strict waste feedstock specifications
Technological - Complex integration requires advanced process - Development of efficient catalytic systems
integration control and specialized knowledge - Biotechnological solutions
Operations - Complicated operations due to process integration
Energy - Integration of renewable energy sources
Digitalization - Application of AI for supply chain and quality

control optimization

New technologies for waste valorization are essential
to transform waste management and circular economy
implementation from a paradigm of environmental
and economic concern to one of opportunity. New
applications for waste streams using innovative
artificial  intelligence, thermochemical, biote-
chnological, and hydrothermal technologies present
the potential to convert problem waste streams into
products of value, while simultaneously providing
environmental and economic sustainability. Artificial
intelligence is revolutionizing waste management with
the ability to provide automated sorting and
optimization technologies that provide orders of
magnitude improvements in processing efficiency and
product quality. Advances in process conversion
efficiencies and product yields for thermochemical and
biotechnological conversion technologies are bringing
these conversion technologies closer to commercial
reality, and recent developments have demonstrated
the potential to achieve profitable operations at an
industrial scale. The post-pandemic world will require
resilient waste management to address varying waste
streams and to create economic value. Ongoing
research and development in waste valorization

technologies will be crucial to achieving sustainability

goals and realizing the true circular economic model of
extracting a useful product from a waste stream while
decoupling economic

growth from resource

consumption and environmental impact.
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