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The evolution of waste management

SWM is becoming 3D
Digital

Decentralised
Data-driven

4" wave

Innovation

2™ wave

st 7o e 1
1" wave Recycling
Landfill

Composting (controlled)

Landfill
(uncontrolled)

Open
dumping

Zero waste systems through
Behaviour change

Sustainable consumption
Cradle-to-cradle design

Producer and consumer responsibility
100% Recycling/ resource recovery

Waste-to-energy technology
Biological treatment
Advanced recycling
Resource recovery

Time ---> 3000BC 2000BC 1600AD 1900

2000 2020 (not in scale)

Source: Zaman & Lehman, Challenges and Opportunities in Transforing a City into a “Zero Waste City”, Challenges 2011, 2, 73-93; doi:10.3390/challe2040073



About 90 percent of methane emissions tracking to these levers could be abated at a cost
of less than $25 per metric ton of CO,e, according to our analysis.
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W a. Dry direct seeding -$62 W n. Genetic selection and breeding $0 A. New treatment connection $6
W b. Anaerobic manure digestion -$27 W o. Varietal rice selection $0  m B. Coal methane to flare $9
W c. Animal health monitoring -$23  m p. Landfill gas to feedstock <$7  m C. Coal methane to heat $10
W d. Rice paddy water management -$12  m q. Landfill gas to power <$1  m D. Coal methane to power $10
W e. Straw management in rice -$7 r. Operational improvement <$1  m E Mechanical biological treatment $10
u f. Blowdown capture -$3 W s. Landfill gas to flare <$1 W F. Plug flow digestors $11
W g. Replace pumps -$3 W t. Downstream leak detection and repair <$1 W G. Coal methane to feedstock $29
W h. Replace compressor seal or rod -$3 W u. Early replacement of devices $2 W H.Small scale dome digestors $39
W . Replace with instrument air systems -$3 M v. Replace with electric motor $2 W . Animal feed-mix optimization $49
M j. Install plunger -$2 W w. Sulfate fertilizers $3  m J. Other $50
W k. Feed grain processing -$2 x. Advanced technologies $3 W K. Animal feed additives $88
W /. Vapour recovery units -$2 W y. Composting $4  m L. Covered lagoon and anaerobic digesters $205
W m. Upstream leak detection and repair —=$1 M z. Install flares $4 W M. Animal growth promoters $1378

CLIMATE CHANGE
& WASTE
MANAGEMENT

The solid-waste sector could
achieve a 39 percent reduction
in sectoral emissions by 2030

and a 91 percent reduction by
2050.

Source: Mc Kinsey, Curbing methane emissions:
How five industries can counter a major climate
threat 9/2021,
https://www.mckinsey.com/business-
functions/sustainability/our-insights/curbing-
methane-emissions-how-five-industries-can-
counter-a-major-climate-threat
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THE WASTE SUPPLY CHAIN IS RE-INVENTED

It is allready happening, faster than we think



ENABLERS
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tags/cards mobile reader
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Fire Level
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Other
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Source: Mavropoulos & Nielsen, Industry 4.0 and Circular Economy, Towards a Wasteless Future or a Wastefull Planet? Wiley Publications, 2020

THE RISE OF CYBER-PHYSICAL SYSTEMS

Smart Trucks

with geosensors, communication
systems, connected weights
and RFID scanners.

Smart Containers

with smartlocks and/or level
sensors. Underground
or overground.

Vacuum systems

with smartlocks, level sensors
and automated systems
for transportation.

Robotic sorting plants

With screeners, conveyorbelts,
sensors and industrial robots,

Reverse vending machines

product recognition, sensors
and conveyorbelts/sorting
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0ur research sho
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Source: https://roboat.org/use-cases
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SAMSUNG Medical Center is the
first hospital that is using the
rolling out of robots that
automatically dispose of medical

waste from operating rooms

L*-WASTE'

Source: https://www.kedglobal.com/newsView/ked202109160004
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Recognition
Lessons e High number of items
Learned in the classifier

increases efficiency
e Periodic classifier
updating

e Weekly classifier

Actions updating

Purity

[82-100%)]
Average 97%

e What the robot attempts to
pick, it picks it with high
efficiency

e Mistakes are due to:

- Recognition errors

- Grasping of other
materials together with
targeted one

[4-93%)]
Average 67%

e High gap between
recognition and sorting
attempt due to:

- Waste distribution
- Flow rates

e Grasping difficulties with
long shaped waste

e Material jams in collection
hoppers and conveyer

e Mechanical modification of the plant to avoid clogging in the
conveyer and hoppers; damages in the robot; ...
e A.l software grasping strategy improvement for particular

materials

e Ecoparc4 waste sorting process adjustment to favour steady

waste distribution
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Figure 4. Training test results for aluminum, film, HDPE, cardboard, textile and wood [15].

Source: Wilts et al, Artificial Intelligence in the Sorting of Municipal Waste as an Enabler of the Circular Economy

Resources 2021, 10, 28. https://doi.org/10.3390/resources10040028
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The rise of recycling platforms

FIGURE 21 TERRACYCLE BUSINESS MODEL CANVAS

Key Partners 69 Key Activities El/ value ﬁ Customer o Customer O

Propositions Relationships Segments
Recycling companies Design reusing/upcycling Cooperation for Long-term business Perishable goods
/recycling process collection and further relationship producers
Shipping and freight Organize collection usage of waste Cooperation for closed
companies Marketing & PR considered non- loop solutions Retail sector
recyclable
5 Municipalities
Storage companies =
Key Resources ﬂ Channels !;5 NGB e et
Schools, charities, NGOs with specific
Human resources Customer approaches RIS e
Volunteers TerraCycle for
Technological know- cooperation
how Customers reached
Operational know-how directly

Brand recognition

Cost Structure ﬁo Revenue Streams |

Operational costs
People
Subcontractor costs

Annual fixed fee for collection programmes
Zero waste box revenue
Sale of the reclaimed materials

Social and environmental ° @ Revenues from selling used materials

Environmental impact: reduction of packaging waste
Grants for environmental NGOs

Shipment and transportation negative impact

Environmental education
Volunteering attitude promotion

@@@ Strategyzer.com Adapted by R2Pi



CE will be either digital or dead

The operation of the system depends on the

assumptions

a. that textiles sent to recycling are free of Fitre
environmental burden and that reused products and L
products made from recycled materials replace

products made from virgin fibres. iz o

b. There is a smooth functioning of five closed loops i‘/‘f—] N
(two reuse loops on the left side and three closed S -
loops on the right side), two recycling open loops (on L sts]
the right side) and an energy recovery linear end. \i_“'_\_i/

c. Intotal, the system’s function depends on the smooth o \
function of eight sub-systems, eight markets and S e )
prices, and eight technological linkages

/¢=:.;~_- N
4 - =~ Openiog vk downcyding)
4—«51-:».;_& ¥ el P or downcyding
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Usual misconceptions on recycling

Misconceptions about recycling -]

Recycling means displacement of Market conditions will determine the fate of the recovered materials
primary materials - recycling does not automatically bring the benefits of the
displacement of primary materials, which are the main benefits.
SEEE T g ELE BT G T R ST Cascading effects and chemical pollution undermine the recycling

better than once benefits and at a certain point the inclusion of virgin materials is
definitely required, even for materials like aluminium and steel.

Closed loops are better than open This is also a confusing argument because the logistics of the closed

ones loop and the exact type of substituted materials finally determine the

preference order.

Recycling is a decentralized activity This is completely misleading for municipal recycling in middle and
with small financial cost and huge high- income countries. The cost of source separation programs and
financial benefits the cost pf reprocessing materials in Material Recovery Facilities
(MRFs) are usually 4-5 higher than the revenues from the sales of
recyclables.

Source: Mavropoulos & Nielsen, Industry 4.0 and Circular Economy, Towards a Wasteless Future or a Wastefull Planet? Wiley Publications, 2020
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Huston we have a problem: cascading

Cascading Wood

1) Raw Material

2) High-Grade
Wood Boards

Sawdust 3) Low-Grade
A & B grade wood Boards

4) Paper

C grade wood

As(l;g; 6) Regeneration

Source: TUDelft, Vision for the circular economy of wood

3

Engineering l I ’
(methods and Quality control Use End of use
tools) (EoU)

REUSE
UPSTREAM DOWNSTREAM
Distribution
Acquisition of
materials/ Materials, components and Recovery
components products (MCPs)

RE-DISTRIBUTION

Design \ Quality control

End of life (EoL)
management

REMANUFACTURING

RECYCLING DISPOSAL

ENERGY RECOVERY



12 -WASTE’

waste management
for everyone

~ 100 000 chemicals
on the market

~ 500 chemicals
extensively characterised for
their hazards and exposures

~ 10 000 chemicals
fairly well characterised for
a subset of their hazards and exposures

~ 22 600 chemicals

with a use over ~ 20 000 chemicals
with limited characterisation for
2 OnE IRty SRk their hazards and exposures

~ 4 700 chemicals
with a use over ~ 70 000 chemicals

with poor characterisation of
100 tonnes per year their hazards and exposures
prioritised in

hazard characterisation
and evaluation Source: European
Environmental Agency
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IND4.0 will deliver a
plethora of new

products, materials and
a e Wa S e I I la n agel I le n chemical substances that
will become, sooner or
later, part of the waste

and availability of final
sinks become a key-

precondition to achieve
Circularities

requires the
development of closed
loops to provide clean

Final sinks are becoming
a key-element for a
more circular economy

Waste Management has
at its core the need to
protect human health

and environment by
ensuring safe removal
and disposal of
hazardous and non-
recyclable materials and
substances

materials to displace
material extraction. The
cleaner the cycle the
higher the demand for
safe final sinks for the

contaminants removed.

Source: Mavropoulos & Nielsen, Industry 4.0 and Circular Economy, Towards a
Wasteless Future or a Wastefull Planet? Wiley Publications, 2020
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Waste roduction

only for source
separated organics

Biological WTE for source
separated organics (TRL: 4- 9)

Thermal (TRL: sophisticated
incineration: 9 (mixed
materials), gasification: 3-4
(source separated materials);
chemical (TRL: 2-4; source
separated materials) WTE

CH4

| Biological WTE (TRL: 9)

v

Unsanitary landfills and open burning

Open incineration

Source: Themelis, Diaz Barriga and Estevez and Velasco, “WtE Guidebook 2013 for the Application of WtE Technologies in Latin America and the Caribbean”
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Circular Economy & Sanitary Landfills Waste to Energy plants
Final Sinks

Containment of contaminants for a certain e Destruction of hazardous substances and

period chemical pollutants

Final sink for non-recyclables, for low e Homogenization of heterogeneous MSW that
calorific value streams, for non-incinerated allows recovery of important metals
hazardous waste and ashes from e Substantial reduction of volume

incinerators
The only way available for poor countries
and emergencies

Secondary features Biogas to energy production e Contribution to energy production
Storage of materials for future utilization e Analytical tool for the biogenic fraction of
based on technology and markets waste
developments

Main problem Integrity and long-term behavior of e Advanced air pollution systems required to
containment systems ensure public health protection
Leachate collection and treatment is e Ash treatment is an important element for
necessary to avoid water and soil pollution resource recovery

Source: Mavropoulos & Nielsen, Industry 4.0 and Circular Economy, Towards a Wasteless Future or a Wastefull Planet? Wiley Publications, 2020
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Arguments put forward against Arguments put forward in favour

WHE reduces recycling/composting, acting as a disincentive or
even barrier to circular economy or zero waste practices.
Turning unsorted and usable trash into a valuable fuel
commodity means communities are less likely to choose to
reduce, reuse and recycle it.

WIE raises environmental concerns, exacerbating climate
change, emitting toxic emissions, and giving rise to air
pollution.

WIE raises public health concerns for the population, emitting
carcinogenic pathogens.

WIE raises societal concerns and communities are opposed to
them in their neighborhoods. In some countries, popular
protests have taken place over the location of WtE plants
reflecting serious concerns by residents on the impact to their
health.

WHLE can be part of a holistic waste management strategy if it processes non-
recyclable waste only. The EU countries reduce landfilling of wastes, by a combined
effort of recycling/composting and WtE. In the United States of America, counties
and municipalities that utilize WtE consistently show an increased recycling rate, in
parallel to WtE practice.

Today’s technology allows WtE projects to operate with limited to no polluting
effects. In addition, WtE plants must comply with stringent environmental
standards, such as the EU Industrial Emissions Directive. The latter also sets
standards for non-EU countries. WtE and incineration are different processes.
Incineration does cause emissions, however WtE facilities equipped with
sophisticated Air Pollution Control (APC) systems have far less severe impacts on
air pollution.

Today’s technology allows WtE projects to operate with limited to no polluting
effects and WtE plants must comply with stringent regulatory requirements. The
only proven alternative to landfilling of materials that cannot be recycled is WtE.
Landfilling relates to methane emissions, a potent greenhouse gas, and it is well
documented that WtE saves 0.5 to 1 tonne of COz equivalent per tonne of waste.

WLE plants monitor their emissions continuously, and report these on site and/or
online. Many WLE plants around the world are built in the middle of residential or
industrial sites to facilitate the use of heat for district or industrial heating or
cooling.

Source: UN Economic and Social Council, Guidelines on Promoting People-first Public-Private Partnerships Waste-to-Energy Projects for

Non-Recyclable Waste for the Circular Economy
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CO,,/kWh) and Coproduct (right) (0.0824 kg CO,.,/kWh, depicted by a black dot) Scenarios.
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Environ. Sci. Technol. 2021, 55, 1436-1445 (2020) 117352
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Instead of conclusions



CE is a condition

3 billion tons of metals and minerals will be needed by 2050 to scale up wind,
to man age solar and geothermal power and energy storage to reach a below 2°C future

global warming

23



THE END GOAL THE SOLUTION

annum by

National commitments

Renewable energy
Energy efficiency
Reduced deforestation

Circular Economy

Recovery and reuse
Lifetime extension

Sharing and service models
Circular design

Digital platforms

Other measures
Further scale up of renewables
and energy efficiency
Reforestation

Climate-smart agriculture

THE GAP

G CIRCLE | ECOFYS

ECONOMY | d

The importance of domino effects
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Source: Mavropoulos & Nielsen, Industry 4.0 and Circular Economy, Towards a Wasteless Future or a Wastefull Planet? Wiley Publications, 2020



