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PREFACE
The EU-India Project on Technical Cooperation for Environment has an overall aim to contribute
towards sustainable and inclusive development of India by means of capacity building of
stakeholders. The focus of the project is on two priority themes viz. Sewage Treatment and Solid
Waste Management. Both the thematic areas are having synergies with the National Action Plan
of Climate Change and the Swachh Bharat Mission of the Government of India. The NCT of Delhi
and Mumbai, which are two mega-cities of India are identified as pilot-cities for implementation of
project activities in accordance with 10 work packages. The project started in October-2014 and
will continue till September-2018. During interaction and intense deliberations with stakeholders
comprising of municipal corporations, central ministries, regulatory bodies and NGOs during the
year 2015 together with extensive site visits and situation analysis, following two areas of training
were identified:
♦ Solid Waste Management with particular focus on waste processing technologies
♦ Sewage Sludge Management
Considering the priorities of stakeholder on above areas, International Training through Study
Tours to Europe were organised in June-2016 for wide-spectrum of stakeholders comprising of
Implementers, Policy-makers, Regulators, Private actors and Non-government Organisation.
During post-study tours interactions with the stakeholders, the East Delhi Municipal Corporation
desired the Technical Assistance in the form of development of a “Manual for Processing of
Recyclable Plastic Mined-out during Landfill Mining and Reclamation”. Considering the need of
stakeholders and importance of subject matter, the project consortium has compiled the
information while citing various reference available in the public domain.
The analysis of data revealed that landfill material contains substantial quantity of plastic in the
tune of 30-35% by mass followed by the textile in addition to the soiled matter. In case of material
to be recycled from landfill deposits (5-15 year old) as in case of Ghazipur landfill and similar other
landfills in Delhi, Mumbai and elsewhere in the country, the Tertiary & Quaternary Recycling would
be most appropriate due to the fact that the mechanical recycling of “waste plastic embedded with
soil and buried for 15 years” would be difficult and unfeasible due to contamination of plastic in
addition to difficulties involved in identification and separation of different types of plastic.
Accordingly, various feasible methods for the processing of landfilled plastic are suggested in this
document, which may further require the techno-economic feasibility for implementation. In
addition, procedures are also suggested to separate various types of plastics to facilitate the
recycling process.
Hope this document would be a useful tool for implementers, regulators and other stakeholders to
decide various modalities for processing of recyclable during the process of bio-mining of old
landfills.
Project Consortium
EU-India Project on Technical Cooperation for
Environment

IVL Swedish Environmental
Research Institute

Danish Technological
Institute

Shriram Institute for
Industrial Research

1.
1.1

INTRODUCTION

Background

The EU-India Project on Technical Cooperation for Environment has an overall aim to
contribute towards sustainable and inclusive development of India by means of capacity
building of stakeholders. The focus of the project is on two priority themes viz. Sewage
Treatment and Solid Waste Management1. Both the thematic areas are having synergies
with the National Action Plan of Climate Change and the Swachh Bharat Mission of the
Government of India2. The NCT of Delhi and Mumbai, which are two mega-cities of India
are identified as pilot-cities for implementation of project activities in accordance with 10
work packages. The project started in October-2014 and will continue till September-20182.
During interaction and intense deliberations with stakeholders comprising of municipal
corporations, central ministries, regulatory bodies and NGOs during the year 2015 together
with extensive site visits and situation analysis, two areas viz. Solid Waste Management and
Sludge Management were identified for training of stakeholders. Accordingly International
Training Programmes were delivered through two study tours to Europe in the month June20163, 4.
As part of post-study tour interactions with the stakeholders, a meeting of project consortium
was organised with the key staff of East Delhi Municipal Corporation (EDMC) under the
chairmanship of Additional Commissioner. The meeting was participated by Chief Engineer
in addition to other key staff of engineering wing. During the meeting, in addition to many
aspects pertaining to the upcoming plans for management of solid waste, an immediate
requirement has emerged which pertains to “Preparation of a Manual for Processing of
Recyclables after Screening of Landfill Material”. This is required for bio-mining at Ghazipur
landfill.

1.2

Solid Waste Management in India

As per CPCB report 2012-13 municipal areas in India generate 1,33,760 metric tonnes per
day of MSW, of which only 91,152 TPD waste is collected and 25,884 TPD treated. The
MSW, therefore, dumped in low lying urban areas is a whopping 1,07,876 TPD, which needs
2,12,752 cubic meter space every day and 776 hectare of precious land per year. Whereas,
based on the information received from State Pollution Control Boards/ Committees, the
estimated MSW generation in the country is 143499 MT/day and only 38771 MT/day of
waste is processed/ treated. As per 2011 census, the 377 million people living in 7,935
urban centres (with 4,041 statutory municipal authorities and 3,894 town with more than
5,000 people), generate 62 million tonnes of MSW per year which is based on an average
per capita generation of 450 gm per person per day. It needs to be noted that 62 million
tonnes of waste generation reported, annually, does not include wastes picked up by
kabadiwalas from households and from the streets by rag pickers. As per MoUD, 70 million
tonnes of waste is generated currently in urban centres. There are thus conflicting data
about the quantum of waste actually generated in urban areas in the country, principally
because there is no system of periodically collecting and updating country wide data base on
quantity and composition of waste5-7.
75-80% of waste is disposed-off indiscriminately at dump yards in an unhygienic manner by
the municipal authorities leading to problems of health and environmental degradation. The
existing policies, programmes and management structure do not adequately address the
imminent challenge of managing this waste which is projected to be 165 million tonnes by
2031 and 436 million tonnes by 2050. Further, if the current 62 million tonnes annual
generation of MSW continues to be dumped without treatment; it will need 3,40,000 cubic
meter of landfill space everyday (1240 hectare per year). Considering the projected waste
generation of 165 million tonnes by 2031, the requirement of land for setting up landfill for 20

1

years (considering 10 meter high waste pile) could be as high as 66 thousand hectares of
precious land, which our country cannot afford to waste5-7.

1.3

Status of Solid Waste Management in Delhi

The National Capital Territory of Delhi generates 7000 TPD of MSW in MCD zones (North,
East and South Delhi Municipal Corporations), 250 TPD in the zone of New Delhi Municipal
Council and 60 TPD in the zone of Delhi Cantonment Board. There is one operational waste
to energy plant at Okhla with the capacity of 2000 TPD of MSW, whereas WTE plants at
Ghazipur (1300 TPD) and Narela-Bawana (1500 TPD) are yet to be operationalized and still
are under trial run. Hence, about 5000 TPD of waste is still being dumped at existing three
landfill sites at Bhalsawa, Okhla and Ghazipur, which have long back exhausted their
capacity. The landfill site at Ghazipur is spread over an area of 70 acres is operational since
year 1984 and has acquired the height of 30-35 m with quantity of deposited garbage
amounting to 12.6 million metric tonnes8-9.

1.4

Bio-mining and Utilization of the Dumpsite Material at Ghazipur

The accumulated MSW at Ghazipur landfill is being considered as a potential source of
material for bulk utilization. CSIR-CRRI has carried out a study for Utilization of MSW in
Road Embankment8.

Figure-1

Percentage of Soiled Matter in Various Fractions of Extracted Landfill Material8

The composition of material as extracted from 5 year old dump, 10 year old dump and 15
year old dump after sieve analysis (+80 mm, -80 mm, -35 mm, -16 mm & -4 mm has been
reported. The report reveals that soiled matter in the >80 mm fraction of landfilled material is
49% to 52%, (means 48 to 51% recyclable material) whereas less than 80 mm fraction has
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soiled matter 82 to 91 % (means 9 to 18% recyclable material). The percentage of soiled
matter has increased considerable in the landfill material finer than 80 mm. Below 35 mm
fraction contained soil 91 to 95 % (5 to 9% recyclables), below 16 mm fraction contains 95 to
98% soil (2-5% recyclables) and below 4 mm fraction contained 100% soil. No significant
trend of recyclable material/ soil was reported with respect to aging of the dump.
Figure-2

Percentage of Plastic in Various Fractions of Extracted Landfill Material 8

Among the recyclables, Plastic was found
to be reported in range of 30-35% in case
of fraction coarser than 80 mm. In same
fraction, textile is reported 7 to 17%, paper
1-2%, wood 1-3% and metal 1-3%. In case
of fraction finer than 80 mm, plastic is
reported 6 to 14%, textile 1-2%, wood 1-2%
and metal 1%. In further finer fractions such
as <35 mm plastic is 3-5% and <16 mm it is
1-2% with negligible presence of other
components. Hence, above 80 mm fraction
has substantial quantity of plastic and
textile 42-47%. Therefore, it would be
appropriate to work out modalities for
recycling plastic embedded in the soil.

The current waste deposition at
Ghazipur landfill site is approximately
2200 TPD.
Considering 5% incremental increase
in per day deposit per year, the
estimate of the quantity of waste
deposited in last 15 years could be 8-9
million
metric
tonnes.
Further,
considering 30% recyclables (mostly
plastic), the amount of recyclable could
be 2.4-3.0 million metric tonnes in the
15-year old dump, which is a
phenomenal quantity and needs
holistic
ways
of
reclamation/
management .
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As per Solid Waste Management Rules-201610
Clause 15 (zj) & (zk)
Duties and responsibilities of local authorities and village Panchayats of census towns
and urban agglomerations.- The local authorities and Panchayats shall,(zj) investigate and analyse all old open dumpsites and existing operational dumpsites for
their potential of biomining and bio-remediation and wheresoever feasible, take necessary
actions to bio-mine or bio-remediate the sites;
(zk) in absence of the potential of bio-mining and bio-remediation of dumpsite, it shall be
scientifically capped as per landfill capping norms to prevent further damage to the
environment.
Schedule-I (H)
Criteria for post-care of landfill site.(1) The post-closure care of landfill site shall be conducted for at least fifteen years and long
term monitoring or care plan shall consist of the following, namely :-‘
(a) Maintaining the integrity and effectiveness of final cover, making repairs and preventing
run-on and run-off from eroding or otherwise damaging the final cover;
(b) Monitoring leachate collection system in accordance with the requirement;
(c) Monitoring of ground water in and around landfill;
(d) Maintaining and operating the landfill gas collection system to meet the standards.
(2) Use of closed landfill sites after fifteen years of post-closure monitoring can be
considered for human settlement or otherwise only after ensuring that gaseous emission
and leachate quality analysis complies with the specified standards and the soil stability
is ensured.
Schedule-I (J)
Closure and Rehabilitation of Old Dumps- Solid waste dumps which have reached their
full capacity or those which will not receive additional waste after setting up of new and
properly designed landfills should be closed and rehabilitated by examining the following
options:
(i)

Reduction of waste by bio mining and waste processing followed by placement of
residues in new landfills or capping as in (ii) below.

(ii) Capping with solid waste cover or solid waste cover enhanced with geomembrane to
enable collection and flaring / utilisation of greenhouse gases.
(iii) Capping as in (ii) above with additional measures (in alluvial and other coarse grained
soils) such as cut-off walls and extraction wells for pumping and treating contaminated
ground water.
(iv) Any other method suitable for reducing environmental impact to acceptable level.
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Figure-3 (i) to (iv)

Figure-4

Ghazipur Landfill in NCT of Delhi (source EDMC)

LFG Extraction at Ghazipur Landfill in NCT of Delhi (source EDMC)
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2.

WORLDWIDE PRACTICES OF LANDFILL MINING AND RECLAMATION

Landfill mining and reclamation (LFMR) is a process whereby solid wastes which have
previously been landfilled are excavated and processed. Processing typically involves a
series of mechanical processing operations designed to recover one or all of the following:
♦ Recyclable materials
♦ Combustible fraction
♦ Soil
♦ Landfill space
In addition, LFMR can be used as a measure to remediate improperly designed or operated
landfills as well as to upgrade landfills that do not meet requirement of statutory and
regulatory specifications. The first Landfill Mining and Reclamation (LFMR) project took
place in Israel in 1953. Since then, over 60 worldwide projects are reported in literature,
which is comparatively a very small number in comparison to the number of landfills existing
worldwide. Most of these projects have been undertaken for drivers other than resource and
energy recovery, including moving waste to make way for development, voidspace recovery,
and pollution mitigation in addition to developing the landfill lining up to the required
standards. The prominent landfill mining projects are listed below28,33:
Year

Country

Location

Primary motive for Landfill Mining

1953

Israel

Tel Aviv

Recovery of soil

1988

USA

Collier County, Florida

1989

India

Deonar, Mumbai

Reduce potential for groundwater contamination, soil
recovery, landfill capacity recovery
Pilot study to explore use of organics for compost

1990

USA

Edinburg, Texas

1991-93

USA

Lancaster County

1992

USA

Bethlehem

1992

USA

Thomson Connecticut

1993

USA

Nashville Tennessee

1993

USA

Newbury Mass

1994

USA

Hague, NY

1994

Canada

McDougal Ontario

Contamination concern; recycling of soil and ash for
road base.
To control groundwater contamination; recovery of
landfill capacity
Reclamation of land; re-use of site as recreational
space
Avoidance of groundwater contamination

1994

Germany

Berghot

Recovery of landfill capacity; recycling

1994

Sweden

Filboma

Pilot test

1997

China

San Lin

Recovery of soil and inorganics; energy recovery

1998

Sweden

Gladsax

Energy recovery and recycling

2001

Netherlands

Arnhem

Reclamation of land

2001

Netherlands

Heiloo

Recovery of landfill capacity

2008

UK

Birmingham

Improvement of cell engineering

2009

Sweden

Masalycke

Recycling of inorganics and energy recovery

2011

Belgium

Remo

Recycling of inorganics and energy recovery

Landfill mining demonstration project by New York
Energy Research and Development Authority
Soil recovery; Energy from Waste
To control groundwater contamination; recovery of
landfill capacity
Recovery of landfill capacity

It is essential for the authorities to workout objectives of LFMR projects in terms of
Environmental Benefits, Resource Recovery, Land Recovery etc. together with
techno-economic feasibility.
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3.

OVERVIEW OF PLASTIC WASTE

In India, approximately 12 million tonnes plastic products are consumed every year and is
rising incrementally and the fact is that 50-60% of the consumption is being converted into
waste12. Safe disposal of waste plastic is a serious environmental problem. Being a nonbiodegradable material it does not decay over time and even if dumped in landfills, finds its
way back in the environment thereby causing varying magnitude of detrimental impacts.
Depending upon the physical properties, the plastic can be classified as thermoplastic and
thermosetting materials. Thermoplastic materials can be formed into desired shapes under
heat and pressure and become solids on cooling. When subjected to the same conditions of
heat and pressure, these can be remolded. Thermosetting materials which once shaped
cannot be softened/ remolded by the application of heat. Thermoplastics, constitutes 80%
and thermoset constitutes approximately 20% of total post-consumer plastics waste
generated in India13, 14, 18. The examples of some typical Thermoplastic and Thermosetting
materials are given below:
Thermoplastic Material (Recyclable)

Thermoset Material (Non-recyclable)

♦
♦
♦
♦
♦
♦
♦

♦
♦
♦
♦
♦
♦
♦
♦
♦

Polyethylene Terephthalate (PET)
Polypropylene (PP)
Polyvinyl Acetate (PVA)
Polyvinyl Chloride (PVC)
Polystyrene (PS)
Low Density Polyethylene (LDPE)
High Density Polyethylene (HDPE)

Bakelite
Epoxy
Melamine
Polyester
Urea-formaldehyde
Alkyd
Multilayered & Laminated plastic
Nylon
Polyurethane Foam (PUF)

Generally plastic comprises of six groups as per the chemical sources such as Cellulose
Plastics, Synthetic Resin Plastics, Protein Plastics, Natural Resins, Elastomers and Fibers.
The plastic waste emanating from households/ utility items can be categorized as follows:
Waste Plastic

Origin

Low Density Polyethylene (LDPE)

Carry bags, films

High Density Polyethylene

Carry bags, bottle caps, household
articles,
milk/detergents
bags,
containers etc.

Polyethylene Terephthalate (PET)

Drinking water bottles; PET Bottles

Polystyrene (PS)

Foam packing, Tea cups, Ice cream cups
etc.

Polyvinyl Chloride (PVC)

Credit cards, pipes and gutters,
electrical fittings, furniture, folders,
pens, medical disposables, floorings
etc.

Polypropylene

Medicine
bottles,
packaging films etc.

7

cereal

liners,

Plastic Identification Symbols with Scientific Names 11, 17, 18

Figure-5

PLASTIC RECYCLING
POLYMER IDENTIFICATION SYMBOLS

PET
Polyethylene
Terephthalate

HDPE
High Density
Polyethylene

PVC
Polyvinyl
Chloride

LDPE
Low Density
Polyethylene

PP
Polypropylene

PS
Polystyrene

Other
Engineering
Plastic

As per Plastic Waste Management Rules-201611
Clause 5. Plastic waste management.(1) The plastic waste management by the urban local bodies in their respective jurisdiction shall be as under:(a) Plastic waste, which can be recycled, shall be channelized to registered plastic waste recycler and recycling of
plastic shall conform to the Indian Standard: IS 14534:1998 titled as Guidelines for Recycling of Plastics, as
amended from time to time.
(b) Local bodies shall encourage the use of plastic waste (preferably the plastic waste which cannot be further
recycled) for road construction as per Indian Road Congress guidelines or energy recovery or waste to oil etc.
The standards and pollution control norms specified by the prescribed authority for these technologies shall be
complied with.
(c) Thermo set plastic waste shall be processed and disposed off as per the guidelines issued from time to time by
the Central Pollution Control Board.
(d) The inert from recycling or processing facilities of plastic waste shall be disposed of in compliance with the Solid
Waste Management Rules, as amended from time to time.
Clause 6. Responsibility of local body.(1) Every local body shall be responsible for development and setting up of infrastructure for segregation,
collection, storage, transportation, processing and disposal of the plastic waste either on its own or by engaging
agencies or producers.
(2) The local body shall be responsible for setting up, operationalization and co-ordination of the waste
management system and for performing the associated functions, namely:(a) Ensuring segregation, collection, storage, transportation, processing and disposal of plastic waste;
(b) ensuring that no damage is caused to the environment during this process;
(c) ensuring channelization of recyclable plastic waste fraction to recyclers;
(d) ensuring processing and disposal on non-recyclable fraction of plastic waste in accordance with the guidelines
issued by the Central Pollution Control Board;
(e) creating awareness among all stakeholders about their responsibilities;
(f)

engaging civil societies or groups working with waste pickers; and

(g) ensuring that open burning of plastic waste does not take place.
(3) The local body for setting up of system for plastic waste management shall seek assistance of producers and
such system shall be set up within one year from the date of final publication of these rules in the Official
Gazette of India.
(4) The local body to frame bye-laws incorporating the provisions of these rules.
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Indiscriminate littering together with unskilled ways of recycling/reprocessing of
plastic waste causes varying degrees of impacts detrimental to environmental and
human health:
♦ During polymerization process fugitive emissions are released thereby impacting
occupational health.
♦ During product manufacturing various types of gases are released detrimental to work
environment.
♦ Indiscriminate plastic waste disposal on land makes the land infertile due to its
impervious nature.
♦ Burning of plastics generates toxic emissions such as Carbon Monoxide, Chlorine,
Hydrochloric Acid, Dioxin, Furans, Amines, Nitrides, Styrene, Benzene, 1, 3- butadiene,
CCl4, and Acetaldehyde, thereby impacting ambient air quality.
♦ Lead and Cadmium pigments, commonly used in LDPE, HDPE and PP as additives are
toxic and are known to be leached out during handling.
♦ Non-recyclable plastic wastes such as multilayer, metalized pouches and other
thermoset plastic poses disposal problems.
♦ Sub-standard plastic bags, films etc. pose wide-spectrum of problems during collection
and recycling/ reprocessing and final disposal.
♦ Littered plastics exerts unaesthetic impacts and are detrimental to the visual quality of
the area in addition to choking drain.
♦ Garbage mixed with plastics interferes in waste processing facilities and also cause
problems in landfill operations.
♦ Recycling industries operating in non-conforming areas are posing environment
problems due to unsound recycling practices.

The Salient Features of Plastic Waste Management Rules, 2016:
♦

Increase minimum thickness of plastic carry bags from 40 to 50 microns and stipulate minimum thickness of
50 micron for plastic sheets also to facilitate collection and recycle of plastic waste,

♦

Expand the jurisdiction of applicability from the municipal area to rural areas, because plastic has reached
rural areas also;

♦

To bring in the responsibilities of producers and generators, both in plastic waste management system
and to introduce collect back system of plastic waste by the producers/brand owners, as per extended
producer’s responsibility;

♦

To introduce collection of plastic waste management fee through pre-registration of the producers, importers
of plastic carry bags/multilayered packaging and vendors selling the same for establishing the waste
management system;

♦

To promote use of plastic waste for road construction as per Indian Road Congress guidelines or energy
recovery, or waste to oil etc. for gainful utilization of waste and also address the waste disposal issue; to
entrust more responsibility on waste generators, namely payment of user charge as prescribed by local
authority, collection and handing over of waste by the institutional generator, event organizers.

♦

An eco-friendly product, which is a complete substitute of the plastic in all uses, has not been found till date.
In the absence of a suitable alternative, it is impractical and undesirable to impose a blanket ban on the use
of plastic all over the country. The real challenge is to improve plastic waste management systems.
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Figure-6

PET Bottles Recycling in Delhi 22,23

Figure-7

Plastic Waste Segregation in Delhi 22,23
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4.
4.1

MANAGEMENT OF PLASTIC WASTE

Options for Plastic Waste Management

Recycling of plastics to be carried using a process, which shall not only be resource efficient
but also exert minimal impacts on the environment and occupational health. Plastics
recycling technologies have been divided into four general types viz. primary, secondary,
tertiary and quaternary.
Primary recycling involves processing of a waste/scrap into a product with characteristics
similar to those of original product.
Secondary recycling involves processing of waste/scrap plastics into materials that have
characteristics different from those of original plastics product.
Tertiary recycling involves the production of basic chemicals and fuels from plastics
waste/scrap as part of the municipal waste stream or as a segregated waste.
Quaternary recycling retrieves the energy content of waste/scrap plastics by burning /
incineration.
Steps Involved in the Recycling Process
Selection: The recyclers / re-processors have to select the waste / scrap which are suitable
for recycling /reprocessing.
Segregation: The plastics waste shall be segregated as per the Codes 1 to 7 mentioned in
the BIS guidelines (IS: 14534:1998) and are illustrated in Chapter-2.
Processing: After selection and segregation of the pre-consumer waste (factory waste)
shall be directly recycled. The post-consumer waste (used plastic waste) shall be washed,
shredded, agglomerated, extruded and granulated
Plastic Recycling Technologies
Recycling of plastics should be carried in a manner to minimize pollution during the process
and enhance efficiency and conserve the energy. There is different type of technology
include following aspect:
Mechanical Recycling
Chemical Recycling
Incineration
Pyrolysis

:
:
:
:

Recycling of plastics waste into reusable product.
Gasification, blast furnace etc.
Burning of waste plastics to obtain energy.
Conversion of waste plastics into liquid fuels.

In case of material to be recycled from landfill deposits (5-15 year old) as in case of
Ghazipur landfill, the Tertiary & Quaternary Recycling would be most appropriate as
the mechanical recycling of “waste plastic embedded with soil and buried for 15
years” would be difficult and unfeasible due to contamination of plastic in addition to
difficulties involved in identification and separation of different types of plastic.
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Thermal Behavior/ Cracking Pattern of Plastic15, 20, 21
In order to process plastic waste for chemical/ thermal treatment, it would be essential to
understand its cracking pattern and products.
The thermal cracking of plastic occurs at high temperature and involves many concurrent
elementary reactions. The thermal cracking splits the main (C-C bond) of a gas producing
plastic, reduces its molecular weight and finally decomposes it into oil and gas products at
room temperature. The main chain may be separated by random decomposition or depolymerization. Random decomposition severs the main chain randomly. PE and PP are
typical examples. De-polymerization breaks a weakly bonded main chain and successive
splits monomers at their chain ends. PS and polymethyl methacrylate (PMMA) are typical
examples. When the thermal cracking temperature is reached, these plastics form
monomers and dimers, but not intermediates so that residues are high in the degree of
polymerization and do not change.
Thermal cracking eliminates a side chain of lower bond dissociation (e.g C-Cl bond) in a
plastic of the carbonization residue type. Thermal cracking then causes the decomposition,
cyclization and other secondary reactions of the plastic, and carbonizes all of its molecules.
PVC is a typical example.
Figure-8

Process of Thermal Cracking of Plastic

15, 20, 21

Thermal Cracking Pattern of
Plastic

Gas Producing Type

Carbonization residue type

Main-chain carbonization type
♦ Polyacrylonitrile
♦ Phenol resin
♦ Malamine resin

Random decomposition type
♦ Polyethylene
♦ Polypropylene
♦ Polyamide
♦ Polyester
♦ Polycarbonate
De-polymerization type
♦ Polymethyl methacrylate
♦ Polyaldehyde
♦ Polystyrene
♦ Poly-α-methyl styrene
♦ Polytetrafluoroethylene

(crosslinked, cyclized, aromatized,
& polyene-forming polymers)

Side-chain elimination type
♦ Polyvinyl chloride
♦ Polyvinyl acetate
♦ Polyvinyl alcohol
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Type of plastic and its contents
Type of plastics

Contents

Product
on
degradation

thermal

PE (HDPE/LDPE); PP; PS

Hydrocarbons

Liquid fuels

PET, PVA, PF

Hydrocarbons with oxygen

Terephthalic acid; Benzoic Acid

PVC, PVCD

Hydrocarbons with chlorine

HCl gas; Carbonous Products;
Organo-halides.

Nylon (polyamide), PU

Hydrocarbon with nitrogen

Carbonous Products, Amide

Most of plastics get soften between 100-170°C except PVC. There is no emission of any gas
during softening
Polymer

Softening

Decomposition

Ignition

Temp °C

Product

Temp °C

Product

Temp °C

Product

PE Film

100-120

No gas

289-335

CH4, C2H6

>700

CO, CO2

PP

140-160

No gas

271-329

C2H6

>700

CO, CO2

PS

110-140

No gas

300-350

C2H6

>700

CO, CO2

PE Foam

120-125

No gas

309-385

CH4

>700

CO, CO2

Tea Cup

130-150

No gas

313-420

C2H6

>700

CO, CO2

Various Options for Management of Plastic Wastes are:
1. Management of Waste Thermoplastic Material
♦ Laying of Polymer Coated Bitumen Roads
♦ Process Engineered Fuel (Solid) from Waste Plastic
♦ Liquid Fuel from Waste Plastic
♦ Gaseous Fuel from Waste Plastic
2. Management of Waste Thermoset Material
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5.
5.1

POLYMER COATED BITUMEN ROADS

Scope of Bitumen Roads from Waste Plastic

Plastics wastes consisting of mainly polyethylene, polypropylene, polystyrene etc. from items
such as carry bags, cups, packaging films etc. pose a major problem for their disposal.
Being a non-biodegradable material it does not decay over time and even if dumped in
landfills, finds its way back in the environment through air and water erosion, can choke the
drains and drainage channels, can be eaten by unsuspecting grazing animals causing them
illness and death, can contaminate the construction fill, etc. Hence, safe disposal of waste
plastic is a serious environmental problem. The best way of disposal of waste plastic is its
recycling to the maximum extent.
Various studies15, 22 have revealed that waste plastics have great potential for use in
bituminous construction as its addition in small doses, about 5-10%, by weight of bitumen
helps in substantially improving the Marshall stability, strength, fatigue life and other
desirable properties of bituminous mix, leading to improved longevity and pavement
performance. The use of waste plastic thus contributes to construction of green roads. The
guidelines of Indian Road Congress14 for the use of waste plastic in hot bituminous mixes
(dry process) in wearing courses, are given in IRC: SP: 98-2013.

5.2

The Polymer Coating of Aggregates and Specifications

The waste plastics can be shredded into small pieces molten and thereafter be coated over
hot aggregate at 150-170°C, mixed with hot bitumen, plastics melt to form an oily coating
which spread over the aggregate and act as binder. The mixture is laid on the road surface
like a normal tar road. The plastics cannot be melted separately to use for coating. The
stone is heated to 170°C and the shredded plastic film is sprayed over the hot stone. On
contact with the surface of the hot stone the plastic gel softened and coated over the
aggregate. The shredded plastics should be less than the surface area of the aggregate to
obtain uniform coating. Otherwise the binding will not be effective. However as per IRC: SP:
98-2013, following need to be ensured for better performance:
♦ The material shall consist of only low density polyethylene (LDPE) or high density
polyethylene (HDPE), PU (available in limited quantity as waste) and PET.
♦ Black coloured plastic waste is a result of repeated recycling and should not be used.
♦ PVC shall not be used since they release lethal levels of dioxins.
♦ The Thermo Gravimetric Analysis (TGA) of thermoplastics revealed gas evolution and
thermal degradation may occur beyond 180°C. Thus misuse or wrong implementation of
this technology may result in release of harmful gases, premature degradation, if the
temperatures are not maintained during construction.
As per IRC: SP: 98-2013, following criteria has to be met:
Bitumen
The bitumen for bituminous mixes for wearing course with waste plastic shall comply with
the Indian Standard Specifications for viscosity graded paving bitumen IS 73. Guidelines for
selection for grade of viscosity graded paving bitumen shall be in accordance with the IRC:
111-2009. .

14

Aggregates
The aggregates shall comply to IRC: 111-2009, for dense graded mixes and IRC: 14-2004,
IRC: SP: 78-2008 and IRC: 11 0-2005 for open graded mixes respectively.
Filler
The filler for dense graded mixes shall comply with IRC: 111-2009.
Waste Plastic
♦ The waste plastic shall conform to the size passing 2.36 mm sieve and retained on 600
micron sieve. However, as per CPCB, the shredded plastic should be in the range of 4.2
mm to 1.18 mm15.
♦ Dust and other impurities shall not be more than 1 percent. An easy method to determine
the quantity of impurity is to determine the ash content at 600°C.
♦ To ascertain the ability of plastic to mix with the binder, the melt-flow value shall be
tested as per ASTM D 1238-2010, for which the range shall be as follows:
LDPE
HDPE

:
:

0.14-58 gm/10 min
0.02-9.0 gm/10 min

Design of Mix
The requirement for waste plastic modified design for dense graded mixes and open graded
mixes as per IRC: SP: 98-2013 is given below:
(a) Dense graded mixes : The requirements for waste plastic modified dense graded
bituminous pavement layers are given below :
♦ Minimum stability (kN at 60°C)

12.0

♦ Minimum flow, mm

2

♦ Maximum flow, mm

4

♦ Marshall Quotient (kN/mm)

2.5-5

♦ Compaction level (Number of blows)
♦ Per cent air voids

75 blows on each of the two
faces of specimen
3-5

♦ Retained stability (%)

98

♦ ITS (min) MPa

0.9

♦ VMA

16

♦ VFB

65-75

♦ Quantity of waste plastic (% by weight of
bitumen)

6 to 8 depending on low rainfall
or high rainfall area
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(b) Open graded mixes
Waste plastic at the rate of 6 to 8% of the weight of the bitumen can be used for open grade
premix surfacing and mix seal surfacing. Quantity of bitumen can be reduced
correspondingly.
Voids in the Mineral Aggregate (VMA) are the volume of inter-granular void space between the aggregate
particles of a compacted paving mixture that includes the air voids and the effective asphalt content, expressed
as a percent of total volume of the specimen.
Voids Filled with Bitumen (VFB) are the voids in the mineral aggregate frame work filled with bitumen binder.
This represents the volume of the effective bitumen content. It can also be described as the percent of the
volume of the VMA that is filled with bitumen. VFB is inversely related to air voids and hence as air voids
decreases, the VFB increases.
VFB = (VMA-VA)/VMA x 100; where, VA is air voids in the mix and VMA is the voids in the mineral aggregate.
The decrease of VFB indicates a decrease of effective bitumen film thickness between aggregates, which will
result in higher low-temperature cracking and lower durability of bitumen mixture since bitumen perform the
filling and healing effects to improve the flexibility of mixture.
Indirect Tensile Strength (ITS) is used to evaluate the relative quality of bituminous mixture in conjunction
with laboratory mix design testing and for estimating the potential for rutting or cracking. The results can also be
used to determine the potential for field pavements moisture damage when results are obtained on both
moisture conditioned and unconditioned specimens.

Construction
Construction operation shall be in accordance with the IRC: 111-2009, IRC: 14-2004, IRC:
11 0-2005 and IRC: SP:78-2008 for dense graded and open graded mixes respectively.
Controls
Controls shall be in accordance with the IRC: 111-2009, IRC: 14-2004 and IRC: 110-2005
and IRC: SP: 78-2008 for dense graded and open graded mixes respectively. Besides,
plastic shall be tested for impurity and melt flow value. Three sample be tested for each day
work or when there is change in the source of plastic.

5.3

The Process of Roads Construction using Waste Plastic

The process of road laying
using waste plastics is given
below and the technique is
being
implemented
successfully
for
the
construction of flexible roads
at various places in India.
Several roads have been built
in this manner by Central
Pollution Control Board in the
State
of
Tamil
Nadu,
Puducherry,
Maharashtra,
Kerala and Andhra Pradesh
using
polymer-coated–
bitumen aggregate15,17.

Figure-9 Shriram Institute built Rajpura Road using Waste Plastic22

Shriram Institute for Industrial
Research build Rajpura Road
near Civil Lines in Delhi using
waste plastic22.
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Figure-10

Process Diagram for Laying Road using Waste Plastic-aggregate Bitumen Mix

Cleaning & drying of
plastic waste

Plastic Waste collection, sorting
and storage

Shredding of Plastic Waste into
desired size

Shredded polymer added to heated stone aggregate

Mixed (composite): waste
plastic-aggregate
bitumen
mix; the composite used for
laying roads at temperature
110°-130°C
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5.4

Salient Features of Polymer Coated (waste plastic) Bitumen Roads14, 15, 17, 22

Plastic coated over stones shows improved surface property of aggregates as reported by
various studies. Coating is an easy process & temperature required is same as road laying
temperature. The coating of plastics over aggregate improves Impact, Los Angels Abrasion
and Crushing Value with the increase in the percentage of plastics.
The extracted bitumen shows almost near value for Marshall Stability.
The roads are having good skid resistance and texture values and all the stretches in the
roads have been found reasonably strong.
The unevenness index values of these roads are nearly 3000 mm/km, which indicate a good
surface evenness.
The plastic tar roads have not developed any potholes, rutting, raveling or edge flaw, even
though these roads are more than four years of age.
Polymer coated aggregate bitumen mix performs well compared to polymer modified
bitumen mix.
Higher percentage of polymer coating improves the binding strength of the mix. Foam
plastics have better binding values.

Figure-11

Road made from Waste Plastic
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6.
6.1

PROCESS ENGINEERED FUEL (SOLID) FROM WASTE PLASTIC
Scope of Solid Fuel from Waste

Solid fuel can be prepared both from municipal and industrial non-hazardous waste. It
excludes coal and coal-derived fuels as well as solid biofuels such as firewood and dried
manure but it may contain biofuels as a component. Two types of solid fuel are: refuse
derived fuel (RDF), also called solid recovered fuel (SRF) and refuse-derived paper and
plastic densified fuel (RPF) 24.
The RDF is mainly produced from processing of municipal solid waste. Due to the presence
of kitchen waste, prior to the conversion to a fuel, a drying process is required to remove the
moisture from such waste to allow the solidification of the waste in suitable shapes and
densities. This process is seen as a disadvantage due to the large amount of energy that the
process requires. Solid Recovered Fuel (SRF) is also defined in the European Committee for
Standardization technical specification (CEN/TS 15359:2006).
The RPF can be prepared from used paper, waste plastics and other dry feedstocks. Within
the plastics, the thermoplastics play a key role as a binder for the other components such as
thermosetting plastics and other combustible wastes, which cannot form pellets or briquettes
without a binding component. Approximately 15% by weight of thermoplastics is the
minimum required to be used as a binder to solidify the other components; however
excessive amounts, higher than 50% by weight, would cause a failure in the pellet
preparation. The components of RPFs are mainly sorted from municipal solid wastes or
industrial and commercial wastes and are sometimes also obtained from well-separated
municipal waste23, 24.
In both cases RDF and RPF, the plastic contents can be varied (within a range) to meet the
needs of fuel users. The shape of the fuel will vary according to the production equipment
(e.g. a screw extruder is often used to create cylindrical-shaped fuel with a variable diameter
and length). In the production of solid fuel, the contamination of the targeted plastics with
other plastics containing nitrogen, halogens (Cl, Br, F), sulfur and other hazardous
substances may cause air and soil pollution by the flu gas emission and the incineration ash
disposal (e.g. inorganic components such as aluminum in multilayer film of food packages
produces fly ash and bottom ash). Other contaminants such as hydrogen chloride might
cause serious damage to the boiler by corrosion23, 24.

6.2

Production Method of Solid Fuel

The solid fuel production process usually involves two steps, pretreatment and pellet
production:
♦ Pretreatment includes coarse shredding and removal of non-combustible materials.
♦ Pellet production comprises secondary shredding and pelletization (<200°C).
Process Engineered Fuel (PEF) developed by SRI23 has been made from biomass, plastic,
paper, derived from commercial and residential sources. The plastic waste feed stocks is
generally in rigid plastic form. PEF can be produced and marketed in both densified and fluff
forms using biomass, plastic waste and coal. It is recommended to use polyolefinic waste.
The waste material is first dried in a chamber with high heat. Second thing the dried waste is
removed and grinded into powder and converted to a pellet form by giving a high pressure.
The fuel obtained will give nontoxic smoke while burning and can be stored easily since it is
inert in nature. The fuel runs between 14541 kJ to 18610 kJ per kg which is said to be
cleaner than the coal burning.
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Figure-12 (i) to (vi)

PEF Developed by SRI from Polyolefins (Source Shriram Institute22, 23)
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Product and byproduct
Heating value is an important characteristic of solid fuels. Some examples of heating
values of several types of waste and solid fuel are listed below:
Solid Recovered
Fuel/ Fossil Fuel

Typical Calorific
Value (kcal/kg)

Remarks

RDF

4000-5000

Depends upon waste composition

RPF

6000-8000

Can be controlled by plastic composition in
fuel production process

Coal

6000-8000

Depends upon rank of coal

Heavy oil

9500

Wood/ Paper

4300

Plastic (polyethylene)

11000

Typical MSW

1000-1500

Depends upon waste composition

The heating values of solid RDFs and RPFs may vary depending upon the
composition of these materials. Especially in RDF, fluctuations in the heating values
are often observed due to changes in the composition of the municipal waste (which
is difficult to control) and according to the degree of drying of the municipal waste
used in the production process. RPF heating values can usually be controlled easily
due to the use of dry and sorted plastics, paper and other combustible waste. Other
important features of the solid fuels are its content of ash, moisture and the content
of potential hazardous substances like nitrogen, chlorine, sulfur and heavy metals,
which are to be controlled.
Classification of Solid recovered fuel (SRF) as per standard of European Committee for
Standardization technical specification (CEN/TS 15359:2006) is given below:

Classification property

Statistical
measure

Unit
1

2

Classes
3

4

5

Net Calorific Value (NCV)

Mean

MJ/kg

≥25

≥20

≥15

≥10

≥0

Chlorine (Cl)

Mean

% (d)

≤0.2

≤0.6

≤1.0

≤1.5

≤3

Mercury (Hg)

Median

mg/MJ

≤0.02

≤0.03

≤1.0

≤1.5

≤3

80th Percentile

mg/MJ

≤0.04

≤0.06

≤0.16

≤0.30

≤1.00

21

7.
7.1

LIQUID FUEL FROM WASTE PLASTIC

Pyrolysis of Polymer

Pyrolysis is a thermal cracking reaction of the large molecular weight polymer carbon chains
under an oxygen free environment and produces small molecular weight molecules.
Conventional disposal for post-consumed plastics are landfills or incineration. However,
landfill of the post-consumed plastics has potential problems because of limited land
resource and high durability of plastics. Incomplete incineration may generate toxic
substances and causes serious health problems24, 25.
Material
Polyethylene
Polypropylene
Polystyrene
Polyvinyl Chloride
Coal
Liquefied Petroleum Gas
Petrol
Kerosene
Diesel
Light Fuel Oil
Heavy Fuel Oil

HDPE, LDPE, PP and PS are all
hydrocarbons consisting entirely of
carbon and hydrogen, which are
similar to hydrocarbon fuels such as
liquefied petroleum gas (LPG), petrol
and diesel. Plastics are derived from
petroleum and have calorific values in
a similar range as those of LPG,
petrol and diesel as illustrated here.
Several types of thermoplastics
undergo thermal decomposition to
yield liquid hydrocarbons used as
liquid fuel19, 24, 25.

Calorific Value
46.3
46.4
41.4
18.0
24.3
46.1
44.0
43.4
43.0
41.9
41.1

PE, PP, and PS, are preferred for the feedstock of the production of liquid hydrocarbons.
The addition of thermosetting plastics, wood, and paper to the feedstock not only leads to
the formation of carbonous substance but also results in lowering the rate and yields of liquid
products.
♦ Depending upon the components of the waste plastic being used as feedstock for fuel
production, the resulting liquid fuel may contain other contaminants such as amines,
alcohols, waxy hydrocarbons and some inorganic substances.
♦ Contamination of nitrogen, sulfur and halogens gives flue gas pollution. Unexpected
contamination and high water contents may lower the product yields and shorten the
lifetime of the reactor for pyrolysis
Liquid fuel users require petroleum substitutes such as gasoline, diesel fuel and heavy oil. In
such fuels, various additives are often mixed with the liquid hydrocarbons to improve the
burner or the engine performance. The fuel properties such as viscosity and ash content
shall conform to the specifications of the fuel user’s burners or engines. No additives would
be needed for fuel used in a boiler. Skillful operators and a well-equipped facility are the
essential pre-requisites keeping in view of the formation of highly flammable liquids and
gases19, 21, 24, 25.

7.2

Production Process

The production method for the conversion of plastics to liquid fuel is based on the pyrolysis
of the plastics and the condensation of the resulting hydrocarbons. Pyrolysis refers to the
thermal decomposition of the matter under an inert gas like nitrogen.
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The plastics which are suitable for the conversion are introduced into a reactor where
decomposition occurs at 450 to 550°C. Depending on the pyrolysis conditions and the type
of plastic used, carbonous matter gradually develops as a deposit on the inner surface of the
reactor. After pyrolysis, this deposit should be removed from the reactor in order to maintain
the heat conduction efficiency of the reactor. The resulting oil (mixture of liquid
hydrocarbons) is to be distilled continuously once the waste plastics inside the reactor are
decomposed enough to evaporate upon reaching the reaction temperature. The evaporated
oil is further cracked with a catalyst. The boiling point of the produced oil is controlled by the
operation conditions of the reactor, the cracker and the condenser. In some cases,
distillation equipment is to be installed to perform fractional distillation to meet the
requirements. After the resulting hydrocarbons are distilled from the reactor, some
hydrocarbons with high boiling points such as diesel, kerosene and gasoline are to be
condensed in a water-cooled condenser. Subsequently, the liquid hydrocarbons are to be
collected in a storage tank through a receiver tank. Gaseous hydrocarbons such as
methane, ethane, propylene and butanes cannot be condensed and therefore to be
incinerated in a flare stack. This flare stack is required when the volume of the exhaust gas
emitted from the reactor is expected to be large17, 24, 25.
Figure-13

Schematic Process Diagram for a Production Plant of Plastic-derived Liquid Fuel24

Feeding Method
Variations in the feeding methods may depend upon the characteristics of the waste plastic.
The most convenient way is to simply inject the waste plastics into the reactor without any
pretreatment. Soft plastics such as films and bags are to be treated with a shredder or a
melter (hot melt extruder) in order to feed them into the reactor otherwise these occupy a
large volume of the reactor19, 24.
Types of Reactor and process
There are different types of reactors and heating equipment. Both kiln-type and screw-type
reactors can be used, while induction heating by electric power can also be used as an
alternative to using a burner. Due to the tendency for formation of carbonous matter in the
reactor, which may acts as a heat insulator, in some tank reactors the stirrer has to be used
to remove the carbonous matter rather than for stirring. After the liquid product of the
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pyrolysis is distilled, the carbonous matter is to be taken out either with a vacuum cleaner or
in some cases reactors are to be equipped with a screw conveyor at the bottom of the tank
reactor to remove the carbonous matter. It is essential to develop correlation between the
the amount and composition of the waste plastics as well as the operating conditions.
Energy consumption and plant costs relative to the plastic treatment capacity are the typical
criteria for evaluating the plant performance. Operating skill and safety considerations are
important in this type of chemical conversion due to the formation of highly flammable
liquid19, 24.
Products and Byproducts
Liquid fuel is used in burners or engines as a substitute for liquid petroleum. The properties
of waste plastic-derived fuel and petroleum fuels are given herewith to compare whole
distillate and middle distillate of waste plastic pyrolytic oil with the petroleum fuels. After
considering the burner or engine operating stability, it is possible to mix plastics-derived oil
with petroleum fuel.
Properties

Waste plastic pyrolytic oil
Whole
Middle
Distillate
Distillate

Specific gravity (15°C), g/cm 3
Flash point (°C)
Kinematic Viscosity (30°C/50°C), mm2/s
Carbon residue on 10% bottom, % by mass
Ash, % by mass
Gross Heating Value (cal/g)
Total chlorine, ppm by weight
Nitrogen, % by mass
Sulphur, % by mass
Cetane Index
Distillation Temperature °C

Initial
10%
50%
90%
End

Diesel
Fuel

Heavy
Oil

0.8306
-18 (PM)
1.041
0.0
11294
47
0.14
100
27.0

0.8430
68.0 (Tag)
1.73
0.85
<0.001
10746
10
0.033
910
42.9

0.8284
69.0 (Tag)
3.822
0.01
<1
310
58.4

0.8511
64 (PM)
2.29
0.46
0.006
10708
1.6
0.015
0.41 (%)
46.3

47.0
69.0
148.0
294.5
374.0

180.0
199.0
233.0
323.5
351.5

344.0
-

164
195
276
347
>370

(Source: UNEP24)

Some plastics yield residual substances such as carbonous matter and other inorganic
matter during pyrolysis. Carbonous matter can be used as a feedstock for solid fuel.
Aluminum foil or other inorganic substances may be contained depending upon the
quantities of such material in the waste composition and accordingly suitable management is
required.
Pyrolysis of mixed plastics with nitrogen-containing plastics produces the corresponding
liquid fuel with nitrogen compounds, which in turn produces nitrogen oxide in the flue gas
emission due to combustion. The liquid fuel derived from waste plastics containing chlorine
will cause corrosion to the reactor and burner and will also pose the tendency for the
formation of hydrogen chloride and dioxins. Suitable and adequate flue gas treatment shall
therefore be considered appropriately to avoid the potential risks of these chemicals on
environment and occupational health.
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8.
8.1

GASEOUS FUEL FROM WASTE PLASTIC

Scope of Gaseous Fuels from Waste Plastic

The gaseous fuel refers to the flammable gases obtained from the thermal treatment of
waste plastics. Types of gaseous fuel:
♦ Gaseous hydrocarbon: hydrocarbons that are in a gaseous state under normal
temperature and pressure.
♦ Synthesis gas or syngas: mixture of hydrogen and carbon monoxide
During conversion of plastics to gaseous fuel, the waste plastics undergo thermal
decomposition in a tank reactor, resulting in the formation of liquid fuel as the main product
and gaseous fuel up to about 20 % by weight, as the minor product. Gaseous hydrocarbons
become the main product after extended residence time in the reactor at reaction
temperature under controlled decomposition conditions. Under specific conditions, carbon
and carbohydrates can be used as feedstocks for the production of gaseous fuel like
methane and hydrogen24.

8.2

Production Method of Gaseous Fuel

The gasification process includes a series of steps such as pretreatment, gasification, gas
cleaning and storage. Polyethylene and polypropylene thermally decomposes at
temperatures up to about 700°C and under an inert atmosphere forms the mixture of
gaseous hydrocarbons such as methane, ethane, ethylene, propane, propylene, and various
isomers of butane. On the other hand, most of the organic substances undergo gasification
to yield syngas.

Figure-14

Schematic Process Diagram for a Production Plant of Plastic-derived Gaseous Fuel24

Gasification proceeds at elevated temperatures, higher than 800 and practically around 1000
°C. Depending on the types of reactors and reaction conditions, carbonous matter and
carbon dioxide are formed, and nitrogen from the air is to be contained in the product gas.
There are various types of gasification reactors such as moving-bed, fluidized-bed and
entrain-bed reactors. If the product has to be stored, a large gas holder would be required.
The gasification technique is already used commercially for coal and there are several
examples of commercial operations using biomass and waste plastics to produce low-and
medium-BTU gas24.
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Techno-economic feasibility analysis would be an important factor with respect to the
amount of collected waste, the transportation distance and the commercial value of the
resultant products such as electricity and gaseous fuel. In any case, this technology is
required, skillful operators and careful handling is must to avoid hydrogen explosion. Various
gasification methods, type of waste and typical products are given below24:
Type of gasification

Conditions

Typical Products

Pyrolysis

>700°C under inert atmosphere

Aliphatic hydrocarbons including
polyethylene and polypropylene

Partial oxidation

>1000°C under oxygen or air

Carbon monoxide from carbon,
hydrocarbon and carbohydrates
including wood. Hydrogen will
also form

Steam gasification

>800°C under oxygen or air

Methane, carbon monoxide and
hydrogen

Hydrogasification

Around
hydrogen

500-600°C

under

Methane, carbon monoxide and
water
(Source: UNEP24)

Type of Waste

Pyrolysis conditions

Typical Products

Polyethylene, polypropylene

Inert atmosphere at 700800°C

High
BTU
gas
(9000
kcal/Nm3);
Gaseous
hydrocarbons like methane
and
ethylene;
Liquid
hydrocarbons like benzene
and toluene.

Aromatic
polymer,
carbohydrates like wood

Air/ steam atmosphere at
temperature above 1000°C

Low-BTU gases (800-1800
kcal/Nm3); Methane formation
increases the heating value to
give medium BTU gases.
(Source: UNEP24)

The heating values of the gaseous products will vary according to the type of waste used,
the contamination of nitrogen from the air and/or from feed shall be treated adequately.
However, the calorific value of Syngas ranges between the calorific value of biogas and
LNG/LPG.
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9.

MANAGEMENT OF THERMOSET PLASTIC WASTE

Thermoset plastic constitutes approximately 20% of total post-consumer plastics waste
generated in India13. Thermoset plastics are so named because there is a chemical change
during processing to yield hard solids. Thermosets are highly cross-linked polymers that
have a three-dimensional molecular mesh or network of polymer chains.
Thermoset plastics, because of their
tightly cross-linked structure, resist
higher temperatures and provide greater
dimensional stability than do most
thermoplastics. Thermosets undergo a
chemical as well as a phase change
when they are heated. Once cured they
cannot be melted or remolded and are
resistant to solvents. Thermosets are
tough, durable with high temperature
performance,
and
have
found
applications in a wide variety of fields.

Sheet moulding compound (SMC) or
sheet moulding composite is a ready to
mould glass-fiber reinforced polyester
material primarily used in compression
moulding. This is manufactured by
dispersing long strands (usually >1”) of
chopped fiber (commonly glass fibers or
carbon fibers on a bath of resin (commonly
polyester resin, vinylester resin or epoxy
resin). The longer fibers in SMC result in
better strength properties than standard bulk
moulding compound (BMC) products26.

The extensive utilization of Thermoset
Polymers26 including Sheet Moulding
Compound (SMC)/ Fibre Reinforced
Plastics (FRP) is due to the combination
of their mechanical and physical
properties at the lowest system cost,
without compromising on quality.
Thermoset plastics are used in a broad
range of applications, such as:
♦ Automotive: cars, trucks and other
commercial and agricultural vehicles
(body
♦ parts, structure and engine parts)
♦ Mass transport: trains, trams, light
railways and monorail
♦ Electrical & electronics: housing,
fuses, switchgear, etc.
♦ Building & construction: civil
engineering and household fixtures
♦ Domestic
appliances:
coffee
machines, toasters, irons etc.
♦ Sanitary: bathroom suites and
hygienic surfaces.
♦ Power utilities: MCB boxes etc.

The Fibre Reinforced Plastic (FRP) are
both thermoset and thermoplastic, FRP
products having thermoset base material
are discussed here. FRP composite
materials consist of two or more distinct
physical phases, one of which, the fibrous,
is dispersed in a continuous matrix phase.
Composites
offer
the
designer
a
combination of properties not available in
traditional materials. It is possible to
introduce the fibres in the polymer matrix at
highly stressed regions in a certain position,
direction and volume to obtain maximum
efficiency from the reinforcement, and then,
within the same member to reduce the
reinforcement to a minimal amount at
regions of low stress. Other advantages
offered by the material are its lightness,
resistance
to
corrosion,
resilience,
translucency and greater efficiency in
construction compared to the more
conventional materials26.

The Central Pollution Control Board (CPCB) has developed guidelines for Disposal of
Thermoset Plastic Waste including Sheet moulding compound (SMC)/Fiber
Reinforced Plastic (FRP) as per Rule 5(c) of Plastic Waste Management Rules, 2016
dated 18th March, 2016.
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Figure-15

Collection & Disposal of SMC/ FRP Waste26

Sources of SMC/FRP Polymer Waste Generation
through their use in
♦ Automotive Industry
♦ Mass Transport Industry
♦ Electrical & Electronics Industry
♦ Building & Construction Activities
♦ Domestic Appliances, and
♦ Sanitary Application
♦ Power Utilities

Collection by manufacturing/
waste generating industries
through
Extended Producer’s
Responsibility (EPR)

Collection by local
Authorities

Co-processing in
cement kilns for
complete
Recovery of material &
energy value present
in the PW
plastic waste

Secured Landfill
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Minimizing the waste generation26
The most preferred option is minimization of use of SMC/FRP/Polycarbonate polymer
products & promoting use of alternate material, which could be easily recyclable/ reusable/
degradable.
Co-processing of Thermosetting polymer waste in cement plants26
Co-processing is a more environmentally friendly and sustainable method of waste disposal
as compared to land filling and incineration because of reduced emissions and no residue
after the treatment. Co-processing refers to the use of waste materials in industrial
processes as alternative fuels or raw material (AFR) to recover energy and material from
them. Due to the high temperature and long residence time in cement kiln, all types of
wastes can be effectively disposed without any harmful emissions. As per the Basal
Convention, variety of wastes including hazardous wastes, get disposed in an
environmentally safe and sound manner through the technology of co-processing in cement
kiln. Disposal of SMC / FRP wastes through co-processing is practiced in many countries as
a regular method for their environmentally sound disposal. In India also, the capability of
disposing FRP in an environmentally sound manner has been demonstrated through a coprocessing trial carried out by ACC Limited in their Madukkarai Cement Works in Tamil
Nadu. The results of this trial have demonstrated that there is no untoward impact of coprocessing of FRP in the cement kiln on emissions or on the product quality. This trial was
carried out at a Thermal Substitution Rate (TSR) of 0.924% which was reviewed by CPCB
and permission to regularly co-process FRP waste in cement kiln at Madukkarai Cement
Works granted.
Pre requisites for Co-processing of SMC/FRP polymer waste in cement plants26
Following should be considered as a prerequisite for permitting Co-processing of SMC/FRP
wastes in cement plants.
a) The Producers of thermoset plastic, major user like industries, Electricity authority etc in
consultation with local authority shall arrange to collect the SMC/FRP waste and
handover to cement plants. They shall maintain a record of quantity generated and
handed over to cement plant.
b) The Cement plant shall maintain a record of quantity received and utilised by them.
c) The producers of SMC/FRP, major user like industries, Electricity authority etc. shall
assist the cement plants for establishment of required facilities for utilization of SMC/FRP
like shredding, feeding system, safety measures as applicable for co-incineration, online
emission monitoring for PM, SO2 and NOx, and stack monitoring of heavy metals, dioxin
and furans based on Extended Producers Responsibility.
Secured Landfill26
Secured landfill is another option that can be utilised for disposal of the thermoset waste.
The experience has however demonstrated that the land utilised for the landfill purpose gets
locked and the liability associated with this land, filled-up with materials tends to continue
forever, besides the land remains unusable. Most countries have stopped the practice of
utilising landfill as the option for disposal of wastes. The cost of landfill expected to keep on
increasing over the time due to increase in land and fuel coils. Further, availability of land is
a major issue in the cities/towns, therefore, this method could be ranked as least preferred
option. The producers of thermoset plastic SMC/FRP boxes in collaboration with power
utilities may also explore the possibility of establishing common.

29

The Plastic Waste Management Rules-2016
Clause-5 (c)
Thermo set plastic waste shall be processed and disposed off as per the guidelines
issued from time to time by the Central Pollution Control Board.
Clause-9

Responsibility of producers, Importers and Brand Owners

(1) The producers, within a period of six months from the date of publication of these
rules, shall work out modalities for waste collection system based on Extended
Producers Responsibility and involving State Urban Development Departments,
either individually or collectively, through their own distribution channel or through the
local body concerned.
(2) Primary responsibility for collection of used multi-layered plastic sachet or pouches or
packaging is of Producers, Importers and Brand Owners who introduce the products
in the market. They need to establish a system for collecting back the plastic waste
generated due to their products. This plan of collection to be submitted to the State
Pollution Control Boards while applying for Consent to Establish or Operate or
Renewal. The Brand Owners whose consent has been renewed before the
notification of these rules shall submit such plan within one year from the date of
notification of these rules and implement with two years thereafter.
(3) Manufacture and use of non- recyclable multilayered plastic if any should be phased
out in Two years’ time.
(4) The producer, within a period of three months from the date of final publication of
these rules in the Official Gazette shall apply to the Pollution Control Board or the
Pollution Control Committee, as the case may be, of the States or the Union
Territories administration concerned, for grant of registration.
(5) No producer shall on and after the expiry of a period of Six Months from the date of
final publication of these rules in the Official Gazette manufacture or use any plastic
or multilayered packaging for packaging of commodities without registration from the
concerned State Pollution Control Board or the Pollution Control Committees.
(6) Every producer shall maintain a record of details of the person engaged in supply of
plastic used as raw material to manufacture carry bags or plastic sheet or like or
cover made of plastic sheet or multilayered packaging.
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10. METHODS OF SEPARATION OF PLASTIC WASTE
10.1

Separation of Plastic from Waste Stream: Need and Challenges

As wide-spectrum of methods are available, which are techno-economically viable for plastic
waste management, the major challenge exists in the separation of plastic from the mixed
waste. In case of material being excavated during landfill mining, the task is quite
cumbersome keeping in view of the fact that plastic material has to be separated from rest of
the waste and thereafter separation of various components of plastic to isolate PVC and
thermosetting material from the stream of recyclable plastic. The process of separation of
high-quality re-usable plastic from waste stream is generally hampered by the presence of
extraneous material including metals, fibres, other plastic, dirt, stones, wood, paper, glass
etc. Manual sorting of different type of plastic from waste stream is not a feasible option as it
is not only a labour intensive but also a time consuming process. The combustion of several
types of plastics as means of recovering energy, especially those containing halogens,
involve the potential environmental risks of producing toxic or carcinogenic gases. 29, 30, 31

10.2

Selective Separations using Wet Method

Density/ Specific gravity separation method for recycling plastics are based on particles of
plastics floating or sinking in a separation media of a given density, usually under the force
of gravity. Since the process uses a feed with a lamellar displacement of the separation
media, production capacities are critically depending upon the particle size (6-10 mm size
may be optimally considered). The selective float/ sink concept relies on the specific
gravities of the various materials processed in the tank relative to the specific gravity of the
base solution.29, 30, 31, 34
Figure-16

Plastic Separations (Sink/ Float Method)

Water Medium
(Specific Gravity 1.0 g/cm3)

40% CaCl2 in DM Water
(Specific Gravity 1.39 g/cm3)
PETE
PS

HDPE
LDPE
PP
PE

PVC
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PS
PETE
PVC

The materials with specific gravity higher than that of the base solution will sink while those
with a lower specific gravity will float. The specific gravity of the base solution can be
changed by means of addition of chemical additives to facilitate selective separation. Water
is commonly used for plastics with higher specific gravity. The advantage is that plastic
mixture is first expose to wet grinding, where the paper labels and dirt particles are removed
and disadvantage is that separation can be slow. In this method, HDPE, LDPE, PP & PS can
easily be separated from PS, PETE & PVC in water medium as their specific gravity is lower
than that of water (1.0 g/cm3). The average specific gravity of PVC (1.41 g/cm3) is having a
very narrow range of difference from that of PETE (1.37 g/m3) and generally shows
overlapping phenomena. However, 40% w/v CaCl 2 solution in DM water (having specific
gravity of 1.39 g/ cm3) can be tried to separate PVC from PETE. However, this solution is
quite useful to separate PS from PETE and PVC29, 30, 31, 34.
Figure-17 (i), (ii) & (iii)

Figure-18

Example of Floatation Tanks with Air Blower (Source: Haith)

Schematic Diagram of Tri-Flo Separator29
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Figure-19

Schematic Diagram to Illustrate the Operation of LARCODEMS Separator29

Plastic Feed
Air Core

Low Density
Plastic

High Density
Plastic
Medium
Inlet

The LARCODEMS separators though designed for treating coal, has also been proven
suitable for treating iron ore. It is presently supplied in six versions with manufacturers
recommended processing capacities and maximum particle sizes varying in proportion with
the cylinder diameter of the devices. The device consists of a cylindrical separating chamber
inclined at 30º from the horizontal. The separating media can be injected tangentially at the
lower end, forming a vortex with a central air core. Dry or moist material to be separated is
fed at the top end to flow into the vortex. Dense fragments must settle through the ascending
separating media circulating around the inner circumference of the cylinder to exit through
the upper port (underflow) while the lower density material floats down the surface of the
vortex to exit at the lower port (overflow).34
The behavior of PVC and PET in a LARCODEMS dense medium separator using calcium
chloride solutions as the medium shown that particle thickness and surface conditioning can
have a significant influence on plastic behavior within the separator. Thus, given the
complexity of a mixture of shredded plastics in terms of size, shape and thickness, density
separation using the LARCODEMS is likely to be only considered as a pre-concentration
step29, 34. The drum type separator (figure-20) offers the advantage of being a combined
device for both sink & float mechanism29.
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Figure-20

10.3

Schematic Design of Drum Separator that uses Combination of Sink-Float 29

Electrostatic Separation of PVC from PETE

As the specific gravity for PVC
materials is generally overlapping
to that of PETE materials,
thereby separation of PVC from
the mixed materials by density
separation
processes
pose
difficulties.
Electrostatic
separation is a broadly applicable
dry processing technique in the
recycling plastic wastes, mineral
processing industry, and coal
beneficiation.
This
process
separates materials based on
one or more of their electrical
properties such as work function
or triboelectric charging series.
When two materials are in
contact, electrons move until the
energy of electrons in each
material at the interface is
equalized. The material with a
higher affinity for electrons gains
electrons
and
charges
negatively, while the material
with the lower affinity loses
electrons and charges positively.
A measure of the relative affinity
for electrons is called the work
function. The work function of

Figure-21

34

Fluidized Bed Triboelectric Separator 29

PVC and PET materials is 4.58
and 4.25 eV, respectively. When
PVC and PET particles come into
contact with one another, the
PVC becomes negative and the
PET positive and hence get
separated from the mixture31, 34.

Figure-22

Schematic Design of Triboelectric Cyclone Separator 29

Electrostatic
separation
by
means of corona charging has
been successfully applied to
separate
metal/non-metal
mixtures, i.e. aluminium or
copper from plastics or paper.
Furthermore, a technique that
makes use of the eddy currents
can also be employed to
separate plastic particles from a
metal/plastic mixture. However,
these techniques can only be
applied
to
separate
good
conductors (such as metallic
particles, etc.) from dielectrics,
due to difficulty in separation of a
mixture of dielectric particles
such
as
mixed
plastics.
Triboelectric separation is the
technique most frequently used
to selectively separate two solid
species of dielectric materials.
Nevertheless,
application
of
triboelectric separation of plastics
is relatively a novel one29,31.

As illustrated in this chapter, various techniques for separating plastics materials have
recently been developed and are being practiced world over. These techniques can broadly
be divided in two main categories, i.e. wet separating techniques and dry separating
techniques. Though separation of mixed plastic waste derived from old landfill may pose
varying magnitude of challenges, considering the local matrix, the process can be
successfully optimized both in terms of techno-economic feasibility involving recovery of
material and reclamation of landfill space and best management of mixed plastic waste from
environmental angle.
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Products developed from Waste Plastic

Figure-23 (i) & (ii)

Products Developed from Waste Plastic

Plastic consumption and waste generation is going beyond the horizon
of logistic control in India. Plastic Waste Management shall be done in
the holistic ways by adopting participative approach as well as using
best available technologies in adherence to the regulatory instruments,
while exerting minimal impact on the environment.
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11.

WRAP-UP AND WAY FORWARD

The EU-India Project on Technical Cooperation for Environment, the thematic areas of which
have closer synergies with the “Swachh Bharat Mission” and National Action Plan on
Climate Change, has major aim to create enabling environment for building the capacities of
Indian Stakeholders so that the project can contribute towards the “Sustainable and Inclusive
Development of India” through skill development.
After the completion of Inception Period of the project in April-2015, wide-spectrum of
stakeholders were contacted and interactive sessions were organized from October-2015 to
March-2016 and during interaction with wider cross-section of stakeholders, the areas of
training needs were identified. Accordingly, two study tours to Europe were organized in
June-2016 in the areas (i) Sewage Sludge Management and (ii) Solid Waste Management.
Further, during post study tours interaction with the stakeholders, the East Delhi Municipal
Corporation desired the Technical Assistance from the Project Consortium to provide
guidelines or manual for processing of recyclable plastic, which is being recovered during
the Landfill Mining and Reclamation of Ghazipur Landfill in National Capital Territory of
Delhi.
The Project Consortium after understanding the need of the stakeholders and careful review
of available literature on Best Available Technologies on the subject matter together with
collation and interpretation of various aspects, compiled this manual which elucidates:
♦ Overview of Plastic Waste and Statutory and Regulatory Instruments.
♦ Various options for plastic waste management
♦ Polymer Coated Bitumen Roads: Research & Development; Practice being followed in
India; Regulatory Guidelines and other relevant aspects.
♦ Technological aspects with respect extraction of Refuse-derived Paper & Plastic
densified Fuel (RPF); Liquid Fuel and Gaseous Fuel from Plastic Waste.
♦ Modalities to utilize Thermoset Plastic Waste
♦ Available methods for Separation of Plastic Waste
The endeavor of Project Consortium is to present a pragmatic document to the Policy
Makers and Decision Makers of India, which shall not only provide information about the
advanced waste management technologies being practiced, but also the technical know-how
and know-why together with the policy requirements.
The overall aim is to provide a Decision Support System to the EU-India stakeholders so that
necessary actions can be envisaged to facilitate Sustainable and Inclusive Development.
Way Forward
The knowledge and insight being acquired by the Indian Stakeholders as well as the Project
Consortium through various missions and study tours, would be well documented and shall
be widely circulated to enhance technical acquaintances from time to time. Not only this,
number of consultation workshops and seminar, onsite training programmes would be
organized till the life cycle of the project, to provide a platform to stakeholders to interact on
various emerging issues. This would create an enabling environment for learning and skill
development.
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12.
I.

BRIEF ABOUT PROJECT CONSORTIUM ORGANISATIONS

IVL Swedish Environmental Research Institute, Sweden

The IVL Swedish Environmental Research Institute is an independent, non-profit research
institute, owned by a foundation jointly established by the Swedish Government and Swedish
industry. IVL Swedish Environmental Research Institute was established in 1966 and has
since then been involved in the development of solutions to environmental problems, at
national and international level. IVL undertake research projects and contract assignments in
the entire environmental field. The activities include for example climate issues,
environmental technology, indoor environment, waste management, working environment,
environmental measurements, and environmental quality evaluation. IVL also performs
studies of the environmental effects in air, water, and soil, and the institute has its own
accredited laboratories for analysis. All activities are linked to six major theme areas: Climate
and energy, Sustainable building, Air and transport, Sustainable production, Resourceefficient products and waste, and Water. The broad scope of IVL's activities, combined with
its multidisciplinary approach, enables IVL to offer its customers holistic solutions, as well as
answers to highly specific problems.
II.

Danish Technological Institute, Denmark

The Danish Technological Institute (DTI) is a self-owned and not-for-profit institution.
DTI develop, apply and disseminate research and technologically-based knowledge for
the Danish and International business sectors. DTI undertakes consultancy and
standardization services, which contribute to a dynamic and harmonious development of
society with the objectives to ensure that new knowledge and technology quickly converted
into value for customers in the form of new or improved products, materials, processes,
methods and organizational structures. The major focus of DTI is on:
♦ Innovation and competitiveness
♦ Management and training
♦ Sustainable exploitation of resources
♦ Cost-effectiveness in company and society
III.

Shriram Institute for Industrial Research, Delhi, India

The Shriram Institute for Industrial Research (SRI) established in the year 1947. SRI is an
independent, not-for-profit, self-sustaining, multi-locational contract research organization of
international repute dedicated to support wide-spectrum of stakeholders through industrial
research. The major Thrust Areas of SRI are Environment Protection Division (EPD)
including Atmospheric Science, Micro-meteorology, Water Resources Management, Waste
Management, EIA/EMP, Climate Change and Chemical Risk and Hazard Assessment;
Biological Sciences; Material Sciences and Analytical Sciences. SRI is accredited by NABL,
ISO-9001, ISO-14001, OHSAS 18001 and QCI/NABET in addition to its approval by the
MoEF&CC. The EPD provides services in multi-disciplinary areas with the overall
objectives, such as:
♦ Facilitation in devising Decision Support Systems for Sustainable Development.
♦ To support regulators by providing unbiased monitoring data.
♦ Natural Resource Accounting and Assessment of supportive capacity of ecosystem.
♦ Capacity Building of Stakeholders for making effective strategies.

38

References
1. MoEF&CC communication to EUD vide file No. 6/7/2008-CCC dated 17th November 2014 and
outcome of 1st PAC meeting dated 21st January 2015.
2. Inception Report of EU Project on Technical Cooperation for Environment in India; DCIASIE/2014/346-495; April-2015.
3. Interim Report-3 of EU Project on Technical Cooperation for Environment in India; DCIASIE/2014/346-495/Int.Rep-3; April 28, 2016.
4. Interim Report-4 of EU Project on Technical Cooperation for Environment in India; DCIASIE/2014/346-495/Int.Rep-4; October 31, 2016.
5. Planning Commission (2014); Report on the task force on Waste to Energy.
6. Consolidated Annual Review Report on Municipal Solid Wastes (Management and Handling)
Rules, 2000; Annual Review Report 2012-13.
7. Directions under Section 5 of Environment (Protection) Act, 1986 for Implementation of Municipal
Solid Wastes (Management and Handling) Rules 2000 (Issued by CPCB vide reference No. B190001/NGRBA/CPCB/2012-13 dated 09.10.2015).
8. CSIR-CRRI (June-2016); Utilization of Municipal Solid Waste in Road Embankment; Final Report
submitted to NHAI.
9. https://dpcc.delhigovt.nic.in/waste-msw.html
10. Solid Waste Management Rules 2016; Notification of Ministry of Environment, Forest and Climate
Change (MoEF&CC) dated 08/04/2016.
11. Plastic Waste Management Rules 2016; Notification of Ministry of Environment, Forest and
Climate Change (MoEF&CC) dated 18/03/2016.
12. CPCB (2015); Status of Implementation of Plastic Waste Management (PWM).
13. CPCB (2013); Overview of Plastic Waste Management.
14. IRC: SP : 98-2013; Guidelines for the Use of Waste Plastic in Hot Bituminous Mixes (Dry
Process) in Wearing Courses.
15. CPCB (2008); Performance Evaluation of Polymer Coated Bitumen Built Roads.
16. Annual Report for the year 2014-15 on Implementation of Plastic Waste Management Rules (as
per Rule 12 of PWM Rules-2011.
17. CPCB (2012); Material on Plastic Waste Management.
18. IS 14534 : 1998; Indian Standard Guidelines for Recycling of Plastic.
19. Rima Ingle, Rahul Masal, Atul Gargade (2014); Obtaining fuel from plastic; IJRITCC; Vol 2; Apr2014.
20. NIPPON Steel Technical Report No. 70 (1996); Research in Thermal Cracking Properties of
Waste Plastic.
21. Liviu Costiue (2014); Thermal Properties of Solid Waste Materials; 5th International Conference “
Advanced Composite Materials Engineering” COMAT 2014, Brasov,Romania.

39

22. www.shriraminstitute.org; Plastic Bitumen Road Developed by Shriram Institute for Industrial
Research, Delhi.
23. www.shriraminstitute.org; Process Engineered Fuel from Thermoplastic Waste Developed by
Shriram Institute for Industrial Research, Delhi.
24. UNEP (2009); Converting Waste Plastics into a Resource : Compendium of Technologies
25. Arun Joshi, Rambir and Rakesh Punia (2014); Conversion of Plastic Wastes into Liquid Fuels - A
Review; Recent Advances in Bioenergy Research Vol. III 2014.
26. CPCB (2016); Guidelines for Disposal of Thermoset Plastic Waste including Sheet moulding
compound (SMC)/ Fiber Reinforced Plastic (FRP).
27. Anna University; Sustainable Solid Waste Landfill Management in Asia; Dumpsite Rehabilitation
Manual.
28. Ricardo-AEA (April 2013); Feasibility and Viability of Landfill Mining and Reclamation in Scotland
(Scoping Study).
29. G.Dodbiba and T.Fujita (2004); Progress in separating plastic materials for recycling; Physical
Separation in Science and Engineering; Vol.13, No.3-4, Sept-Dec, 2004.
30. Biswajit Ruj et al (2015); Sorting of plastic waste for effective recycling; Int. Journal of Applied
Sciences and Engineering Research, 4 (4) 564-571, 2015.
31. Jae-Keun Lee and Jin-Houk Shin (2001); Triboelectrostatic Separation of PVC materials from
mixed plastics for waste plastic recycling; Korean J.Chem.Eng, 19 (2), 267-272, 2001.
32. EPA530-F-97-001 (July-1997); Landfill Reclamation.
33. www.srcf.ucam.org/awtbi/documents/Landfillmining.pdf
34. Malcom R. Gent et al; Enhanced Plastic Recycling by Cyclone Media Speration; University of
Oviedo.

40

List of Abbreviations
BTU

:

British Thermal Unit

CPCB

:

Central Pollution Control Board

CRRI

:

Central Road Research Institute

CSIR

:

Council of Scientific and Industrial Research

DTI

:

Danish Technological Institute

EDMC

:

East Delhi Municipal Corporation

EU

:

European Union

FRP

:

Fibre Reinforced Plastic

HDPE

:

High Density Polyethylene

IRC

:

Indian Road Congress

IS

:

India Standard

ITS

:

Indirect Tensile Strength

IVL

:

IVL Swedish Environmental Research Institute

kJ

:

Kilo joule

LDPE

:

Low Density Polyethylene

LFMR

:

Landfill Mining and Reclamation

LPG

:

Liquified Petroleum Gas

MJ

:

Mega Joule

MOUD

:

Ministry of Urban Development

MSW

:

Municipal Solid Waste

MT

:

Metric Tonne

NCT

:

National Capital Territory

NGO

:

Non-government Organization

NY

:

New York

PEF

:

Process Engineered Fuel

PET/PETE

:

Polyethylene Terephthalate

41

PM

:

Pensky Martens Appartus

PP

:

Polypropylene

PS

:

Polystyrene

PUF

:

Polyurethane Foam

PVA

:

Polyvinyl Acetate

PVC

:

Polyvinyl Chloride

RDF

:

Refused Driven Fuel

RPF

:

Refuse-derived paper and plastic densified fuel

SMC

:

Sheet Moulding Compound

SRF

:

Solid Recovered Fuel

SRI

:

Shriram Institute for Industrial Research

Tag

:

Tag Open-cup Appartus

TGA

:

Thermal Gravimetric Analysis

TPD

:

Tonnes per Day

UK

:

United Kingdom

USA

:

United States of America

VFB

:

Voids filled with Bitumen

VMA

:

Voids in Mineral Aggregate
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