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Acronyms

3Rs Reduce, Reuse, Recycle

ACM Asbestos Containing Material

AD Anaerobic Digestion

ADB Asian Development Bank

ASU Air Separation Unit

BOOT Build, Own, Operate, Transfer

BTEX Benzene, Toluene, Ethylbenzene, and Xylene

C Carbon

CH Methane

CHP Combined Heat and Power

CQ Carbon Dioxide

COD Chemical Oxygen Demand

CSTR Continuous Stirred Tank Reactor

DBOO DesignrBuildOwnOperate

DME Dimethyl Ether

EEZ Exclusive Economic Zone

EfW Energy from Waste

EIA Environmental Impact Assessment

EOLT Endof-Life Tyres

FOG Fats, Oils, and Grease

FSM Federated States of Micronesia

GHG Greenhouse Gas

Hz Hydrogen

HS Hydrogen Sulfide

HCFCs Hydrochlorofluorocarbons

HRT Hydraulic Retention Time

JPRISM I Japanese Technical Cooperation Project for Promotion of Regional Initiative on &
Waste Management, Phase Il

MAP MicrowaveAssisted Pyrolysis

MEA Multilateral Environmental Agreements

MoU Memorandum of Understanding

MSW Municipal Solid Waste

N Nitrogen

NOx Nitrogen Oxides

OEM Original Equipment Manufacturer

OLR Organic Loading Rate

PE Polyethylene

PET Polyethylene Terephthalate

PESTLE Political, Environmental, Social, Technological, Legal and Economic

PICs Pacific Island Countries

PNG Papua New Guinea

POLP Pacific Ocean Litter Project

POPs Persistent Organic Pollutants

PPE PersonaProtective Equipment

ppm Parts per Million

PPP Public Private Partnership

PRIF Pacific Region Infrastructure Facility

RDF RefuseDerived Fuel

RE Renewable Energy

RMI Republic of the Marshall Islands

RNG Renewable Natural Gas
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SIDS
SOx
SPREP
SSO
SWM
TS
UASB
UNEP
VFAs
VOCs
VS
WTE
WWTP

Small Islandeveloping States

Sulfur Oxides

Secretariat of the Pacific Regional Environment Programme
Source Separated Organics

Solid Waste Management

Total Solids

Upflow Anaerobic Sludge Blanket
United NationsEnvironment Programme
Volatile Fatty Acids

Volatile Organic Compounds

Volatile Solids

Waste to Energy

Wastewater Treatment Plant

Glossary of Terms

Air Separation Unit

Atmospheric Pressure

Bioavailability
Biochar

Bio-oll
Biodigester

Bottom Ash
Buffer Tank

By-Product

Calorific Value

Condenser
Capex
Cyclone
Dewater
Digestate
Dimethyl Ether
Dioxins

Endothermic
Feedstock

Unit that separates atmospheric air into fgsimary components, namely
nitrogen and oxygen.

Also known as barometric pressure. It is the pressure within the
atmosphere of Earth, equal to 1.01325 bar (101,325 Pascals).

Ability to be absorbed and used.

The solid material obtained from the thermochemical conversiol8W

in an oxygeHdimited environment.

Synthetic fuel, the liquid component produced following cooling from tht
thermochemical conversion &iISWin an oxygedimited environmen.
Device or structure in which the biologic treatment (digestion) of organi
waste takes place.

Non-combustible residue produced from thermal treatment.

Storage tank used to cover peak loads and surggsoltides consistent
flow.

An incidental or secondary product produced that is not part of the mair
reaction products.

Measure of energy contained within a substance. Determined by
measuring the heat produced by tlwemplete combustion of a specified
quantity of it, for example, units of MJ/kg. Higher calorific value results i
more heat and energy produced.

Unit used to condense vapour into liquid.

Capital expenditure.

A device without movig parts which creates a confined vortex from
incoming gas, resulting in centrifugal forces driving the suspended parti
against the wall of the cylinder for easy collection.

The removal of water from solid material or soil througkolidliquid (two-
phase) separation process.

The material remaining after anaerobic digestidgpicallya wet mixture
that can be separated into a solid and liquid.

The simplest ether, with chemical formula: CCH, it is acolourless gas,
and is a useful precursor to other organic compounds such as fuels.
Highly toxic compounds. Dioxins are serious persistent organic
environmental pollutants.

An endothermic process or reaction absorbs heat from itsaurdings.
Raw materialised for processing or manufacturing another product.
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FischefTropsch Synthesis
Flue Gas
Fractionation

Gas Turbine

Heating Value

Hydrogenation

Mesophilic

Municipal Solid Waste
Operating Envelope
Opex

Organic Fraction

Particulate Matter

Pyrolysis Oll
Residence Time

Slag
Steam Turbine

SyrthesisGas(Syngas)

Thermophilic

Converts syngas into hydrocarbons.

The exhaust gas exiting to atmosphere via a flue stack.
Separatiorprocess. Separaselements into liquids and gases based on
their boiling points.

A turbine driven by expanding hot gases, converting the gas to mechan
energy, which can then be converted to electricity via a generator.
Likecalorific value, the heating value is the total heat released by a
substance during combustion (whereas calorific value is the total energ
released).

Chemical reaction between a compound and hydroges), {rsually
saturating the compond with hydrogen, for example, to create longer
chained hydrocarbons.

Relating to organismsmesophiles grow and thrive best in moderate
temperatureenvironments

Everyday items that are discarded by the public. Alsmvn as household:
GNUzoOAAaKEYT a3IFNDIFISEST GiONFakKég Iy
Design window of moisture and calorific value.

Operating expenditure.

Organic material within the MSW.

Microscopigoarticles (solid or liquid) suspended in the air. Also called
particle pollution.

Another term for bieoil. Bicoil produced specifically through pyrolysis.
The average time that a unit of feed is within the vegsal., reactor)
during a continuous process.

Usually,a mixture of metal oxides and silicon dioxide (may also contain
metal sulphidesand elemental metals).

Same idea as a gas turbine, but only using steam to converethanical
energy.

Fuel gas mixture primarily consisting of hydrogen and carbon monoxide
W5ANII&Q &aey3ala YIé& NBldZANB aey3l
used for fuel upgrading.

Relating to organismsthermophiles grow and thrive best in relatively hig
temperature (higher than mesophiles) environments.
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PacWastePlus Programme

The Pacifi¢ European Union (EU) Waste Management Programme, PacWastePlus;nscath2orogramme
funded by the Eldind implemented by the Secretariat of the Pacific Regional Environment Programme (SPREP)
to improve regional management of waste and pollution sustainably andeftesttively.

About PacWastePlus

The impact of waste and pollution is taking its tolltba health of communities, degrading natural ecosystems,
threatening food security, impeding resilience to climate change, and adversely impacting social and economic
development of countries in the region. The PacWastePlus programme will generate impoovesnic, social,

health, and environmental benefits by enhancing existing activities and building capacity and sustainability into
waste management practices for all participating countries.

Countries participating in the PacWastePlus programme@oex Islands, Democratic Republic of Tirheste,
Federated States of Micronesia, Fiji, Kiribati, Nauru, Niue, Palau, Papua New Guinea, Republic of Marshall
Islands, Samoa, Solomon Islands, Tonga, Tuvalu, Vanuatu

KEY OBJECTIVES

Outcomes & Key Result Areas

tKS 20SNIff 202SO00GA®S 2F tI 021 aiStfdza A& aiG2 3ISyS
benefits arising from stronger regional economic integration and the sustainable management of natural
NE&2dz2NDOSEa YR (GKS SY@ANRYYSyi(éo

The specifie 6 2SO0 ABPS Aa aG2 SyadaNB G(KS alFF¥S |yR adzaidl Ay
conservation of biodiversity, health and wellbeing of Pacific Island communities and climate change mitigation
FYR RIFELIWGFGAZ2Y NBIldZANBYSyiliaé¢o

Key ResulAreas

Improved data collection, information sharing, and education awareness

Policy & Regulation Policies and regulatory frameworks developed and implemented.

Best Practices Enhanced private sector engagement and infrastructure development implemented
Human Capacity Enhanced human capacity

=A =4 -4 =4

Learn more about the PacWastePlus programme by visiting

SPREP PacWastePIus

PACIFIC WASTE MANAGEMENT
Secretariat of the Pacific Regional %2*
\

EUROPEAN UNION Environment Programme L
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https://pacwasteplus.org/
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Introduction

Purpose of thiReport

This Research Report, along with a summary presented in an Information Booklet, will provide PIC government
decision makers, technical specialists, and interested commumésnbers with an overview of options, an
analysis of their potential applicability for large population centres, remote islands, and atoll nations. In addition,
the report will specify important considerations for PICs, using the PESLTE framework (Eaiiticahmental,

Social, Technological, Legal and Economic) to highlight considerations when assessing suitability of a given
technology for a national context.

An Information Booklet providga summary of this Research Repisralso available.

Scope andimitations

This report: has been prepared by GHDSketretariat of the Pacific Regional Environment Prograammdemay
only be used and relied on Bgcretariat of the Pacific Regional Environment Prografontée purpose agreed
between GID andSecretariat of the Pacific Regional Environment Progra@sngetout in sectionl.1 of this
report.

GHD otherwise disclaims responsibility to any person otherSkaretariat of the Pacific Regional Environment
Programmearising in connection with this report. GHD also excludes implied warranties and conditions, to the
extent legally permissible.

The services undertaken by GHD in connection with preparing this report were limited to those specifically
detailed in the reprd and are subject to the scope limitations set out in the report.

The opinions, conclusions and any recommendations in this report are based on conditions encountered and
information reviewed at the date of preparation of the report. GHD has no resjitpgibobligation to update
this report to account for events or changes occurring subsequent to the date that the report was prepared.

The opinions, conclusions and any recommendations in this report are based on assumptions made by GHL
described in tis report. GHD disclaims liability arising from any of the assumptions being incorrect.
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Assumptions

This Research Report, and the accompanyifagteto-Energylinformation Bookletcannot provide a detailed
investigation of all technologies on the marketplace. The research acknowledges that technology is developing,
and there may be new technologies that provide alternative options, either in the testing phase, or in early
developnent. The options presented in the Report are well known and establisheddesncedwaste
technologies at the time of writing this Report.

The waste generation datased in this research watata provided through the 2020 / 2021 PIC waste audits
undertakenthrough SPRERNder the PacWastePluprogramme Australian Aid Pacific Ocean Litter Project
(POLP), Pacific Region Infrastructure FaditiBIFand the United Nations Environment Programme (UNERe
data was used at a high level to provide context. Any feasibility stutlseguire more detailed data analysis to
inform potential technology solutions.

The technologies reviewed use municipal solid waste as a resource to produce an energy outgxception

to this is the inclusion of incineration technologies without a harnessed energy output. The reason for this
inclusion is that incineration as adlvancedwastetechnology may be particularly relevant to atoll or remote
islands with limited optias for landfilling waste.

Technologies that use a feedstock that is not considered as municipal solid wagteciop and forestry
residueswastewater treatment plant\WWWTB sludge) are also viewed as outside of the scope of this research.
Residentialor community scale bidigestion technologies are included due to their potential to utilise
household food waste, and their use to date in PICs. Composting systems are not included in thieasuifple.

gas capture and use is also not included in thgecas despite this being a form of energy derived from waste,

this is a component of landfill management as opposed to a system that uses an advanced waste technology as
an alternative to landfill.

There are numerous technology vendors that differ in these of terminology, depending on geographic
location and accepted terms and definitions within different regions and different technology providers. To
minimise confusion, this Research Report provides a definition for each technology option, butt@édghat
terminology may not be consistent on a global basis

WASTE WASTE TO PLANT
v COLLECTION
il
= e
. [ ] ) ® ha

WASTE PROCESS
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Background

Pacific Region

The Pacific Islands regigminthe western,northern,and central Pacific Ocean and consists of 14 independent
countries and eight territories delineated into three major ethnic groupings: Melanesia, Micronesia and
PolynesiaThis research under theacWastePluprogramme, covers member countries includingdr-Leste

located on the southernmost edge of the Indonesian archipelago, and classified as part of Southeast Asia.
However, demographically, there aseveralsimilarities between Timekteste and Pacific Islar@untries

(PICs).

The populationacross the regionincludingPapua New Guinea and Tirdoeste is over 12.&illion people,
ALINBIFR 20SNJ Iy | NBI Sl dzA @ Wbérl8 Baink, 2031 Thereare ufdreds KfSslargis NIi K
scattered across this unique and diverse region, inatulture and natural environments, but facing challenges
similar to other remote island nations. This may include low and/or spread population base, distance to markets,
narrow economies, and growing pressures on limited resources. Pacific Island ra&onsnerable to climate
change, many feeling the impacts of rising sea levels and increased natural disasters. External shocks such a:
COVIBEL9 can affect economic growth and increase poverty, with impacts expected to continue to pose major
challengesdr the region into 2022 and beyond.

Fgurel Map of Pacific Islands Populations and Population Densities

Pacific
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Tablel GeneralCtharacteristics oPacWastePluBarticipating Countries (2018)

Land
area

Last
census

Country/Territory

Mid-year
population

Density  Growth Description
(persons rate

Cook Islands

(km?)
237

(vear)
2016

estimate
15,200

/km?2)

64

(%)
0.2

15 islands (13 inhabited).

Main island Rarotonga in
Southerngroup, with
population of ~13,000.
10 outer island councils.

In Northern group, there are
five atoll islands an@ne high
island. In Southern group
most are high islands.

Federated States of
Micronesia

701

2010

105,300

150

0.3

Fourstates comprised of over
600 islands. Each state has
oneor more high islands, and
numerous atoll islands

Fiji

18,333

2017

888,400

48

0.4

Fiji has ~110 inhabited island
(out of total of 330). ~87% livi
on main high islandsViti
LevuandVanua Levu

Kiribati

811

2015

120,100

148

2.1

32 dollsandoneraised coral
island (Banaba). Over 50% o
population live on Tarawa.

Nauru

21

2011

11,000

523

1.0

Onecoral island

Niue

259

2017

1,520

-1.2

Onemain wplifted coral
island

Palau

444

2014

17,900

40

0.2

~340 islands, with ~two thirds
of population based in Koror.
Volcanic higlkand coral
islands

Papua New Guinea

462,840

2020

8,947,000

2.2

One hgh islandg eastern part
of the island of New Guinea,
plus ~600 islands

Republic of Marshall
Islands

181

2011

55,500

307

0.4

Fiveislands and 29talls.
Over twothirds of the
residents otthe Marshall
Islands live in the capital
city, Majuro, and the
secondary urban
centre,Ebeye(located

in Kwajalein Ato)l.

Samoa

2,934

2016

196,700

67

0.7

Twomain populated igh
islands(Savai'iand Upolu).

Solomon Islands

28,230

2009

682,500

24

2.3

High islandsg, six major
islands and over 900 smaller
islands, with some isolated
islands and atolls
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Timor-Leste 15,007 2015

Tonga 749 2016
Tuvalu 26 2017
Vanuatu 12,281 2016

1,183,643

100,300

10,507

304,500

89

134

394

25

1.9

0.4

2.5

TimorLeste is part of Malay
Archipelago. Main island is a
high mountainous island.
169 islands, 36 inhabited.
High islands, coral islands

Threereef islands andix
atolls.

83 high island<65 inhabited)

Source: Pacific Community Statistics for Development Division Population Estimates and Projections (2020)

Waste to Energy, Research Report

11



Waste Management and Energy in the
Pacific Islands

Regional Wastéstrategy

The Cleaner Pacific 2025: Pacific Regional Waste Roltution Management Strategy 2048025 (Cleaner
Pacific 2025)s a comprehensive loAgrm strategy developed for and in consultation with the Pad#fiands.

By addressing waste, chemigasid pollutants, the Strategy aims to reduce associated threats to sustainable
development of the region.

TheCleanet | OA T AfQur sirategip gdals are:

1 Prevention of generation of wastes and pollution;
1 Recovery of resources from wastes and palihis;

1 Improved management of residuals; and

1 Improved monitoring of the receiving environment.

Within the Cleaner Pacific 2025here is acknowledgement of the growing interest amdpagcific Island
Gountriesto explore municipal wasteo energy optionghat reduce the need for landfills and dependence on
diesel importation for electricity generatio The promotion ofproprietary wasteto energy technologyby
international companies is highlighted in the Strategy as a driver, with contteanieng-term affordability and
sustainabilityare not taken fully into account in these discussions

The Strategy raises key risks, such as:

1 Relatively small municipal waste volumes and the dense, wet quality of most waste streakiisg
feedstocks from PICs generally unsuitable

1 Lack of successful case studies of municipal wisenergy implementation in other SIDS

9 Generation of byproducts such asottom ash, fly ash and flue gas, which may contain particulate
matter, heavy mals, dioxins, furansand sulphur dioxide.

I Capacity to managéazardousby-products with careful handling, disposaland environmental
monitoring, which are beyond the current capacityRacific Island@ountries and territories.

The Strategy highlights the case studf Okinawa, Japarwhere operating ananaintaining wasteo energy
infrastructure has driven costs uignificantly, with technology inappropriate in scale, and impacbn
opportunities for waste minimisatiorNonetheless, the Strategy concludes that rigorous investigation of the
suitability and risks of wast® energy approaches for PICs is advisable.

There areseveral Multilateral Environmental Agreements (MEA) that may be relevant when considering
advanced waste technologies. These are outlined able 2, with Table3 providing a snapshot of which
countries in the region have signed and/or ratified the agreements at a national level.

Waste to Energy, Research Report
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Table2 Multilateral Environmental Agreements

Treaties related to waste and chemicals management

Basel
Convention

Minamata
Convention on
Mercury

Montreal
Protocol

Rotterdam
Convention
(2004)

Stockholm
Convention
(2001)

Waigani
Convention

24 February
2004

Not yet in
Force
(adopted on
19 January
2013)

1 January
1989

24 February
2004

17 May 2004

21 October
2001

Basel Convention on the Control of Transboundary Movements of Hazard
Wastes and their Disposal
1 The overarching objective of the Basel Convention is to protect hu
health and the environment against the adverse effects of hazardous wa
LGa a02LIS 2F FLIWX AOFIGA2Y O20SNA

gl aGS¢ ol aSR 2oycompkstianhhdzhiifcHakayteristigs f
5SSt ¢ Fa (62 GeéLISa 2Househbldvie§eaiincineiato
ash.

Minamata Convention on Mercury
1 A global treaty to protect human health and the environment from {
adverse effects of mercury. Highlights of the convention include a ba
new mercury mines, the phasaut of existing ones, control measures on .
emissions, and the international regdion of the informal sector for
artisanal and smalcale gold mining.
Montreal Protocolon Substances that Deplete the Ozone Layer
91 Protects the ozone layer by phasing out the production and consumptic
a number of sbstances responsible for ozone depletion. The curr
emphasis (foPacific Parties) is to phase out the import and use of HC
which are primarily used in refrigeration and-awnditioning servicing.
Rotterdam Conventioron the Prior Informed Consent Procedure
1 Provides an early warning system on hazardous chemicals, and er
monitoring and controlling trade of chemicals, giving Parties power to de
which they wish to import and exclude those theannot manage safely
There are 47 chemicals, out of which 33 are pesticides, and four are sey
restricted hazardous substances.
Stockholm Convention
1 Aims to protect human health and environment from the adverse effect
23 identified toxic chemicals (POPs) that, when released, persist ir
environment, and can lead to serious health effects including cert
cancers, birth defects, neurologicaffects, and greater susceptibility tc
disease.
The Waigani Convention to Ban the importation into Forum Island countries
Hazardous and Radioactive Wastes and to Control the Transboundary Moven
of Hazardous Wastewithin the South Pacific Region
1 Constitutes the regionalmplementation of the Basel Convention in tt
Pacific, however, coverage extends to radioactive waste, and to the EE
nautical miles) of Parties.

Table3 PacWastePlu€ountries; Parties toMultilateral Environment Agreements

Cook Islands
FSM

Fiji

Kiribati
Nauru

Niue

X X X X
X X X
X X
X X X
S X X
X X

Waste to Energy, Research Report
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Palau S X X
PNG X X X
Republic ofMarshall Islands X X X
Samoa X X X X
Solomon Islands X X
Timor-Leste

Tonga X X X X
Tuvalu X X
Vanuatu X X X X

X: Ratified or accepted; S: Signed but not rati{@B@REP 2021)

National WastelLegislation andolicies

The following table provides an overview of e®dctWastePlusarticipating countryand the results of a recent
assessment in relation to existing waste management legislation. More comprehensive details are available in
S OK O2dzy i NE Qa nfFRepbk(avhilbbie brZ8PREP dvébSita)h Y S

Table4 providing a snapshot of the current legislative conteaa well as noting the most recent developments

in the waste policy space.

Table4 Snapshot o¥WasteLegislationAssessment andey SWMPolicies andnitiatives

Cook Islands

Fiji

FSM

Kiribati

Nauru

Relevance: Mediunatigh
Cohesiveness: Medium
Effectiveness: Medium
Efficiency: Medium
Impact:Medium-High

Assessment not yet finalised /
published.

Relevance: Mediunatigh
Cohesiveness: Mediudigh
Effectiveness: Medium
Efficiency: LowMedium
Impact: Medium

Relevance: Medium
Cohesiveness: Medium
Effeciveness: MediunrHigh
Efficiency: Medium
Impact: MediumHigh
Relevance: Low
Cohesiveness: Low
Effectiveness: Low

Waste to Energy, Research Report
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MoU with SPREP to progress implementation of
Sustainable Financing for Waste ManagemeAdvanced
Recovery Fee and Deposit System

Policyfor a singleuse plastic free Cook Islands
Policyvision is an informed and proactive community
taking responsibility for sustainable SWM and aspiring
towards Zero Waste Cook Island

NationalWaste Strategy 2012014

Clean Environment Policy

National Oceans Policy 202030

FSM National Waste Strategy 262620

Yap State SWM Strategy 202827 (Action Plan 2018
2022)

Kosrae, Pohnpei, and Yap have a Container Deposit Sy:
for the collection of PET bottles and aluminum cans
Currently working with PacWastePlus to improve organi
waste management in Chuuk and Yap.

Kiribati Waste Management and Resource Recovery
Strategy 20262030 recently adoptedwith abroad range
of strategic goals to achieve a clean and beautiful Kiriba
Kiribatihasa container deposit system for the return of
glass and plastic bottles (PET)

Integrated Chemical and Waste Management Policy bei
developed with support from UNEP

Nauru Solid Waste Management Strategy 2@0PQ
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Niue

Palau

Papua New

Guinea

RMI

Samoa

Solomon
Islands

Timor-Leste

Tonga

Efficiency: Low
Impact:Medium
Relevance: MediunAdigh
Cohesiveness: Mediutdigh
Effectiveness: Medium
Efficiency: Medium
Impact:Medium-High
Relevance: High
Cohesivenesdigh
Effectiveness: High
Efficiency: High

Impact: MediumHigh
Relevance: Medium
Cohesiveness: Mediutdigh
Effectiveness: Medium
Efficiency: LowMedium
Impact: Medium
Relevance: High
Cohesiveness: Medium
Effectiveness: Mediurnigh
Efficiency: MediunHigh
Impact: MediumHigh

Relevance: High
Cohesiveness: High
Effectiveness: Mediuriigh
Efficiency: MediunHigh
Impact:Medium-High

Relevance: Medium
Cohesiveness: Medium
Effectiveness: Mediurnigh
Efficiency: Medium
Impact: MediumHigh
Relevance: Mediurtich
Cohesiveness: Medium
Effectiveness: Medium
EfficiencyLowMedium
Impact:Low-Medium

RelevanceHigh
Cohesiveness: Medium
Effectiveness: Mediurigh
Efficiency: Medium
Impact:LowMedium
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National Integrated Waste Management Strategy 2010
2015

Currently working wittiPacWastePlut implement an
effective sustainable financing system for recoverable ar
recyclable items and-&aste management

National Solid Waste Management Strategyne Roadmap
Towards a Clean and Safe Palau 22026

Working withPacWastePlut® implement an effective
management programme for Eraf-Life Tyres (EOLT)

Working withPacWastePlu® provide a holistic approach
to hazardous waste management through the
development of national strategies amegulations and
build capacity and community awareness

Solid Waste Management Plan for Majuro

ADB funded programe to install advanced waste
technology for residual waste management

Working with PacWastePlus to introduce a programme t
divert the largest two compaents of waste organics
(17%) and paper/cardboard (22%yom landfill and
instead be processed and transported to an existing
organic facility

National Waste Strategy 202823, with the vision of a
clean and healthy Samoa

Working with PacWastePlus to introduce al\Aste take
back system in the country for the collection, safe
dismantling, export, and recycling efid-of-life electronic
products

National Waste Management and Pollution Control
Strategy 2018026

Working with PacWastePlus to introduce newtsyns to
improve management of organic waste and recyclables

A ban on single use plastic bags came into effect on 23
February 2021

Working with PacWastePlus to improve management of
healthcare wastes through creation of a national policy,
capacity building for healthcare waste handling and
disposal, support for waste transport infrastructure,
provision of Personal Protective EquipméRPE), and the
cleantup of soils/debris from the legacy hospital disposal
site.

ADB funding of further improvements to landfill and wast
collection infrastructure and services

Working with JPRISM II for improved waste managemer
outer islands

Working with PacWastePlus to improve management of
asbestos and asbestos containing material (ACM) throuy
development of national legislation tean the importation
and use of ashestos, raise public awareness of asbestos
safety, update Code of Practise to guide the manageme
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and handling of asbestos, provide training on asbestos
abatement work (handling and disposal), and abatement
ACM fran a few selected buildings in Tongatapu

Tuvalu Relevance: Mediuntigh 1 The 'Tuvalu Integrated Waste Policy and Action RGii-
Cohesiveness: Mediutdigh 2026' is the main national polidgamework with the vision
Effectiveness: Mediurligh 2F KIFI@Ay3 a! [/ ESFEYSNI YR
Efficiency: Medium FdzidzZNBE 3ISYSNI A2y aé
Impact: Medium 1 Working with PacWastePlus to deliver improvements for

waste management inuter islands. Alsq development of
a Strategic Plan for asbestos managenmamd expanding
the Tuvalu Waste Levy to enable outer islands to gain
benefit from this sustainable finance waste management

system
1 Tuvaluhasa container deposit system
Vanuatu Relevance: Mediunatigh 1 National Waste Management and Pollution Control
Cohesiveness: Mediuwidigh Strategy and Implementation Plan 262620
Effectiveness: Medium 1 Working with PacWastePlus andPRISM I to develop and
Efficiency: MediurHigh implement a suitablesstainable financing system (Produ
Impact: Medium Stewardship Scheme) to facilitate collection and recyclin

of recoverable items

Waste Generation

With final reports on waste composition data not publicly availadtighe time of this reviewthe figures
includedrepresent broad data from a range of sources. As stighdata are provided for indicative purposes
based on preliminary data.

This data will require refining as the waste audit data is verified, butetvdl also need to be improved
granularity on the location of waste generation sources within each country to provide information on how
disparate or concentrated waste sources arbe estimated waste tonnages per annum are broadly indicative,
with accuacy varied depending on data source, and methodology.




Table5 Estimatedwaste GenerationRates for PacWastePl@untries

Cook Islands
Kiribati

Nauru

Niue

Palau

Papua New Guinea

RMI

Samoa

Solomon Islands

Timor-Leste

Tonga

Tuvalu

Vanuatu

15,200
115,847
11,000

1,520

17,900 (but with large
visitor numbers in
addition topopulation)
8,947,000

196,700

682,500

1,200,000

100,300

10,507

304,500

Waste to Energy, Research Report

4,200
16,000
15,700

1,100

12,410

1,730,800

8,500

24,195

40,250

184,000

17,200

1,060

26,500

Data based omvaste being disposed at
Rarotonga Landfill (Palmer, 2012)
Estimated organic fraction is over 60%
Based on Draft findings from landfill
audits conducted in 202@vaste auditg
unpublished draft report)

Based on Draft findings from landfill
audit conducted in Makato and Vaiea
landfills(waste auditc unpublished draft
report).

Based on figures in National Strategy
waste audit data for Koror and
Babeldaob

Based on total estimated waste
generation rate (across low, medium
andhighrincomehouseholds) of 0.53
kg/day (SPREP 2021npublished draft
report).

Estimate for Majuro only (main
population centre

Estimate based on .337 kg/person/day
for Upolou (SPREP 2021iinpublished
draft report).

Estimate based on combined rural and
urban data, noting that ~75% is
generated in rural areas (Wander et al
2018)

Very broad estimate, based on figure o
.27- .57 kg/person/day, depending on
location of audit and rural vsrban
populations (SPREP 20Quinpublished
draft report). Estimated waste
generation based on average of .42
kg/person/day.

Based on estimate of .47 kg/person/da
(PRIF 2018)

Estimate based on audit figures for
September 201¢ household and other
sources of waste (Sagapolutele et al,
2019)

Based oraudit data for waste disposed
of at two main landfill facilitieand
estimates of generation ratefer outer
islands
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Approaches to Waste Management

Globally, the major drivers for countries to consider advanced waste technologies are summaFggdéR.

Whilst landfills generally remain as a lower cost option, other drivers in policy provide the incentive for change.
Many countries introduce levies on landfils change the ecommic balance and incentivise alternative
approaches.

Figure2 GlobalDrivers forAdopting AdvancedWaste Technologies

9

”_

v, Land Drivers for _
CoraiEle Change Reducing GHG
Emissions
il
§ Health and Environmental Demand
Impacts from Current
Practices

In the participating BcWastePlusountries there are a range of challenges and constraints applicable to
waste management, including:

Relativelysmall population sizes coupled with high population density in urban centres
Unplanned urban sprawl

Fluctuating visitor arrival numbers contributing to waste generation

Lack of access to reliable and efficient waste collection services

Lack of land availdlity for landfill expansion and development of new disposal sites
Changing lifestyle and consumer choices leading to increased volumes of waste generation
Increase in lowcost short life cycle products to provide affordable goods, but with increasing
waste generation

Distance to market for recycling commodities and lack of economy of scale

Low awareness or engagement in improved waste management

Limited willingness to pay for waste services and infrastructure

Highwear coastal environments combined witick of funding or capacity for vehicle and
equipment maintenance

Insufficient government priority and political support for action

Increasing presence of plastic marine debris

Limited energy security due to reliance on imported fuels

=A =4 =4 =8 -8 -8 -9

=a =4 =4 =9

=a =4 =4
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Each countryesponds to these challenges differentlyut with an increasingonor, Decisiormaker,

and communityfocus on improved waste management, there have been significant improvenrents
waste management in the Pacitiger the last decadélhis includes imprarg the legislative and policy
framework through to initiatives on the ground such as container deposit schemes or improved
infrastructure for waste collectiongcyclingand disposal.

All final disposaturrentlyoccurs either through:

1 Sanitary disposal in engineered landfill seeg(,Tonga and Fiji)

f Disposal in servaerobic landfill sited.g..{ Y2 | YR I @I Qdz Ay ¢2y 3l 0

91 Disposal in managed landfill sited.,Kirbati)

1 Unregulated dumping (to marine and land environments), paldidy in remote island
locations

1 Unregulated burning of waste

91 Increased natural disasters creating more debris and waste

In the region, there has been a move towards sanitary landfills, complemented by waste minimisation
efforts such as recycling and composti@jven the constraints, particularly the identification of suitable
sites for landfill operationamany countries g seeking alternative solutionand in many instances have
been approached by companies offering advanced waste technology solutions saradeesbicdigestion,
energy from waste and other waste to fuel technologies to dramatically reduce the volumasté and

offset the import of fossil fuels and fertiliser&. shift in focusfrom the problem of waste to a materials
management perspective, has the potential to bring environmental and economic divideittdadvanced
waste technologieplaying an anlgoring role within an entire waste management system that has been
carefully planned with trouble shooting of all potential problems and impédtsvell 2015.

Any appraisal of technologiesustbe informedby locally specific feasibility wgrko that anytechnologies

are appropriate to locabpportunities and constraints. Experience elsewhere demonstrates that thorough
planning and appraisal without a bias towards a particular technology or company are fundamental to sound
decision making.

EnergyDemand

Energy demand between 2005 and 2030 was projected at an average of 7% per annum, with an increase in
generation capacity predicted at 6.4% per annbB, 201B Energy is recognised as a pillar of economic
development and security in the Pacifidtflwmost countrieshavingan energy policy or roadmap in place.
Policy targetsor renewable energyre ambitiouswith 13 out of 14 Pacific Small Island Developing States
(SIE® committing to renewable targetdRENA2021). As outlined inTable6 , the Pacific Islands haved

with ambitious targets, but face numerous challenges to achieve these targets. However, with significant
focus, the generation from renewable sources will increase. ADB funded renewable energy infrastructure
projects are underway in 13 Pacific Islands and at a regional level, boosting the S&R&R020).

Nonetheless, challenges remafBenerating 100% of electifg requirements is costly in countries without
low-cost renewable energy resources. Solar and wind power is available, but costly given the low wind
speeds and the need to disaster proof infrastructuf®@ofnan 2012 Countries fortunate to have
hydropower, geethermal or biomass supplies are in a better position, but diversification of electricity
sources is a key pillar of energy securidpinan 2012

Waste to Energy, Research Report
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Table6 RenewabldnergyTargets andActual % ofGeneration

Cook Islands 100% by 2020 26%

Democratic Republic of Timdreste  50% by 203@nd 100% by 2050 18%

Federated States of Micronesia 30% by2020 5%

Fiji 100% by 236 60%

Kiribati 45%reduction in fossifuel energy ~2% with expected 9% on RE projec
generation by 2025 completion

Nauru 50% by 2020 2%

Niue 80% by 203 14%

Palau 45% by 203 2%

Papua New Guinea 50% GHG reduction (3030 62%

Republic of Marshall Islands 20% by 2020 ~2% with expected 9% on RE projec
100% by 2050 completion

Samoa 100% by 207 42%

Solomon Islands 20% by 2@0 6%

Tonga 50% by 2020 10%
70% by 2030

Tuvalu 100% by 2020 23%

Vanuatu 100% by 2030 22%

Whilst generating energy from waste provides tangible benefits in the renewable energy sector, it is advisable
to always consider the technology in the context of waste management first, rather than from an energy
production lens. This important messaging often lost when considering WTE technologies and the
implementation of a WTE facility. While the energy products provide value, the primary function of WTE is that
it contributes to sustainable waste management.

WTE needs to be considered as only oaét pf a comprehensive waste management plan. Projects should
begin with waste mininsation as a public policy, followed by waste recycling and WTE incineration, and ending
with the remaining ash delivered to local landfikiPMG 2021

While WTE systemprovide a highly valued source of renewable energy, perhaps the greatest benefit of WTE
comes fromthe waste perspective, witlts ability to convert waste into ash, reducitige volume of waste
entering landfillsby up t085% and reducing methanemissions from the decomposition of organic waste in
landfills Stringfellow 2013 In locations where landfiigis becoming an increasingly neiable option due to

lack of available land, WTE technologies are a viable alternative.

Waste to Energy, Research Report
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Applicability of Agdanced Waste Technology Options

Technology Options

In the challenging context of managing waste in the Pacific Island and-Lest regios, traditional landfill
infrastructure may not always be the best option for residual waste. Particularly in couatmigainingatoll
islands, or countries with limited land availability, there is an appetite to explore alternative options. Given the
potential to generate energy from waste, thus using it as a resource, converting waste to energy is often
promoted as an ideal solution. Converting waste into eneéggyiewed in many jurisdictions as a critical
component of a circular economy (after waste wetlon, reuse,and recycling)reducing C@emissions and
utilisingresources to create a more sustainable form of energy.

WTRechnologies are rapidly developing, with a wide array of technology options available, varying in approach,
scale, complexityand outcomes. However, there aseveraktechnologies that are inappropriate for the Pacific
Island and Timokeste context, given their feedstock requirements, scale, complexity or operating
requirements. This section of the Research Report provideglaldwel overview of each type @fdvanced
wastetechnology andapplies a fatal flaw analysisarrowing down the options to those that may be suitable

for further investigation. Thisectionprovides a snapshot, acknowledging that technology options ahangr

time as research and developmemtogressesand case studies on the ground inform ongoing advancements

The conversion of waste into energy generally occurs through two major proc@tes;mal technologieii)
biologicaltechnologies and (iii) mechanical technologiewhich is often a pretreatment step to another

treatment process, but it can also produce a refugived fuel (RDF) in its own right, and as such has been
included as a standlone category.

Figure3 Overview of Waste to Energy Technology Options

Energy from Waste Technology Types

Thermal Treatment Biological Treatment Mechanical Treatment
-
‘.g. Hydrothermal Pyrolysis CSTR Anaerobic Plug Flow Anaerobic
o Digestion Digestion
(]
-] Incineration Combustion
E Upflow Anaerobic Community Biogas
& . Sludge Blanket (UASB) Anaerobic Digestion
< Gasification

A list of advanced waste technologibsit will be explored in this reporalong withan overview of their
respectiveenergy outputs, are outlined ihable?.
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Table7 Advanced WTHEechnologies fo¥Waste Treatment

Thermal Technologies
Hydrothermal treatment (includingarbonisation, liquefaction, and Solid fuel and liquid fuel

supercritical water gasification)

Pyrolysis (including slow, fast, microwaasgsisted, and ultrafast) Biochar, pyrolysis oil and
syngas

Gasification (including direct, indirect, and plasma) Bio-oil and Syngas

Combustion (waste to energy) Power and heat

Incineration (waste destruction) Heat

Biological Technologies

Plug flow anaerobic digestion Biogas

Continuously stirred tank reactor (CSTR) anaerobic digestion Biogas

Upflowanaerobic sludge blanket digestion (UASB) Biogas

Anaerobic cedigestion Biogas

Household or community anaerobic digestion Biogas

Mechanical Technologies

Pulverisation and drying Refusederived fuel / solid

recovered fuel

Fatal FlawMethodology

There are a significant number of advanced waste technologies available on the market, as well as in the
development stages. However, many of these technologies are not feasible for use in the Pacific Islands
currently.

Severatountry constraints on adoption tfiesetechnologesinclude:

Waste feedstock availability (quantity and type)

Population (and waste) distribution across large areas or remote island locations

Composition of the waste (mixed, high organic content and higisture content)

Collection systems and capacity for waste segregation

Land availability

Energy and water availability

Technological and engineering capacity for ongoing operations and maintenance

Fragile environment in island locations, with the neegtotect local ecesystems and water resources
Limited financial resources or willingness to pay for higher waste costs

Geographic isolation from technology providers and maintenance services

= =4 -8 _-a_a8_95_4a_°a_-2_-2°

Considering these constraints, it is logical to remove unfeasible technology options from the more detailed
analysis. If a technology has virtually no possibility of viability in a PIC context, this was removed from further
consideration.

As such, the ftdwing fatal flaws were developed asdecisionmakingtool, as outlined inTable 8. The
considerations were prepared and agreed on with SPREP asf plaet methodology for the research.

Waste to Energy, Research Report
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Table8 Fatal Flaw Considerations

Factors Fatal Flaw when:
Technology maturity Not commercially proven for MSW

Scale of technology  Difficult totransport and set up in PICs and remote locations

and ease of

transportation

Minimum feedstock  Requires a vast amount of feedstock beyond PICs waste generation
requirements

Operational High energy and water requiremesybutweighing the technology benefit
requirements such as

energy and water

Technology lifetime,  Significant limitation on technology lifetime (<20 years)

particularly suitability

for harsh coastal

operating conditions

Safety Poses safety issues to the immediate surroundings

Technological

Social

Potential for gender  Access to benefits of technology not equitable, or impact burden inequitable
or social inequity

Human health Poses risk to human health

Pollution (air, water,  Significant pollution arising from the technology
land)

Land requirement Large footprint / land required

Environmental

In addition, both capital and operatiorismaintenancecosts bear considerationhilst costs are a critical component of
feasibility work, theywere not included as a fatal flams @pital costamay becovered through donor grants or loans, and
if they meet donor feasibility requirements such as internal rate of retoapjtal costs may not be a core consideration for
countries. Operating costsillvclearly be a criticabsue butwill be considered as a part of more detailed feasibility work
given the highly varied input costs based on scale, collection systems, population dispersal and waste composition.

The complexity of the technology is aB&ey feasibility consideration, with capacity for operations and maintenance a key
risk. However, this issue applies to nearly all advanced waste technolagittss best addressed through risk mitigation
tools such asongterm contracts for build, ownpperate, transfer (BOOTDf technologies, which can also inclulbag

term maintenance contracts with technology providers. As such, it is recognised as a critical issue, but not a fatal flaw.

The eleven technologies outlined Tiable7 were analysed to determine whether they contained any fatal flaws, rendering
them as a notviable option for use in PICs.

The research team in collaboration with representatives fromRaeWatePlugprogramme undertook the evaluation. The
research team presented findings, with the group reviewing each option in relation to the technological, social, and
SY@ANRYYSyGlrt FawLsSoia 2F Sk OK (SOKy 2t ibkation systerdi, @2sNGn i | & |
Figure5. Green indicates the technology is not affected by the fatal flaw, while red signals the fatal flaw applie®. Yello
AYRAOFGSa GKS Fralrt FEflg Ll2aarofte LWL ASas RSY2yaaBI (GAy
decision at this stage of the analysis.

The scoring system appliéige points to any red classificatioone point to yellow classifications, and no points for green

classifications. Technologies with a total score of five or higher suggests they are not suitable for the Pacifiaridlands
TimorLesteand thus deemed as fally flawed. This reswét in no further analysigeingundertaken within this research.
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Fatal Flaw Analysis Results

Figure4 Results of Fatal Flaw Analysis
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Factors Fatal Flaw when: W1 W2 W3 W4 W6 W10 W11
Technology maturity Not commercially proven for MSW 1
- |Scale of technology and ease of Difficult to transport and set up in PICs and -
% transportation remote locations
S’ |Minimum feedstock requirements Requires a vast amount of feedstock -
£ beyond PICs waste generation
S |Operational requirements such as energy |High energy and water requirement, -
= land water outweighing the technology benefit
Technology lifetime Significant limitation on technology lifetime
(<20 years) 1
Safety Poses safey issues to the immediate =
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Human health Poses risk to human health
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Following the fatal flaw analysis, some technologies are viewed as unviable, and have been ruled out of further disasigsidfigure5. Further technical
details of these technologies are availablédppendix A.

Note that gasification as a broad technology grouping it is viewed as potentially viable. However, indirect gasificgilasradjasification are viewed as
fatally flawed dueo large minimum feedstock requirements and lack of technological maturity.
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Figure5 Elimination offechnologiesollowing Fatal Haw Analysis

Energy from Waste Technology Types

Thermal Treatment Biological Treatment Mecha?!gatment

w
s
'13_ Pyrolysis n ic Plug Flow Anaerobic
(=] i Digestion
2
.g Combustion
= Up robic Community Biogas
& Slu an ASB) Anaerobic Digestion
< Gasification

Co-Digestion

Thermal Advanced Waste Technology Options

Globally, there are over,700 thermal W Eplants worldwide, with over 8located in developed countries,

led by Germany, Francé@apanand the United StatedJNEP 2019 Growing attention to the opportunities

from these technologies can be seen globally and in developing countries, with more than 200 plants currently
under castruction with commissioning dates between 2020 and 2023. China, Thailand, the Philippines,
Indonesia and Myanmar are examples of countries moving towards this technology, providing the
opportunity to review case studies on the ground, and the applittghif these technologies in the Pacific
context.

The main technologies involved in thermal treatment include hydrothermal, pyrolysis, gasification,
combustion, and incineration processdslthese technologies utilise heat to reduce waste into stable-end
products, producing differing types and quality of energy (heat energy, solid biochaojl,bgyngas)
depending on the operating parameters including oxylgeels temperature, and pressure. Farost ofthese
thermal processes, a dry waste feedstockhwbw moisture content and high nebiodegradable organic
matter are best suitedo achieve efficient high yield results.

Following the fatal flaw analysis, hydrothermal and incineration processes have been removed from further
consideration. However, fthier technical details of these options are providedjppendix A
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Combustion

There are many definitions for both combustion and incineration, and these terms are sometimes used
interchangeably. Therefore, for the purpose of this report, combustion has been defined as any chemical
reactionwith a feedstock which produces heat as eme Alternatively, incineration has been defined as the
destruction of feedstock via burning where heat and energy are not intended to be harnessed for use.

The combustion process utilised in a WTE plant moves waste into a furnace where it is combunsged at
temperatures to recover energy and sometimes heat. The main feature of WTE is an ability to reduce most
wastes by up to 85% of their original volume. It also has strong benefits for clinical and hazardous wastes
where toxins and pathogens can be desed by high temperatures. Different variations are traditionally
classified according to the method in which waste is moved through the furnace. Rotary kilns utilise a rotating
cylinder to move the waste through the furnace and fluidised beds fluidisedaof sand by exposing it to a
strong air flow. The most common European method is a moving or sloping grate incinerator.

As the waste is burned it converts to (bottom) ash, flue gases, particubtdsheat, leaving some materials

such as metals recoverable for other purposes. Gases pass through air pollution abatement equipment where
urea, lime and activated carbon may be added to limit the production of nitrous oxides, acid pollutants and
dioxinsbefore being released through a stack. This leaves a residual and toxic flue ash which along with the
bottom ash bothrequiringdisposal in a speciatid hazardous waste landfill.

The most robust and proven combustion technology is categorised as ngnadtey mass burn technology
(KPMG 2021), that can burn MSW on a grate travelling from a feed shaft to the ash pit. The moving grate
technology does not require preeatment or sorting of MSW, giving it flexibility to accommodate large
guantities and varigons in waste composition and calorific val(within limits ¢ it cannot operate at low

loads of less than 40%, and has an operating envdlomemust be adhered tp

Combustion is an extremely mature technology which has been commercially proven for many years. It is not
likely that transportation to PICs will be difficult as the technology in its entirety consists of only a combustion
chamber or incinerator reactor.

Feedstock requirements are not an issue due to the maturity of the technology; it can easily be scaled down
and carried out as batch reactions depending on the type of reactor used. The energy and water requirements
may potentially outweigh the benefitssat is a simple technology which does not use its own energy output

to power itself.Likeother technologies, the lifetime of the technology depends on many factors, including
reactor type and operating conditions.

As it is operated at high temperaturéimcineration/burning), safety is always anportantfactor, however

the safety riskcan be greatly reduced and even mitigated if operated correctly with caution. If operated
correctly with the correct flue gas capture and cleaning technologies, the inopathe environment can be
minimised with minimal pollution arising from the combustion technology. As the combustion technology is
simple and likely only a single reactor, the footprint and land reauoénat are small.
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Combustion

Figure6 CombustiormechnologySchematic
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Aggregate
Treatment concept Combustion reactions can be complete or incomplete. Complete combustic

reaction carried out in an environment with excess oxygen, with 100% conver:
reactants to products. Incomplete combustion is a partial oxidation process, me
the reactais do not have full 100% conversion to products, resultin
intermediates being produced also. There are many different types of combi
reactors used to harness heat and energy from the combustionaste Some ¢
these include fluidised bed combugbn, rotary kilns, moveable step gr:
incineration, and many more.

Common applications Mixed MSW.

Products and byproducts Heat, ash.

Energy production Heat can be used with steam turbines to produce electricity.
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Incineration

As previously discussed, incineration was defined as a thermal WTE technology, where heat and energy are
not intended to be extracted for use. Therefore, as incineration can be thought of as technically the same as
combustion without the benefits, this waklisregarded aatechnology to bdurther investigated. The reactors
investigated for combustion technology included many incinerators, as these are mostly interchangeable
terms. Therefore, the term incineration as defined in this report was gifatabflaw for energy requirements

as there are no benefits through using this technology other than removing waste from the environment,
which when compared to combustion technology, is a fatal flaw.

Moving forward, the thermal technologies to be researdHurther for use as advanced WTE technologies in
PICs are pyrolysis, gasification, and combustion.

Pyrolysis

Pyrolysis is the thermal decomposition of material in an inert atmosphere. This means there is no oxygen
present. It is an endothermic reactiomhich absorbs heat. A key requirement of pyrolysis is that the feedstock

is dry and crushed to a specified small diameter. Additionally, the heating applied within the pyrolysis reactor
is indirect, meaning that heat is applied through metal wal®ll,and tube and so on. Pyrolysis has the ability

to handle various feedstocks, including mixed municipal solid waste.

Operating temperatures of pyrolysis depends on the type of pyrolysis being operated, whereas the operating
pressure iggenerallyelevated dove atmospheric pressure of about 5 to 20 ifhowever there are also
atmospheric pyrolysis systemspiven theelevaion above atmospheric pressur@.0135 bay), there is a

safety riskio consider In terms of water and energy requirements for operatipgrolysis reactors are self
sustaining as theganoperate using its heat produced as the energy input, such as the heat froflu¢hgas,
reducing the energy consumption. In addition, there are ©ooling water requirements due to its
endothermic nature.

There are three main types of pyrolysis technology; these are slow, fast, and flash. There is also microwave
assisted pyrolysiffast pyrolysigncorporating microwave heatingand all types cabe operated in many
different types of reactors. Slow pyrolysis is most suited for the formation of biochar as the main product. The
rate of heating for slow pyrolysis is the lowest, at about 10°C per secondawitiperating temperature
reaching 400°C t600°C, and residence tina 5mins to 30mins. The main product biochar is useful as a
fertiliser.

Fast pyrolysis is the most common type used, and is rapid decomposition in the absence of oxygen, operated
with a faster heating rate compared to slow pyrolysiabout 100°C per seconth fast pyrolysis, the main
product is bieoil, followed by gases aright hydrocarbons, with minimal amounts of solid bioct@perating
temperature for fast pyrolysis is slightly more elevated than slow pyrolysis, being operated at 400°C to 650°C.
Additionally, fast pyrolysis has a much faster residence time of oni§ 8egonds.

Ultra-fast pyrolysis (also called flash pyrolysis) has the fastest heating rate, of about 500°C per second. In ultra
fast pyrolysis, the main product is gases and light hydrocarbons, with minimal amountaf &ra biochar.
Ultra-fast pyrolyss has an even higher operating temperature, of 700°C to 1000°C. Additionallyfasttra
pyrolysis has a much faster residence time, normally less than half of a second.

There are numerous vendors of advanced waste technologies that utilise a form ofgigrancluding some
examples of smalcale municipal soli#/TEtechnologies that may be suitable for tiRacificlsland context.

It is an established technology and is available at a range of scales, including modular systems that can be
expanded withncrease in waste generation.
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Some vendors supply the technology i3 8hipping containers, as poonstructed infrastructure for ease of
transportation. Depending on the type of pyrolysis and the scale, ease of operation of a pyrolysis plant varies
significantly. However, vendors supplying sksatile fast pyrolysiSWVTEtechnology requiring only one
operator were identified and claim ease of operability.

In terms of scale, there are proven vendors supplying various sized pyrolysis reactors, suitable to the different
sized PICs and their varying tonnage of waste streams available as feedstock. Regarding energy requirements
for operation, pyrolysis reactosan use their own energy produced to power the system as well as to dry the
feedstock, without requiring any further energyputs.

Plant lifetime is dependent on scale, type of pyrolysis reactor and other factors such as housing requirements
to combat dgyradation in a coastal environment.

A key issue to consider is in the epibduct of oil produced as a resource from pyrolysis. Pyrolysis oil, known

as bioaoll, is toxic without further treatment (such as hydrogenation). Fast and low temperature pyroilgsis
contain partially decomposed biomass or plastic compounds; higher temperature pyrolysis produces mono
and polyaromatic compounds such as BTEX. Potential health impacts need to be explored as a component of
any technology feasibility assessment.

In addition to the different types of pyrolysis, there are many different types of reactors that pyrolysis may be
performed in. All types of pyrolysis can be carried out as either a batch process or a continuous process.
Pyrolysis typically consists of a reagta cyclone for the fly ash, and a condenser to condense the pyrolysis
oil. The different reactor types include fixed bed reactor, circulating fluidised bed reactor (bubbling bed),
rotating cone reactor, entrained flow reactor, ablative (plate or rotaagger reactor, and more. Reactors
differ for each type of pyrolysis process, depending on the products desired, for example, slow pyrolysis uses
rotary kiln reactor, screw/auger reactors more suited to biochar production.
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Pyrolysis

Figure7 PyrolysislechnologyShematic
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Treatment concept Pyrolysis isapidthermal decompositionof materialin the absence of oxygetft is
operatedat elevated temperatures and pressurdsrequired the feedstock to be drie
and crushed to small particle sizes before entering the reactor. The reactor is use
conjunction with a cyclone and a condenser, dependent on the type of pyrolysis
and therefore the resulting products.

Common applications A range of feedstocks can be used, including mixed M@&#te tyres, coal, plastic
waste, motor oil etc.
Products and byproducts Slow pyrolysis: biochar

Fast pyrolysisbio-oil, followed by gases and light hydrocarisoiinimal biochar
Ultrafast/Flash pyrolysis: gases and light hydrocarbons, minimadibiand very little
biochar.

Ash § also produced as an unwanted fmpduct.

Energy production Synthesisgas (syngas) can be used to produce electricity or syntheticBuahing
syngas in reciprocating engiser gas turbins produces electricity while condensing
syngas produces synthetic fuel such as heating oil, diesel or(B¢Efurther
processing)Bic-oil produced through pyrolysis can be upgradged! fractionated to b
used as fuasuch as petrol, diesel, keroserand more Solid locharproducedcan be
used as a soil fertiliser.
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Pyrolysis (Fast, MicrowavAssisted)

Figure8 PyrolysidJsing Microwave Assisted Technologhie3natic

Temperature
Sensor

Treatment concept In addition to the three main types of pyrolysis, fast pyrolysis can also have micr
heating incorporated. This is calledcrowaveassisted pyrolysis (MAP). Biomass re:
absorbs radiation well, resulting in efficient heating of the biomass. This also re:
reduced residence times as well as reduced energy requirements, as MAP can
fast pyrolysis at much lowgemperatures, about 200°C to 300°C compared to 400
650°C.

Common applications A range of feedstocks can be used, including mixed MSW, waste tyres, coal,
waste, and more.

Products and byproducts In fast microwaveassistedoyrolysis, the main product is bil, followed by gases ai
light hydrocarbons, with minimal amounts of solid biochar.

Energy production Synthesisgas (syngas) can be used to produce electricity or synthetic fuel.

Burning syngas im reciprocating engia or gas turbine produces electricityhile
condensing syngas produces synthetic fuel such as heating oil, diesel or DME (c
ether), after further processing such as hydrogenation and distillation

Following pyrolysis, the different products regpi different treatments for effective use as energy. -Bib
produced requires upgrading and fractionation. This is dependent on the desired product e.g., diesel,
kerosene, etc.

Gases produced are readily combustible, and syngas can produce elecinigyurbines. Biochar can be
used right away as a soil amendment (fertiliser) to improve the soil quality and sequester carbon.

Ash is produced as an unwanted byproduct which tninesdisposed of in a contained environment, such as a
landfill.
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Gasification

Gasification is another form of advanc@dlr Etechnology employing aimilar process to pyrolysis, although it differs by
degrading waste in a low oxygen rather than axygenfree atmosphere Oxygen levels are kept low to prevent
combustion, ensuring that the carbon rich fraction of the feed decomposes to produce sughionally, gasification

is generally operatd at higher temperatures abové00 °C,sometimes reacimg evenhigher temperatureg1000°C to

1400°Q if using enriched oxygen or steam. Like pyrolysis, the process also results in the production of a char and a syngas,
which can be used to generatéeetricity or upgraded to produce fueGasificatiorcan beoperated at either elevated
pressures or atmospherfressures

The main product is synggawhich is comprised of carbon monoxide and hydrogen gas, as well as some contaminants,
meaning the syngas production is normally followed by syngas cleaningiofddy, a solid char is produced as a
byproduct, and heat is also produced.

The syngas can be combustedig$or heaing purposegsuch as in boilers or furnacegternatively, it can be used for
electricity generation in engines artdrbines orupgraded for fuel through syngas cleaniagd further upgradng
processegsuch as Fischéfropsch synthesis and fractionatiphere are different types of gasificatidndirect, direct,
as well as plasma gasification.

For the purposes of this repogjasma gasification was deemed as a fatally flawed technology due to its level of maturity,
meaning it has noyet been proven as a waste to energy technology for M$dvever process details of plasma
gasification have been detailed Appendix A Indirect gasification was also deemed as fatally flawed for similar reasons.

There are many indirect gasification plants operating worldwide, however not at a scale suitaBlE3fom herefore,
indirect gasification is fatally flawed due to minimum feedstoejuirements (tend to be large scale onlgs well as
scalability (difficult to scale down), and immature technology (not a proven stalk WTE technology). For these
reasons, indirect gasification was deemed to be fatally flawed for the purposesaétiort, however process details of
this technology can be found fppendix A.

Gasification has proven maturity, as it is not a new technoblgy iscurrently sold by various vendors as an advanced
WTEtechnology unit. More research is required intddh GSY R2NE Q & LISOAFA O (lgashicatd ¥ 3 &
and reactor typdo ensure it is suitable for the given feedstobkost types of reactors can be classed as easy to moderate
operation, depending on the reactor and plant sizevhich is asumed to be smaller scale for PICs, therefarkess
complexoperation with only one reactais likely

Feedstock requirements depend on the size of the reactor, with smaller reactors recaiidmgerminimum feedstock.
Water and energy requirements atew, as reactors have the ability to suppheir own energy requirements through
the use of heat exchangers. Similar to pyrolysis, the plant lifetime is dependéyp@andscale as well amplementing
proper maintenance

dmilar to pyrolysis, therer@ many different types of gasification reactors available. These include fixed bed, circulating
fluidised bed, entrained bed, as well as supercritical water gasifiers.
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Gasification (Direct)

Figure9 DirectGasificationTechnologySchematic
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Direct gasification is where tHeedstockis directly heated. This means that
heat required for gasification is providedsing a combustion chambe
combusting a portion of the feedstock; also known as incomplete combu
This form of gasification requires an air separation unit (A®Uproduce
nitrogen free gas. Direct gasification occurs in a single reaction chamb
produces syngas of a lower heating value compared to the syngas prc
through indirect gasification. As stated above, gasification is operat
elevated temperatureswith direct gasification normally operating at 700°(
1000°C.

Coal, wood chips, mixed MSW (requires drying)
Slagsyngas

Syngas produces energy through combustion and can alssée b produce
chemicals and liquid fuel.
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Biological Advanced Waste Technolo@ptions

Anaerobic DigestiorProcess

Anaerobic digestion (AD) is essentially the sole opttorbiological treatment that generates energy as an
output. Unlike thermal treatment that favours dry, high calorific wastes as feedstock, anaerobic digestion
generally prefers wet, putrescible material with high organic biodegradable contanbus ADechnologies

are available including plug flowp flow anaerobic sludge blanket (UAS&)ntinuousstirred tank reactors,
anaerobic cedigestion and household and communitybiogas digesters. These technologies employ
anaerobic microorganisms to decompose amig wastes in closed anaerobic reactors under mesophilic or
thermophilicconditiors.

Anaerobiadigestion (ADjnvolves processingf organics irsomeoxygenstarved environment which leads to

the production of biogas (a substantial proportion of which is methane) and digestate. The biogas can then
be used to produce electricitgleanedand upgraded into renewable natural gas (RMGbe used as a direct

fuel in furnaces or boilers. In general, there are three different forms of AD processes: wet AD, plug flow AD,
and dry AD. Wet AD is suitable for feedstocks with low solids coritenf¢od waste), whereas plug flow and

dry AD are compatible with feedstkg with increasing solids content (i.e., green waste incluidiafy garden
waste).

AD facilities typically process the following primary feedstocks: residential source separated organics (SSO),
animal manure, fats, oils, and grease (FOG), agriculturaluas, and food processing residuals. In an AD
facility, feedstock is received in a building, deposited onto a tipping floor or pit where the material is then
transported to preprocessing equipment to prepare material for digestion. Feedstock ipra@ssed to

remove contaminants (such as plastics, metals, glass, packaging, bones, and otbegaren items) that are
harmful to the AD system components such as tanks, pumps, and pipingrdeessing typically involves
hammermills or presses that phygally sorsthe feedstock into the organic fraction, light fraction plastics, and
heavies or grit material. The organic fraction is turned into a slurry that feeds the digestion tank, while the
other material is removed as contamination.

Once the materiafinishes the preprocessing stage, the material (slurry) is generally contained in a buffer
feeding tank to provide consistentflow offeed to the digester system. The process of pastatiin may be

used before or after digestion to reduce pathogensl generate a safe fertiliser eqatoduct. After digestion,

the liquid digestate is either stored in a digestate storage tank for land application or dewatered to generate
dewatered digestate for composting or direct land application and wastewater fatrtrent.

Biogas, a mixture of methane, carbon dioxide and other trace gases, is generated for use as heat energy or
conversion into electricity using conversion generatddsher byproducts aresolid, or slurry discharges
known as digestate, and liquid effluent.

As per the fatal flaw analysis, the following types of AD processes have been excluded due to their unsuitability for the
Pacific Region and Timbeste

1 Continuously Stirred Tank Reactor Arabic Digestion
1 Upflow Anaerobic Sludge Blanket (UASB) Anaerobic Digestion

These technologies are more applicable for wastewater treatment processes producing large volumes of process waste.
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Given the significant proportion of organic waste within M@Waerobic digestion technologies are a broadly accepted
and tested technology for the managementafjanic materials withiMSW and the creation of energilowever, his
method can only be used in the treatment of organic waatel thus has some limitaths as an alternative to landfill
ADrequires segregation of feedstock rather than the treatment of the entire MSW stream.

There are four main stages to processing waste through an AD system, as outlined in
Figurelo:

1 Feedstock Receiving and Ryocessing
1 Anaerobic Digestion

1 Biogas Capture and Usdition

1 Digestate Handling and Processing

Figurel0 Schematic of dypical MSWOrganicsProcessing ABacility
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Anaerobic Digestion

Given the complexity in the pygrocessing of mixed MSW, often AD systems are linked to source separation
of organic materials.

Within the digesgr process itselfADproceeds in four stagegas shown irfrigure:

1 hydrolysis that breaks down complex materials,
1 acid formation(acidogenesis

1 fermentation @cetogenesisand

1 generation of biogagmethanogenesis
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Figurell FourSages ofAnaerobicDigestion
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Hydrolysis igypically the slowest step in anaerobic digestion as it is the initial step that breaks down large,
complex organics into smaller organic molecules. These hydbiyaterials are then broken down in the
acidogenesis stage into various organic acids acohals which are further fermented in the acetogenesis
stage to form shorchain volatile fatty acids and hydrogen. The final step, methanogenesis, is the slowest step
as it converts the products of acetogenesis into methane gas, carbon dioxide andratteegases.

Anaerobic digestion functionsnder two operating temperaturesither mesophilic35°Cor thermophilic
55°C, and because it mostly treats wet materials, water inputs are Tovwoperational energy and water
requirements ae minimal in compasion to other technologies he endproduct,biogas can be used directly
as fuel or converted to electricity for esite use

The descriptions of technology options in this section present an overviemobatl technologies cater well

for municipal solid waste. Some technologies are better suited to a homogenous feedstock, with high volumes
and predictable inputs, for exampl@dustrial effluents or animal feedlot waste. Unsorted municipal solid
waste is significantly heterogeneous, with considerable variations in moisture levels that may be subject to
seasonal variations. Feedstock quantities and composition are also vaviareny given day. Given this
variability, MSW is more complicated to process and treat.

AD plants creating energy from MSW often require significantspréing facilities to remove unsuitable
components, with source segregation systems in place terdinsuitable materials such as metals and glass.

The physical and chemical characteristics of the organic waste are considered important parameters for
designing and operating anaerobic digesters as they affect biogas production and process staivifityADu

The main characteristics to consider include moisture content, volatile solids content, nutrient content,
particle size, and biodegradability.

The selection of an AD technology is key to the overall operating successbjbet. Preprocessig and
digestion technologies that are not appropriate for the condition of the incoming feedstock will be quickly
overwhelmed and can potentially cause thmject to fail.
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The composition of the incoming feedstock is an important consideration whensasgeD technologies, as
organic feedstocks vary physically, chemically, and biologically.

The increased implementation of mixed waste processing plants in Europe has pushed the development of
AD technologies that are designed and tested to process mi&®W. The organic fraction of MSW has a
higher contamination rate than most sourseparated organics (SSO) streams and contains more plastic bags.

The design scale and operational requirements are determined by the hydraulic retention time, organic
loadingrate, total solids, temperature, and mixing process.

Table9 KeyDesignQonsiderations for AD

HydraulicRetention Time  Hydraulic retention time (HRT) is the avera A shorter HRT allows a higher loading

time that feedstock remains indigester. rate but is more at risk of causing

HRT = V/Q acidification. Longer HRT is necessary

Where V: Digester volume for digesting less degradable

Q: Organic loading rate (Labatut and Pront lignocellulosiavastes.

2018) Hydraulic retention time for a
mesophilic (35°C) digester generally
takes 15¢ 30 days (Schnaars)

OrganicloadingRate

Organic loading rate (OLR) refers to the
amount of organic material entering the
digester per unit of timed.g.,per day)

Avoid overloading because waste can
quickly hydrolge, acidify and cause VF
accumulation and inhibit methane

Comnon units include Volatile Solids (VS) ¢ production.
Chemical Oxygen Demand (COD) basis kg Feed rate should be consistent and at
wR ydR 3Tk | constant rate to minimize bacterial
upsets
Highrate digesters typically operate
0S06SSy modc (2 co
Total solids (TS) refer to the dry matter Moisture content (and therefore total
content of a material inclusive of its organic solids) must be in the right range to
or inorganic nature, commonly indicated in support microbial growth.
percentages. Wet digestion operates at <15% TS,
while dry or high solids digestion >15 1
20% TS.
A drier, high solids system benefits in
reduced reactor size, liquid/solid
separation system and lower energy
demand,however,is much harder to
control.
Mesophilic degrades materials slower
than thermophilic reactors and yields
less biogas.
However, the heating energy demand
and equipment costs are lower
compared to thermophilic digesters.

Total solids

Temperature Two tempeature conditions:
Mesophilic, 35°C

Thermophilic, 55°C
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Monitoring of the anaerobic digestion process is important to indicate the health of the system or its
impending failure Bacteria responsible for methane producti@me sensitive to various process conditions
including the presence of toxins, elevated feedstaading, sudden temperature changes and pH changes.

If acidic conditions set in, usually from an accumulation of volatile fatty acids not being converted fast enough
to methane, then theformation of methanecan be suppressed, ceasing digestion process aogas
production completely.

CKAA Aa | adGrasS Ol ff SR &a2 dzNR yedudting infp&taly decdmPoseR A 3 S
materialsand low3 | & LINPRdzOGA2y ® ¢2 NBO2OSNJ I Waz2dz2NBRQ RA:
Suggested monitang parameters are shown ifable10. Having high levels of alkalinity is important to self
regulate pH changes in the presence of acids/bases which helps prevent digester imbalances. The key to
identifying an upset digester isif digesters to continuoug operate within the paraments below, and more
importantly to keep within a Volatile Fatty Acids (V8alinityratio of 0.34:1 and 690% methane gas. Any
deviation from its consistent pattern is an indication of a troublealator and steps should be taken to identify

the cause and take necessary remedial actions.

Tablel0 Key Process Parameters of a Healthy Digester

pH 6.5¢7.5
Alkalinity More than 100 mg/L
VFAs Less than 4000 mg/L
VFAsAlkalinity ratio 0.34:1

Methane 65¢ 70%

Carbon dioxide 30¢ 35%

In cases where the use of complex analytical instrurmant data loggers for continuous monitoring is not
possible, then regular monitoring using grab samples are utilised in some technologies. For example,
community biogas reactors may benefit from simple monitoring of the digestate pH and temperature using
off the shelf probes, or perhaps a small investment for monitoring biogas content using handheld meters.
Although this approach demonstrates the reactor condition, the response is slower. Digester souring is likely
to have set in and alkalinity already existéed by the time a pH change is detected.

Toxicity is another concern that can endangeaenobic processebecause osevere ammonia and sulfide
levels. These compounds are brought about to the digesters from nitrogenous feedstock such as meat waste,
or waste with high sulfur compounds, including proteins which are common sources of sulfide in MSW.

Nitrogen at moderate levek (50 to 200 mg/L) are beneficial for cell growth and microbial development,
however,at elevatedlevels(1500 to 14,000 mg/L) carirfder the digestion process and drop the methane
production by 50%. Controlling the nitrogen concentration by limiting the carbon to nitrogen ration (C:N ratio)
of incoming feedstock to 30 can help prevent ammonia toxicit{ulfide concentrations above®mg are
known to exhibit inhibitory effects.

Digestate is a bproduct of anaerobic digestion characterised as a wet mixture of solid ors&idinature
that is rich in nutrients. Raw digestate can be expected to accumulate in the raB@6kif/m3to 1000 kg/nt

for high solids digesters because of the undigesgiadienwaste portions. Wet digesters tend to have higher
unit weight values at 1200 kg/and above due to solids having higher denditgironment Canada, 201L3
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Digestate from wetigesters are first dewatered to 50% moisture content before being applied to land as
fertiliser or as a feedstoclor further composting process

Further drying to 1% to 15% moisture content allows for pellstig and fertilsation options. With dry
digesters, the digestatis often composted directly withoutequiring anydewatering.

The biogas generated from the anaerobic digestion process consists primarily of methaamedgasbon
dioxide, as well as other trace gases at the following proportions:

1 Methane (Ch) : 60% by volume

i Carbon dioxide (G 40% by volume

1 Hydrogen sulfide (¥%) : 200 to 4000 ppm

1 Trace gases : Nitrogen, ammonia, hydrogen, VOCs

Hydrogen sulfide anddOCs when present in excessive amounts can cause corrosion to equipment due to their
acidic nature. In addition, hydrogen sulfide is-tifieecatening at 100 ppm by volume especially in confined
spaces.

The biogas yield or the amount of biogas producedefach tonne of feedstock is very much dependent on

the type of materiainput. Feedstock with high biodegradability such as food waste, produces more biogas
(144 n¥/t) compared to less degradable highly cellulosic materials like leaves ¥83omgrass(34 nt/t). In

PICs, the garden waste can include very fibrous materials such as palm leaves, which have a high percentage
of celluloseThe highest biogas yields can be expected for ils,and grease (390 #t) although their poor
bioavailability mayesult in longer retention times.

Energy potential of methane is 37 MJ#nThe amount of energy obtainable fromobas is reliant on the
methane content, for example, biogas with 60% methane can generate about 22 [EHwronment Canada,
2013. This enggy can be used directly afuel product orundergo further biogas cleaning to remove other
gases and moisture prior to conversion into electricity.

Managing the eveincreasing load of municipal solid waste (MSW) is one of the biggest challenges for
municipalities all over the world. As the organic fraction of MSW accounts for more than 40% of the total
MSW generated, and up to 60% in some poorer ecoies with less consumable imports and tropical
climates, AD provides a solution applicable in many settings.

Common feedstocks utilised are biodegradable waste such as:
9 Municipal, commerciabnd industrial food wastes
9 Agricultural wastes (e.g., slurries, poultry litter and manure)
1 Wastewater and sludges from industrial waste treatment
9 Food/beverage processing waste
1 Energy crops (e.g., maizgassand silage)
Biogas production from food waste, along with other resadle organic sources such as agricultural waste,
has been proposed assalution for waste management and energy recovery in the coming decades due to
the benefits of energy savinggduced emissionsandimprovedwaste management.

Wastewater treatmenplant sludges are also an option for feedstock, as AD reduces the weight of solids, and
associated disposal costs.
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Plug FlowAnaerobic Digestion

Plug flow AD reactors are the most adaptable in treating mixed feedstock with high solids content, such as
food waste or the organic fraction of MSW. Their primary objective is inclined more for waste management

rather than biogas yield. This provides a more flexible operation that allows for longer retention times and

reduces the risk of sudden imbalances kbygbtion by inconsistent feedstock quality or quantiys such, this

has been selected as the AD option that is potentially the most suitable for PacWastePlus patrticipating
countries. Other options are describedAppendix A.

Figurel2 Plug Flow AD Schematic

Treatment concept Plug flow digesters are elongated reactors (usually at a 5:1 ratémgth: width) made
of steel, fiberglass,or reinforced concrete, and are insulated and heated with &
cover for biogas collectiors{ngh & Prerna, 2009This gas cover or roof can eithel
a fixed roof with negative an attached negative pressure pipe, or a floating rc
biogas collectin and storage.

It is common for plug flow and percolate bunker digesters to use shredding as a |
pre-processing step and then send the feedstock directly to the digester reactor.
tfdaA Ft26 2N aKAIK az2f ARaé NBctaOuixhiN
instead formulate a thick high solids slurry (TS typically in the 15% to 30% rang
flows longitudinally through vessels that are generally long and narrow. Durir
movement, each successive plug of material demonstrates differ@miposition thar
the one before and behind it; with respect to AD, this means that subsequent plu
additionally digested while previous plugs are less digested. The need for a hig
slurry to prevent settling along the longitudinal pathway gedigreneans that bulkir
agents such as garden waste or soiled paper/cardboard needs to be adugzbter
contain widely spaced paddle arms to slowly move the contents forward as a plu
creating a minimal amount of mixing. The reactors have a heassgdove th
material where biogas collects and is syphoned from the reactor.

Plug flow designs are appropriate for waste with a high solids content in the ra
11% to 20% TS and has a typical retention time of 20 dzastiell et al., 2008 Thert
are both vertical and horizontal plug flow digesters on the market.

Common applications Organic fraction of MSW.
By-products Effluent, digestate and biogas.
Energy production Methane gas and electricity.
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Household and Community Biodigests

There are over 20,000 fedkale AD systems in the world and over 1,000 new projects per year. However, the
process for organic waste can still be opsed. One way to do so is to use sweble digestionSmaliscale
digestion plants (sometimesreferred to as micro-scale digestion) are AD plants that are smaller, less
expensiveandeasilyselfsufficient.

Theseunits canbe utilised on farms, or at a smallcommunityscaleto captureand utilise a sourceof clean
energy.Thereis alsoa growingtrend for modularapproachegsuchascontainerisedmobile units,or & LJ dz3
andLJt IsgstemglLemonade2020).

Household and community scaled hl@estion involves the production of biogas, with production units
typically below 80 kW. Most units installed farms have a power generation capacity between Rd0and
300 kW, while some industrial units exceed 1,000 kW.

The scale of this type of AD facility digestion project is a feedstock abad@sto 5000 tomes of organic
waste per yearThe range irscale correlates to feedstock availability, but also energy outputs, Wsbo&
tonne facility producing &5-fold increase in biogas yield compared t@@0-tonne facility.

The rationale for these facilitiescludes

I Capacityto generate power and heat for on-site use, potentially savingmoney on energy at a
householdor smallcommunitylevel

Minimisationof transportand wastedisposalkoststhrough on-site smallscaletreatment
Reductionn GHGemissiongelatedto livestockmanure

Reductionn GHGemissionghroughutilisingwasteto produceenergy

Odourreductionby improvedmanagemenbf manure

Digestatecanbe usedasaliquid fertiliser input for farmsandgardens

=a =4 -4 -8 9

Small fixeedome digesters consist of an inlet trough, a lower fermenting reservoir with a rigid, immovable
collection dome capping it, and some type of overflow relief. Several different types of fixed dome digesters
exist, but the most popular is the Chinese desighich is typically built of gasealed brick and mortar or
cement. The simple design of a fixddme digester and its lack of moving parts means that if constructed
well, it will last for many years.

Most small fixeeddome digesters are constructed undesgnd, which means that they are hard to access for
cleaning and maintenance. Since methane gas inside the collection chamber is being pushed out only by the
pressure of other methane, the gas pressure coming out of the collector is subject to fluctudtiarefore,

in order to use the biogas for cooking or other applications, a regulating device is commonly added.
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Household or Community Anaerobic Digestion

Figurel3 Community Anaerobic Digestion Schematic

Feedstock€.g.,manure, food Biogas capture for direct use in
waste) Size reduction and add cooking or storage in tanks
water
—
-

Biogas Plant

Bio-slurry
applied to crops
or gardens

Treatment concept A simple, conventional anaerobic reactor construction requiring minimal instal
and operation. The structure consists of a tank with headspace for biogas
accumulation, an inlet pipe for feedstock and an outlet pipe for digestate flow.
Mixing and heatig are usually absent, with the tank installed underground to
decrease heat loss via convection. The easy set up and operation favours the
application among communal households and farms.

Common applications Farming waste, particularly manure®in piggeries or dairies
Food waste
By-products Effluent, digestate and biogas
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Co-Digestion

Codigestion is effectively an AD process that utilises more than one feedstocHig€xiion is the
simultaneous digestion of a homogenous mixture of multiple substrateistechniguecombinesfeedstocks

to achieve a complementary nutrient and/or moiséubalance anénhance biological processdsadigestion

of wastewater treatment sludge witeource separated organics increasingly considered asmethodto

boost biogas yields and use excess digester cap@iyy or wastewater digesters can haveess capacity,
making cedigestion a viable option. In addition to diverting food waste and fats, oils and grease from landfills
and the public sewage systems, these kégiergy materials have at least three times the methane production
potential €.g.,biogas) of biosolids and manure

However, this approach requiresund regulation ofeedstocks taptimise or maintaimeactor performance.

In existing wastewater treatment plants, adding source separated organideadiag rate of 186to 20%on
avolatile solids basis resulted in improvieibgas yieldsThere is significant research ongoing irdigestion,

with co-digestion principles being applied to existing facilities and in the design of new facilities to optimise
waste management outcomes aetihance biogas yields.

Figurel4 CoDigestion Schematic
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Treatment concept Most anaerobic digestion involves a single type of feedstockmono digestior.
Codigestion is theconcurrent digestion of two or more tygeof feedstocks for
example, food waste witlsewage sludgeor industrial wastewatertreatment sludg:
with manure and so on The application of cdigestion is suitable for locations w
insufficient volumeof a single feedstoglor to improve economic viability of AD plar
In addition, the combination of feedstoakan overcome the deficiencies of mor
digestion by improving nutrient defiggnd biogas yields.

Common applications Wastewater treatmentplants, food wasteFOG organic industrial waste, agricultu
waste

By-products Effluent, digestate and biogas

Energy production Methane gas and electricity
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Mechanical Treatments

Mechanical treatment of waste is often a preatment step to another treatment process, such as thermal
treatment. Mechanical treatment produces a refuderived fuel (RDF), which can then be used in
combustion, pyrolysis, and gasification. Mechanicabtment usually consists of crushing, dryitigen
pelletising raw waste, readying it for further treatment.

Refusederivedfuel (RDF) is the process of removing the recyclable andoorbustible materials from MSW
and producing a combustible materialy Bhredding or pelleting the remaining waste.

As a complete treatment systerthis was not considered further as an advanced wéastbnology However,
coupled with other technology, this can be important in making WTE more viable. For example, haaligig lo
based mechanical treatment plants, with basic sorting systems (mostly manual) to separate materials to
transport to a central WTE facility, may be an important part of feasibility considerations. Logistics, transport
distances, and proposed technoleg would need to be considered on a cdisecase basis to understand the
costs and benefits of this approach.

Mechanical treatments a standalone systemiasfatally flawed as it cannot solely provide enengyless
coupled with another processSome furher technical detail for this option is provided Appendix A for
completeness of information, however, it is viewed as unsuitaBla standalone systefor the Pacific Island
context, but potentially viable as a pgrocessing componerihtegrated into a WTE plant.

Technology Choice Considerations

A critical issue for all advanced waste technologies are the requirements for operational capacity and ongoing
maintenance, except for smallscale biogas reactors. Each of the technologies hale different
requirements, but all require a degree of operational expertise and ongoing support asraqoiisite for
success. Maintenance requirements must be carefully planned, with servicing, repairs and potential
refurbishment factored in from theoutset. Long term operational support, training, and maintenance
contracts should be considered. Several countries in the region do not have adequate technical-skills in
country, or strong institutional cultures of proactive repairs and maintenance, ati&ituexacerbated by

harsh coastal environments. As such, longer term partnership models may provide a sound option.

Thermal Technologieg Advantages and Disadvantages

There are many advantages and disadvantages associated with each type of advanced WW@iEnal
technology. Additionally, each major process has varying advantages and disadvantages relating to the specific
sub-process used or reactor type used.

Therefore the key advantages and disadvantages for oveaatibustion pyrolysis andgasification processes
have been tabulated below ifiablell, Table12 and Tablel3respectively.
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Tablell CombustiorAdvantages andisadvantages

Advantages

il

Reduces waste (up to 85%) whilst providing a
useful energy output at the same time.
Economic advantage with regarding operating
costs wherusing waste as feedstock.

Les pretreatment of waste feedstock requirec
compared to pyrolysis and gasification.

Generally lower opetiing temperatures
compared to gasificatigrresulting in reduced
operating costs and a reduced safety risk.
However, combustion has higher operating
temperaturesthan pyrolysis

Relatively simple to operate and transport due
to modular units available. Additionally, this
makes them easy to scale up or down by simj
adding more units.

Mature technology, even for conversion of
municipal solid waste to energy.

Effective energy capture. The heat produced i
the process is converted to steam to run
turbines and generate electricity. Some
incinerators can also capture the heat given o
and feed it back into communities for general
heating, hot water supply and oén uses. A
typical electricity onlycombustion systengan
operate at electrical efficiencies from 14% to
24% with a maximum efficiency of
approximately 27% for the most modern
facilities.

Proven technology with many case studies of
varying scale and approaches.
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Disadvantages

1

Excess GHG emissions. The emissions prodt
through combustion of waste are far greater
than those produced through other thermal
technologies such as pyrolysis and gasificatio
This is due to the excess oxygen environment

Limited range of products compared to
pyrolysis and gasification. Ordfeamis
produced as a useful prodydiut it can be
converted to electricity.

Potentially difficult to gain required consent
and other specific legal req@ments and sign
off due to nature of technology it has a
YyS3AFGAGS NBLMzilF GAz2zy |
NHzo 6 A &aKEd ht RSNJ (1 SOK\
pollution control led to releases of dioxins and
heavy metals, adding to negative perceptions
the technology, despite improvements in
emission controls.

Results in a higher amount of ash requiring
further contained disposal such as landfilling
compared to that of pyrolysis technologies.

Emissions are less contained compared to
pyrolysis and gasificatidiechnologies. Relies a
lot on flue stack pollution mitigation
technologies to be failsafe.

Longer residence times, compared to pyrolysi
and gasification.
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Tablel2 Pyrolysifddvantages andisadvantages

Advantages

il

Reduces waste whilst providing a useful ener
output at the samdime. Economic advantage
with regarding operating costs when using
waste as feedstock.

Low air pollution. The oxygen starved
environment meanso dioxins nor ultrafine
particulate matter is produce(br at least very
minimal amounts)

Range of prducts. The different types of
pyrolysis and operating conditions allow
different products to be produced with
different applications, whether that be solid
biochar, liquid bieoil, or syngas.

Controlled emissions. All emissions are easily
captured within the syngas, providing easy
removal through syngas cleaning, allowing
better containment of contaminants.

Efficient. Pyrolysis is a very efficient process
with high conersion of feedstock to products
(e.g., high bieoil yield) Although, if electricity is
the desired product, pyrolysis efficiency is
lower, similar to that otombustion
technologies.

Easy to operate and transportid to modular
units available. Additionally, this makes them
easy to scale up or down by simply adding mc
units.

Liquid products have amilar heating value
compared tofossil fuels.

Can be used to convert a wide range of waste
streams.
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Disadvantages

1

Unwanted byproducts produced. Inert bottom
ash is produced which requires contained
disposal suclas landfill

Most pyrolysis types require some form of pre
treatment of feedstock. This includes crushing
and drying the MSW before entering the
pyrolysis reactor.

Elevated temperatures. The required elevatec
operatingtemperatures are a disadvantage
from both a safety and an operating cost
perspective.

Potentially difficult to gain required consent
and other specific legal requirements and sigr
off due to nature of technology it has a
yS3AFGAGS NBLMzilF GAz2zy |
NHz0 6 A aKeg @

Significant financial capital expenditure,
especially compared to combustion technolog
however, this was notiewed asa fatal flaw
given the potential foexternally fundng
(providing it meets donor or lender criteria)

Elevated operating pressures (above
atmospheric pressure) pose an additional saft
risk, especially in conjunction with the elevate
operating temperatures.

46



Tablel3 GasificationAdvantages andisadvantages

Advantages

1

Low air pollution. Similar tpyrolysis,
gasification takes place in a low oxygen
environment, which limits the formation of
dioxins and SOx and NOxX.

Operated at or near atmospheric pressure. T
is an advantage with respect to operating
energy requirements and therefore operating
costs, as well as an advantage with respect tc
safety.

Reduces waste whilst providing a useful energ
output at the same time. Economic advantage
with regards to operating costghen using
waste as feedstock.

Range of products. The different types of
gasification and their operating conditions allo
different products to be produced with
different applications, whether that be liquid
bio-oil, or syngas.

Controlled emissions. All emissions are easily
captured within the syngas, providing easy
removal through syngas cleaning, allowing
containment of contaminants.

Efficient. Gasification is a very efficient proces
with high conversion of feedstock to products
(e.g., high biepil yield), especially when
compared tocombustion technologies.

Easy to operate and transport due to modular
units available. Additionally, this makes them
easy to scale up or down by simply adding mc
units.

Mature technology, even for conversion of
municipal solid waste to energy.

Canbe used to convert a wide range of waste
streams.
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Disadvantages

1

Elevated temperatures. The required elevatec
operating temperatures are a disadvantage
from both a safety and an operating cost
perspedive.

Potentially difficult to gain required consent
and other speific legal requirements and sign
off due to nature of technology it has a
yS3aFGiAGS NBLMWzilF GAz2zy |
NHz0 0 A a K¢ @

Significant financial capital expenditure,
especially compared to combustion technolog
however, this was not viewed as a fatal flaw
given the potential for externally funding
(providing it meets donor or lender criteria).

Longer residence times compared to pyrolysis
however, gasication is faster than combustion
technology.

Results in a higher amount of ash requiring
further contained disposal such as landfilling
compared to that of pyrolysis technologies.
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Biological Technologies Advantages and Disadvantages

The three biological treatment options that were not viewed as having fatal flaws in the Pacific context are plug flow
AD,co-digestionand household or community scale biogas reactossle16 provide an overview of the advantages

and disadvantages of each of these respective systems.

Tablel4 Plug Flow Advantages and Disadvantages

Advantages Disadvantages

1 Less water consumption as the system can 1 The anaerobic fermentation is slower and
operate with low water inputs or without retention time longer than other AD systems
liquid addition.

1 The flexibility to operate under dr 1 Having a long narrow design increases
conditions allows for a higher volume load of susceptibility to dead zones (where there is
organic material per cubic meter of digester no microorganism activity) usually near
volume. corners, which can affect pross

performance.

1 Itis sufficient to use smaller dewatering 1 Requires more robust pumps and secondary
equipment considering that a drier digestate equipment (to prevent dead zones), thus
and less effluent volume is produced. adding further costs.

1 Plug flowrequires a longer time for substrate 1 The drier process means less water is

to pass through the reactor, improving
sterilisation process of the output.

Tablel5 CoDigestionAdvantages andisadvantages

available to dilute the saltwithin the mix
presenting higher risk for salt concentration
reaching toic levelsunless managed
carefully,

Advantages Disadvantages

1 The combination of different feedstoskan 1 The variable feedstock quality and quantity
help improve nutrient balance and digester increases the risk of introducing fluctuating
performance leading to higher biogas organic loading and inhibitory substances
generation e.g, antibiotics, copper t.

1 The digestibility of feedstock with poor 1 Increased mixg andpre-treatment are
characteristics e.gfloating wastes, wastes required to prepare the different substrates
with inhibiting components etgcan be into one homogenise and compatible
compensated by other materials that instead feedstock
complements and rectifies the shortcomings
of the main material

1 Ability to target highvalue feedstock that 1 Likely presence of pathogens derived from
allows for higher biogas production certain feedstak mixtures (e.g, with

manure or food waste additionjvould
require hygienisation compliance and the
associated additional permits, infrastructyre
and management

1 Restrictions of land use f@roduced
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Tablel6 CommunityBiogasReactorAdvantages andisadvantages

Advantages

il

Simple, basic, compact design requiring
minimal initial cost

Viable where land is scarce, especially if
digesters are built underground

Easier system for community to maintain
because the procedures to improve mixing o
heating are nonessential with these
digesters

Offers a twepronged solution in waste
disposal and energy demand for
underprivileged communities through a
cheap, viable and renewable method

Can provide accessible clean technology at
grass roofevel andimprove living
conditions

Can reduce odours from animal manures,
particularly in built up or crowded areas
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Disadvantages

il

Strong technical skill is required to ensure
gastight construction as the desigand
construction needs to bproperly sealed and
waterproofed.

In case of leakage, the undergrudidigester
makes repair work difficult

Concerns with feedstock availability being
the limiting factor and the lack of arlze and
consistent feedstock volume within a
community could hinder its adoption

Government or other agency pport is
usually required to initiate and finance
community biogas projects

Capacity to operate and maintain the systen
can be challenging given the household or
community nature of the infrastructure
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A Advanced Waste Technology Exampl€ase

.\Studies

A requirement for thermal technologies to pass the fatal flaw analysis was technology maturity, showing that
it has been commercially proven. Some case studies are provided below showing current plants using this
advanced WTE technology as well as a rarigeendors supplying this technology. The selected case studies
are not in any way endorsing or advertising the vendmlow butare presented to simply show a selection

of what is readily available on the market.

CombustionExamples

Thereis a significat amount of combustion technologies on the markeither as early development
technologies or established g#bal case studies. Frontline Waste has developed a WTE combustion system,
the GenH System. Different to its JF System which uses pyrolysis technology, theit Sgstem uses
combustion. It is a containerised modular unit, operating at extreme tempeeatwith the company
claimingno process emissions. The GdnSystem consists of a fluidised bed combustor, with controlled
feeding at high to ultrénigh operating temperatures (88Cto 130C°C). Its main product is heat, which can
then be coupled with Yy (i f A y'S 2B Sydie® Orhe GaESSystem is a mobile organic Rankine cycle
power generator. The Geld Systemconverts the heat from the GeH System into carbefree electricity,
where one GerH System generates enough heat to supply two-Eeyster.

The GerH System is a smatale technology, available to process smaller quantities of feed, of only 10 to 20
tonnes per day. Additionally, the GéhSystem has a reasonably small footprint, with dimensions of L x W x
H: 8.5 m x 2.4 m x 3r8 andweighing 26 tonnes. Similarly, the associated &e8ystem has a footprint of L x

W x H: 12 m x 2.4 m x 22 andweighs 19 tonnes. Both systems are mobilith the company claiming that
they can easily be transportelly road, making it an option for geograiglly spread small facilities.

The GerH System does not require any greatment drying, with theOriginal Equipment Manufacturer
(OEM) reporting thaéxtreme operating temperatures allowing conversion of waste with a moisture content
of up to 35%. Additionally, th®@EMclaims eas®f operation with low operating costs, as no additional fuel
source is required other than the waste feedstock.

Additionaly, theOEM claims theystem is designed for a single operator, with a straightforward maintenance
procedure. Feedstock accepted by the @¢iBystem includes combustible feedstocks such as MSW, marine
debris, industrial waste, animal wastgpmassand ron-metal hospital waste. Waste size is also an important
factor, howeverstandardsizel waste does not require prreatment crushing, as a screw auger conveyor
shreds the feedstock into small pieces priorentering the fluidised bed combustor. Emissiautrols in
place include multityclone separators, baghouse filters, and wet scrubbers.

The Ge® {2adiSyQa 2NHIYAO winstrdaméPandeevith &sinple gnd toinpaat 2 F
design, designed for unattended operation with an automated control system and remote monitdhag.
OEMclams® i K a&aidsSvya INB adzAdlofS F2NJ AydSN¥bnefryl €
eachsysteE YR F HnQ O2yGFAYSNI F2NJ 0KS FyOAfflFNE SlJdz
the GenH System is shown below kigure8.
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Figurel5 Frontline Waste Gehl Combustion Technology
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AnotherWTEpower plant using combustion, @evelopedby Ecomaine. The plant opened in 1989 and is still
operating daily éxcept fora typical two week shut down period for maintenance), processingeayclable

waste. This translates topproximately175,000 tomes of waste feedstock processed annually. The plant
converts the waste to electricity, at an operating temperature of 8Qsing a moveable step grate
incinerator, where waste burns forfourha® o6 SFTF2NB [[dzSyOKAy 3 (GKS o62G-G2Y |
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14MW, where they use only 105% of the electricity produced to run their two facilities and electric vehicles,
sendingthe remaining electricityo the local griqEcomaine, 2021! & OKSYIF GAO 2F 902YI A
seen below irFigure9.
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> Pyrolysis Case Studies

A small simpl&VTEsystem was developed by Nufuélsl, converting waste plastic bags and bottles into energy through
pyrolysis. This small system was developed for use in PICs, particularly for the Solomon Islands, and has already been
implemented in both Munda and Honiara. It is a srsahile unitg eas/ to transport and construct, therefore making it a
suitable option for use in the Pacific. The system is fired typically by wood or fuel from the process. The reactor has the
capacity to process 7 kg of mixed PE and PET. As sh&iguie17 below, the pyrolysis product gases pass through a
condenser, accumulating crude in the blue container water bath, with the incondensable gases being storedein a wat

sealed system. The products consist of about 5 kg of viscous plastics crude and 2 kg ddigesgery 7 kg of feedstock
processed.

Figurel7 Solomon IslandSmall-ScalePyrolysisPlant

Source: Blended Fugblutions NZ, 2021

The crudeil LIN2R RdzOSR Kl a | &aAYAfIFNI SySNHe RSyairde G2 dGKFraG 27
baking and drying whilst keeping the fuel and exhausts away from the produce. The gas produced can be used for cooking
as well as used in a petrgénset(Blended Fuel Solutions NZ, 2p21

Another pyrolysis based advanc®dTEtechnologyavailable on the markeis the JFS/stem, developed by Frontline
Waste. It is a simple continuous process, utilising multiple augers to transport the feedstocghttaageactor, where it
undergoes the thermal decomposition pyrolysis process, before exiting as biofuptdiristed by the OEM amn energy
efficient unit, which uses its own energy output to not only power the system itself, but also dry the feegsimrcto
entering the reactor. This means that no fossil fuels are required beyond ignition. The reactor is a modular unit, where
the capacity can be increased ingtallingadditional modulesAlternatively ,capacity can be reduced by removieyeral

augers from the reactor.
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The OEM states that thenodular unit has a small footprint, and the modules are stackable, further saving space when
more capacity is required. The dimensions of the unit are: L x W x H: 6 m x 2.4 m x 2.1 m, asnshigwre18 below.

Frontline Waste states that their Jfstem is easy to install and operate, as the system can be set up in three days, and

is designedo only require one operator, with easy and straightforward operation. Frontline Waste also claims the JF
System has low cafal costsdue to its simple modular design, as well as loveraging costRdzS (12 (KS- aeai
fuelling capacity along withgtcapability to continue to operate during maintenance.

Figurel8 Frontline Wastd?yrolysisTechnology

Source: Frontline Waste 2019

¢tKS deaisSy Aa Sraiate GNIYyALRNISR a Al FAGa Ayd2 Go2
O2y il AYSNI NI yaLR2NIa GKS NBFOG2NE YR I wnQ O2y il AySNI
The JF System uses a screw reactor, alaccbntinuous fed system, with a low operating temperature (although specific
valueswere not availableon their website). Products are biochar, #d, and syngas, with a processing capacity of 20 to

120 tonnes per day of dry adtee feedstock. In terms of emission controls, as this is not a combustion process, no dioxins
nor ultrafine particles are proded.

TheOEM of theJF Systerolaims that itcouldaccept a wide range of feedstock, this includes agricultural products, water
plants, and municipal solid waste (MSW) including plastjosstand textiles. Additionally, tHeEM claims théF System
canhandle any MSW composition or moisture contefss well as the JF System, Frontline Waste also supply-aiteon
power generator, which can be used to convert the-biband syngas products to electricity. Frontline Waste states that
a large JF System whole can generate 5.5 MW of zeoarbon electricity from the postecycling waste produced by
250,000 people. From a PIC perspective, the JF System could be the centre ofszaimaliaste recovery facility, with
feeder transfer stations spread out to &ty support waste collection from smaller outer islands and atéltentline
Waste 2019%.
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N Gasification Case Studies

In November 2020 the Government of Samoa commissioned the AfBAukW biomass gasification plant with an
investment of $11.3 million tala in renewable energy transitidaer 202). The plant uses biomass from invasive weed
species and coconut logs, husks and shells to generate syngas.The gas produced is coplanpkerinto generators

02 LINPRdzOS St SOGNROAGE FSSRAYy3I Ayid2z2 GKS 9ftSOGNRO t26SN
the plant has contributed approximately 750 kilowatts perhour into the national electricity gitb@ 2021

Figure 19 Afolau gasification plant commissioned Nov 2020
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(Source UNDP 20p1

The gasification plant will utilise up to 24 tons of biomass materials each day; with an estimated feedstock of
7,000 tons per year. This wienerate electricity to meet the needs of approximately 5000 households,
replacing approximately 1.25 million litres of diesel imports for electricity generation.

The capital costs were funded by a grant through the Global Environment Facility, with iapgtedy $8.7

million for Ankur Scientific Energy Technologies Private Ltd who provided the technology and assembled the
plant. Further costs included $237,000 for local groundworks; $877,500 for the hire of heavy machinery;
$40,000 for grid electricity carections and installation of a data system, and $31,710 for other equipment
(Fruean 202D

There are a range of companies selling these types of technologies at atemedtlium scale.A further

example iDynamis Energwho have developed a portable adveed thermal oxidation system for waste,
named The WasteStation. This system uses dual bed indirect gasification, consisting of a gasification chamber
and a combustion chamber. TREEM states that theaw MSW does not require piteeatment, and is loaded

into the gasification chamber, which is operated at relatively low temperatwvéh, the company claiming

90-95% destruction of the waste. The syngas produced from the gasification chamber thes nater
combustion chamber, reacting with oxygen, becomingdised at high temperaturesind thusproducing

energy. This energy can then be utilised as heat or polwee.company claims that thashby-productis

sterile with minimal residual carbon, although it is stilllamwantedby-product, requiring disposab landfill.
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A schematic of The WasteStation can be seen below in

Figure, showing additional operating information including temperatufBise WasteStation can have one to
four waste chambers within the system, catering to a variety of waste demandsamdations. Each waste
chamber has a loading capacity of 14 per day,with the company stating thathis can be combined to
process up to 56 Aper day of waste feedstock.

Dynamis Energy claim simple operability, as it contains an automatic oepratiotr®l panel and process

logic control systeng simply load the waste material into the chamber and push a button. As shown in the
schematic below, it is easily transported as the system itself consists of modules that have been skid mounted
and integratel into shipping containersThis provides stability for the system to travel through intense
conditions often associated with freight.

Additionally, thecompany claims thathe system has minimal construction time, and can be operating in a
matter of houss. Dynamis Energy also claim their system is low maintenance due to minimal moving parts,
and therefore has reduced operating costs. In addition to the operating db&t<DEM claim®perational

labour is only required for two to three hours per day, tas a batch processyith loading undertaken once

a day Thecompany claims that th&/asteStation system has been tested with various feed materials including
MSW, industrial waste (solids), commercial and demolition waste, medical wgste, mixed platics,and

auto fluff. The OEM states that thelyave had their WTE technology used in operating plants since 1996
(Dynamis Energy, 2021
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Figure20 WasteStatiorGasificationTechnology
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B Anaerobic Digestion Case Studies

One of the key differences between different technology options is scale, with

Table17 providing an overview of the scale in relation to feedstock and energy outputs.

Tablel7 Scale ofAnaerobicReactors

Feedstock Input EnergyOutput TypicalApplications
(tonnagéyear)
Small Up to 7,500 25¢ 250 kW Farm or household
Medium 7,500¢ 30,000 250 kW¢ 1MW Farm or industries with

biodegradable waste




Large 30,000 or more > 1MW Centralsed, mixed feedstock
sources e.gmunicipal,
commercial and industrial

Source: Global Methane Initiative
An example of plug flowligester in use ishe LARAN® pludtpw digester showrbelow in Figure. It has beenon the
market for over 15 years treating municipal solid waste, kitchen leftoverqrogucts fom agricultural and food

production, biowasteandgreen waste energy cropPlans are establisheth countries such as China, Poland, Germany,
Spain, Netherlands, Franamd Scotland $TRABAG, 20119

Figure21 Schematic of ERABAGaran Plug Flow Digester

Source: STRABAG, 2019

This technology ibased on the horizontal plug flow principle consisting of a horizontal vessel equipped with agitators
that are arranged transversely to the flppreventinguncontrolled sedimentation or the formation of swimming layers.
The agitators are also overlapped to enhance local mixing of the material, release of gas jarble®vement of the
treated material to the digester discharge.

The energy consumption &ry low due to the intermittent agitator drive operation. Maintenance is less complex with
all components such as the agitator drives, feed unit, digestate discharge and gas system easily accessible from the
outside.

The FRABAGaran Plug Flow Digestean treatdry feedstock with high levels of total solids betweer?/d® 50%
operating under mesophilic or thermophilic temperatures. A compact feed unit feeds the input material in & semi
continuous mode, adjusting the total solids content at the sameqtiired. Treated materialghe digestate travels and
discharges through the STRABAG vacuum discharge system. The dégmsteyact and robust, offering options of cast

in situ orconstructionfrom prefabricated concrete elements.

A further example apptation of this plug flow technology is the CTR Valladolid plant in Spain that treats 200,000
tonnegyear of mixed household wasteshown below irFigure22. This plant i®perated by UTE Planta de Tratamiento

de Valladolid and since 2001, a 15,000nedyeardry STRABAGaran Plug Flow Digester (shoinrFigure22) hasbeen
included toprovide allenergy requiremergfor the operation Hagenmeyer, 2004



Figure22 CTR Valladolid A:zchnology

Source:Hagenmeyer, 2014

As the household waste is received mixed (without any source separation), screening and separation is performed prior
to digester feeding. This removes any metals (ferrous andfaonus) and undersized fraction < &m. Thefeedstock

is estimated tostill contain up to 1% inert impurities consisting of stones, ceramiasnd glass. Recirculated process
water is fed into the process to achieve aboufdidtal solids content. At the completion of the 50 days digestion period,

103.44 Nm? biogasfinneof feedstock is produced. Methane averaged a¥®5 O2 Yy SNIiAof S (2 St SO |
780 kW electrical performance registered CHP engine.

The resultant digestate is channelled to a composting area where the impuritiesegaats are removed, and the
dewatered cake turned into compost in a tunnel composting facility.

A CommunityBiodigesterCase Studies

.\

In developing economies, smaltale household anaerobic digesters are widely distributed systems inanetas. The
digesters are usually small (up to 16)mdue to the limited amount of feedstock, which is usually contributgdhe

household itself and its surrounding activiti€&he commoninput materialsinclude animal manure and kyoducts,
kitchen or food waste, agricultural residyesd human waste.

Having a digesteat a community level cagreatly improve sanitation and waste management, whigloften non
existentin low-incomecommunities Bioga produced from these smadkale reactors is usually used in situ for domestic
cooking and lighting. These household or community biogas reactors are usually enabled due to contributions from
various international and local donors, with government agencieerlooking monetary, planning, design, building and
maintenance aspects.

Some of the widely used community biogas reactors are the fixed dthed|oating drum and plug flow. The fed
dome digester shown in



Figure23 was developed in China, with the digester placed underground and equipped with a-sltaped roof. The
biogas produced fills the dome and when pressurised, fills the inlet and outlet tanks with the slurry. Theesiuny
into the digester when the acenulated biogas is released.

The floating drum biogas reactor (common in India} a differenbiogas regulation featur® the fixed dome. lutilises
a floating drum that movedependenton the biogas volumeas depicted irfFigure24. An inverted drum is placed at the
top of the digester with both the inlet and outlet pipes at the bottom of the reactor.

Lastly, he plug flow models shown inFigure25. It is nmore popular in South America, as it is more portable, partially
buried and has a longarrow structure.Thedigester is not fully bued, meaningit is more susceptible to temperature
losses and thereforerequiresinsulation and roofingn orderto retain the desired conditions.

Figure 23 Schematic of a Fixed Dome Digester
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Source: Pillorand Hamed, 2021
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Figure 24 Schematic of a Floating Drum Digester
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Figure25 Schematic of #ug How Digester
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Source: Pilloni and Hamed, 2021

More than 30 million community biogas reactors are in operation in China, with over 3 million in India and hundreds of
thousands in developing countries throughout Asia, Africa and Latin Am&&jandran et al., 20)2CertainPacific
IslandCountrieshave also trialled and implementetiis technology.

The biogas reactor in Vaitele, Samoa is an examfpt®mmunity scal@naerobic digestion ithe Pacific The reactor
depictedin Figure26 is from BioEnceptionand isdesigned to treat household sewage, food waste and other green
waste.
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Figure26 CommunityBiogasReactor in Samog Ste Preparation, Tank Modules BiodigestionBags,Gas Equipment

Source Ward and Rucks, 2013

The biodigester installation is a demonstration project for alternative septic sydbased on biodigestioas a means

of improving sanitation and reducing environmental pollution from this diffuse source, a common issue in the Pacific.
The cemonstration in Vaitele provides a potential path forward to address sanitation issutss@sidential areaswith

plans to further implement this technology in other areas of Sanamhlreséng all areas of poor sanitation, proving to

be a significant investmenBamoa continues to investinbi®A 3Sa A2y gAGK | o6A23Fa deadc:
community at acost of $98,000 through the Globatvironment Facility and United Nations Development Programme.
This system will utilise piggery and cow waste, combined with household food waste to generate biogas for cooking and
lighting. This is a pilot project torfilner explore community energy projectEhe second case study relevanthe Pacific

Islands is the biogas project instigated in Tuyallnere 40 households from six remote islands were allocated a
householdbiodigester As a lowlying atoll nation, Tuva is extremely vulnerable to the impacts of climate change. With

high energy costs and lack of fuel wood supplies, the biogas project aims to provide householdsweitist energy,

whilst demonstrating a commitment to renewable energy.

The design is based t¢ime floatingdrum digester(Figure24), with a PV@aseandan inverted floating tankTraining was
provided to all participantsincluding operations and maintenance, which was viewed as a critical success Ka@or (
2018). Participants reported that it was beneficial and has resulted in direct savings in cooking fuel experirhtifie (
Community, 2018 Key lessongeported were that adequate time needs to be factored in for consultation and training,
with ongoing support available to participants to trouble shoot issues over.time
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Feasibility Considerations for the Pacific Islands

Fit with Waste Management Hierahy

As identified in the Cleaner Paci#i@25, the waste management hierarchy, capturing the principles of reduce,,/@ude
recycle is a core foundation for waste management in the Pacific.

The first guiding principlef the Strategyis:

Reduce, Reuse, Recycle, Return (3R + Return)

In prescribing waste management interventions, the preference shall be to reduce the generation of waste and
pollutants; to reuse if appropriate and safe to do so; to recycle domestically when technically awethanically
feasible; and to return waste resources to appropriate recycling facilities in other countries. Residual waste that cannot
be reused, recycled, or returned for recycling shall be disposed of in an environmentally sound manner.

This principles reiterated inseveralnational policy and strategy documents, recognising that measures to avoid waste
generation, then reuse and recycle are the basis of sustainable waste practices. In the Pacific region ahdsténitre
return principle is also gpopriate given that often waste cannot be recycleetmuntry due to economy of scal8everal
countries in the region are exploring opportunities to fund return schemes, such asfdife disposal levies applied at
import.

There are four Strategic GlsainCleaner Pacific 2025, with the first focused on waste and pollution prevention, and the
second on resource recovery. The third goal is

Improve management of residuals

Wastes,chemicalsand pollutants from which resources cannot be recovered require appropriate storage, collection,
treatment, and disposal to minimise the risks to human health and the environment.

The fourth Strategic Goal focuses on improved environmental monitoAdganced waste technologies fit with the
principle of disposal in an environmentally sound manrard the Strategic Goal of improving the management of
residuals WhistWTEis utilising waste materials as a resource, this must be considered within thefi¢hs broader
waste management hierarchy.

For example, &/TEtechnology may effectively utilise resources such as plastics to produce energy, which may be more
sustainable than processing and transporting overseas for recycling. However, a local plant producing building blocks
that utilise plastics as an input matal may provide a more valuable use of the resource. The important aspect to
consider is whether th&VTEtechnology effectively locks out future innovations.

Advanced waste technologies provide an opportunity to reduce the need for landfill, keepinigdrtmt there often
remains a need for landfill of materials such as ash. As an alternative residual waste strategy, there are several merits,
but it is important that the technology does not displace efforts to reduce, reuse and recycle.
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Availability of Feedstock andlustainingSupply

Between 2019 and 2021, the Pacific Region Infrastructure Facility (PRIF), SPREP, and other agencies used the PR
standard Waste Audit Methodology to conduct waste audits in 14 Pacific couatmizgimorLeste This provdesan

improved basis for data within the region, with a standard methodology ieplple for ongoing waste composition
analysis. Sound data for infrastructure and service planning is a fundamental requirement for improved waste
managementThis builds onarlier work undertaken by PRIF, producing a solid waste management and recycling profile

for each of the Pacific countries and territories, taking into account material inflows at the b&B#F 013

It is critical as a part of the feasibility wofér any advanced waste technology, gain a detailed understanding of
available feedstock, includiribe sourcdocatiors, and the associated waste collection systems.

A particular catchment area to feadto a WTEfacility must consider the following details:
1 waste compositiorg amounts and classification into waste types
1 any seasonal variation
1 current waste collection systems and if this requires expansion
1

options for source segregation segregation requirements once feedstock arrives at the plant

Organic waste makes up 58% of MSW in low and loweniddle income countries, yielding a low calorific value for
WTEfacilities UNEP 2010 Countries need to consider organic fraction giveattimcineration requires an average
calorific value of 7 MJ/kg to enable combustion without auxiliary fuel. In countries with high organic waste composition,
biological treatment systems may present a better option. The waste composition is an importstitmatechnology
selection.

If a technology requires a minimum feedstock that is over the current waste generation amount for the catchment area,
this shouldbe viewed as a fatal flaw. Ttanalysis must also look at broader trends and make informeiinases of

future waste generation. This must consider not only population growth or decline, but also the intersection with other
policy initiatives such as a proposed ban on the import of single use plastics.

A further option to consider is the import @fdditional feedstock from outside the given waste generation catchment.
However, this needs to carefully consider transport costs, and the sustainability of this supply.

For example, a wastewater treatment plant may produce a sludge, and with no logahs@vailable, may seek to
transport this for disposal at WTEfacility. However, the long transport distance may instigate the development of a
local biesolids reuse project to provide a more casfective way to utilise the resource.

A further condileration is the risk of transporting waste. If the proposal is a shared facility between countries, the
transboundary movement of waste becomes a legal constraint for signatories to the Waigani and/or Basel Conventions.
These conventions are based on anpiple of informed consent, ensuring recipient countries are aware of the risks of
any waste materials to be brought in. The conventions provide countries with some protections against becoming
WRdzYLIAY3 3ANRdzy RaQ F2NJ |y 2 i K®BMNieddigaole/biirdhspwith &S dodtry dsting 4 y &
waste (or recycling) facility effectively taking the risk from participating countries.

A very poor outcome is a technology that requires a minimum feedstock that consumes all the waste being produced,
and ideally needs a growing feedstock for the right economy of scale.

In this situation, the technology provides a very real disincentiveethuce waste generation or to reuse and recycle
resources. Whist there may be an energy resource produced, it remains a resource intensive method of waste
management that risks removing options that are better from an environmental and local economy gtérspe

Sustaining supply is a core consideration for detailed feasibility work. Decisions must be made based on sound waste
data and conservative projections about future waste generation, both quantities and compoSitomtries should
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avoid putor-paycontracts, as well as loAgrm contracts that lock them into decades of burning waste that could have
been avoided, reusear recycled.

Scalability

Feedstock requirements leads into the critical aspect of sdaéeh advanced waste technology is deped at a
particular scaleSeverakystems are modular, providing the opportunity to start operations at a smaller scale than the
available feedstock, and expand the processing line as required. Other technologies are fixed in their scale and need to
be carefully matched to the available feedstockéodular systems that can be scaled up and down in line with changes

to feedstocks over time, provide a flexible option that can have significant benefits.

Environmental Risks

Environmental risks are a furth&ey consideration in any detailed feasibility assessment of a particular technology type.

Combustion of materials such as plastic has the potential to release toxic pollutants, including mercury, lead and dioxins.
Of particular concern are dioxins knowna WLISNBAAGSyYy i 2NBFIYAO LkRffdziltyiaQ
accumulate in animals and the environment. Dioxins can also be present wtqogiustion ash wasteefqivironmental

Justice Australia 202,1along with the potential risk of dioxins @furans present in air discharges if the pollution control
standards are inadequate.

WTEfacility emissions are directly influenced by the quality (or potential hazards) within feedstocks, the design of the
facility (particularly the pollution control technologies), and the operational practiCetefHunter et al 2020 Choosing
technology vith an appropriate level of pollution control is an essential consideration.

A furtherenvironmentalchallenge is that many small islastdtes are vulnerable to natural disasters or extreme weather
events. This increases operational risk, with facilitielerable to damage not only from the d&y-day high wear of
coastal environments, but from damage during cyclones, storm surges, or other natural disasterslyimdoatolls,
vulnerability to predicted sea level rise exacerbates these risks. Nalkiseaters also produce surges in waste quantities,
requiring consideration of storage capadity any waste facility.

Landfilling of incineration residues is a further risk to be considered, with the potential for contamination of freshwater
resources anther risk to be managedn Bermuda, bottom ash from a thermAITEplant wasutilisedas a materiain
concrete blocks (after recyclable ferrous and Herrous metals were removedwhich were then used to create an
artificial reef. However, in using baitn ash in an offshore reclamation area, theves evidence of sediment and reef
contaminaton with furans,dioxins,and other hazardous chemical®fes 2000 In many places, bottom ash is used as

a material in road constructiotput this may not be an djon in countries with limited road constructiapportunities

Gender and Social Inclusion

There areseveralsocial aspects that are key to improving waste systems in a way that does not create inequitable
outcomesor community division. Stakeholder engagement is essential, with meaningful engagement as a part of the
feasibility assessmerprocess. This wilprovide the opportunity to hear concerns and ensure they are addressed
throughout the processPublic opposition to the installation of an advanced waste technology facility is often a major
obstacle, and as such, attaining social licence is essential. €higsothrough providing clear evidenbased
information, opportunities for dialogue, and transpareggcisionmakingprocesses.

Stakeholder mapping is a key step to understand the potentially affected groups and communities. This will form the
basis for ay compensatory strategies to ensure that no one is worse off from the development.

Gender considerations are key to the analysis. For exanfipies, iechnologyis presenting more risk to pregnant women
due to potential for air emissions if the facility not operated as per the design. Risks must be clearly articulated and
explored to ensure that unfair burdens do not occur.
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There must be consideration applied to economic displacement. For example, in many places, the work-pfokaste
identifying, sortingand onselling resources is largely undertaken by people who are socially disadvantaged. Workers
are often alreadypoor andlosing this livelihood option may worsen their situation. Consideration needs to be given to
providing alternéive and safe options for livelihoods.

The siting of the facility must considelose neighbours and communities, and potential impacts. Waste facilities of any
kind are typically difficult to site with adequate buffers and environmental safeguards. Hovitegex priority to consider

social equity aspects, and ensure that those who already have disadvantage do not have this compounded by the choice
of site for the new facility. Ideally, the advanced waste technology would be sited within an existifity &ed but this

will still need to consider existing neighbours, who are often poor communities or people facing social disadvantage.

The final aspect to consider is on the side of opportunities. Advanced waste technologies provide employment, often
requiring significant technical training and support. Technical roles are often provided to men in PICs as a default, despite
the evidence from sectors such as mining and energy that gender balance can improve productivity and safety. It is
recommended thatraining and employment opportunities are considered for both women and men during the planning
and implementation phases.

Further Constraints

The legal and policy framework is an important mechanism to reduce the risks from advancedeghatdogies. PICs

may lack legislation on internationally recognised emission standards, providing inadequate protections. The capacity for
monitoring and enforcement is the secondary essential element of regulatory oversight. Without effective monitoring
and reporting, environmental and health risks cannot be effectively managed.
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PESTLEnalysis

The following highevel PESTLE analysis (Political, Environmental, Social, Technological, Legal, and Economic) is provided as arg iagssdgpnaint. Countries considering
investment in WTE are encouraljeo undertake a more detailed assessment. The PacWastePlus Programme has developed an MS Excel based PESTLE Debigibn Suppor

available from the Programme websitev(w.pacwasteplus.org

Table1l8 PESTLAnalysis ofAdvancedWaste Technologies

Political

PoliticalDrivers

Consultation with
Government
Stakeholders

MediaAttention

Governance
Arrangements

Environmental

Human Health

Pollution (Air,
Water, Or Land)

Any of these options may be supported politically #&dh demonstrate tangible benefit to the people. This will include considerations of affordability, which ca
problematic in areas with no user fees for poor waste services, as willingness to pay may be low, which risks becoritadjdepatie. Polital will to resolve
waste management issues is a peguisite for change, with waste gradually being seen as a more pressing issue in the Pacific.

This is a preequisite for implementation of angdvanced waste technolggas it will need support across sectors, including waste, enarglyagriculture. It will
also require consultation acrosise planning, infrastructureand financial sectors, and be prioritised in national infrastructure investrplanning.

There is a risk that negative media attention can draw criticism or politicise technology choice. Transparent and opericainmfrom the start is required to

minimise this risk, ensuring that accurate information is jufed to the media.

Governance arrangements are fundamental to investing in advanced waste technologies. The roles of operator and regulattwerdedrly articulated. If the
facility is a public private partnership, suppast stablishing and managing transparent and effective contracts will provide the best results for the Governm
and the communitywhilst avoidng politicisation of roles. Ongoing communication of risks and mitigation are an essential component ofyjsgantance.

Effects on human health were considered and pyrolysis, gasification and combustion
iSOKy2t23AS5Sa 6SNB T2dzyR (2 KI @S (KS LR
health, if there were an accident / explosion. There is also the potential for health
impacts from air pollution, particularly from combustion technologies.

Pollution effects have been considered and pyrolysis was found to have very minimal
effects to all land, air, and water environments, due to the high conversionegféigiof
the waste feedstock, along with the pollution controls in platiee same applies to
gasification technologies. For combustion, pollution control components must meet
relevant standards to ensure release of dioxins and other toxins are avoidedtaviog

is also essential.
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There are limited
risks to human
health from AD

There are limited
environmental
risks provided the
facility is not
releasing
leachate. Facilities
are enclosed to
avoid air pollution
or odour.
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There are limited riskto human health
from biodigesters, provided they are
constructed well, and are maintained to
avoid leakage, pautularly if household
sanitation waste is being treated.

As above
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Pyrolysis Gasification Combustion Codigestion Plug Flow

Anaerobic
Digestion

Small Scale Biodigesters

Visual Amenity

Noise

Traffic

ClimateChange

Local Natural
Resources

Local Flora and
Fauna

Local Ecosystems

Energy

LandUse and
Aquaculture

NaturalHazards

Environmental
Targets

Leachate and
sludge may
contain micre
plastics and need
suitable end use.

Protection of visual amenity is dependent on scale of the facility and siting. This must  AD facilities are

carefully managed to avoid impacts. enclosed andan
be screened to
protect visual

amenity.
All thermal technologies have noise emissions particularly in theérpegment of waste AD facilities are
(e.g., grinding). Enclosed facilities and siting away from sensitive receatersitical to enclosed to
avoid impacts. minimisenoise

andsited away
from sensitive
receptors.

Traffic impacts will depend on the scale of the facility, and the siting. This will need to be addressedAn the E
process.

Limited risk as they are usually budign
the ground and sited away from high
amenity areas.

No noise emissions

No traffic impacts

All technologies are mitigation measures, reducing GHG emissions from landfilling, and utilising the waste resourcedmpertkwable energy to replace fossi

fuel-basedenergy sources.

No impact on local resources. If biom#&s$o be included as a feedstock, it needs to be from waste products

Impact would only occur due to poor siting in an area with rich biodiversity. This will be assessed as a compc
of the EIA

As abwe.

All technologies produce a form of energy. However, energy inputs need to be considered as part of the feas
work.

Impacts related to siting and potential loss of agricultural land, or conflicts with other land uses such as touris
This will need to be consideredtine EIA

Natural hazards must be considered as a compoonédetailed feasibility work and siting. Sea level rise and
increasing natural disasters are a significant risk for facilities. Design and construction must take this inta acc

No impact

No impact

Produces local source of sustainable
energy at household or community scale

Unlikely to have any impact

Limited risk as construction is within the
ground

All advanced waste technologies align with renewable energy targets, with varying impacts depending on the technologyugnesggnd scale. An important
consideration is how the proposed technology aligns with any waste avoidamss,or recyclingargets. There is a risk that some thermal technologies with

minimum feedstock requirements may provide a disincentivelier3Rs.
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Social

Consultation with
GCommunity
Groups

Community
Suitability or
Applicability

CulturalHeritage
and Local
Traditions

Technological

Fit for Purpose

Build and
Installation

Operation and
Maintenance

Upgrades

Decommissioning

Legal

Social licence is critical, particularly with therrtethnologies, where there may be fears of health or pollution impacts. Consultation from the outset is critical
ensuring stakeholders understand the challenges, and constraints. Forssralallbiodigestion, the community and or recipients need to béngiparticipants,
and understand the work involved.

This is a risk with all advanced waste technologies, with some potentially viewed as incompatible with currer
community priorities. Any increased costs must bedssed, without ovestating the financial returns from
energy sale. The proposed technology needs to be viewed as an appropriate solution.

Attitudes need to be understood, as the
technology will fail if it is not culturally
favoured

Unlikely to have impact, but siting must consider cultural heritage as pénedElA process Impacts unlikely, although any cultural

barriers must be openly discussed

Being fit for purpose is a core aspect of the detailed feasibility assessment. There will be a number of options, arabtestanailable, but fit for purpose must
inform decision making. Having successful plants in similar settingadvantage andit for the feedstock readily available must be ensured.

These technologies will be internationally sourced. Those that come in modular or containerised systems shu
be viewed favourably. Technical support for budderate (initially) and maintain functions need to be explored.
Installation must consider the harsh coastal environment, and the need for protection from the elements.

Simple to build using local labour

Operation and maintenarcare a risk given limited local capacity in a number of PacWastePlus countries. As ¢
the contract model must consider initial operations and léagm maintenance contracts as a core component o
sustainability. This is the case for many donor fundgdipment installations over relatively short term project
lifespans, and the lesson consistently learned is that operation and maintenance is a fundamental sustainabi
issue.

Training must be provided, dwngerterm
support

Upgrades are annlikely aspect of these technologies, as the aim would be to gain utilisation of the infrastructure over the projecitthéfasset. Minor
upgrades, such as improved pollution control additions may be possiblepiguades are generally not considerlikely. This is another reason why the feasibility
work must be undertaken with rigour.

All options must consider decommissioning as a part of the feasibility process. Importantly, thermal processe
require landfill for disposalfash, and AD processes will still need landfill for residuals from the inorganic fract
of the waste. The planning for longer term operations and decommissioning are an essential component of
planning.

Decommissioning is a consideration, but
not viewedas a significant risk.
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Legislations,
Regulations and
Policies

Other Gountries

Economic

Commercial
Viability

CostBenefit
Analysis

OtherFnancial
Impacts

Wider Economic
Benefits

Fnancial
Governance

A key risk for advanced waste technologies is adequacy of regulatory oversight. Emission monitoring needs
built into contracts, with regular reporting to national ministries with the mandate for environmental protectior

The technology must be aligd with national policies, including commitments to renewable energy, and to was
reduction,reuse,and recycling.

The Waigani and Basel Conventions must be considered if there is any transboundary transport of waste
(although this is considered unlikely unless for hazardous wastes)

Advanced waste technologies are developed through public private partnerships, which will require commer¢
viability through disposal fees amhergy revenue. Viability may not be a core consideration of technology
feasibilityassessment buwill be thecore aspect once the step of Expressions of Interest and tendering for
partners is undertaken. Any partnership will need to closely consider viability, balanced with affordability for
communities.

Need to ensure the building code and
planning regulations are open to bio
generators, and that pollution control
legislation is considered.

Not applicable

At a smakscale level, this is not so much a
commercial casideration, but one of
reducing household or community costs

A cost benefit analysis is relevant for all advanced waste technologies. This will consider the drivers for change,ithéhanding environmental and social),
andthe costs. Given the loagrm application of this type of investment, cesenefit analysis will need to provide clarity for decision makers, with assumptions

clearly articulated.

User fees required as a basis for teehnology must be analysed in terms of capacity to pay, and potential unintended consequences. If waste service fees

significantly, will this create a response of increased illegal dumping and burning due to limited capacity to pay

Pacific Islands and Timbeste, to varying degrees, have vibrant tourism economies. A key threat to this is visible poor waste management, irediuning m
plastics, illegal dumping, littering, and burning of waste. Other wider econbemiefits include health and environmental benefits from improved waste
management, although this must be balanced with any potential impacts to consider from the proposed advanced waste technology

Clearly articulated contracts in afyublic Private PartnershiPPR arrangement must spell out financial
governance to ensure costs are projected accurately, and communities are protected from price shocks.
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Guidance for Decision Making

lff GSOKy2f23ASa ySSR (2 0SS NBOASHESR ¢ A Kridgftakér a®part @ dudzy (i
diligence The key steps are outlined belémwFigure27.

Figure27 Considerations for Advanced Waste Technologies
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Preliminary Considerations

The first component for a country is to view advanced waste technologies within the perspective of their national was
management strategy. Understanding the unique challengikin the local contextprovides animportant baseline. For
example, the Caynmalslands selected WTEfacility due to shortage of suitable land for landfilling wastereasing volumes

of waste patrticularly from the tourism industry, and impacts to the tourism industry from the growing visibility of théllandf
site.

Whilst thesolution has increased disposal costs considerably, the drivers for change are centnggraving a system with
unsustainable landfill practices in a country with limited options for new landfilsirf 202). A key drivewasto develop a
system that @es not impact local ameniti{Amec Foster Wheeler Environment and Infrastructure 2016

An assessment of the current waste management system performance is required. Understanding the challenges,
prioritising outcomes that have resonance at a loeakl provide the foundation for selecting waste management options.
The key message is that advanced waste technologies should only be considered as a part of a broader strategy to mini
and manage waste and pollution.

Once the key drivers for changee well understood, andn advanced waste technology is viewed as a sound option, there
needs to be further detailed preliminary investigations, namely:

1 Detailed wastecharacterisation data

1 Waste flows¢ population numbers and locations, collection services, transport routes, rdis|g and waste
composition / generation data

Potential facility locations

Clarity about requirementg what wastes need to be treated, and what outcomes are sought

Demand for eneproducts

Local infrastructure and waste service analysis, including afesasie generation and transport routes

= =& -8 -8
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Technical Considerations

Once the feedstocknd existing waste infrastructuiie understood a full technical assessment of advanced waste
technology options must be undertaken.

Key considerations include:

1 Whattechnologies are suitable to the scale and composition of the waste to be treated
The type of energy to be generated and how applicable this is at a local level, including demand
Availability of a controlled landfill close for residual disposal suashsind flue residues

Requirements for the waste segregation and/or collection system

=A =4 =4 =4

Local capacity for regulatory oversight

¢KS (SOKy2ft238 FylteaAra Ydzzald 0SS 0!l codhReshgre theforgdnic @ase a G A OQ
fraction is &rge, alternative WE technologies such as anaerobic digestion could be more effective than thermal WTE for
treating waste. A holistic assessment of allB\bptions should always be undertaken, aligned with national waste
management policpbjectives.

Enabling Conditions

A life cycle assessment that includes a cost benefit analysis of thermal WTE and other potential WTE technologies woul
beneficialto compare technology options, particularly costs. The social, economic, and enviroringpéats and cdoenefits
of a WIE plant throughout its life cycle should be considered.

Siting of the proposed facility is also a critical aspect, ensuring that a full Environmental Impact Assessment provides a ¢
assessment of alternatives. The ElAstalso assess the GHG emissions, and the potential for impacts from emissions durir
operations.

The following legislative considerations must be undertaken:

I Laws that provide clarity on emissions standards, including flue gas and residual ash djajigsat with
appropriate international standards)

I Plant decommissioning needs to be clear

1 Integration of the advanced waste technology into the national waste strategy, and how it interacts with waste
avoidancereuse,and recycling

Financial aspects aan integral component of the enabling environment, considering
1 Projected costs and revenues
1 Analysis of costs over the life cycle of the technology

1 Inclusion of additional preequisite costs, such as improvements to the waste collection system or imptation
of source segregation
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Advanced waste technologies are a large investment for developing countries. Investment sources can include:

Donor funds

Government subsidies
Private sector investments
Revenue from carbon credits
User fees

Energysale revenue

=a =4 —a a8 —a 9

In a typical PPP structure for WTE projects, the developer undertakes the development of the project under th&Disign
Own-Operate (DBOO) model where the developer secures its own financing and builds hoaimigins,and operates the
WTE facility to meet the contracted obligations over the lifespan of the fagiBMG 2021). In terms of sustainability, long
term maintenance contracts are likely to be a minimal requirement for technology providers, along with supportin
operational furctions.

The final component of the enabling environment is stakeholder acceptance. Providing opportunities for robust discussic
transparent information sharing, and collective problem solving will create a more robust enabling environment.

Without this, the technology cannot provide an effective solution to the immediate and-teng challenges of improved
waste management in the Pacific Islands and Tiheste.
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Appendix A -Technical Details of Fatally Flawed Options

Hydrothermal Treatment

Hydrothermal treatment is the decomposition of material through both water and heat. It consists of three main types o
reactions occurring under elevated temperatures and pressgres

1 hydrolysisg reaction or organic molecules with water molecules,
1 dehydration ¢ removal of water, and
9 decarboxylatior; removal of carboxyl groups, releasing carbon dioxide.

There are three types of thermal decomposition, these are:

1 hydrothermal carbonisation (HTC),
1 hydrothermal liquefaction (HTL), and
1 hydrothermal gsification (HTG).

Hydrothermal Carbonisation

ice husk Corn tover b d ‘ | mp HTC oy Liquid-s?lid - W = Drying ™=
e Slurry separation cake

Solid fuel
- .'

(] Hydrochar  Soil amendment

HTC ' &8

7 ek . 180°C- 250°C —
: - =)
. Adsorbent

— 5 " Process water
Poultry litter Dairy manure (with small fraction of organics)

Feedstocks

Applications

Treatment Concept HTC has the lowest operating temperature of the three hydrothe
technology types, operating at about 180°C to 250°C and is opera
elevated pressures between 10 bar andl&s. HTC includes the dehydrat
reaction, which is where the chemically bound oxygen is removed frot
biomass, resulting in the remaining carbon contained within the biomas:
is called biochar.

Common applications Sewage sludge, wet municipal sta (such as household organics made in
slurry).

Products and byproducts HTC produces a solid biochar, with a similar calorific value to that of a low
coal.

Energy production The biochar can be used as solid fuel in eitbembustion or gasificatio

Alternatively, it can also be used to enhance soil quality as a fertiliser.
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Hydrothermal Liquefaction

Biomass

Feeder

BiocCrude

Heat Bioliquefaction Heat
to Storage

Exchanger Reactor Recovery

Separator Tank

Waste
Water
Treater

Recycled Water Water w/Effluent

Treatment Concept HTL is operated at higher temperatures compared to that
HTC. HTL is normally operateetween 250°C and 400°C
temperature, and a pressure of 30 bar to 250 bar. The
biomass used as feedstock is almost completely liquefiec
the process, and the product is a liquid product compare
the biochar produced in HTC.

Common applications Sewage sludge, wet municipal solid wa&ech as household
organics made into a slurry)

Products and byproducts HTL produces a liquid biofuel.
Energy production This liquid bieoil product can then be upgraded and fractionate

into products of usdor the specific island nation, such as diesel
kerosene etc.
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Hydrothermal Gasification (Supercritical Water Gasification)

Heat
Exchanger §:< |
Back-Pressure
Regulator
Reactor
Feed Tank Vapor
L Products
Vapor-Liguid
Separator
Liquid
Products
Pump Heater
Treatment Concept HTG is a form of gasification. It is also known as supercritical was#ication, as

it is operated at temperatures and pressures above the critical point of water.
is operated at temperatures above 380°C, and pressures above 200 bar.

Common applications Sewage sludge, wet municipal solid waiech as household orgiecs made into a
slurry)

Products and byproducts HTG product is in a gaseous form, producing syngas (siatfas) which is mostly
comprised of carbon monoxide and hydrogen.

Energy production Syngas can then be cleaned and used as fuel, combusted, or converted to electric
usingturbines.

Hydrothermal treatment is a relatively new technology and is thus far mostly only used in conjunction with wastewate
treatment plants to treatsludge, as this is already in slurry forar all types of hydrothermal treatment, the feedstock is
required to be in slurry form with no more than 30% solids. This is for ease of pumping. However, high moisture content fe
still requires dewatering prioto making the slurry, further increasing the energy requiremeHigdrothermal treatment as a
WTEtechnology was deemed to have too many fatal flaws for use in PICs. With the composition of waste in PICs, f
technology is unsuitable for available featsks.

Additionally, hydrothermal treatment is a relatively new technology, which has not had a significant amount of research al
pilot plants established for conversion of municipal sStM@iE Therefore, this was also considered a fatal flaw as ilagively

new technology, rendering it inappropriate to implement in PICs. This is in addition to its feedstock requirements, which
most relevant to sludge treatment only. Whilst there is a growing requirement for innovative methods to treat sewage sludc
in PICs with larger populations, hydrothermal technologies also have high energy and water input requirements.
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Gasification (Plasma)

Feedstock

Air-oxygen feed
A —
Torch
—_—
Slag
—
Treatment concept Plasma gasification is quite different to direct and indirect gasification. A plasme

powered by an electric arc is used to ionise gas and catalyse organic matter into
whilst producing slag as a dpyoduct. Compared to direct and indirect, plac
gasification is operated at much higher temperatures (about 1500°C) and is the
a much more energy intensive process. However, plasma gasification also conr
greater benefits, with a conversion of biomass to syngas of more than 99%. A
great benefit of plasma gasification is that no sorting of the municipal solid \
feedstock is required, as plasma gasificationild destroy and convert any substar
(with the exception of nuclear waste). The first pilot scale plant for plasma gésifi
2F YdzyAOALIf a2ftAR ol a0S 61 a odzAf i
recent plants in India and Turkey.

Common applications Anything except nuclear waste.

Products and byproducts  Syngas, glassy slag.

Energy production Syngas produces energy through combustion and can alaséein producing chemica
and liquid fues. Similar to direct gasification, the syngas produced can be used in a gas

in order to produce electricity; however this means a higher operatiqgessure via

compressor for the use oftagh-pressureturbine. Alternatively, the syngas could also be

upgraded as explained in direct gasification.
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Gasification (Indirect)

m' v ;Elecfricify

B

Gasifier S Syngas Elec‘l‘rlclé;-:’_‘l/
- {3 I:I“ml
A “
Oxygen 2 |
£\ = [ |
4
Coal [ Cooling & |
cleaning
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Y
Water slag Exhaust gas
Treatment concept Indirect gasification is where the feedstock is indirectly heateding separate
gasification and combustion chambers. Indirect gasification comprises of a
medium, such as sand, which is circulated between the two chambers. As stated
indirect gasification is operated at or near atmospheric pressure. The heating vi
the syngas produced through indirect gasification is about two to three times |
than that of the heating value of syngas produced via direct gasification.
Common appliations Coal, wood chips, mixed MSW (requires drying).

Products and byproducts  Slag, syngas.

Energy production Syngas produces energy through combustion and can also be used in producing cl
and liquid fuels. Similar to direct gasification, the syngas produced can be used in a ga

in order to produce electricity; however this means a higher operatiqgessure via

compressor for the use oftagh-pressureturbine. Alternatively, the syngas could also be

upgraded as explained in direct gasification.
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Continuously Stirred Tank Reactor Anaerobic Digestion

Continuous stirred tank reactors (CSTRBk) known as wet ADs, are digesters whose mixing regime is continmaixslyso

that the solids contentslow (TS less than ¥ which formshe liquid slurry) Mixing iscontinuous ands generally undertaken

in verticalfully enclosedanks. Settled heavy contaminants on the bottom of the digester will reduce the effective volume of
the digester, reducing the effective capacity and therefore gas yield from the system. Light contawiaamtisdloat to the
surface of the digester and create a hard piége surface on the digester. This also reduces the effective volume of the digestet
and can impact the exchange of biogas to the gas collection system.

Upfront pre-processing would gemally involve contaminant removal and preparation of the organics in aclontent slurry
for the mixed digestion system, followed by dewatering of the dilute output from the digestate.

CSTR is well accepted as an effective AD system especially in tiheetmeaf wastewater, high strength industrial effluents
and slurry like feedstodsuch as digestate or biosolids. These systems are generally highly sophisticated and complex, w
tightly controlled operating regimes. Mixing can take place through eifhenp mixing, gas mixing, or mechanical mixing
usingstirrers (asdepicted below. Higher biogas generation is often the key objective and is an important factor to justify the
large investment of these enhanced AD systems. Given the technological cdynafekihe limitations on feedstock, this was
viewed as fatally flawed for the Pacific Islands context.

Continuously Stirred Tank Reactor (CSTR) Anaerobic Digestion Technology

Treatment concept A completely mixed form of anaerolrieactor aimed at maximising waste and
biomass contact and optimizing digestion performance. A popular configuration
suits a wide range of feedstock and biomass retention technology. Mixing is act
through feedstock movemeng(g.,waste enters fron the bottom and leaves at the
top), mechanical stirrers, or jet mixers (recirculated biogas gas).

Common applications Wastewater treatment.
By-products Effluent, digestate and biogas
Energy production Methane gas and electricity
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Upflow Anaerobic Sludge Blanket (UASB) Anaerobic Digestion

UASB is alsowell-accepted system, especially in the treatment of wastewater, high strength industrial effluents and slurn
like feedstock such as digestate or biosolids. These systems are generadlysaphisticated and complex, comprising
controlled operating regimes, various mixing mechanisms and with added baffle and biomass retention for the UASB react
Higher biogas generatiois its objective and is an important factor to justify the largedstment of these enhanced AD
systens.

Upflow Anaerobic Sludge Blanket (UASB) Anaerobic Digestion Technology

Treatment concept In an UASB reactor, a sludge blanket is retained within the system. Granular an
sludge is suspended in the bottom of the reactor, with feedstock flowing througk
from the bottom in anup-flow movement and digestate flows out from the top of t
reacor. The retention of biomass in a UASB system allows for a higher organic
rate, shorter retention times and general stability of the process.

Common applications Wastewater treatment.
By-products Effluent, digestate and biogas
Energyproduction Methane gas and electricity
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Mechanical treatment

WhnstAwayis one technology case study that can provide an overview of the type of process used to prefdseglerived

fuel (RDF). WstAway produces a pelletised fuel to be used as feedstock in the production of biofuels, or to be used as s
fertiliser. The tehnology has been used for over ten years, meaning ituslkestablishedtechnology. The technology
processes and sterilises waste, removing any remaining recyclable materials, and converts it tepiisdeictl

The entire process is completed in I¢san half an hour, converting the MSW ir@luffQan inert, odourless, pathogenee
product, that has a range of possible uses. WHisfficzan then be pelletised for use as a coal substitute for power plants. The
technology extracts ferrous and ndarrous metals, glass, ceramics, damd sand from household MSW, then processes the
remaining waste to creat®lufiQ

The technology can process unsorted MSW, with materials entering-ahpeetler prior to a process line where ferrous
material and alurimum is removed for recycling, along with inert materials such as glass and stone. Remaining organic r
material is then further shredded and enters a hydrolyser for sterilisation. Textiles are then removed for further processit

and are refinedFinally all material enters a dryer for drying and can then either be usedl@a8Cr pelletised, coolegand
ready for use.

Tigpirl;g Flolor: \ i | & =
| arbage In y " :
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Metals g SYSTE M
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