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Abstract

The Best Available Techniques (BAT) Reference Document (BREF) for Waste Incineration is part of a
series of documents presenting the results of an exchange of information between EU Member States,
the industries concerned, non-governmental organisations promoting environmental protection, and the
Commission, to draw up, review and - where necessary — update BAT reference documents as required
by Article 13(1) of Directive 2010/75/EU on Industrial Emissions (the Directive). This document is
published by the European Commission pursuant to Article 13(6) of the Directive.

The BREF for Waste Incineration covers the disposal or recovery of waste in waste incineration plants
and waste co-incineration plants, and the disposal or recovery of waste involving the treatment of slags
and/or bottom ashes from the incineration of waste.

Important issues for the implementation of Directive 2010/75/EU in the waste incineration (WI) sector
include emissions to air, emissions to water, and the efficiency of the recovery of energy and of
materials from the waste. Chapter 1 provides general information on the WI sector. Chapter 2 provides
information on the common processes and general techniques that are applied across the WI sector for:
the pre-treatment, storage and handling of different types of waste; the thermal treatment; energy
recovery; flue-gas cleaning; waste water treatment; and the treatment of solid residues. Chapter 3
reports the current ranges of the emission and consumption levels reported in the WI sector.
Techniques to consider in the determination of BAT (i.e. techniques that are widely applied in the WI
sector) are reported in Chapter 4. Chapter 5 presents the BAT conclusions as defined in Article 3(12) of
the Directive. Chapter 6 presents information on 'emerging techniques' as defined in Article 3(14) of the
Directive. Chapter 7 contains concluding remarks and recommendations for future work.
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Preface

PREFACE

1. Status of this document

Unless otherwise stated, references to ‘the Directive' in this document refer to Directive
2010/75/EU of the European Parliament and of the Council on industrial emissions (integrated
pollution prevention and control) (Recast).

The original best available techniques (BAT) reference document (BREF) on Waste
Incineration was adopted by the European Commission in 2006. This document is the result of a
review of that BREF. The review commenced in May 2014.

This BAT reference document for Waste Incineration forms part of a series presenting the
results of an exchange of information between EU Member States, the industries concerned,
non-governmental organisations promoting environmental protection and the Commission, to
draw up, review and, where necessary, update BAT reference documents as required by
Article 13(1) of the Directive. This document is published by the European Commission
pursuant to Article 13(6) of the Directive.

As set out in Article 13(5) of the Directive, the Commission Implementing Decision
2019/2010/EU on the BAT conclusions contained in Chapter 5 was adopted on 12 November
2019 and published on 3 December 2019".

2. Participants in the information exchange

As required in Article 13(3) of the Directive, the Commission has established a forum to
promote the exchange of information, which is composed of representatives from Member
States, the industries concerned and non-governmental organisations promoting environmental
protection (Commission Decision of 16 May 2011 establishing a forum for the exchange of
information pursuant to Article 13 of the Directive 2010/75/EU on industrial emissions (2011/C
146/03), OJ C 146, 17.05.2011, p. 3).

Forum members have nominated technical experts constituting the technical working group
(TWG) that was the main source of information for drafting this document. The work of the
TWG was led by the European IPPC Bureau (of the Commission's Joint Research Centre).

3. Structure and contents of this document

Chapters 1 and 2 provide general information on the industrial sector concerned and on the
industrial processes used within the sector.

Chapter 3 provides data and information concerning the environmental performance of
installations within the sector, and in operation at the time of writing, in terms of current
emissions, the consumption and nature of raw materials, water consumption, use of energy and
the generation of waste.

Chapter 4 describes in more detail the techniques to prevent or, where this is not practicable, to
reduce the environmental impact of installations in this sector that were considered in
determining the BAT. This information includes, where relevant, the environmental
performance levels (e.g. emission and consumption levels) which can be achieved by using the
techniques, the associated monitoring and the costs and the cross-media issues associated with
the techniques.

1 0J L 312, 03.12.2019, p. 55.
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Chapter 5 presents the BAT conclusions as defined in Article 3(12) of the Directive.

Chapter 6 presents information on ‘emerging techniques' as defined in Article 3(14) of the
Directive.

Concluding remarks and recommendations for future work are presented in Chapter 7.

4. Information sources and the derivation of BAT

This document is based on information collected from a number of sources, in particular
through the TWG that was established specifically for the exchange of information under
Avrticle 13 of the Directive. The information has been collated and assessed by the European
IPPC Bureau (of the Commission's Joint Research Centre) who led the work on determining
BAT, guided by the principles of technical expertise, transparency and neutrality. The work of
the TWG and all other contributors is gratefully acknowledged.

The BAT conclusions have been established through an iterative process involving the
following steps:

. identification of the key environmental issues for the Waste Incineration sector;

. examination of the techniques most relevant to address these key issues;

. identification of the best environmental performance levels, on the basis of the data
available in the European Union and worldwide;

° examination of the conditions under which these environmental performance levels

were achieved, such as costs, cross-media effects, and the main driving forces involved
in the implementation of the techniques;

° selection of the best available techniques (BAT), their associated emission levels (and
other environmental performance levels) and the associated monitoring for this sector
according to Article 3(10) of, and Annex Il to, the Directive.

Expert judgement by the European IPPC Bureau and the TWG has played a key role in each of
these steps and the way in which the information is presented here.

Where available, economic data have been given together with the descriptions of the
techniques presented in Chapter 4. These data give a rough indication of the magnitude of the
costs and benefits. However, the actual costs and benefits of applying a technique may depend
greatly on the specific situation of the installation concerned, which cannot be evaluated fully in
this document. In the absence of data concerning costs, conclusions on the economic viability of
techniques are drawn from observations on existing installations.

5. Review of BAT reference documents (BREFs)

BAT is a dynamic concept and so the review of BREFs is a continuing process. For example,
new measures and techniques may emerge, science and technologies are continuously
developing and new or emerging processes are being successfully introduced into the industries.
In order to reflect such changes and their consequences for BAT, this document will be
periodically reviewed and, if necessary, updated accordingly.
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6. Contact information

All comments and suggestions should be made to the European IPPC Bureau at the Joint
Research Centre (JRC) at the following address:

European Commission

JRC Directorate B — Growth and Innovation
European IPPC Bureau

Edificio Expo

c/Inca Garcilaso, 3

E-41092 Seville, Spain

Telephone: +34 95 4488 284

E-mail: JRC-B5-EIPPCB@ec.europa.eu
Internet: http://eippchb.jrc.ec.europa.eu
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Scope

SCOPE

This BREF for waste incineration covers the following activities specified in Annex 1 to
Directive 2010/75/EU:

5.2

5.2

53

53

51

Disposal or recovery of waste in waste incineration plants:
€)] for non-hazardous waste with a capacity exceeding 3 tonnes per hour;
(b) for hazardous waste with a capacity exceeding 10 tonnes per day.

Disposal or recovery of waste in waste co-incineration plants:
@ for non-hazardous waste with a capacity exceeding 3 tonnes per hour;
(b) for hazardous waste with a capacity exceeding 10 tonnes per day;
whose main purpose is not the production of material products and where at least one of
the following conditions is fulfilled:

o only waste, other than waste defined in Article 3(31)(b) of Directive
2010/75/EU is combusted,;

more than 40 % of the resulting heat release comes from hazardous waste;
mixed municipal waste is combusted.

(a) Disposal of non-hazardous waste with a capacity exceeding 50 tonnes per day
involving the treatment of slags and/or bottom ashes from the incineration of waste.

(b) Recovery, or a mix of recovery and disposal, of non-hazardous waste with a
capacity exceeding 75 tonnes per day involving the treatment of slags and/or bottom
ashes from the incineration of waste.

Disposal or recovery of hazardous waste with a capacity exceeding 10 tonnes per day
involving the treatment of slags and/or bottom ashes from the incineration of waste.

This BREF does not address the following:

Pre-treatment of waste prior to incineration. This may be covered by the BREF for
Waste Treatment (WT).

Treatment of incineration fly ashes and other residues resulting from flue-gas cleaning
(FGC). This may be covered by the BREF for Waste Treatment (WT).

Incineration or co-incineration of exclusively gaseous waste other than that resulting
from the thermal treatment of waste.

Treatment of waste in plants covered by Article 42(2) of Directive 2010/75/EU.

Other reference documents which could be relevant for the activities covered by this BREF are
the following:

Waste Treatment (WT);

Economics and Cross-Media Effects (ECM);

Emissions from Storage (EFS);

Energy Efficiency (ENE);

Industrial Cooling Systems (ICS);

Monitoring of Emissions to Air and Water from IED Installations (ROM);
Large Combustion Plants (LCP);

Common Waste Water and Waste Gas Treatment/Management Systems in the
Chemical Sector (CWW).
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The scope of this BREF does not include matters that only concern safety in the workplace or
the safety of products because these matters are not covered by the Directive. They are
discussed only where they affect matters within the scope of the Directive.
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Chapter 1

1 GENERAL INFORMATION ON WASTE INCINERATION

1.1 Purpose of incineration and basic concepts

[1, UBA 2001], [ 64, TWG 2003 ]

Incineration is used as a treatment for a very wide range of wastes. Incineration itself is
commonly only one part of a complex waste treatment system that, altogether, provides for the
overall management of the broad range of wastes that arise in society.

The incineration sector has undergone rapid technological development over the last 25 years.
Much of this change has been driven by legislation specific to the industry and this has, in
particular, reduced emissions to air and water. Continual process development is ongoing, with
the sector now developing techniques which limit costs, whilst maintaining or improving
environmental performance.

The first objective of waste incineration is to treat wastes so as to reduce their volume and
hazard, whilst capturing (and thus concentrating) or destroying potentially harmful substances
that are, or may be, released during incineration. Incineration processes can also provide a
means to enable recovery of the energy, mineral and/or chemical content of waste. Energy
recovery from municipal and similar waste has become an important second objective of waste
incineration (‘waste-to-energy', or 'energy-from-waste', concept).

Basically, waste incineration is the oxidation of the combustible materials contained in the
waste. Waste is generally a highly heterogeneous material, consisting essentially of organic
substances, minerals, metals and water. During incineration, flue-gases are created that will
contain the majority of the available fuel energy as heat.

The organic fuel substances in the waste will burn when they have reached the necessary
ignition temperature and come into contact with oxygen. The actual combustion process takes
place in the gas phase in fractions of seconds and simultaneously releases energy where the
calorific value of the waste and oxygen supply is sufficient; this can lead to a thermal chain
reaction and self-supporting combustion, i.e. there is no need for the addition of other fuels.

The main stages of the incineration process are:

1. Drying and degassing - here, volatile content is evolved (e.g. hydrocarbons and water) at
temperatures generally between 100 °C and 300 °C. The drying and degassing processes do not
require any oxidising agent and are only dependent on the supplied heat.

2. Pyrolysis and gasification - pyrolysis is the further decomposition of organic substances in
the absence of an oxidising agent at approximately 250-700 °C. Gasification of the
carbonaceous residues is the reaction of the residues with water vapour and CO, at temperatures
typically between 500 °C and 1 000 °C, but it can occur at temperatures up to 1 600 °C. Thus,
solid organic matter is transferred to the gaseous phase. In addition to the temperature, water,
steam and oxygen support this reaction.

3. Oxidation - the combustible gases created in the previous stages are oxidised, depending on
the selected incineration method, at flue-gas temperatures generally between 800 °C and
1450 °C.

These individual stages generally overlap, meaning that spatial and temporal separation of these
stages during waste incineration may only be possible to a limited extent. Indeed, the processes
partly occur in parallel and influence each other. Nevertheless, it is possible, using in-furnace
technical measures, to influence these processes so as to reduce polluting emissions. Such
measures include furnace design, air distribution and control engineering.
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In fully oxidative incineration, the main constituents of the flue-gas are: water vapour, nitrogen,
carbon dioxide and oxygen. Depending on the composition of the material incinerated and on
the operating conditions, smaller amounts of CO, HCI, HF, HBr, HI, NOx, NHs;, SO,, VOCs,
PCDD/F, PCBs and heavy metal compounds (among others) are formed or remain. Depending
on the combustion temperatures during the main stages of incineration, volatile heavy metals
and inorganic compounds (e.g. salts) are totally or partly evaporated. These substances are
transferred from the input waste to both the flue-gas and the fly ash it contains. A mineral
residue fly ash (dust) and heavier solid ash (bottom ash) are created. In municipal waste
incinerators, bottom ash is approximately 10 vol-% and approximately 20-30 wt-% of the solid
waste input. Fly ash quantities are much lower, generally only a few per cent of input. The
proportions of solid residue vary greatly according to the waste type and detailed process
design.

For effective oxidative combustion, a sufficient oxygen supply is essential. The air ratio number
'n' of the supplied incineration air to the chemically required (or stoichiometric) incineration air
usually ranges from 1.2 to 2.5, depending on whether the fuel is gas, liquid or solid, and the
furnace system.

Combustion is only one stage of the overall incineration process. Incinerators usually comprise
a complex set of interacting technical components which, when considered together, effect an
overall treatment of the waste. Each of these components has a slightly different main purpose,
as described in Table 1.1 below.

Table 1.1:  Purpose of various components of a waste incinerator

Objective Responsibility of
Destruction of organic substances
Evaporation of water
Evaporation of volatile heavy metals and inorganic salts Furnace
Production of potentially exploitable slag
Volume reduction of residues
Recovery of useable energy Energy recovery system
e Removal and concentration of volatile heavy metals and
inorganic matter into solid residues, e.g. flue-gas cleaning
residues, sludge from waste water treatment
e  Minimising emissions to all media
Source: [1, UBA 2001 ], [ 64, TWG 2003 ]

Flue-gas cleaning
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1.2 Overview of waste incineration in Europe

The scale of use of incineration as a waste management method varies greatly from location to
location. For example, in European Member States the incineration share in municipal waste
treatments ranges from zero to 55 %.

Table 1.2 below gives an estimate of the treatment of the waste arising in each MS for
municipal solid waste, hazardous waste and sewage sludge. Deposited waste is included
because a considerable proportion of these wastes may, in future, be diverted to other waste
treatment methods, including incineration.

Note: as definitions and waste categories differ from one country to another, some of the values
given may not be directly comparable.
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Table 1.2:  Amounts of municipal solid waste (MSW), hazardous waste (HW) and sewage sludge (SS) in EU Member States, and their treatment

Municipal solid waste (MSW) Hazardous waste (HW) Sewage sludge (SS)
% landfilled | % incinerated Amount Amount Total SS Amount Amount
Country Egﬁrm%\g Ygg:aOf (or/a_nd ] (or/and ] ge-rl;gltzltil;'r\ll\zin Ygz:aof Iaqdfillgd inci_neraged géeneration (in Ygz:aof Iaqdfillgd inci_neraged
(in 10° tonnes) | source amount in 10°( amount in 10 10° tonnes) source (in10 (in 10 10 tonnes as dry source (in 10 (in 10
tonnes) tonnes) tonnes) tonnes) solids) tonnes) tonnes)
Belgium () 4.65 2015 0.04 2.05 3.81 2016 1.22 0.42 0.16 2012 0 0.089
Bulgaria (%) 3.01 2015 1.99 0.08 13.3 2016 13.1 0.006 0.06 2015 0.0085 0
Czechia (%) 3.34 2015 1.75(est.) 0.59(est.) 1.09 2016 0.033 0.107 0.21 2015 0.021 0.008
Denmark 11 (2)l 4% 27% 0.55 2016 0.17 0.12 0.13 2016 0.001 0.035
4.48 () 2015 0.05 2.36
Germany 51.1 2014 0 32% 25.3 2014 46 () 4.5 1.8 2014 0 10)
Estonia (%) 0.47 2015 0.035 0.24 9.68 2016 9.23 0.013 0.02 2013 0.002 NI
Ireland 2.62 2014 0.54 0.89 0.48 (H 2014 0.04 (H 0.045 () 0.06 () 2015 | 0.0001 (%) 0(h
Greece (Y 5.27 2015 4.43 0.018 0.22 2014 0.02 0.006 0.12 2014 0.039 0.039
Spain 21.2 2015 57.3% 12.7% 3.18 2016 0.6 0.22 1.13 2012 0.08 0.075
France 34.1 2016 22.4% 35.9% 11 2016 2.3 2.6 1.2 2016 NI NI
Croatia (V) 1.65 2015 1.32 0 0.174 2016 0.006 0.0014 0.018 2015 0.016 NI
Italy 29.52 2015 26.5% 18.9% 9.1 2015 1.3 0.39 3.1 2015 0.4 0.01
Cyprus (V) 0.54 (estimated.)| 2015 0.43 0 0.159 2016 0.129 0.0002 0.007 2015 0 0
Latvia () 0.80 2015 0.49 0 0.066 2016 0.002 0.003 0.008 2012 0.0002 0
Lithuania () 1.30 2015 0.70 0.15 0.176 2016 0.01 0.005 0.043 2015 0 0
Luxembourg (V) 0.35 2015 0.06 0.12 0.427 2016 0.007 0.042 0.009 2015 NI 0.001
Hungary () 3.71 2015 1.99 0.52 0.174 2016 0.069 0.1 0.157 2015 0.005 0.024
Malta (V) 0.27 2015 0.24 0.001 0.174 2016 0 0.0005 0.008 2015 0.008 0
Netherlands 8.86 (1) 2015 013 (H 4.15(H 513 (Y 2016 10 0.716 () 0.53 2015 0 0.321 ()
Austria (V) 4.84 2015 0.14 1.83 1.26 2016 0.066 NI 0.239 2014 0.003 0.139
Poland (%) 10.8 (estimated.)| 2015 5.90 (est.) 1.44 (est.) 1.91 2016 0.30 0.161 0.568 2015 0.04 0.057
Portugal 471 2014 2.31 0.97 0.83 (Y 2016 0.24 (Y 0.046 (V) 0.339 () 2012 0.011 0
Romania (%) 4.9 2015 3.56 0.13 0.619 2016 0.12 0.147 0.210 2015 0.104 0
Slovenia (V) 0.93 2015 0.21 0.16 (est.) 0.124 2016 0.01 0.015 0.029 2015 0.0002 0.013
Slovakia (%) 1.78 2015 1.23 0.19 0.496 2016 0.08 0.019 0.056 2015 0.005 0.003
Finland 2.7 2016 3% 55% 2.0 2016 86% 8% 0.8 (wet weight) 2016 2% 0
Sweden 4.55 2017 0.4% 53% 2.0 2016 0.63 0.32 0.2 2014 0.003 0.002
(0.02) (2.4)
United Kingdom () 31.46 2015 7.12 9.90 6.11 2016 0.84 0.33 1.14 2012 0.005 0.229
EU-28 totals-(*) 244.82 2015 26% 27% 94.73 2014 37.3 10.2 9.1 2012 0.67 2.3
NB: ; NI: no information provided; NA: not applicable. As definitions and waste categories differ from one Member State to another, some of the values given may not be directly comparable; the balance to 100 % for the
treatment methods is due to other methods besides landfilling and incineration, e.g. recovery and recycling.
(%) Eurostat data (env_wasmun, env_wastrt, env_ww_spd accessed on 20/11/2018). In all other cases the data has been supplied by the Member State directly.
(3 includes all non-hazardous waste generated, excluding sewage sludge and contaminated soil
Source: [ 7, TWG 2017 ], [ 14, Eurostat 2018 ]
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Table 1.3 shows the number and total capacity of existing incineration plants (not including
planned sites) for various waste types.

Table 1.3:  Geographical distribution of incineration plants for municipal, hazardous and sewage
sludge waste
Total number - ' Total nymber Capacity
Country F MSW Capacity Tota_l nL_meer of |Capacity| of dedicated | (Mt/yr)
(base year) | . of (Mt/lyr) | HW incinerators | (Mt/yr) | sewage sludge (dry
incinerators P .
incinerators solids)

Austria 12 2.5 2 0.1 1 NI
Belgium 16 2.7 3 0.3 1 0.02
Czechia 3 0.65 NI NI NI NI
Denmark 29 (9 48 (% 3 0.26 3 0.1
Estonia NI 0.25 NI NI NI NI
Finland 9 1.7 1 0.2 3 0.039
France 127 14.4 48 () 2.03 () 27 NI
Germany 89 22.8 31 (9 1.5 19 2.2
Hungary 1 0.38 NI NI NI NI
Ireland 1 0.22 11 NI NI NI
Italy 44 7.3 NI NI NI NI
Lithuania NI 0.23 NI NI NI NI
Luxembourg 1 0.15 0 0 NI NI
Netherlands 13 7.6 1 0.1 2 0.19
Norway 15 1.6 NI NI NI NI
Poland NI 0.04 NI NI NI NI
Portugal 3 1.2 5 NI NI NI
Slovakia 2 0.17 NI NI NI NI
Slovenia NI 0.004 NI NI NI NI
Spain 10 2.64 1 0.038 2 0.032
Sweden (°) 34 6.6 1 0.1 0 0
Switzerland 29 3.29 11 2 14 0.1
United NI 6.18 3 0.12 11 0.42
Kingdom
EU 28 470 NI NI NI NI NI
NI: No information provided.
(%) Includes all incineration and co-incineration plants mainly treating non-hazardous solid waste. The
[16, Wilts et al. 2017] estimate for MSW alone is 3.3 Mt/yr.
(® Includes 28 dedicated commerecial sites and 20 in-house plants (2015 data).
(®) 1.51 for commercial sites and 0.52 for in-house plants (2015 data).
(%) Figure includes installations used in the chemical industry.
(®) A total of 54 WI lines (boilers) are in operation at the 34 installations. 14 of the 34 installations are permitted
for the incineration of HW too.
(%) Additionally, the incineration of 0.56 Mt/yr is permitted at the 14 MSWIs referred to in footnote (°).
Sources: [ 1, UBA 2001 ], [ 64, TWG 2003 ], [47, TWG 2018], [16, Wilts et al. 2017], [34, ISWA 2012]
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Figure 1.1 shows the variation across Member States in per capita capacity for municipal waste
incineration. Member States where no incineration plants were in operation in 2014 are not
displayed.
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Figure 1.1: Municipal waste incineration capacity per capita in 2014
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1.3 Plant sizes

The size of installations varies greatly across Europe. Variations in size can be seen within and
between technology and waste types. The largest MSW plant in Europe has a capacity in excess
of 1 million tonnes of waste per year.

Table 1.4 below shows the variation in average MSW incinerator capacity by country.

Table 1.4:  Average MSW incineration plant capacity by country

Country Average MSW incinerator capacity
(kilotonnes/yr)
Austria 178
Belgium 141
Denmark 114
Finland 180
France 113
Germany 256
Italy 161
Netherlands 488
Portugal 390
Spain 264
Sweden 136
United Kingdom 246
Norway 60
Switzerland 110
AVERAGE 193
Source: [ 11, Assure 2001 ], [ 64, TWG 20031, [47, TWG 2018],

Table 1.5 below shows the typical application range of the main different incineration
technologies.

Table 1.5:  Typical throughput ranges of thermal treatment technologies

Technology Typical application range (tonnes/day)
Moving grate (mass burn) 120-720
Fluidised bed 36—-200
Rotary kiln 10-350
Pyrolysis 10-100
Gasification 250-500
NB: Values are for typical applied ranges — each is also applied outside the range
shown.
Source: [ 10, Juniper 1997 1, [ 64, TWG 2003 ]
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1.4  Waste composition and process design

The precise design of a waste incineration plant will depend on the type of waste that is being
treated. The following parameters and their variability are key drivers:

o waste chemical composition;
° waste physical composition, e.g. particle size;
. waste thermal characteristics, e.g. calorific value, moisture levels.

Processes designed for a narrow range of specific inputs can usually be optimised more than
those that receive wastes with greater variability. This in turn can allow improvements to be
made in process stability and environmental performance, and may allow the simplification of
downstream operations such as flue-gas cleaning. As flue-gas cleaning is often a significant
contributor to overall incineration costs (i.e. approximately 15 % to 35 % of the total capital
investment) this can then lead to reduced treatment costs at the incinerator. The external costs
(i.e. those generally beyond the IED installation boundary) of pre-treatment, or the selective
collection of certain wastes, can however add significantly to the overall costs of waste
management and to emissions from the entire waste management system. Often, decisions
concerning the wider management of waste (i.e. the complete waste arising, collection,
transportation, treatment, disposal, etc.) take into account a very large number of factors. The
selection of the incineration process can form a part of this wider process.

The waste collection and pre-treatment systems utilised can have a great impact on the type and
nature of waste that will finally be received at the incinerator (e.g. mixed municipal waste or
RDF) and hence on the type of incinerator that is best suited to this waste. Provision for the
separate collection of various fractions of household waste can have a large influence over the
average composition of the waste received at the MSWI plant. For example, the separate
collection of some batteries and dental amalgam can significantly reduce mercury inputs to the
incineration plant. [ 64, TWG 2003 ]

The cost of the processes used for the management of residues arising at the incinerator and for
the distribution and use of the energy recovered also play a role in the overall process selection.

In many cases, waste incinerators may have only limited control over the precise content of the
wastes they receive. This results in the need for some installations to be designed so that they
are sufficiently flexible to cope with the wide range of waste inputs they may receive. This
applies to both the combustion stage and the subsequent flue-gas cleaning stages.

The main types of waste to which incineration is applied as a treatment are:

° municipal wastes (residual wastes - not pretreated);

. pretreated municipal wastes (e.g. selected fractions or RDF);
° non-hazardous industrial wastes and packaging;

o hazardous wastes;

. sewage sludges;

. clinical wastes.

Many incineration plants accept several of these types of waste. Waste itself is commonly
classified in a number different ways:

. by origin, e.g. household, commercial, industrial;
. by its nature, e.g. putrescible, hazardous;
. by the method used for its management, e.g. separately collected, recovered material.
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These different classes overlap. For example, wastes of various origins may contain putrescible
or hazardous fractions. [ 64, TWG 2003 ]

Table 1.6 below provides data concerning the content of waste arising in Germany. Sewage
sludge includes sludge from the waste water treatment of communities and industries.

Table 1.6:  Typical composition of waste in Germany
Parameter Municipal waste | Hazardous waste | Sewage sludge

Calorific value (upper) (MJ/kg) 7-15 1-42 2-14
Water (%) 15-40 0-100 3-97
Ash 20-35 0-100 1-60
Carbon (% DS) 18-40 5-99 30-35
Hydrogen (% DS) 1-5 1-20 2-5
Nitrogen (% DS) 0.2-1.5 0-15 1-4
Oxygen (% DS) 15-22 NI 10-25
Sulphur (% DS) 0.1-0.5 NI 0.2-1.5
Fluorine (% DS) 0.01-0.035 0-50 0.1-1
Chlorine (% DS) 0.1-1 0-80 0.05+4
Bromine (% DS) NI 0-80 NI
lodine (% DS) NI 0-50 NI
Lead (mg/kg DS) 100-2 000 0-200 000 4-1 000
Cadmium (mg/kg DS) 1-15 0-10 000 0.1-50
Copper (mg/kg DS) 200-700 NI 10-1 800
Zinc (mg/kg DS) 400-1 400 NI 10-5 700
Mercury (mg/kg DS) 1-5 0-40 000 0.05-10
Thallium (mg/kg DS) <0.1 NI 0.1-5
Manganese (mg/kg DS) 250 NI 300-1 800
Vanadium (mg/kg DS) 4-11 NI 10-150
Nickel (mg/kg DS) 30-50 NI 3-500
Cobalt (mg/kg DS) 3-10 NI 8-35
Arsenic (mg/kg DS) 2-5 NI 1-35
Chrome (mg/kg DS) 40-200 NI 1-800
Selenium (mg/kg DS) 0.21-15 NI 0.1-8
PCB (mg/kg DS) 0.2-0.4 Up to 60 % 0.01-0.13
PCDD/F (ng I-TEQ/kg) 50-250 10-10 000 8.5-73
NB:
NI: no information provided.
% DS = percentage dry solids.
The calorific value for sewage sludge relates to raw sludge of > 97 % DS.
Subfractions of HW can show variations outside these ranges.
Source: [ 1, UBA 2001 1], [ 64, TWG 2003 ]

The range of installation designs is almost as wide as the range of waste compositions.

New plants have the advantage that a specific technological solution can be designed to meet
the specific nature of the waste to be treated in the plant. They also benefit from years of
industry development and knowledge of the practical application of techniques and may
therefore be designed for high environmental standards, whilst containing costs.

Existing plants have significantly less flexibility when selecting upgrade options. Their design
may be the product of 10 to 20 years of process evolution. Often in Europe this will have been
motivated by requirements to reduce emissions to air and/or by the objective to increase energy
efficiency. The next stage of process development will often then be highly (or even totally)
dependent upon the existing design. Many site-specific local solutions can be seen in the sector.
Many of these would probably be constructed in a different way if completely rebuilt.

[6, EGTEI 2002 ].
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1.5 Key environmental issues

Waste itself and its management are themselves a significant environmental issue. The thermal
treatment of waste may therefore be seen as a response to the environmental threats posed by
poorly managed or unmanaged waste streams.

The target of thermal treatment (see also Section 1.1) is to provide for an overall reduction in
the environmental impact that might otherwise arise from the waste. However, in the course of
the operation of incineration installations, emissions and consumption arise, whose existence or
magnitude is influenced by the installation design and operation. This section therefore, briefly,
summarises the main environmental issues that arise directly from incineration installations (i.e.
it does not include the wider impacts or benefits of incineration). Essentially, these direct
impacts fall into the following main categories:

. emissions to air and water ;

. residue production;

. process noise;

. energy consumption and production;

° raw material (reagent) consumption;

. fugitive emissions and odour — mainly from waste storage;

° reduction of the storage/handling/processing risks of hazardous wastes.

Other impacts beyond the scope of this document (but which can significantly impact upon the
overall environmental impact of an entire project) arise from the following operations:

. transport of incoming waste and outgoing residues;

° extensive waste pre-treatment on site or off site (e.g. preparation of waste-derived fuels
and the associated refuse treatment).

15.1 Emissions to air and water

Emissions to air have long been the focus of attention for waste incineration plants. Significant
advances in technologies for the cleaning of flue-gases in particular have led to major reductions
in the emissions to air.

However, the control of emissions to air remains an important issue for the sector. As the entire
incineration process is usually under slightly subatmospheric pressure (because of the common
inclusion of an induced draught extraction fan), emissions to air generally take place exclusively
from the stack. [ 2, InfoMil 2002 ]

A summary of the main emissions to air from stack releases (these are described in more detail
in Section 3.2.1) is shown below:

. dust, —particulate matter - various particle sizes;

. acid and other gases, —including HCI, HF, HBr, HI, SO,, NOx and NHg;
. heavy metals, —including Hg, Cd, TI, As, Ni and Pb;

. carbon dioxide, —not covered under the IED or this BREF;

. other carbon compounds, —including, CO, VOCs, PCDD/F and PCBs.

10 Waste Incineration



Chapter 1

Releases to air from other sources may include:

o odour, —from handling and storage of untreated waste;
o greenhouse gases, —from decomposition of stored wastes, e.g. methane, CO,;
o dust, —from dry reagent handling and waste storage areas.

The principle potential sources of releases to water (process-dependent) are:

o effluents from air pollution control devices, e.g. salts, metals;

o final effluent discharges from waste water treatment,  e.g. salts, metals;

. boiler water - blowdown bleeds, e.g. salts;

o cooling water - from wet cooling systems, e.g. salts, biocides;

. road and other surface drainage, e.g. diluted waste leachates;
o incoming waste storage, handling and transfer areas, e.g. diluted wastes;

. raw material storage areas, e.g. treatment chemicals;

o residue handling, treatment and storage areas, e.g. salts, metals, organics.

The waste water produced at the installation can contain a wide range of potentially polluting
substances depending upon its actual source. The actual release will be highly dependent on the
treatment and control systems applied.

152 Production of residues and recoverable materials

The nature and quantity of residues / output materials produced are a key issue for the sector.
This is because they both: (1) provide a measure of the completeness of the incineration process
and (2) generally represent the largest potential waste arising at the installation.

Although the types and quantities of residue arising vary greatly according to the installation
design, its operation and waste input, the following main waste streams are commonly produced
during the incineration process: [ 64, TWG 2003 ], [ 1, UBA 2001 ]

. bottom ash and/or slag;

. boiler ash;

. fly ash;

o other residues from the flue-gas cleaning (e.g. calcium or sodium chlorides);
o sludge from waste water treatment.

In some cases these waste streams are segregated, while in other cases they are combined within
or outside the process.

Substances which can be obtained after the treatment of the bottom ashes are:

. construction materials;
. ferrous metals;
. non-ferrous metals.
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In addition, some plants using wet FGC processes with additional specific equipment recover:

° calcium sulphate (gypsum);

) hydrochloric acid;

. sodium carbonate;

. sodium chloride;

. zinc, lead, copper and cadmium.

Of these outputs, although very dependent upon the waste type, bottom ashes are generally
produced in the largest quantities. In many locations, often depending on local legislation and
practice, bottom ash is treated for recycling as an aggregate replacement. Rather high bottom
ash re-use rates emerge from the following example data reported by some EU Member States
[47, TWG 2018]:

° in France, 87 % recycling and 13% landfilling;

. in Italy, 83 % recycling and 17 % landfilling;

o In Finland, 100% recycling;

. In Sweden, 100 % re-use as landfill cover material;

° In Denmark, 100 % of the bottom ashes originating from the incineration of non-

hazardous waste are recycled, while the bottom ashes from hazardous waste
incineration are landfilled.

Residues produced from the flue-gas cleaning are an important source of waste production. The
amount and nature of these varies, mainly according to the types of waste being incinerated and
the technology that is employed.

1.5.3 Process noise

The noise aspect of waste incineration is comparable with other industries and with power
generation plants. It is common practice for new municipal waste incineration plants to be
installed in completely closed building(s), as far as possible. This normally includes operations
such as the unloading of waste, mechanical pre-treatment, flue-gas treatment, and the treatment
of residues. Usually, only some parts of flue-gas cleaning systems (pipes, tubes, SCR, heat
exchangers, etc.), cooling facilities and the long-term storage of bottom ash are located directly
in the open air. [ 2, InfoMil 2002 ]

The most important sources of external noise are:

. vehicles used for the transport of waste, chemicals and residues;

o mechanical pre-treatment of waste, e.g. shredding, baling;

° exhaust fans, extracting flue-gases from the incineration process and causing noise at
the outlet of the stack;

. the cooling system (from evaporative cooling, especially in the case of air cooling
condensers);

. turbo-generators (high level so usually placed in specific soundproofed buildings);

. boiler pressure emergency blowdowns (these require direct release to atmosphere for
boiler safety reasons);

. compressors for compressed air;

. the transport and treatment of bottom ash (if on the same site).

12 Waste Incineration
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SCR systems and flue-gas ducts give rise to little noise and are often not inside buildings. Other
installation parts are not usually significant for external noise production but may contribute to
general external noise production by the plant buildings.

154 Energy production and consumption

Waste incinerators both produce and consume energy. In the large majority of cases, the
energetic value of the waste exceeds the process requirements, resulting in the net export of
energy. This is often the case with municipal waste incinerators in particular.

Given the total quantities of waste arising, and its growth over many years, the incineration of
waste can be seen to offer a large potential source of energy. In some MSs this energy source is
already well exploited. This is particularly the case where CHP is used. Energy issues are
discussed in more detail later in this document (see Sections 3.5 and 4.4). [ 64, TWG 2003 ]

Figure 1.2 below shows the production of heat and electricity from municipal waste incineration
plants in some EU Member States. Overall, the total energy recovered in the EU 28 in waste-to-
energy plants was estimated in 2013 at 275000 TJ as recovered heat and 110 000 TJ as
recovered electricity. Figure 1.2 highlights a general difference between northern EU countries,
where W1 plants are often designed to export electricity through district heating networks, and
southern EU countries where the warmer climate makes heat demand highly seasonal, district
heating networks are less common, and WI plants are often designed to export only electricity.

W Heat M Electricity

Source: [47, TWG 2018]

Figure 1.2: Energy production by municipal waste incinerators in Europe in 1999

Most municipal and commercial wastes, including refuse-derived fuels, contain a significant
share of biogenic content (reaching 60 % and more in some cases). For sewage sludge
incinerators treating sludges from biological waste water treatment and for dedicated wood
waste incinerators, this share can typically be above 95 %. The energy derived from the biomass
fraction may be considered to substitute for fossil fuel and therefore the recovery of energy from
that fraction may be considered to contribute to a reduction in the overall carbon dioxide
emissions from energy production. In some countries, this attracts subsidies and tax reductions.
[ 64, TWG 2003 ]
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Energy inputs to the incineration process can include:

o waste;

. support fuels, (e.g. diesel, natural gas):
o for start-up and shutdown;
o to maintain required temperatures with lower calorific value wastes;
o for flue-gas reheating before treatment or release;

° imported electricity:

o when the turbine(s) or all lines are stopped, and for plants without electricity
generation.

(Note: some of the above energy inputs contribute to steam/heat production where boilers are
used and therefore the energy is partially recovered in the process.)

Energy production, self-consumption and export can include:

° electricity;
o heat (as steam or hot water);
° syngas (for pyrolysis and gasification plants that do not burn the syngas on site).

The efficient recovery of the energy content of the waste is generally considered to be a key
issue for the industry.
[ 74, TWG 2004 ]

155 Consumption of raw materials and energy

Waste incineration plants may consume the following:

o electricity, for process plant operation;

. heat, for specific process needs;

. fuels, support fuels (e.g. gas, light oils, coal, char);

. water, for flue-gas treatment, cooling and boiler operation;

. flue-gas cleaning reagents, e.g. caustic soda, limestone, quicklime, hydrated lime,
sodium bicarbonate, sodium sulphite hydrogen peroxide, activated carbon, ammonia,
and urea;

. water treatment reagents, e.g. acids, alkalis, trimercaptotriazine, sodium sulphite;

° high-pressure air.

[ 74, TWG 2004 ]

14 Waste Incineration



Chapter 1

1.6 Economic information

The economic aspects of incineration vary greatly between regions and countries, not only due
to technical aspects but also depending on waste management policies. [ 43, Eunomia 2001 ],
[ 64, TWG 2003 ]

The costs of incineration are generally affected by the following factors:

o Costs of land acquisition.

o Scale (there may often be significant disadvantages for small-scale operation).

o Plant utilisation rate.

o The actual requirements for the treatment of flue-gases/effluents, e.g. the imposed

emission limit values can drive the selection of particular technologies that in some
circumstances impose significant additional capital and operating costs, including the
costs of fuels, electricity, reagents and other consumables.

o The treatment and disposal/recovery of ash residues, e.g. bottom ash may often be used
for construction purposes, in which case the landfilling cost is avoided. The costs of
treatment for fly ash vary significantly, owing to the different approaches and
regulations applied regarding the need for treatment prior to recovery or disposal, and
the nature of the disposal site.

o The efficiency of energy recovery, and the revenue received for the energy delivered.
The unit price of energy delivered and whether revenues are received for just heat or
electricity or for both are both important determinants of net costs.

o The recovery of metals and the revenues received from this.

o Taxes or subsidies received for incineration and/or levied on emissions - direct and
indirect subsidies can influence gate fees significantly i.e. in the range of 1075 %.

o Architectural requirements.

o Development of the surrounding area for waste delivery access, and other infrastructure.

o Availability requirements, e.g. availability may be increased by installing redundant
equipment, but this imposes additional capital costs.

o Planning and building cost/depreciation periods, taxes and subsidies, capital cost.

. Insurance costs.

. Administration, personnel, salary costs.

The owners and operators of incineration plants may be municipal bodies, as well as private
companies. Public/private partnerships are also common. The financing cost of capital
investments may vary depending upon the ownership.

Waste incineration plants receive fees for the treatment of the waste. They can also produce and
sell electricity, steam, and heat, and recover other products, such as bottom ashes for use as civil
construction material, iron scrap and non-ferrous scrap for use in the metal industry, HCI, salt or
gypsum. The price paid for these commaodities, and the investment required to produce them,
has a significant impact on the operational cost of the installation. It can also be decisive when
considering specific technical investments and process designs (e.g. whether heat can be sold at
a price that justifies the investment required for its supply). The prices paid for these
commodities vary from one MS to another or even from one location to another.

In addition, significant differences occur due to the variations in emission requirements, salary
costs and depreciation periods, etc. For these reasons, the gate fees in Table 1.7 are only
comparable to a limited extent:
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Table 1.7:

Gate fees in European MSW and HW incineration plants

Member States N Gate fees in EUR/t
Municipal waste Hazardous waste

Belgium 57 100-1 500
Denmark 40-70 100-1 500
Finland 50-100 NI
France 50-120 50-1 500
Germany 100-350 50-1 500
Italy 70-120 100-1 000
Netherlands 90-180 50-5 000
Sweden 38-67 (average: 49) 50-2 500
United Kingdom 20-40 NI
NB:
NI: no information provided
Source: [1, UBA 2001 ], [47, TWG 2018],

It is important not to confuse the real cost of the gate fee 'needed' in order to pay for the
investment and operation and the market price that is adopted in order to deal with competition.
Competition with alternative methods of waste management (e.g. landfills, fuel production) as
well as investment costs and operating expenses have an effect on the final gate fee at
incineration plants. Competition prices vary greatly from one Member State or location to

another.

Table 1.8 shows (except where noted) the variation in municipal waste incineration costs across
Member States. Note that the costs presented in Table 1.8 are different to those in Table 1.7
above (which presents data on gate fees).

16
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Table 1.8: Comparative costs of MSW incineration in different Member States
Pre-tax (%) costs net of Tax (for Revenues from energy Costs of ash
revenues in EUR per plant with supply treatment (EUR per
tonne waste input energy (EUR per kWh) tonne of ash unless
recovery) otherwise specified)
326 @ 60 kt/yr S Bottom ash: 63
AT 159 @150 kt/yr E'I:;:tt.rlocg{éo.O?,G Flue-gas residues:
97 @ 300 kt/yr T 363
BE 72 average (EFlIJ;]dl‘EZr.;/t Electricity: 0.025 Not available
Bottom ash: 34
DK | 30-45 EUR 44/t Electricity: 0.05 Flue-gas treatment
residues: 80
For gasification,
Fl None Electricity: 0.034
Heat: 0.017
86-101 @ 37.5 kt/yr D Bottom ash: EUR 13—
FR | 80-90 @ 75 kt/yr Efgttrgggfgioosggg 046 | 1g per tonne input
67-80 @ 150 kt/yr s ' waste
2250 (50 kt/yr and below) Bottom ash: 25-30
@) - Fly ash/air pollution
DE 1105 (200 ktiyr) (%) Electricity 0.015-0.025 | - 1ol residues:
65 @ 600 kt/yr () 100-250
EL None Not known Not known
IE None Not known Not known
41.3-93 - Bottom ash: 75
IT (350 kt, depends on g Igztr|0|ty. 0.14 (old) Fly ash and air
.04 (market) .
revenues for energy and 0.05 (green cert.) pollution control
packaging recovery) ' ' residues: 29
Bottom ash: EUR 16
N per tonne input waste
LU 97 (120 kt) (Eelst?:;;g?j/) 0.025 Flue-gas residues:
EUR 8 per tonne
input waste
NL 71-110° Electricity: 0.027-0.04
70-134" (estimated)
PT 46-76 (est.) No data
ES 34-56 Electricity: 0.036
Electricity: 0.03
SE 21-53 Heat: 0.02
Bottom ash recycled
UK 23 g ;88%5; Electricity: 0.032 (net cost to operator)
fly ash: ~ 90
(%) Pre-tax cost refers to gross costs without any tax.
(®) These figures are gate fees, not costs.
Source: [ 43, Eunomia 2001 ] [ 64, TWG 2003 ]

The following table illustrates how the capital costs of an entire new MSWI installation can
vary with the flue-gas and residue treatment processes applied.

Table 1.9:

and some types of FGC in Germany

Type of flue-gas

Specific investment costs (EUR/tonne waste input/yr)

residue processing

cleaning 100 ktonnes/yr | 200 ktonnes/yr | 300 ktonnes/yr | 600 ktonnes/yr
Dry 670 532 442 347
Dry plus wet 745 596 501 394
Dry plus wet with 902 701 587 457

Source: [1, UBA 20017, [ 64, TWG 2003 ]

Specific investment costs for a new MSWI installation related to the annual capacity

Waste Incineration

17



Chapter 1

Table 1.10 shows some examples of average specific incineration costs (1999) for municipal
waste and hazardous waste incineration plants (all new plants). The data indicate that the
specific costs for incineration are heavily dependent on the financing costs of the capital and,
therefore, on the investment costs and the plant capacity. Significant cost changes can occur and
depend on the set-up, such as the depreciation period, interest costs, etc. Plant utilisation can
also have a significant influence on the incineration costs.

Table 1.10: Example of the comparative individual cost elements for MSW and HW incineration

plants
Incineration plant for
Cost structure Mgmupal waste with a . Hazardous waste with a capacity of
capacity of 250 ktonnes/yr in 70 ktonnes/vr in EUR 10°
EUR 10° yr in EUR 10
Planning/approval 35 6
Machine parts 70 32
Other components 28 28
Electrical works 18 20
Infrastructure works 14 13
Construction time 7 7
Total investment costs 140 105
Capital financing cost 14 10
Personnel 4 6
Maintenance 3 8
Administration 0.5 0.5
Operating resources/energy 3 2.5
Waste disposal 3.5 15
Other 1 0.5
Total operational costs 29 125
Spgmflc Incineration costs Approx. EUR 115/tonne Approx. EUR 350/tonne
(without revenues)
NB: The data provide an example in order to illustrate differences between MSWI and HWI. The costs of each
and the differential between them vary.
Source: [ 1, UBA 20011], [ 64, TWG 2003 ]

Energy prices
[ 43, Eunomia 2001 ] Revenues are received for energy sales. The level of support per kwh for

electricity and/or heat generation varies greatly. For example, in Sweden and Denmark, gate
fees are lower, at least in part because of the revenue gained from the sales of thermal energy as
well as electricity. Indeed, in Sweden the generation of electricity is often not implemented due
to the considerable revenues for heat recovery.

In some other countries, support for electricity production has encouraged electricity recovery
ahead of heat recovery. The UK, Italy and Spain, amongst others, have at some stage supported
incineration through elevated prices for electricity generated from incinerators.

In other MSs, the structure of incentives available for supporting renewable energy may also
affect the relative prices of alternative waste treatments and hence competition prices.

The potential revenues from energy sales at waste incineration facilities constitute an incentive
for all parties concerned to include energy outlets in the planning phase for incineration
facilities [ 64, TWG 2003 ].

Revenues received for recovery of packaging materials

[ 43, Eunomia 2001 ] These have also influenced relative prices. For example, in Italy, France
and the UK, incinerators have received revenues associated with the recovery of packaging
material.
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It should be noted that legislative judgements concerning recovery and disposal may influence
whether incinerators can legally benefit from these revenues [ 64, TWG 2003 ]

Taxes on incineration

[ 43, Eunomia 2001 ] In Denmark, the tax on incineration is especially high. Hence, although
the underlying costs tend to be low (owing primarily to scale, and the prices received for
energy), the costs net of tax are of the same order as those of several other countries where no
tax is in place. This tax, along with a landfill tax, was adopted in Denmark to promote waste
treatment in compliance with the waste hierarchy. This has resulted in a large shift from landfill
to recycling, but with the percentage of waste being incinerated remaining constant

[ 64, TWG 2003 ].
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2 APPLIED PROCESSES AND TECHNIQUES

2.1 Overview and introduction

A typical waste incineration plant will include the following operations:

o incoming waste reception;

. storage of waste and raw materials;

o pre-treatment of waste (where required, on site or off site);

o loading of waste into the process;

o thermal treatment of the waste;

o energy recovery (e.g. boiler) and conversion;

o flue-gas cleaning (FGC);

o flue-gas cleaning residue management;

o flue-gas discharge;

. emissions monitoring and control;

o waste water control and treatment (e.g. from site drainage, flue-gas cleaning, storage);
o ash/bottom ash management and treatment (arising from the combustion stage);
o solid residue discharge/disposal.

Each stage will be designed for the specific type(s) of waste treated at the installation.
Information describing these stages is included later in this chapter.

Many installations operate continuously, 24 hours a day, nearly 365 days a year. Control
systems and maintenance programmes play an important role in securing the availability of the
plant. [ 74, TWG 2004 ]

Source: [ 1, UBA 2001 ]

Figure 2.1: Example layout of a municipal solid waste incineration plant with a wet FGC system
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There are three main types of thermal waste treatment:

combustion - full oxidative combustion (by far the most common process);
pyrolysis - thermal degradation of organic material in the absence of oxygen;
gasification - partial oxidation.

The reaction conditions and products of these thermal treatments are shown in Table 2.1.

Table 2.1:  Typical reaction conditions and products from combustion, pyrolysis and gasification
processes
Combustion Pyrolysis Gasification
Reaction temperature (°C) 800-1 450 250-700 500-1 600
Pressure (bar) 1 1 1-45
Gasification
Atmosphere Air Inert/Nitrogen agent:
0,, H,0
Stoichiometric ratio >1 0 <1
Products from the process
in the
. H,, CO, H,, CO, CO,,
* gasphase: €02 H0, 02, N hydrocarbons, H,O, N, | CHy, H,0, N,
e solid phase: Ash, slag Ash, coke Slag, ash
e liquid phase: Pyrolysis oil and water
Source: Adapted from [ 9, VDI 2002 ]

Pyrolysis and gasification plants follow a similar basic structure to waste incineration
plants but there are some significant differences: pre-treatment, may be more extensive
to provide a narrow profile feedstock and additional equipment is required for handling,
treating and storing the rejected material,

loading, greater attention required to sealing;

thermal reactor, to replace (or in addition to) the combustion stage;

product handling, gaseous and solid products require handling, storage and possible

further treatments;

product combustion, may be a separate stage and include energy recovery by
combustion of the products and subsequent gas/water/solid treatments and management.

22
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2.2 Pre-treatment, storage and handling techniques

The different types of wastes that are incinerated may need different types of pre-treatment,
storage and handling operations. This section describes the most relevant of these operations for
the following wastes:

. municipal solid waste and similar;
o hazardous waste;

o sewage sludge;

o clinical waste.

2.2.1 Municipal solid waste and similar (MSW)

2211 Collection and pre-treatment outside the MSW incineration plant
Although beyond the immediate scope of this document, it is important to recognise that the
local collection and pre-treatment applied to MSW will strongly influence the nature of the
material received at the incineration plant. The pre-treatment and other operations carried out at
the incinerator should therefore be consistent with the collection system in place.

Recycling schemes may mean that some fractions have been removed. Their effect will be
roughly as follows.

Table 2.2:  Main impacts of waste selection and pre-treatment on residual waste

Fraction removed Main impacts on remaining waste
Glass and metals e Increase ip calorif.ic value _
e Decrease in quantity of recoverable metals in slag
Paper, card and plastic . Decr_ease in calprifi_c value- .

' e Possible reduction in chlorine loads if PVC common
Organic wastes, e.g. food and e Reduction in moisture loads (particularly of peak loads)
garden wastes e Increase in net calorific value
Bulky wastes e Reduced need for removal/shredding of such wastes

e Reduction in hazardous metal loading, including Hg
Hazardous wastes ¢ Reduction in the loading of some other substances, e.g.
Cl, Br
Source: [ 74, TWG 2004 ]

One study assessing the effect of selective collection on the remaining household waste (called
'grey waste") gave the following conclusions:

o Glass collection decreased the throughput (-13 %) and increased the calorific value
(+15 % LHV) of the residual ‘grey waste'.

o Packaging and paper collection decreased the throughput (-21 %) and the LHV (-16 %)
of the 'grey waste'.

o In general, the throughput and LHV of the 'grey waste' decreased when the efficiency of

the selective collection increased. The maximum impact of selective collection was -
42 % for the throughput and -3 % for the LHV of the 'grey waste".

o Selective collection had an effect on the grey waste quality - it significantly increased
the content of the fine fraction which can be particularly rich in heavy metals (fines
increased from 16 % to 33 %).

o The bottom ash ratio decreased due to selective collection (-3 %).

[ 74, TWG 2004 ]
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The degree to which separate collection and similar schemes affect the final waste delivered to
the installation depends on the effectiveness of the separation and pre-treatment systems
employed. This varies greatly. Some residual fractions are always likely to remain in the
delivered waste.

Reject materials from recycling plants, mono-streams of waste, commercial and industrial
wastes, and some hazardous wastes may also be part of the delivered waste.

2212 Municipal solid waste pre-treatment within the incineration plant

In-bunker mixing is commonly used to blend MSW. This usually involves using the same waste
grab used for hopper loading. Most commonly, the pre-treatment of MSW is limited to the
shredding of pressed bales, bulky waste, etc., although sometimes more extensive shredding is
carried out using:

. crocodile shears;
. shredders;

. mills;

. rotor shears.

For fire-safety reasons, the following arrangements may be used:

. separation of the dumping areas from the storage in the bunker;

° separation of hydraulic plants (oil supply, pump and supply equipment) from the cutting
tools;

o collection devices for leaked oil;

° decompression release in the housing to reduce explosion damage.

Bulky waste is usually pretreated by crushing when it is bigger than the system that feeds it to
the furnace. Pre-treatment by crushing, shredding and/or mixing is also carried out to
homogenise the waste so that it has more consistent combustion characteristics (e.g. for some
wastes with a high LHV). Additional waste pre-treatment is unusual for grate furnace plants, but
may be essential for other furnace designs.

2213 Waste delivery and storage

The general principles of storage are described in the BREF on Emissions from Storage (EFS
BREF), published in July 2006. Waste delivery, storage and handling are also addressed by the
BREF on Waste Treatment (WT). This section serves to outline some issues that are specific to
MSW.

22131 Waste control

The waste delivery area is where the delivery trucks, trains or containers arrive in order to dump
the waste into the bunker, usually after visual control and weighing. The dumping is carried out
through openings between the delivery area and the bunker. Tilting and sliding beds may be
used to facilitate waste transfer to the bunker. The openings can be closed to prevent the escape
of odours, act as a firebreak and reduce the risk of vehicle accidents. Enclosure of the delivery
area can be effective in reducing odour, noise and emission problems from the waste.
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2.2.1.3.2 Bunker

The bunker is usually a waterproof, concrete chamber. The waste is piled and mixed in the
bunker using cranes equipped with grapples. The mixing of wastes helps to achieve a balanced
heat value, size, structure, composition, etc. of the material dumped into the incinerator filling
hoppers.

Fire protection equipment is used in the bunker area and feeder system, for example:

o fireproofed cabling for the cranes;

o safety design for the crane cabs;

o fire detectors;

o automatic water cannon sprays, with or without foam.

Crane cabs are designed to provide the crane operator with a good view of the entire bunker.
The cab has its own ventilation system, independent from the bunker.

The air for the furnaces is often extracted from the bunker area to remove dust and odours and
any methane generated by fermentation of the wastes. The calorific value of the waste as well as
the layout and the concept of the plant will determine whether the air from the bunker is used as
primary air, secondary air or both. [ 74, TWG 2004 ]

The bunker usually has a storage capacity of 3 to 5 days of plant operational throughput. This is
very dependent on local factors and the specific nature of the waste.

Additional safety devices may be implemented such as: dry standpipe at the waste hopper level,
foam nozzle above the waste hopper, fire detection for the hydraulic group, fire-resistant walls
between the bunker and the furnace hall, fire-resistant walls between the furnace hall and the
control room, water curtains on the window between the control room and the furnace, smoke
and fire extraction (5-10 % of the surface of the roof).

[ 74, TWG 2004 ]

2.2.2 Hazardous waste

The hazardous waste incineration sector comprises two main subsectors:

e merchant incineration plants;
e dedicated incineration plants.

The main differences between these are summarised in the table below.
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Table 2.3: Summary of the differences between operators in the HWI market
Criteria Merchant plants Dedicated plants
Ownership Private companies, Usually private companies (used for

municipalities or partnerships

their own wastes)

Characteristics of
wastes treated

e Very wide range of wastes

e Knowledge of exact waste
composition may be limited
in some cases

Wide range of wastes, but
mainly liquid and gaseous
wastes

Often the waste only originates
from one company or even from
one process

Knowledge of waste
composition generally higher

e  Predominantly rotary kilns

Mainly static kilns

Combustion e Some dedicated o Awide variety of specific
technologies technologies for dedicated . -
applied or restricted specification techniques for dedicated or

wastes

restricted specification wastes

Operational and
design
considerations

e  Flexibility and wide range
of performance required to
ensure good process control

Process can be more specifically
designed for a narrower
specification of feed in some
cases

Flue-gas cleaning

e  Wet scrubbing often
applied to give flexibility of
performance

e Arange of FGC techniques
(often applied in
combination with wet
scrubbing)

Wet scrubbing often applied to
give flexibility of performance
A range of FGC techniques
(often applied in combination
with wet scrubbing)

Cost/market
considerations

e  Operators usually compete
in an open (global) market
for business

e  Some plants benefit from
national/regional policies
regarding the destination of
wastes arising in that
country/region

e Movement of hazardous
waste in the EU is
controlled by Transfrontier
Shipment Regulations
which limits the scope of
open global market

Competition more limited or in
some cases non-existent

Higher disposal costs tolerated
by users in some cases for
reasons of waste producer policy
on in-house disposal

Source: Discussions with TWG

[ 41, EURITS 2002 ]. The individual incineration capacity of rotary kilns used in the merchant
sector varies between 25 000 tonnes and 140 000 tonnes a year. The mass capacity for an
individual design varies considerably with the average calorific value of the waste, with the
principal factor being thermal capacity.

The following sections refer mainly to the delivery, storage and pre-treatment of hazardous
waste for the merchant sector.
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2221 Waste acceptance

Due to the very wide variety of wastes encountered, their high potential hazardousness, and
elevated uncertainties over the precise knowledge of the waste composition, significant effort is
required to assess, characterise and trace incoming wastes through the entire process. The
systems adopted need to provide a clear audit trail that allows the tracing of any incidents to
their source. This then enables procedures to be adapted to prevent further incidents.

The exact procedures required for waste acceptance and storage depend on the chemical and
physical characteristics of the waste.

Identification and analysis of wastes

[ 1, UBA 2001 ] For each type of hazardous waste, a declaration of the nature of the waste made
by the waste producer is submitted so that the waste manager can then decide on the appropriate
storage and treatment required. Such a declaration may include:

o data on the waste producer and responsible persons;

o data on the waste code and other designations for the waste;

. data on the origin of the waste;

o analytical data on particular toxic materials;

. general characteristics, including combustion parameters, such as Cl, S, calorific value,
water content;

. other safety/environmental information;

o legally binding signature;

o additional data upon request of the accepting plant.

Some types of waste require additional measures. Homogeneous, production-specific waste can
often be adequately described in general terms. Additional measures are usually required for
waste of a less well-known composition (e.g. waste from refuse dumps or from the collections
of hazardous household waste), including the inspection of each individual waste container.

When the waste composition cannot be described in detail (e.g. small amounts of pesticides or
laboratory chemicals), the waste management company may agree with the waste producer on
specific packaging requirements, making sure that the waste will not react during transport,
when it is accepted for incineration, or within containers. For example, risks may arise from:

o wastes with phosphides;

o wastes with isocyanates;

o wastes with alkaline metals (for example, or other reactive metals);
o cyanide with acids;

o wastes forming acid gases during combustion;

J wastes with mercury.

[ 74, TWG 2004 ]

Delivered wastes generally undergo specific waste acceptance controls, which may include
detailed laboratory analyses depending on the volume and nature of the waste. Visual and
analytical investigations of the waste are compared with the data contained in the declaration
received from the waste producer. The waste is either accepted and allocated to the appropriate
storage area, or rejected in the case of significant deviations.
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2.2.2.2 Storage

The general principles of storage are described in the BREF on Emissions from Storage (EFS
BREF), published in July 2006. Waste delivery, storage and handling are also addressed by the
BREF on Waste Treatment (WT). However, this section serves to outline some issues that are
specific to the incineration of hazardous waste.

In general, the storage of wastes needs, additionally, to take into account the unknown nature
and composition of wastes, as this gives rise to additional risks and uncertainties. In many cases,
this uncertainty means that higher specification storage systems are applied for wastes than for
well-characterised raw materials.

A common practice is to ensure, as far as possible, that hazardous wastes are stored in the same
containers (drums) that are used for transportation, thus avoiding the need for additional
handling and transfer. Good communication between the waste producer and the waste manager
help to ensure wastes are stored, transferred, etc. such that risks all along the chain are well
managed. It is also important that only well-characterised and compatible wastes are stored in
tanks or bunkers.

Hazardous waste storage arrangements may need to comply with the Seveso |11 Directive on the
control of major accident hazards, as well as BAT described in the EFS BREF and/or the WT
BREF. There may be circumstances where the prevention/mitigation measures for major
accident hazards take precedence.

[ 41, EURITS 2002 ] Appropriate waste assessment is an essential element in the selection of
storage and loading options. Some issues to note are the following:

° For the storage of solid hazardous waste, many incinerators are equipped with a
bunker (5002 000 m®) from where the waste is fed into the installation by cranes or
feed hoppers.

. For liquid hazardous waste and sludges, which are usually stored in a tank farm, some
tanks have storage under an inert (e.g. N,) atmosphere. Liquid waste is pumped via
pipelines to the burners and introduced into the rotary kiln and/or the post-combustion
chamber (PCC). Sludges can be fed to rotary kilns using special 'viscous-matter' pumps.

. Some incinerators are able to feed certain substances, such as toxic, odorous, reactive
and corrosive liquids, by means of a direct injection device, directly from the transport
container into either the kiln or the PCC.

° Almost half of the merchant incinerators in Europe are equipped with conveyors and
elevators to transport and introduce drums and/or small packages (e.g. lab packs)
directly into the rotary kiln. These may be via airlock systems and can use inert gas
flood systems.

22221 Storage of solid hazardous waste

[1, UBA 2001 ] Solid and unpumpable pasty hazardous waste that has not been degassed and
does not smell is stored temporarily in bunkers. Storage and mixing areas can be separated in
the bunker. This can be achieved through several design segments. Cranes feed both solid and
pasty waste products. The bunker must be designed to prevent emissions into the ground.

The bunker and container storage should be enclosed unless there are health and safety reasons
for not enclosing them (e.g. danger of explosion and fire). Combustion air for the incinerator is
usually taken from the waste storage area to prevent emissions of dust and odours. Waste
storage areas should be constantly monitored to ensure the early detection of any fires. Visual
monitoring by the control room operator and/or crane operator can be supported be the use of
heat-detecting cameras.
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22222 Storage of pumpable hazardous waste

[1, UBA 2001 ] Larger amounts of fluid and pumpable pasty wastes are temporarily stored in
tanks. Sufficient numbers and sizes of tanks must be available to accommodate separate storage
of incompatible types of waste (e.g. oxidisers stored separately from flammable materials to
prevent fires/explosions, and acids stored separately from sulphides to prevent hydrogen
sulphide production).

Tanks, pipelines, valves and seals must be adapted to the waste characteristics in terms of
construction, material selection, and design. They must be sufficiently corrosion-proof and offer
the option of cleaning and sampling. Flat-bed tanks are generally only deployed for large loads.

It may be necessary to homogenise the tank contents with mechanical or hydraulic agitators.
Depending on the waste characteristics, the tanks must be heated indirectly and insulated. Tanks
are set in catch basins that must be designed for the stored material, with bund volumes chosen
so that they can hold the liquid waste in the event of leakage.

2.2.2.2.3 Storage of containers and tank containers
[ 1, UBA 2001 ] For safety reasons, hazardous waste is most often accumulated in special

containers. These containers are then delivered to the incineration plant. Delivery of bulk liquids
is also taken.

The delivered containers may be stored or the contents transferred. In some cases, according to
a risk assessment, the waste may be directly injected via a separate pipeline into the furnace.
Heated transfer lines may be used for wastes that are only liquid at higher temperatures.

Storage areas for containers and tank containers are usually located outside, with or without
roofs. Drainage from these areas is generally controlled, as contamination may arise.

2.2.2.3 Feeding and pre-treatment

The wide range of chemical and physical properties of some hazardous wastes may cause
difficulties in the incineration process. Some degree of waste blending or specific pre-treatment
is often carried out to produce a more consistent feed material.

[ 2, InfoMil 2002 ]

Each installation develops waste acceptance criteria that specify the allowable ranges for the
key combustion and chemical properties of incoming wastes. The application of these criteria
ensures that the process operates steadily and predictably to comply with operational and
environmental (e.g. permit conditions) requirements.

Factors that set such ranges include:

o the capacity of the flue-gas cleaning system for individual pollutants (e.g. scrubber flow
rates);

o the presence or absence of a particular flue-gas cleaning technique;

o heat throughput rating of the furnace;

o design of the waste feed mechanism and the physical suitability of the waste received.
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[ 41, EURITS 2002 ] Some incinerators have dedicated and integrated homogenisation
processes for the pre-treatment of waste. These include the following:

o A shredder for bulky solids (e.g. contaminated packages) [ 74, TWG 2004 ].

o A dedicated shredder purely for drums. Depending on the installation, drums containing
solid and/or liquid waste can be treated. The shredded residues are then fed via the
bunker and/or tanks. A shredder combined with a mechanical mixing device. This
results in a homogenised fraction which is pumped directly into the kiln by means of a
thick-matter pump. Some shredders can deal with both drums and/or solid waste in
packages of up to 1 tonne.

Other forms of pre-treatment may be carried out depending on the waste composition and the
individual characteristics of the incineration plant, for example [ 1, UBA 2001 ]:

o neutralisation (for waste acceptance, pH values from 4 to 12 are normal);
° sludge drainage;
o solidification of sludge with binding agents.

Figure 2.2 shows two hazardous waste pre-treatment systems used at merchant hazardous waste
incinerators (HWIs).

Source: [ 25, Kommunikemi 2002 ]

Figure 2.2: Examples of hazardous waste pre-treatment systems used at some merchant HWIs
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2.2.3 Sewage sludge
2231 Composition of sewage sludge

The composition of sewage sludge varies according to many factors, including:

o system connections, e.g. industrial inputs can increase heavy metal loads;

. coastal locations, e.g. for salt water inclusion;

o treatments carried out at the treatment works, e.g. crude screening only, anaerobic
sludge digestion, aerobic sludge digestion, addition of treatment chemicals;

o weather/time of year, e.g. rainfall can dilute the sludge.

o The composition of sewage sludge varies greatly. Typical composition ranges for

dewatered communal and industrial sewage sludge are given below.

Table 2.4:  Average composition of dewatered communal sewage sludge and industrial sewage
sludge after dewatering

Component Communal sewage sludge | Industrial sewage sludge
Dry solids (%) 10-45
Organic material (% of dry solids) 45-85
Metals (mg/kg of dry solids):
Cr 20-77 170
Cu 200-600 1800
Pb 100-700 40
Ni 15-50 170
Sh 1-5 <10
Zn 500-1 500 280
As 5-70 <10
Hg 0.5-4.6 1
Cd 1-5 <1
Mo 4-20
Source: [ 2, InfoMil 2002 ], [ 64, TWG 2003 ], FEAD comments in [ 7, TWG 2017 ]

Sewage sludge also contains phosphorus generally in the range 1-2.5 % dry matter, depending
on whether or not the sewage works operate phosphorus removal and on the pre-treatment.
There is thus an opportunity for phosphorus recovery either upstream of sewage sludge
incineration or from the incineration ashes. [ 138, Bezak-Mazur et al. 2014 ]

Important factors to take into account when incinerating sewage sludge are:

o the dry solids content (typically this varies from 10 % up to 45 % - this has major
implications for the incineration process);

o whether the sludge is digested or not;

. the lime, limestone and other conditioning contents of the sludge;

o the composition of the sludge as primary-, secondary-, bio-sludge, etc.;

o odour problems, especially during sludge feeding in the storage areas.

[ 64, TWG 2003 ] [ 74, TWG 2004 ]
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2232 Pre-treatment of sewage sludge

Different types of pre-treatment are applied to sewage sludge. Some are specifically connected
to the incineration properties of the material (in particular, processes for the reduction of the
water content of the sludge), while others can have different purposes, including for the
recovery of the resources contained in the raw sludge (e.g. biogas, phosphorous), and may have
a more or less pronounced influence on the ensuing incineration process [143,Healy et al. 2015].
The following sub-sections describe some commonly applied sludge pre-treatment processes.

2.2.3.2.1 Physical dewatering

[1, UBA 2001], [ 64, TWG 2003 ]
Mechanical drainage before incineration reduces the volume of the sludge mixture, and
increases the heat value. This allows independent and economical incineration. The success of
mechanical drainage depends on the selected machines, the conditioning carried out, and the
type and composition of the sludge.

Through mechanical drainage of the sewage sludge in decanters, centrifuges, belt filter presses
and chamber filter presses, a dry solids (DS) level of between 10 % and 45 % can be achieved.
Often the sludge is conditioned before the mechanical drainage to improve its drainage. This is
achieved with the help of additives that contain flock-building materials. It is necessary to
differentiate between inorganic flocking substances (iron and aluminium salts, lime, coal, etc.)
and organic flocking substances (organic polymers). Inorganic substances not only act as
flocking substances but are also builders, i.e. they increase the inorganic content substantially,
and hence increase the amount of ash produced. Organic conditioning substances are generally
preferred because they are destroyed in the incinerator and do not increase the amount of ash
produced.

22322 Drying

[1, UBA 2001 ], [ 64, TWG 2003 ]

Often, a substance that has been dried by mechanical drainage is still too wet for auto-thermal
incineration. A thermal drying plant can be used to increase the heat value and reduce the
volume of the sludge before the incineration furnace.

The drying/dewatering of sewage sludge is carried out in separate or connected drying plants.
The following dryer plants are utilised:

. disk dryer;

. drum dryer;

. fluidised bed dryer;

. belt dryer;

o thin film dryer/disk dryer;

. cold air dryer;

° thin film dryer;

. centrifugal dryer;

. solar dryer;

. combinations of different types.

Drying processes can be divided into two groups:

. partial drying, up to approximately 60-80 % dry solids;
. complete drying, up to approximately 80—90 % dry solids.
[ 74, TWG 2004 ]
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An alternative to external drying is the in situ drying of sludge by incineration together with
higher calorific waste. In such cases, the water from the dewatered sludge helps to prevent the
high temperature peaks that could be seen if high-CV waste was incinerated on its own.

For auto-thermal incineration in sewage sludge mono-incineration plants, the drainage of raw
sewage up to 35 % dry solids is generally sufficient. This can be achieved by mechanical
dewatering and may not require thermal drying.

The required dry solids content for auto-thermal incineration in a given installation will depend
on the composition of the sludge (energy content of the dry solids, largely related to the content
of organic material). This is influenced by the nature of the sludge and any pre-treatments that
are applied, e.g. sludge digestion, or the use of organic or inorganic sludge conditioners.

Depending on its moisture level and on the overall share of sludge that is co-combusted, sludge
drying may be required to enable the simultaneous incineration of sewage sludge with other
waste streams in municipal waste incineration plants. Typical operating conditions for the
MSWI feed are around 10 % drained sewage sludge with 20-30 % dry solids.

[ 74, TWG 2004 ]

The heat required for the drying process is usually extracted from the incineration process. In
direct drying processes, the sewage sludge comes into direct contact with the thermal carrier
(e.g. in convection, belt, double-deck and fluidised bed dryers. The drying process produces a
mixture of steam, air, and gases released from the sludge which is generally injected into the
furnace.

In indirect drying systems (e.g. worm, disk, thin film dryers), the heat is injected via steam
generators or thermal oil plants and the heating fluid is not in contact with the sludge. Heat
transfer occurs between the wall and the sludge.

Contact dryers generally achieve a dry solids level of 35—40 %. The evaporated water produced
through the drying process is only contaminated with leaking air and small amounts of volatile
gases. The steam can be condensed almost totally from the vapour and the remaining inert gases
can be used as incinerator feed air to prevent the emission of odours. The treatment of the
condensate may be complicated due to the presence of NH,OH, TOC, etc.

2.2.3.2.3 Sludge digestion

Sludge digestion decreases the organic content of the sludge, and anaerobic digestion also
produces biogas. Digested sludge can generally be dewatered more easily than non-digested
sludge, producing a slightly higher dry solids content.

[ 64, TWG 2003]

2.2.4 Clinical waste
2241 Nature and composition of clinical wastes

Special attention is required when dealing with clinical wastes to manage the specific risks (e.g.
infectious contamination, needles), the aesthetic standards (residues of operations, etc.) and their
incineration behaviour (very variable calorific value and moisture contents).

Specific clinical waste often contains materials with a very high LHV (plastics, etc.), but also
residues with a very high water content (e.g. blood). Clinical waste therefore usually requires
long incineration times to ensure thorough waste burnout and acceptable residue quality.
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Similar to hazardous wastes, the composition of clinical wastes varies greatly and may include:

° infectious agents;

. contaminated clothing/wipes and swabs;
. pharmaceutical substances;

o sharp materials, e.g. hypodermic needles;
o veterinary wastes;

. body parts;

° used medical equipment;

o packaging materials;

. laboratory wastes;

o radioactive contaminated materials.

In some cases, a distinction is made between the incineration routes for pathological (potentially
infectious waste) and non-pathological waste. The treatment of pathological waste is sometimes
restricted to dedicated incinerators, while non-pathological waste is, in some cases, incinerated
with other wastes in non-dedicated incinerators, e.g. MSWIs.

2242 Handling, pre-treatment and storage of clinical waste

The risks associated with the handling of clinical waste can generally be reduced by limiting
contact with the waste and by ensuring good storage conditions through the use of:

° dedicated containers and the provision of washing/disinfection facilities;

. sealed and robust combustible containers, e.g. for sharps and biological hazard
materials;

. automatic furnace-loading systems, e.g. dedicated bin lifts;

° segregated storage and transfer areas (especially where co-incineration with other
wastes takes place);

. refrigerated or freezer storage, if required.

Pre-treatment may be carried out using:

. steam disinfection, e.g. autoclaving at elevated temperature and pressure;
° boiling with water.

Each of these may allow the waste to be sufficiently sterilised to permit its subsequent handling
in a similar manner to municipal wastes. Work and storage areas are usually designed to
facilitate disinfection.

Appropriate cleaning and disinfection equipment is usually installed for the cleaning of
returnable containers. The solid wastes from disinfection are collected for disposal. The waste
water from disinfection is collected and then recycled in the incineration process (e.g. in the
FGC or with the waste feed) or treated and discharged. [ 74, TWG 2004 ]

Pre-treatment may be applied to improve the homogeneity of the waste, such as shredding or
maceration, although safety aspects require careful consideration with some clinical wastes.

Clinical waste is also incinerated in hazardous waste and other incineration plants with other
types of waste. If incineration does not take place immediately, the wastes require temporary
storage. In some cases, where it is necessary for clinical waste to be stored for longer than
48 hours, the waste is kept in cooled storage areas with a restricted maximum temperature (e.g.
+10 °C).
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2.3 Thethermal treatment stage

Different types of thermal treatments are applied to the different types of wastes. This chapter
and Table 2.5 review the concepts and applications behind the most common technologies, in
particular:

. grate incinerators;

. rotary kilns;

o fluidised beds;

o pyrolysis and gasification systems.

They also cover some other more specific technologies.
[6, EGTEI 2002 ]

Municipal solid waste can be incinerated in travelling grates, rotary kilns and fluidised beds.
Fluidised bed technology requires MSW to be of a certain particle size range, which usually
requires some degree of pre-treatment even when the waste is collected separately.

Sewage sludge can be incinerated in rotary kilns, multiple hearth or fluidised bed incinerators.
Co-combustion in grate firing systems, coal combustion plants and industrial processes is also
applied. Sewage sludge often has a high water content and therefore usually requires drying or
the addition of supplementary fuels to ensure stable and efficient combustion.

Hazardous and clinical waste is usually incinerated in rotary kilns but grate incinerators
(including co-firing with other wastes) are sometimes applied to solid wastes, and fluidised bed
incinerators to some pretreated materials. Static furnaces are also widely applied at on-site
facilities in chemical plants.

Other processes have been developed that are based on the decoupling of the phases which
take place in an incinerator: drying, volatilisation, pyrolysis, carbonisation and oxidation of the
waste. Gasification using gasifying agents such as steam, air, carbon oxides or oxygen is also
applied. These processes aim to reduce flue-gas volumes and associated flue-gas treatment
costs. Some of these processes encountered technical and economic problems when they were
scaled up to commercial, industrial sizes, and their development has been abandoned. Some are
used on a commercial basis (e.g. in Japan) and others are being tested in demonstration plants
throughout Europe, but they still have only a small share of the overall treatment capacity when
compared to incineration.

Waste Incineration 35



Chapter 2

Table 2.5:

Summary of the current application of thermal treatment processes applied to different waste types
Technique Municipal solid waste Other non-hazardous waste | Hazardous waste | Sewage sludge Clinical waste

Grate - intermittent/reciprocating 56 % 43 % 0% 0% 0%
Grate - vibration 0% 0% 11 % 0% 0%
Grate - moving 24 % 27 % 0% 0% 0%
Grate - roller 12 % 10 % 0% 0% 0%
Grate - water-cooled 22% 48 % 17 % 0% 0%
Grate plus rotary kiln 0.5% 0% 2% 0% 0%
Rotary kiln 2% 0% 70 % 0% 0%
Static hearth 0% 0% 0% 0% 67 %
Static furnace 0% 0% 16 % 0% 0%
Fluidised bed - bubbling 2% 13% 0% 90 % 0%
Fluidised bed - circulating 3% 8 % 0% 10 % 0%
Pyrolysis 0% 0% 0% 0% 0%
Gasification 0.5% 0% 0% 0% 33%

NB: This table shows the technologies applied at the plants participating in the 2016 data collection for the WI BREF review, classified by the prevalent type of waste incinerated in 2014.
Source: [ 81, TWG 2016 ]
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2.3.1 Grate incinerators

Grate incinerators are widely applied for the incineration of mixed municipal wastes. In Europe,
approximately 90 % of installations treating MSW use grates. Other wastes commonly treated
in grate incinerators, often as additions with MSW, include commercial and industrial non-
hazardous wastes, sewage sludges and certain clinical wastes.

Grate incinerators usually have the following components:

. waste feeder;

o incineration grate;

. bottom ash discharger;

o incineration air duct system;
. incineration chamber;

o auxiliary burners.

Figure 2.3 shows an example of a grate incinerator with a heat recovery boiler.

Source: [ 1, UBA 2001 ]

Figure 2.3: Grate, furnace and heat recovery stages of an example municipal waste incineration
plant
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2.3.1.1 Waste feeder

The waste is discharged from the storage bunker into the feeding chute by an overhead crane,
and then fed into the grate system by a hydraulic ramp or another conveying system. The grate
moves the waste through the various zones of the combustion chamber in a tumbling motion.

The filling hopper is used as a continuous waste supplier. It is filled in batches by the overhead
crane. As the filling hopper surface is exposed to great stress, materials with high friction
resistance are selected (e.g. boilerplates or wear-resistant cast iron). The material must survive
occasional hopper fires unscathed.

The waste hopper may sometimes be fed by a conveyor. In that case, the overhead crane
discharges waste into an intermediate hopper that feeds the conveyor. [ 74, TWG 2004 ]

If the delivered waste has not been pretreated, it is generally very heterogeneous in both size
and nature. The feed hopper is therefore dimensioned in such a way that bulky materials fall
through and bridge formations and blockages are avoided. These blockages must be avoided as
they can result in uneven feeding to the furnace and uncontrolled air ingress to the furnace.

Feeder chute walls can be protected from heat by using:

. water-cooled double shell construction;
. membrane wall construction;

. water-cooled stop valves;

° fireproof brick lining.

If the feed chute is empty, stop valve equipment (e.g. door seals) can be used to avoid
flashbacks and to prevent uncontrolled air infiltration into the furnace. A uniform amount of
waste in the filling chute is recommended for uniform furnace management.

The junction between the lower end of the filling chute and the furnace consists of a dosing
mechanism. The dosing mechanism may be driven either mechanically or hydraulically. Its
feeding rate is generally adjustable. Different construction methods have been developed for the
various types of feeder systems, such as:

° chain grates/plate bands;
. feeder grates;

. variable taper feed chutes;
. RAM feeders;

° hydraulic ramp;

. feed screws.

[ 74, TWG 2004 ]

23.1.11 Addition of sewage sludge to a municipal waste incinerator
Sewage sludge is sometimes incinerated with other wastes in municipal grate incineration plants
(see Section 2.3.3 for information regarding the use of fluidised beds and other technologies).

Where added to a MSWI, it is often the feeding techniques that represent a significant
proportion of the additional investment costs.

38 Waste Incineration



Chapter 2

The following three supply technologies are used:

o Dried sewage sludge (~ 90 % dry solids) is blown as dust into the furnace.

o Drained sewage sludge (~ 20-30 % dry solids) is supplied separately through sprinklers
into the incineration chamber and distributed on a grate. The sludge is integrated into
the bed material by overturning the waste on the grates. Some operational experiences
have shown that up to 20 mass-% sludge (at 25 % dry solids) can be incinerated using
this technique. Other experiences have shown that if the sludge ratio is too high (e.g.
> 10 %), a high fly ash content or unburnt material in bottom ash may occur.

) Drained, dried or partially dried sludge (~ 50-60 % dry solids) is added to the municipal
waste and the mixture is fed into the incineration chamber. Mixing can occur in the
waste bunker through targeted doses by the crane operator, or it can be controlled in a
feeding hopper by pumping dewatered sludge into the hopper or into the bunker by
spreading systems. [ 74, TWG 2004 ]

2.3.1.1.2 Addition of clinical waste to a municipal waste incinerator

[49, Denmark 2002] Clinical waste is sometimes incinerated with other wastes in municipal
waste incineration plants. Clinical waste is combusted in the same furnace as the MSW.

Infectious clinical waste is placed straight into the furnace, without first being mixed with other
categories of waste and without direct handling. A separate loading system with airlocks is
used. The airlock helps to prevent the uncontrolled entry of combustion air and the possibility of
fugitive emissions in the loading area.

The combined incineration of clinical waste with municipal solid waste can be carried out
without a separate loading system. For example, automatic loading systems can be used to put
the clinical waste directly into the feed hopper with MSW.

National regulations sometimes limit the ratio of clinical waste that may be treated in combined
incineration (e.g. in France < 10 % thermal load).

Flue-gases from the different wastes are then treated in common FGC systems.

In Figure 2.4 below the order of the stages for a separate loading system are shown.
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Source: [ 49, Denmark 2002 ]
Figure 2.4: Examples of the stages of a clinical waste loading system used at a municipal waste
incinerator
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2.3.1.2 Incineration grate

The incineration grate accomplishes the following functions:

o transport of materials to be incinerated through the furnace;
o stoking and loosening of the materials to be incinerated:;
o positioning of the main incineration zone in the incineration chamber, possibly in

combination with furnace performance control measures.

A target of the incineration grate is a good distribution of the incineration air into the furnace,
according to combustion requirements. A primary air blower forces incineration air through
small grate layer openings into the fuel layer. More air is generally added above the waste bed
to complete combustion.

It is common for some fine material (sometimes called riddlings or siftings) to fall through the
grate. This material is recovered in the bottom ash remover or recovered separately. It can be
recycled to the grate for repeated incineration or removed directly for disposal. When the
siftings are recirculated in the hopper, care should be taken not to ignite the waste in the hopper.
[ 74, TWG 2004 ]

The residence time of the wastes on the grates is usually not more than 60 minutes.
[ 74, TWG 2004 ]

In general, one can differentiate between continuous (roller and chain grates) and discontinuous
(push grates) feeder principles. Figure 2.5 shows some types of grates.

Roller grate Forward feed grate Reverse feed grate
Waste  Incineration gases Waste Inclneratlun gases Waste Incineration gases
1 1 N w, -y
L‘ 0N \\k\‘\
Pr|mary Air Slag Primary Air Slag Primary Air Slag

Source: [ 1, UBA 2001 ]

Figure 2.5: Different grate types

Grate cooling is carried out to control metal temperatures and thereby improve grate life. The
cooling medium can be air or water (other liquids may also be used, such as oils or other heat-
conducting fluid). The flow of the liquid cooling medium is from colder zones to progressively
hotter ones in order to maximise the heat transfer. The heat absorbed by the liquid cooling
medium may be used in the incineration process or supplied to an external process.

The use of air-cooled grates in Europe is very common, with approximately 90 % of incinerated
MSW being treated in plants using air-cooled grates. Air is supplied below the grate and passes
through the grate spacings. The main function of this air is to provide the necessary oxygen for
oxidation, and the flow rate is designed according to this requirement. Simultaneously, this air
cools the grates. When more excess air is introduced, additional cooling is supplied but a larger
amount of flue-gas is produced.
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Water cooling is most often applied where the calorific value of the waste is higher, e.g. > 12—
15 MJ/kg for MSW. The design of the water-cooled system is more complex than air-cooled
systems.

The addition of water cooling may allow the grate metal temperature and local combustion
temperature to be controlled with greater independence from the primary air supply (hormally
between the grate bars). This may then allow the temperature and air (oxygen) supply to be
optimised to suit specific on-grate combustion requirements and thereby improve the
combustion performance. The temperature of the liquid can be used to monitor the reactions
(some are endothermic, some exothermic, and to differing degrees) occurring in the waste bed
above the grate. These reactions can then be controlled by varying the amount of air supplied
through that section of the grate to the waste above. This separation of the cooling and air
supply functions increases the control of the process. Greater control of the grate temperature
can allow the incineration of higher calorific value wastes without the normally increased
operational and maintenance problems.

Different grate systems can be distinguished by the way the waste is conveyed through the
different zones in the combustion chamber. Each has to fulfil requirements regarding primary
air feeding, conveying velocity and raking, as well as mixing of the waste. Other features may
include additional controls, or a more robust construction to withstand the severe conditions in
the combustion chamber.

23121 Rocking grates
[ 4, IAWG 1997 ] The grate sections are placed across the width of the furnace. Alternate rows

are mechanically pivoted or rocked to produce an upward and forward motion, advancing and
agitating the waste.

2.3.1.2.2 Reciprocating grates

This design consists of sections that span the width of the furnace but are stacked above each
other. Alternate grate sections slide back and forth, while the adjacent sections remain fixed.
Waste tumbles off the fixed portion and is agitated and mixed as it moves along the grate.
Numerous variations of this type of grate exist, some with alternating fixed and moving
sections, others with combinations of several moving sections to each fixed section. In the latter
case, the sections can either move together or at different times in the cycle.

There are essentially two main reciprocating grate variations:

1. Reverse reciprocating grate

The grate bars oscillate back and forth in the reverse direction to the flow of the waste. The
grate is sloped from the feed end to the ash discharge end and is comprised of fixed and moving
grate steps.

2. Push forward grate
The grate bars form a series of many steps that oscillate horizontally and push the waste in the
direction of the ash discharge.

2.3.1.23 Travelling grates

This type of grate consists of a continuous metal belt conveyor or interlocking linkages that
move along the length of the furnace. The reduced potential to agitate the waste (it is only
mixed when it transfers from one belt to another) means that it is seldom used in modern
facilities. [ 4, IAWG 1997 ]
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23.1.24 Roller grates

This design consists of a perforated roller that traverses the width of the grate area. Several
rollers are installed in series and a stirring action occurs at the point where the material tumbles
off the rollers. [ 4, IAWG 1997 ]

2.3.1.3 Bottom ash discharger

The bottom ash discharger is used to cool and discharge the solid residue (bottom ash) that
accumulates at the end of the grate. It also serves as an air seal for the furnace, preventing flue-
gas emissions and uncontrolled air ingress to the furnace.

Water-filled ram-type constructions and belt conveyors are commonly used to extract the
bottom ash as well as any bulky objects.

The water used for cooling is separated from the bottom ash at the exit and may be recirculated
to the ash discharger. A water top-up feed is usually required to maintain an adequate water
level in the discharger. The top-up water replaces water lost with the removed bottom ash and
evaporation losses. In addition, a water drain may be needed to prevent the build-up of salts —
such bleed systems can help to reduce the salt content of the residues if the flow rates are
adjusted specifically for this purpose. The bottom ash removal shaft is usually fireproof and is
constructed in such a way that bottom ash caking is avoided.

The bottom ash can be discharged dry by operating a ram-type discharger without water. In this
case, air sealing of the furnace is achieved by piling up the bottom ash in the inlet section. The
bottom ash is cooled down by the air without increasing the surface temperature of the
discharger. [ 82, Germany 2014 ]
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Source: [ 82, Germany 2014 ]

Figure 2.6: Example of a ram-type bottom ash discharger used at a grate incinerator
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2.3.1.4 Incineration chamber and boiler

The incineration chamber (see Figure 2.7) typically consists of a grate situated at the bottom,
cooled and non-cooled walls on the furnace sides, and a ceiling or boiler surface heater at the
top. Municipal waste generally has a high volatile content, so the volatile gases are driven off
and burn above the grate with only a small part of the actual incineration taking place on or near
the grate.

The following requirements influence the design of the incineration chamber:

° shape and size of the incineration grate - the size of the grate determines the size of the
cross-section of the incineration chamber; vortexing and homogeneity of flue-gas flow -
complete mixing of the flue-gases is essential for good flue-gas incineration;

. sufficient residence time for the flue-gases in the hot furnace - sufficient reaction time at
high temperatures is needed to ensure complete incineration;
° partial cooling of flue-gases by the injection of secondary air - in order to avoid the

melting of hot fly ash in the boiler, the flue-gas temperature must not exceed an upper
limit at the incineration chamber exit.

Source: [ 1, UBA 2001 ]

Figure 2.7: Example of an incineration chamber

44 Waste Incineration




Chapter 2

The detailed design of a combustion chamber is usually linked to the grate type. Its precise
design demands certain compromises as the process requirements change with the fuel
characteristics.

A design that is not appropriate would lead to poor retention of combustible gases in the
combustion zones, poor gas phase burnout and higher emissions.

In general, three different designs can be distinguished. The nomenclature comes from the flow
direction of the flue-gases in relation to the waste flow: unidirectional current; countercurrent
and medium current (see Figure 2.8).

Unidirectional current, co-current, or parallel flow furnace

In a co-current combustion arrangement, primary combustion air and waste are guided in a
co-current flow through the combustion chamber. Accordingly, the flue-gas outlet is located at
the end of the grate. Only a comparatively low amount of energy is exchanged between the
combustion gases and the waste on the grate.

The advantage of unidirectional current concepts is that the flue-gas has the longest residence
time in the ignition area and that it passes through the maximum temperature zone. To facilitate
ignition, the primary air is preheated.

Counter-flow or countercurrent furnace

In this case, primary combustion air and waste are guided in a countercurrent flow arrangement
through the combustion chamber and the flue-gas outlet is located at the front end of the grate.
The hot flue-gases facilitate the drying and ignition of the waste.

Special attention must be paid to avoid the passage of unburned gas streams. As a rule, counter-
flow current concepts require higher secondary or upper air additions.

Medium current or centre-flow furnace

The composition of municipal solid waste varies considerably and the medium current concept
is a compromise for a wide feed value spectrum. A good mixture of all partial flue-gas currents
must be considered through mixture-promoting contours and/or secondary air injections. In this
case, the flue-gas outlet is located in the middle of the grate.

Uni-directional current furnace Counter-flow current furnace Medium current furnace

Source: [ 1, UBA 2001 ]

Figure 2.8: Various furnace designs with differing direction of the flue-gas and the waste flow
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Table 2.6 compares different types of incineration chamber designs in terms of their geometric
characteristics, suitability to different waste types, and additional considerations regarding
specific air supply requirements for example.

Table 2.6: A comparison of the features of some different incineration chamber designs

Type Design features Comments

e Exit to combustion
chamber at end of Suited to higher LHV wastes

Co-current or furnace e  All evolved gases must pass through maximum

parallel flow Gas flow in same temperature zone and have long retention time
direction as waste Primary air heating required in ignition zone
movement

e  Exit to combustion

Suited to low-LHV / high-moisture / high-ash waste

chamber at start of (as hot gases from volatilisation zone pass over the
Countercurrent .
furnace drying zone)
or counter-flow . . : . .
e Gas flow in opposite |e  Higher secondary air requirements to ensure gas
direction to the waste burnout
Medium e EXxit to combustion o  Compromise of the above for wide spectrum of waste

current or chamber in middle of Furnace configuration / secondary air important to

centre-flow furnace ensure gas burnout

e  Exit from combustion
chamber in middle
position but split by
central section

Source: [ 1, UBA 20017, [ 2, InfoMil 2002 ], [ 4, IAWG 1997 ], [ 15, Segers 2002 ]

Central section aids retention of gases and allows
secondary air to be injected from additional locations
Mainly used for very large furnaces

Split-flow

Split-flow systems are mainly applied to larger furnaces because of the additional secondary air
mixing they allow in central positions of the furnace. In smaller furnaces, adequate mixing may
be achieved using side wall injection of the secondary air.

A balanced combustion chamber design ensures that gases evolved from the waste are well
mixed and retained at a sufficient temperature in the combustion chamber to allow the
combustion process to be fully completed. This principle is applicable to all incineration
processes.

2.3.15 Incineration air feeding

The incineration air fulfils the following objectives:

o provision of oxidant;

° cooling;

o avoidance of slag formation in the furnace;
. mixing of flue-gas.

Air is added at various places in the combustion chamber. It is usually described as primary or
secondary, although tertiary air and recirculated flue-gases are also used.

The primary air is generally taken from the waste bunker. This maintains a slight negative
pressure in the bunker hall and eliminates most odour and dust emissions from the bunker area.
Primary air is blown by fans into the areas below the grate, where its distribution can be closely
controlled using multiple wind boxes, and distribution valves.

The air can be preheated to pre-dry the waste when its calorific value is low. The primary air is
blown through the grate layer into the fuel bed. It cools the grate bar and carries oxygen into the
incineration bed.
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Secondary air is blown into the incineration chamber at high speeds via, for example, injection
lances or from internal structures. This is carried out to ensure complete incineration and is
responsible for the intensive mixing of flue-gases and prevention of the free passage of
unburned gas streams.

2.3.1.6 Incineration temperature, residence time and oxygen content

Incinerators are designed and operated to achieve a good burnout of the combustion gases by
ensuring that the combustion gases are maintained at a minimum temperature for a minimum
residence time at a minimum oxygen level. Typical values are a minimum temperature of
850 °C to 1 100 °C (with higher temperatures usually associated with certain hazardous wastes)
for at least 2 seconds at an oxygen level of at least 6 %.

The carbon monoxide content of the flue-gas is a key indicator of the quality of combustion.

2.3.1.7 Auxiliary burners

At start-up, auxiliary burners are used to heat up the furnace to a specified temperature before
any waste is added. During operation, the burners are switched on automatically if the
temperature falls below the specified value. During shutdown, the burners are used until there is
no more unburnt waste in the furnace to keep the furnace temperature at the desired level.

[ 74, TWG 2004 ]

2.3.2 Rotary kilns

Rotary kilns are very robust and almost any waste, regardless of type and composition, can be
incinerated. Rotary kilns are, in particular, very widely applied for the incineration of hazardous
wastes and most hazardous clinical waste is incinerated in high-temperature rotary kiln
incinerators. [ 64, TWG 2003 ]

Operating temperatures of rotary kilns range from around 500 °C (as a gasifier) to 1 450 °C (as
a high-temperature ash melting kiln). Higher temperatures are sometimes encountered, but
usually in non-waste incineration applications. When used for conventional oxidative
combustion, the kiln temperature is generally above 850 °C. Kiln temperatures in the range of
900-1 200 °C are typical when incinerating hazardous wastes.

Generally, and depending on the waste input, the higher the operating temperature, the greater
the risk of fouling and thermal stress damage to the refractory kiln lining. Some kilns have a
cooling jacket (using air or water) that helps to extend refractory life, and therefore the time
between maintenance shutdowns.

Water cooling is usually used together with higher temperatures in the kiln. The rotary kiln
water cooling system consists of two cooling circuits. The primary cooling water circuit delivers
primary cooling water on top of the rotary kiln and distributes it evenly to guarantee an equal
cooling effect over the whole shell of the kiln. Water is then collected in water collection basins
located under the kiln, from where it flows into the water collection tank. Water is circulated
back through a filter and a heat exchanger with a circulation pump. Evaporation is compensated
with additional make-up water, which is automatically buffered with NaOH in order to avoid
corrosion.

The secondary circuit removes heat from the primary circuit through heat exchangers and
transfers it for use.
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The system delivers cooling water through hundreds of spray nozzles situated all over the shell
of the kiln, keeping the temperature of the shell at 80-100 °C, whereas for air cooling the steel
shell temperature is typically a few hundred degrees higher. The rotary kiln cooling increases
the heat transfer through the refractory enough to reduce the rate of chemical erosion to a
minimum.

The heat transfer through the furnace into the cooling water varies between 0.5 MW and
3.0 MW, depending on the size of the rotary kiln and the thickness of the refractory. The
thickness of the refractory includes the remaining brick lining and the solidified bottom ash
layer.

A schematic drawing of a rotary kiln incineration system is shown below.

Secondary combustion

chamber
Solid & ]
- To air
- .
BN pollution
control
device

% Pumpable

1 waste

Ash

Source: [ 6, EGTEI 2002 ]

Figure 2.9: Schematic of a rotary kiln incineration system

The rotary kiln consists of a cylindrical vessel slightly inclined on its horizontal axis. The vessel
is usually located on rollers, allowing the kiln to rotate or oscillate around its axis (reciprocating
motion). The waste is conveyed through the kiln by gravity as it rotates. Direct injection is used
particularly for liquid, gaseous or pasty (pumpable) wastes — especially where they present
safety risks and require particular care to reduce operator exposure.

The residence time of the solid material in the kiln is determined by the horizontal angle of the
vessel and the rotation speed: a residence time of between 30 and 90 minutes is normally
sufficient to achieve good waste burnout.

Solid waste, liquid waste, gaseous waste, and sludges can all be incinerated in rotary kilns. Solid
materials are usually fed through a non-rotating hopper; liquid waste may be injected into the
kiln through burner nozzles; pumpable waste and sludges may be injected into the kiln via a
water-cooled tube.

In order to increase the destruction of toxic compounds, a post-combustion chamber is usually
used. Additional firing using liquid waste or support fuel may be carried out to maintain the
temperatures required to ensure the complete destruction of compounds in the exhaust gas.
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23.21 Rotary kiln with post-combustion chamber for hazardous waste
incineration

For the incineration of hazardous waste, a combination of rotary kilns and post-combustion
chambers has proven successful, as this combination can treat solid, pasty, liquid and gaseous
wastes uniformly (see Figure 2.10).

Hazarous waste /'

Liquid waste
T .. 900 *C to

Waste gas
for waste gas
cleaning

i

,
N/

Boiler ash

Crude ash/slag

Source: [ 1, UBA 2001 ]

Figure 2.10: Rotary (drum-type) kiln with post-combustion chamber

Rotary kilns between 10 metres and 15 metres in length, with a length to diameter ratio usually
in the range of 3 to 6, and with an inner diameter between 1 metre and 5 metres are usually
deployed for hazardous waste incineration.

Some rotary Kilns have throughputs of up to 140 000 tonnes/yr each. Where heat recovery is
carried out, steam generation is directly correlated with the average heat value of the waste.
Rotary kilns are highly flexible in terms of waste inputs and typical operating ranges are:

o solid wastes:  10-70 %;

. liquid wastes: 25-70 %;

o pasty wastes:  5-30 %;

o barrels: up to 15 %.

The Kiln operating temperature is usually between 850 °C and 1 300 °C. The temperature may
be maintained by burning higher calorific (e.g. liquid) waste, waste oils, heating oil or gas.
Higher temperature kilns may be fitted with water-based kiln cooling systems. Operation at
higher temperatures may result in molten (vitrified) bottom ash (slag), whilst at lower
temperatures the bottom ashes are sintered.

To protect rotary kilns from temperatures of up to 1 200 °C, they are lined with refractory bricks
that have a high content of Al,O; and SiO,. The decision regarding the selection of bricks
appropriate for each application is a function of the waste composition. The bricks can be
attacked by alkaline metal compounds (formation of low-melting eutectic alloys), as well as by
HF (formation of SiF,). To protect refractory bricks from chemical attack and from the
mechanical impact of falling barrels, a hardened slag layer will usually be formed at the
beginning of the operation by feeding wastes with good slag-forming properties or mixtures of
glass and/or sand. Later on, the Kkiln is usually managed so as to maintain this slag layer, by
controlling the temperature, the mineral content of the wastes and sometimes using additives
such as sand. [ 74, TWG 2004 ]
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There have been tests with other surface types but neither injected nor stamped refractory
masses have proved successful. The surfacing of rotary kilns with special alloyed steels has only
been successful in some special applications. The durability of the fireproof surface remains
dependent upon the waste input. A service life of between 4 000 hours and 16 000 hours is
normal.

Rotary kilns are tilted towards the post-combustion chamber. This, along with the slow rotation
(approximately 3—40 rotations per hour), facilitates the transport of solid hazardous wastes that
are fed into the upper end, as well as the bottom ash produced during incineration, in the
direction of the post-combustion chamber. These are then removed together with the ash from
the post-combustion chamber via a wet bottom ash discharger. The residence time for solid
wastes is typically greater than 30 minutes.

The post-combustion chamber provides for the necessary residence time for the incineration of
the flue-gases produced in the kiln, as well as for the incineration of directly injected liquid and
gaseous wastes. The size of the post-combustion chamber and gas flows predict the actual
residence times achieved. Reducing residence times can increase the risk of incomplete gas
burnout.

The temperatures in the post-combustion chamber typically vary between 900 °C and 1 200 °C
depending on the installation and the waste feed. Most installations have the ability to inject
secondary air into the post-combustion chamber. Due to the high temperatures and the
secondary air introduction, the combustion of the exhaust gases is completed and organic
compounds (e.g. low molecular weight hydrocarbons, PAHs, PCBs and dioxins) are destroyed.

A rotary kiln incineration plant with an incineration capacity of 45 000 tonnes/yr is shown in
Figure 2.11. The plant is divided into three main areas:

. rotary kiln with post-combustion chamber;
. waste heat boiler for steam generation;
. multi-step flue-gas cleaning.

There is, in addition, the infrastructure for waste and fuel storage, the feed system, and the
storage, treatment and disposal of the waste and waste waters (from wet gas scrubbing)
produced during incineration.

Source: [ 1, UBA 2001 ]

Figure 2.11: Example of a rotary (drum-type) kiln plant for hazardous waste incineration
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2.3.3 Fluidised beds

Fluidised bed incinerators are widely applied to the incineration of finely divided wastes, e.g.
RDF and sewage sludge. Fluidised beds have been used for decades for the combustion of
homogeneous fuels such as coal, raw lignite, sewage sludge, and biomass.

The fluidised bed incinerator is a lined combustion chamber usually in the form of a vertical
cylinder. In the lower section, a bed of inert material, (e.g. sand or ash) on a grate or distribution
plate is fluidised with preheated combustion air. The waste for incineration is continuously fed
into the fluidised sand/ash bed from the top or side via a pump, a star feeder, a screw-tube
conveyor, an apron conveyor or a weighting band. [ 66, UllmansEncyclopaedia 2001 ],
[7, TWG 2017 ]

In the fluidised bed, drying, volatilisation, ignition and combustion take place. The temperature
in the free space above the bed (the freeboard) is generally between 850 °C and 950 °C. Above
the fluidised bed material, the freeboard is designed to allow a sufficient residence time of the
gases in the combustion zone. In the bed itself, the temperature is lower and may be
around 650°C.

Because of the good mixing in the reactor, fluidised bed incineration systems generally have a
uniform temperature and oxygen concentration, which results in stable operation. For
heterogeneous wastes, fluidised bed combustion requires the selection and pre-treatment of the
waste so that it conforms with size specifications. [ 64, TWG 2003 ] [ 74, TWG 2004 ]

Pre-treatment usually consists of sorting and crushing larger inert particles, and shredding.
Removal of ferrous and non-ferrous materials may also be required. The particle size of the
waste must be small, often with a maximum diameter of 50 mm. However, it is reported that
average acceptable diameters for rotating fluidised beds are 200-300 mm.
[ 74, TWG 2004 ]

The schematic diagram below shows an installation that pretreats mixed MSW for incineration
in a fluidised bed incineration plant. Several pre-treatment stages are shown including
mechanical pulverisation and pneumatic separation, along with the final stages of incineration,
FGC and residue storage.
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Source: [ 1, UBA 2001 ]

Figure 2.12: Schematic diagram showing pre-treatment of MSW prior to fluidised bed combustion

During incineration, the fluidised bed contains the unburnt waste and the ash produced. The ash
surplus is usually removed at the bottom of the furnace. [ 1, UBA 2001 ] [ 33, Finland 2002 ]

The heat produced by the combustion can be recovered by devices either integrated inside the
fluidised bed or at the exit of the combustion gases, or by a combination of these designs.

The relatively high cost of pre-treatment processes required for some wastes has restricted the
commercial use of these systems to larger scale projects. This has been overcome in some cases
by the selective collection of some wastes, and the development of quality standards for refuse-
derived fuels (RDF). The combination of a prepared quality-controlled waste and fluidised bed
combustion can allow improvements in the control of the combustion process, and the potential
for a simplified, and therefore less expensive, flue-gas cleaning stage.

The following table shows the properties of various waste fractions that are treated in fluidised
beds.

Table 2.7:  Properties of various refuse-derived fuel (RDF) fractions treated in fluidised beds

Parameter Unit Commercial Pretreated Sorted and pretreated
waste construction waste household waste

Net calorific value | MY/kd 16-20 14-15 13-16

MWh/t 4.4-5.6 3.8-4.2 3.6-4.4
Moisture wt-% 10-20 15-25 25-35
Ash wt-% 5-7 1-5 5-10
Sulphur wt-% <0.1 <0.1 0.1-0.2
Chlorine wt-% <0.1-0.2 <0.1 0.3-1.0
Storage properties | wt-% Good Good Good as pellets
Source: [ 33, Finland 2002 ]
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The following fluidised bed furnace technologies can be differentiated according to the gas
speeds and design of the nozzle plate:

o Stationary (or bubbling) fluidised bed (atmospheric and pressurised): The inert
material is mixed, but the resulting upward movement of solids is not significant (see
Figure 2.13).

o Rotating fluidised bed is a version of the bubbling fluidised bed: The fluidised bed is

rotated which results in a longer residence time in the incineration chamber. Rotating
fluidised bed incinerators have been used for mixed municipal waste since the 1990s.

o Circulating fluidised bed: The bed material is recirculated by the use of a hot cyclone.
The higher gas speeds in the combustion chamber are responsible for the partial
removal of the fuel and bed material, which is fed back into the incineration chamber by
a recirculation loop (see Figure 2.14).

In order to start up the incineration process, the fluidised bed must be heated to at least the
minimum ignition temperature of the waste feedstock (or higher where required by legislation).
This may be accomplished by preheating the air with oil or gas burners, which remain operative
until incineration can occur independently. The waste falls into the fluidised bed, where it is
crushed through abrasion and incineration. Usually, the majority of the ash is transported with
the flue-gas flow and requires separation in FGC equipment, although the actual proportion of
bottom ash (removed from the base of the bed) and fly ash depends on the fluidised bed
technology and the waste itself. [ 1, UBA 2001 ]

Fouling problems, common in waste incineration boilers, can be managed by controlling the
waste quality (mostly keeping chlorine, potassium, sodium and aluminium low) and by boiler
and furnace design. Fluidised bed furnaces enable the use of some boiler designs not applicable
to grate furnaces because of the more stable temperatures and the presence of the bed material.

2.3.3.1 Stationary (or bubbling) fluidised bed incineration for sewage
sludge

The stationary or bubbling fluidised bed (BFB) is commonly used for sewage sludge, and other
industrial sludges, e.g. petrochemical and chemical industry sludges. It consists of a cylindrical
or rectangular lined incineration chamber, a nozzle bed, and a start-up burner located below (see
Figure 2.13).
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Source: [ 1, UBA 2001 ]

Figure 2.13: Main components of a stationary/bubbling fluidised bed

Preheated air flows up through a distribution plate and fluidises the bed material. Depending on
the application, various bed materials (silica sand, basalt, mullite, etc.) and bed material particle
sizes (approximately 0.5-3 mm) can be used.

[ 2, InfoMil 2002 ], [ 64, TWG 2003 ]

The waste can be loaded via the head, on the sides with belt-charging machines, or directly
injected into the fluidised bed. In the bed, the waste is crushed and mixed with hot bed material,
dried and partially incinerated. The remaining fractions (volatile and fine particles) are
incinerated above the fluidised bed in the freeboard. The remaining ash is removed with the
flue-gas at the head of the furnace.

Drainage and drying pre-treatment stages can be used so that the waste burns without the need
for additional fuels. Recovered heat from the incineration process may be used to provide the
energy for waste drying.

At start-up or when the sludge quality is low (e.g. with old sludge or a high share of secondary
sludge), additional fuel (oil, gas and/or waste fuel) can be used to reach the prescribed furnace
temperature (typically 850 °C). Water can be injected into the furnace to control the
temperature.

The furnace must be preheated to its operating temperature before waste feeding starts. For this
purpose, a start-up incineration chamber (see Figure 2.13) may be located below the nozzle bed.
This has an advantage over an overhead burner, as the heat is introduced directly into the
fluidised bed. Additional preheating may be provided by fuel lances that protrude over the
nozzle bed into the sand bed.
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The size of the furnace is largely determined by the required evaporation (furnace cross-
section), the heat turnover in the furnace (furnace volume) and the required amount of air.

Example operational parameters for a fluidised bed sewage sludge incinerator are shown in
Table 2.8.

Table 2.8: Main operational criteria for stationary fluidised beds

Parameter Unit Value
Steam load kg/m*h 300-600
Feed air amount Nm*/m?h | 1 000-1 600
Heat turnover GJ/m*h 3-5
Final incineration temperature °C 850-950
Residence time, open space and afterburner zone S min. 2
Preheating of atmospheric oxygen °C 400-600
Source: [ 1, UBA 2001 ]

The preheating of air can be eliminated completely with higher calorific fuels (e.g. dried sewage
sludge, wood, animal by-products). The heat can be removed via membrane walls and/or
immersed heat-exchange systems.

Some processes incorporate drying as a first step. Steam for the drying may be produced by a
boiler and then used as the heating medium with no direct contact between the steam and the
sludge. Sludge vapours can be extracted from the dryer and condensed. The condensed water
typically has a high COD (approximately 2 000 mg/l) and N content (approximately 600-
2 000 mg/l) and may contain other pollutants (e.g. heavy metals) from the sewage sludge, and
therefore will often require treatment before final discharge. The remaining non-condensates
may be incinerated. After incineration, the flue-gases can be cooled in a heat exchanger in order
to preheat the incineration air to temperatures of approximately 300 °C and in some cases over
500 °C. The remaining heat in the steam boiler can be recovered and used for the production of
saturated steam (pressure level approximately 10 bar), which in turn can be used for the partial
pre-drying of sludge. [ 64, TWG 2003 ]

In addition to sewage sludge, other wastes from the waste water treatment process are often
incinerated, e.g. swim scum, screenings, and extracted fats.

Plants receiving partially dried sludge require less additional fuels than plants receiving raw
sludges. The heat values of the sludge for auto-thermal incineration lie between 3.5 MJ/kg and
6.5 MJ/kg. Values between 2.2 MJ/kg and 4.8 MJ/kg sludge are seen where raw sewage is
treated. Approximately 3.5 MJ/kg sludge is considered the limit for auto-thermal incineration.
The need for additional fuel can be reduced by the use of efficient internal energy recovery
systems, e.g. recovery of heat from flue-gases to heat incineration air and/or use of heat for
sludge drying.

Heating oils and natural gas are the most commonly used additional fuels in dedicated sewage
sludge incinerators. Selected liquid and solid wastes, as well as biogas when anaerobic digestion
is carried out nearby, are also used.

2.3.3.2 Circulating fluidised bed (CFB) for sewage sludge

The circulating fluidised bed (CFB, see Figure 2.14 below) is especially appropriate for the
incineration of dried sewage sludge with a high calorific value and of pretreated municipal solid
waste. It works with fine bed material and at high gas speeds that remove most of the solid
material particles from the fluidised bed chamber with the flue-gas. The particles are then
separated in a downstream cyclone and returned to the incineration chamber.
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Source: [ 1, UBA 2001 ]

Figure 2.14: Main components of a circulating fluidised bed

The advantage of this process is that a high heat turnover and a more uniform temperature along
the height can be reached with a low reaction volume. The plant size is generally larger than for
a BFB and a wider range of waste inputs can be treated. The waste is injected at the side into the
incineration chamber and is incinerated at 850-950 °C. The surplus heat is removed through
membrane walls and via heat exchangers placed between the recycling cyclones and the CFB,
which cool the returned ash as a way to control the heat removal.

2.3.3.3 Spreader-stoker furnace

This system can be considered an intermediate system between grate and fluidised bed
incineration.

The waste (e.g. RDF, sludge) is blown into the furnace pneumatically at a height of several
metres. Fine particles participate directly in the incineration process, while the larger particles
fall on the travelling grate, which is moving in the opposite direction to the waste injection. As
the largest particles are spread over the greatest distance, they spend the longest time on the
grate in order to complete the incineration process. Secondary air is injected to ensure that the
flue-gases are adequately mixed in the incineration zone.

Compared to grate incineration, the grate construction is less complicated due to the relatively
smaller thermal and mechanical load. When compared to fluidised bed systems, the uniformity
of particle size is less important and there is a lower risk of clogging.

[ 64, TWG 2003 ]

2334 Rotating fluidised bed

This system is a development of the bubbling bed for waste incineration. Inclined nozzle plates,
wide bed ash extraction chutes and upsized feeding and extraction screws are specific features
to ensure reliable handling of solid waste. Temperature control within the refractory-lined
combustion chamber (bed and freeboard) is by flue-gas recirculation. This allows the
incineration of fuels with a wide range of calorific values, e.g. co-combustion of sludges and
pretreated wastes. [ 74, TWG 2004 ]
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234 Pyrolysis and gasification systems
2.34.1 Introduction to gasification and pyrolysis
[ 9, VDI 2002 ] Alternative technologies for thermal waste treatment have been applied to

selected waste streams and on a much smaller scale than conventional, combustion-based
incineration.

These technologies attempt to separate the components of the reactions that occur in
conventional waste incineration plants by controlling process temperatures and pressures in
specially designed reactors (see Table 2.9).

Table 2.9: Typical reaction conditions and products of combustion, pyrolysis and gasification

processes
Combustion Pyrolysis Gasification
Reaction temperature (°C) 800-1 450 250-700 500-1 600
Pressure (bar) 1 1 1-45
Gasification
Atmosphere Air Inert/Nitrogen agent:
0,, H,0
Stoichiometric ratio >1 0 <1
Products from the process
in the
. H,, CO, H,, CO, CO,,
* gasphase: €02 H,0, 0, N, hydrocarbons, H,O, N, | CHy4, H,0, N,
¢ solid phase: Ash, slag Ash, coke Slag, ash
¢ liquid phase: Pyrolysis oil and water
Source: Adapted from [ 9, VDI 2002 ]

As well as specifically developed pyrolysis/gasification technologies, conventional incineration
technologies (i.e. grates, fluidised beds, rotary Kilns, etc.) may be adapted to be operated under
pyrolytic or gasifying conditions, i.e. with reduced oxygen levels (sub-stoichiometric), or at
lower temperatures. Often pyrolysis and gasification systems are coupled with downstream
combustion of the syngas generated (see Section 2.3.4.4 on combination processes).

Besides the general objectives of waste incineration (i.e. effective treatment of the waste), the
additional aims of gasification and pyrolysis processes are to:

o convert certain fractions of the waste into process gas (called syngas);
o reduce gas cleaning requirements by reducing flue-gas volumes.

Both pyrolysis and gasification differ from combustion in that they may be used for recovering
the chemical value of the waste (rather than its energetic value). The chemical products derived
may in some cases then be used as feedstock for other processes. However, when applied to
wastes, it is more common for the pyrolysis, gasification and a combustion-based process to be
combined, often on the same site as part of an integrated process. When this is the case, the
installation recovers the energy value rather than the chemical value of the waste, as a
conventional incinerator would.
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In some cases, the solid residues arising from such processes contain pollutants that, in an
incineration system, would be transferred to the gas phase, and then, with efficient flue-gas
cleaning, be removed with the FGC residue. [ 64, TWG 2003 ]

2.3.4.2 Gasification

Gasification is the partial combustion of organic substances to produce gases that can be used as
feedstock (through some reforming processes) or as a fuel. [ 64, TWG 2003 ]

There are several different gasification processes available or being developed which are, in
principle, suitable for the treatment of municipal wastes, certain hazardous wastes and dried

sewage sludge. [ 1, UBA 2001 ]

It is important that the properties of the wastes are kept within certain predefined limits. This
often requires special pre-treatment of municipal waste.

The special features of the gasification process are:

° smaller gas volume compared to the flue-gas volume in incineration (by up to a factor
of 10 by using pure oxygen);

. predominant formation of CO rather than CO,;

° high operating pressures (in some processes);

o accumulation of solid residues as slag (in high-temperature slagging gasifiers);

° small and compact aggregates (especially in pressurised gasification);

. material and energetic utilisation of the synthesis gas;

° smaller waste water flows from synthesis gas cleaning.

The following gasification reactors are used:

. fluidised bed gasifier;

. current flow gasifier;
. cyclone gasifier;
o packed bed gasifier.

58 Waste Incineration



Chapter 2

Hatural gas

(oxygen)
Tar oil fraction/

| 0il
Slurry
(Steam) {oxygen'steam)
: Lock gas ' l
Steam g Burner o0

Bunker

Steam
washing

Entry lock -
ook Cooling Cooling
collector water

water

- Wash
water

Dust-tar
injection
Water cooling
jacket
Preheating zone
Drying
Degasification

Reactor

Gasification

Incineration zone

Ash zone E N
Water = - Quench

N water

Rotary grate - Quencher

Lock
Gas water/Tar/Dust
Oxygen g

Wash cooler
Q Cracked
gas

O
Soot water

Slag lock —
Steam

Slag

Source: [ 1, UBA 2001 ]

Figure 2.15: Representation of a packed bed and current flow gasifier

For utilisation in entrained flow, fluidised bed or cyclone gasifiers, the feed material must be
finely granulated. Therefore pre-treatment is necessary, especially for municipal wastes.
Hazardous wastes, on the other hand, may be gasified directly if they are liquid, pasty or finely
granulated.

2.3.4.3 Pyrolysis

[ 1, UBA 2001 ] Pyrolysis is the degassing of wastes in the absence of oxygen, during which
pyrolysis gas and a solid coke are formed. The heat values of pyrolysis gas typically lie between
5 MJ/m? and 15 MJ/m? based on municipal waste and between 15 MJ/m® and 30 MJ/m® based
on RDF. In a broader sense, 'pyrolysis' is a generic term including a number of different
technology combinations that constitute, in general, the following technological steps:

o Smouldering process: Formation of gas from volatile waste particles at temperatures
between 400 °C and 600 °C.

o Pyrolysis: Thermal decomposition of the organic molecules of the waste between
500 °C and 800 °C, resulting in the formation of gas and a solid fraction.

o Gasification: Conversion of the carbon share remaining in the pyrolysis coke at 800 °C
to 1 000 °C with the help of a gasification substance (e.g. air or steam) in a process gas
(Col HZ)

o Incineration: Depending on the technology combination, the gas and pyrolysis coke are

combusted in an incineration chamber.
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Pyrolysis plants for waste treatment usually include the following basic process stages:

1. Preparation and grinding: the grinder improves and standardises the quality of the waste
presented for processing, and so promotes heat transfer.

2. Drying (depends on process): a separate drying step improves the LHV of the raw process
gases and increases the efficiency of gas-solid reactions within the rotary kiln.

3. Pyrolysis of wastes, where in addition to the pyrolysis gas a solid carbon-containing residue
accumulates which also contains mineral and metallic portions.

4. Secondary treatment of pyrolysis gas and pyrolysis coke, through condensation of the gases
for the extraction of energetically usable oil mixtures and/or incineration of gas and coke for
the destruction of the organic ingredients and simultaneous utilisation of energy.
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Figure 2.16: Pyrolysis plant for municipal waste treatment

In general, the temperature of the pyrolysis stage is between 400 °C and 700 °C. At lower
temperatures (approximately 250 °C), other reactions occur to some extent. This process is
sometimes called conversion (e.g. conversion of sewage sludge).

In addition to the thermal treatment of some municipal wastes and sewage sludge, pyrolysis
processes are also used for:

. decontamination of soil;

. treatment of synthetic waste and used tyres;

. treatment of cable tails as well as metal and plastic compound materials for substance
recovery.

The potential advantages of pyrolysis processes may include:

. the possibility of recovering the material value of the organic fraction, e.g. as methanol;

. the possibility of increased electrical generation using gas engines or gas turbines for
generation (in place of steam boilers);
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o reduced flue-gas volumes after combustion, which may reduce the FGC capital costs to
some degree;
o the possibility of meeting specifications for external use of the produced char by

washing (e.g. chlorine content).
[ 64, TWG 2003 ], [ 74, TWG 2004 ]

2.3.4.31 Example of a pyrolysis process

[ 2, InfoMil 2002 ]
In this example, solid industrial sludges and shredded paint waste / chemical packaging are
treated.

The pyrolysis unit is combined with a thermal treatment plant for polluted soil, in which syngas
from the pyrolysis unit is used as fuel. The pyrolysis unit consists of two parallel reactors. Both
are equipped with screws, which transport the feed material through the reactors. Feed materials
include sludge and sediment of other on-site process waste water treatment facilities, as well as
paint waste. The average organic material content varies between 25 % and 85 %, and the
average water content is approximately 25 %.

At start-up, the reactors are heated up with natural gas to approximately 500 °C. Then feeding
starts and the use of natural gas is stopped. The amount of air is kept below the stoichiometric
demand, resulting in a gasification process. The gasification temperature is approximately 900—
1 200 °C. The capacity of each reactor is approximately 4 tonnes/hour.

The syngas is cooled down in a quench condenser. The remaining syngas (LHV approximately
7 MJ/Nm?) is used as fuel in another unit for the thermal treatment of polluted soil. Incineration
and flue-gas treatment take place according to Dutch emission standards. The condensed water
of the quench is treated in a decanter for the separation of carbon. The water fraction is used for
moisturising the reactor residues.

The residue of the reactor (temperature level approximately 500 °C) passes a magnetic
separation system for removal of the iron from the paint waste and the packaging fraction. The
remaining fraction is cooled down and moisturised with condensed water, for disposal to
landfill.
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A general process scheme, including the main mass flows, is given in the figure below.

Source: [ 2, InfoMil 2002 ]

Figure 2.17: Process scheme of ATM's pyrolysis unit

The main advantage of this pyrolysis unit is that the surplus LHV present in the treated sludge,
sediment and paint waste can be used directly in the thermal treatment unit for polluted soil. The
energy efficiency, therefore, is at least comparable with that of waste incineration. Furthermore,
the iron scrap fraction (15 %) is removed for recycling, while the volume of the treated waste is
reduced by approximately 50 %. The remaining residues can partly be treated in ATM's own
facilities. Overhead costs are reduced by the fact that it uses the incinerator and flue-gas
treatment of a large polluted soil and waste treatment plant.

2.3.4.4 Combination processes

This term is used for processes consisting of a combination of different thermal processes
(pyrolysis, gasification, combustion).

23441 Pyrolysis-combustion

[1, UBA 2001 ]

The following techniques are at various stages of development:

1. Pyrolysis in a rotary kiln with subsequent high-temperature combustion of pyrolysis gas and
pyrolysis coke. In Germany, the full commissioning of a plant of this type was not completed.

2. Pyrolysis in a rotary kiln, followed by condensation of the gaseous tars and oils, and
subsequent high-temperature combustion of pyrolysis gas, pyrolysis oil and pyrolysis coke.

3. Pyrolysis on a grate with directly connected high-temperature combustion.
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The solid residues from these processes are granular, which can be advantageous for later
reutilisation or disposal. Sewage sludge (dehydrated or dried) may be co-treated with the
municipal waste fractions.

Process 2 (above) is similar to Process 1 in principle, but differs in two main aspects:

o the pyrolysis gases are cooled on leaving the rotary kiln, to deposit oil, dust and water;

o this is followed by oxidative high-temperature treatment in a special aggregate furnace,
where the pyrolysis products, oil-water-dust mixture, pyrolysis coke and pyrolysis gas
are combusted, and the solid residues are transformed into a liquid melt.

Source: [ 1, UBA 2001 ]

Figure 2.18: Pyrolysis on a grate with directly connected high-temperature combustion

Pyrolysis on a grate with directly connected high-temperature combustion (see Figure 2.18) was
developed from conventional grate incineration but with the objective of producing a liquid
melt. The wastes are first pyrolysed on a grate by direct heating. This heat originates from the
partial combustion of the pyrolysis gases with pure oxygen. In a second step, the products,
pyrolysis gas, coke and inert substances are combusted or melted, respectively, at high
temperatures in a directly connected rotary kiln. The accumulating melt residue contains glass,
stones, metals and other inert materials and is different from the corresponding product of
Process 1 above.

The flue-gas cleaning techniques applied for the three pyrolysis combination processes named
above do not, in principle, differ from the systems used in municipal waste incineration plants.
The same residues and reaction products accumulate. Their type and composition mainly
depend upon the flue-gas cleaning system selected. However, in contrast to municipal waste
incineration, filter dusts can be recycled into the melting chamber.

Example pyrolysis-incineration installation for clinical wastes in the Netherlands

[ 2, InfoMil 2002 ]

The non-specific clinical waste is collected regularly from hospitals and other healthcare
institutes, including doctors, dentists and veterinarians. The waste is collected in special 30- or
60-litre bins, which have been filled at the institutions and which do not need to be opened
again. The waste is then incinerated, including the bins, which also act as an auxiliary fuel.
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The non-clinical waste from hospitals and healthcare institutions is collected and treated as
normal municipal waste.

The collected waste is stored in closed transport containers on site. The bins are collected and
transported semi-automatically to the incineration unit, which is located in a closed building.
The incinerator is fed through an airlock, in order to prevent the introduction of false
incineration air.

Incineration takes place in a two-stage process (see Figure 2.19). In the lower incineration room,
controlled pyrolysis occurs, followed by incineration with primary air as the waste progresses
through the room. Finally, the waste ends in a water-filled ash discharger, from which the ash is
removed by a chain conveyer system.

The flue-gases are incinerated with secondary air and, if required, with auxiliary fuel at a
temperature of approximately 1000 °C. Subsequently, they are cooled in a saturated steam
boiler (steam temperature 225 °C, pressure 10 bar), a heat exchanger and a scrubber. Steam is
supplied to the adjacent municipal waste incineration plant which uses the steam and returns the
boiler feed water.

The scrubber is a two-stage system for removing acid compounds. The treated flue-gas is heated
up (in a heat exchanger and in a steam-flue-gas heat exchanger) before passing a dust bag filter
with adsorbent injection (activated carbon and hydrated lime), for removal of dioxins, and a
SCR de-NOyx unit. Emission concentrations of the emitted flue-gases comply with Dutch
standards. The flue-gas is emitted through a 55-metre high stack.

Source: [ 2, InfoMil 2002 ]

Figure 2.19: Example of a clinical waste pyrolysis-incineration plant, ZAVIN, Netherlands

2.3.4.4.2 Pyrolysis-gasification

[1, UBA 2001 ]

Two different types of pyrolysis-gasification processes can be distinguished:

. disconnected (pyrolysis with subsequent gasification = conversion process); and
o directly connected.
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Conversion process

In the conversion process, metals and, if required, inert material may be removed after the
pyrolysis step. As pyrolysis gas and pyrolysis coke require reheating in the gasification process,
the technical and energetic requirements are higher than with connected processes. The
condensed exhaust vapour is treated as waste water and discharged.

In the conversion process, the waste needs to be shredded and dried before it can be used in the
first thermal stage. This stage more or less corresponds to that of the 'Smoulder-burn’ process.
The subsequent stages are:

o pyrolysis in the kiln;

. removal of solid residues;

. separation of the fine fraction enriched with carbon;
o sorting of the metal and inert fraction.

The pyrolysis gas is cooled to condense exhaust vapour and pyrolysis oil. It is then supplied,
together with the pyrolysis oil and the fine fraction, to the second thermal stage, which is a
current flow gasifying reactor. The oil and the fine fraction are gasified in the current flow at
high pressure and at a temperature of 1300 °C. The resulting syngas is cleaned and then
combusted for energy recovery. Solid residues are withdrawn as melted granulate through a
water bath. They correspond in type and quantity to those from the 'Smoulder-burn’ process.

With direct connection, there may be improved electricity generation rates, but the metals and
inert material go into a melt for which no use has been found to date.

Combined gasification-pyrolysis and melting process

In such processes, (see Figure 2.20) the unshredded wastes are dried in a push furnace and
partially pyrolysed. From this furnace they are transferred directly and without interruption into
a standing packed bed gasifier. Here they are gasified (in the lower part) at temperatures of up to
2 000 °C with the addition of oxygen. Pure oxygen is also added in the upper part of the
gasification reactor to destroy the remaining organic components in the generated syngas,
through oxidation, gasification and cracking reactions.

Although reported to be capable of treating a wider range of wastes, this process is mainly used
for municipal and non-hazardous industrial wastes. Wastes with a LHV of 6-18 MJ/kg and a
moisture content up to 60 % may be treated. Automotive shredder residues with a chlorine
content of up to 3.5 % have been treated with approximately equal amounts of MSW

[ 69, Thermoselect 2003 ].

The syngas is subjected to a gas cleaning process and then combusted to utilise the energy
value. The originally solid residues leave the reactor molten. During test operations,
approximately 220 kg of bottom ash with approximately 30 kg metal accumulated per tonne of
waste input.
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Figure 2.20: Schematic diagram of a push pyrolyser (example shown operated by Thermoselect)

Two plants of this type were operated in Japan as of 2003. Two plants of this type were also
built in Europe but ceased operation after some years. [47, TWG 2018],

2.3.4.4.3 Gasification-combustion

Two different types of gasification-combustion processes can be distinguished:

. fluidised bed gasifier and ash melting furnace (two separate stages);
° shaft furnace (single integrated stage).

Fluidised bed gasifier and_ash melting furnace

An example of the fluidised bed gasifier and ash melting furnace combination is shown in
Figure 2.21.
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Source: [ 68, Ebara 2003 ]

Figure 2.21: Combined fluidised bed gasification and high-temperature combustion process

In this plant type, shredding residues, waste plastics or shredded MSW are gasified in an
internally circulating bubbling fluidised bed, which is operated at about 580 °C. Larger inert
particles and metals are discharged at the bottom and separated from the bed material. The bed
material is returned to the gasifier. Fine ash, small char particles and combustible gas are
transferred to the cyclonic ash melting chamber, where air is added to achieve the desired
temperature for ash melting (normally 1 350-1 450 °C).

The ash melting chamber is an integrated part of the steam boiler, for energy recovery.

Products from this process — besides power or steam — are metal fragments, a vitrified slag (low
leaching and stable) and metal concentrates derived from the secondary ash.

In contrast to other gasification processes, this process is operated at atmospheric pressure and
with air rather than oxygen. Pre-treatment of MSW by shredding is necessary to reduce the
particle size to 300 mm in diameter. Wastes already within this specification can be treated
without shredding. In the various plants in operation, other wastes like sewage sludge,
bonemeal, clinical waste and industrial slags and sludges are treated in addition to MSW.

[ 68, Ebara 2003 ]

Shaft furnace

Compared to the gasification and melting process described in Figure 2.21, the structure of this
process (see Figure 2.22) is simpler as gasification and melting are carried out in a single
furnace.
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Combustible fractions from unshredded MSW will be gasified by the high temperature of the
furnace and converted into a syngas to be used for power generation. Non-combustibles (metal
and mineral components) will be melted in the melting zone at the bottom of the furnace and
turned into metal and vitrified slag.

The pre-shredding of MSW is not necessary as long as the size of the MSW plastic bags is 600
X 600 x 600 mm or less.

Source: [53, Suzuki and Nagayama 2011]

Figure 2.22: Shaft furnace for integrated waste gasification and ash melting

Waste is fed into the furnace together with coke (approximately 5 mass-% and 15 energy-% of
the waste) and limestone (approximately 3 mass-% of the waste) from the top of the furnace.
Since the furnace is operated in a reducing atmosphere, metals are vaporised to the gaseous
phase and the molten ash is converted to a vitrified slag. The molten ash from the furnace
bottom is quenched in a water-granulation conveyor to be converted into vitrified slag and
metals.
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The furnace can be divided in three zones:

o Zone 1 is filled with coke, and the coke and waste's carbon are burned with oxygen-
enriched air (approximately 35 % O,) fed through the main nozzle into the lower part of
the furnace. Air is introduced into the furnace through the main, secondary and third
nozzles located along the furnace wall. The zone 1 temperature exceeds 2 000 °C. At
such a high temperature, non-combustibles in the waste are melted, and then
continuously discharged through a slag outlet at the bottom of the furnace while they
are kept molten at around 1 600 °C. The CO, generated is reduced to CO by a solution-
loss reaction with coke, and CO flows into the upper zone (2) at a temperature of around
1000 °C.

o In zone 2, the gas produced in the lower zone is partially burned and kept at a
temperature of around 700 °C with air fed through the secondary nozzle while
maintaining the waste, coke and limestone, which are charged from the top of the
furnace, in a fluidised state. In this zone, the wastes are preheated and thermally
decomposed.

o In zone 3, part of the gas produced is burned in a reducing atmosphere at a temperature
above 850 °C by air sent through the third nozzle. A residence time of two seconds or
longer enhances the pyrolysis of tar and prevents the formation of dioxins. This process
improves the quality of the syngas produced.

The syngas exiting the furnace is introduced into the secondary combustion chamber before the
boiler, where the syngas undergoes complete combustion.

The first plant treating MSW using this technology was in commercial operation in 2003. There
are 11 plants of this type in operation in Japan. [53, Suzuki and Nagayama 2011]

2.3.5 Other techniques
2.35.1 Incineration chambers for liquid and gaseous wastes

Incineration chambers are designed specifically for the incineration of liquid and gaseous
wastes, as well as solids dispersed in liquids (see Figure 2.23) A common application of
incineration chambers is in the chemical industry for the incineration of liquid and process off-
gas. With chloride-containing wastes, HCI may be recovered for use.

All post-combustion chambers in hazardous waste incineration plants are essentially
incineration chambers. In one plant (Ravenna, Italy), the post-combustion chamber is so large
that the whole thermal process can occur there.

Operational temperatures are usually chosen to ensure good destruction of the wastes fed to the
chamber. In some cases, catalytic systems are used for specific waste streams; these run at
reduced temperatures of 400-600 °C. In general, temperatures in excess of 850 °C are selected
for non-catalytic chambers. Support fuels are frequently used to maintain steady combustion
conditions. Heat recovery may be used to supply hot water/steam via a boiler system.
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Source: [ 1, UBA 2001 ]

Figure 2.23: Typical design of an incineration chamber for liquid and gaseous wastes

2.3.5.2 Incineration of liquid and gaseous chlorinated wastes with HCI
recovery

[ 1, UBA 2001 ] The process includes:

. the incineration chamber;

o a steam generator;

° a flue-gas cleaner combined with hydrochloric acid recovery; and
o the flue-gas chimney (see Figure 2.24).

The plant treats liquid and gaseous chlorinated wastes using waste heat and produces
hydrochloric acid.

Heat is converted into steam in the steam generator (212 °C, 20 bar) and transferred, for
distribution. The particulate content of the flue-gases produced during incineration is separated,
to produce the highest possible concentration of hydrochloric acid in the flue-gas cleaning plant.
The removal and utilisation of hydrochloric acid normally occurs within the plant.

Gaseous residual substances (flue-gases) are fed to the recovery plant via transfer pipelines.
Each flue-gas flow is conducted through a separate deposit container before incineration. Liquid
particles are separated from the flue-gas flow in this deposit container. The feed lines are
equipped with the appropriate flashback safety guards, according to the classification of the
flue-gases. The number of feed lines depends on the control mechanisms. The volume flow is
collected via flow measurements that are pressure- and temperature-compensated. The flue-
gases are fed into the incineration chamber via a pressure regulator with a maximum pressure
limit control. In addition, all flue-gas lines to the incineration chamber are equipped with
automatic emergency shutdown valves.
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Source: [ 1, UBA 2001 ]

Figure 2.24: Diagram of a plant for HCI extraction from residual gases and liquid halogenated
wastes

Transfer pipelines for the liquid wastes are also equipped with automatic emergency shutdown
valves. All liquid wastes are conducted to a multi-material burner that is situated at the front of
the incineration chamber. Vaporisation of these liquids occurs via pressured air and/or steam
that has been fed into the burner under a separate gas quantity control. In addition, various flue-
gas flows are fed into the multi-material burner through lances. Each of these lances consists of
concentric pipes. Several flue-gas flows can thus be fed separately into the incineration
chamber. For cooling and to avoid corrosion, the lances are continuously sprayed with air
through the outer circular gap.

Primary energy (natural gas) is required for the plant start-up and to maintain the desired
temperature in the incineration chamber. It is also fed to the multi-material burner by a separate
blast connection. The flow of natural gas is regulated via a quantity control computer system
and is fed into the burner using a pressure regulator depending on the temperature in the
incineration chamber. Natural gas is also required for the ignition flame that ignites the multi-
material burner. Two automatic emergency shutdown valves with automatic gap releases can be
found in the natural gas line to the multi-material burner and to the ignition flame.

Two independent flame-failure alarms (UV and IR) are installed to monitor the burner flame. In
addition, the burner flame can be observed through inspection windows and with the help of a
television camera installed on the back wall of the waste heat boiler. The amount of air is
recorded with the appropriate gauges, as well as with pressure produced from a blower.

The cylindrical incineration chamber is designed in such a way that the wastes will have
sufficient residence time to guarantee complete incineration with an operational temperature
higher than 1100 °C during normal operation. The incineration chamber is designed for a
temperature of 1 600 °C. The operational temperature is monitored continuously. To withstand
this high temperature, the whole incineration chamber, up to the entrance to the steam boiler
plant, is lined with refractory bricks. The incineration chamber shell is made of boilerplate. The
wet cleaning of the flue-gases occurs in two wash towers with a simultaneous recovery of
technically reusable hydrochloric acid of the highest possible concentration. The incineration of
chlorinated wastes may allow the recovery of approximately 5-20 % hydrochloric acid.
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2353 Incineration of chlorinated liquid wastes with chlorine recycling

[ 2, InfoMil 2002 ]

This incineration unit for highly chlorinated liquid wastes (chlorinated hydrocarbons) is located
on an industrial site. The total plant capacity is approximately 36 000 t/yr. The processed waste
originates on site, as well as from external customers. Wastes are limited in their content of
solids (< 10 g/kg), fluorine, sulphur and heavy metals. PCBs are also treated.

Incineration takes place in two furnaces at a temperature of 1 450-1 550 °C (gas residence time
0.2-0.3 seconds). This temperature level can normally be maintained without auxiliary fuel.
Water is injected in order to suppress the formation of Cl,. After leaving the furnace, the flue-
gas passes through a quench section, where the temperature is lowered to approximately 100 °C.
Insoluble matter and heavy metal salts are removed from the circulating liquid in a quench tank.
The flue-gas continues through an isothermal and an adiabatic absorber. The recuperated
hydrochloric acid is distilled at elevated pressure and temperature, after which the gas is cooled
down to —15°C in order to reduce the water content to practically zero. The recovered
anhydrous HCI is reprocessed in a vinyl chloride monomer plant.

Flue-gases pass through an alkaline scrubber and an activated carbon filter (for dioxin
absorption). TOC, HCI, NOyx, O,, CO and dust are continuously analysed. The concentration of
dioxins and PCBs in emissions is below 0.1 ng TEQ/Nm®.

The effluent from the quench and the scrubber unit is treated in a physical/chemical unit and in
a biological waste water treatment unit. The dioxin content is < 0.006 ng TEQ/I. PCBs are
below the limit of detection (< 10 ng/l).

A scheme of the process is given in Figure 2.25.

Source: [ 2, InfoMil 2002 ]

Figure 2.25: Process scheme of a chlorine recycling unit operated by AkzoNobel

The main advantage of this dedicated incineration unit is that chlorine can be recovered. Also,
in this case, overhead costs are reduced by the fact that it is part of a larger chemical plant.
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2.3.5.4 Waste water incineration

[1, UBA 2001]

Waste water can be treated through incineration of the organic materials. This is a special
technology for the treatment of industrial waste water where organic and sometimes inorganic
material is chemically oxidised with the help of atmospheric oxygen with the evaporation of the
water, at high temperatures. The term 'gas phase oxidation' is used to differentiate this type of
incineration from other technologies, such as wet oxidation. The process of gas phase oxidation
is used if the organic substances in the water cannot be reused or if their recovery is not
economical or another technique is not applied.

Unsupported incineration can only take place if the organic load is sufficient to evaporate the
water share independently and to perform superheating. The calorific value of the water is
normally too low for unsupported incineration, in which case co-incineration or the use of
support fuel will be necessary. Reduction of the requirement for additional energy can be
achieved by reducing the water content. This can be achieved through deployment of a pre-
connected, or multi-step, condensation plant. In addition, a heat recovery part (boiler) can be
installed to recover steam for condensation from the furnace heat that is produced.

Depending on the individual organic and inorganic content of the waste water and the various
local conditions, very different plant designs result.

Waste water and fuel are injected via burners or lances at several locations within the
incineration chamber. Atmospheric oxygen is also supplied at several locations (primary air =
atmospheric oxygen combined with fuel, secondary air = mixed air).

An example of a waste water incinerator with a waste water evaporation (concentration) unit is
shown in the figure below. [ 74, TWG 2004 ]

Source: [ 1, UBA 2001 ]

Figure 2.26: Example of a waste water incinerator with a waste water evaporation (concentration)
unit
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Example of an installation for the incineration of caustic waste water

[ 2, InfoMil 2002 ]

Caustic water is a specific waste water stream from monostyrene propylene oxide (MSPO)
plants. This water is produced in several washing steps in the process. It contains approximately
10-20 % organic components and has a high sodium load (mainly NaCl).

Both the high organic fraction and the sodium make it difficult or even impossible to use
biological water treatment. The calorific value of this water is too low for unsupported
incineration, so co-incineration or the use of support fuel is necessary. The high sodium content,
together with the large quantities, can cause problems for co-incineration in municipal waste
incinerators.

Applicable treatment technologies are wet oxidation and incineration. For this purpose, four
static vertical incinerators (total capacity approximately 350-400 kt/yr) are used in this
example, which have been in operation since 1999/2000.

The low calorific value waste (caustic water with 10-20 % organics) can be passed through a
falling film evaporator. This evaporator operates on excess low-pressure steam, which comes
from the incinerator wall cooling, thus using less fuel in the incinerator.

The remaining liquid and the produced vapour are incinerated using static vertical top-down
incinerators with natural gas and/or high calorific value liquid fuel (waste or fuel oil). The
resulting flue-gases are partially cooled by a membrane wall, producing steam at 27 bar.
Subsequently, the flue-gases are quenched to clean the gases of sodium salts and other water-
soluble impurities.

In the heat recovery section, recirculation water is sprayed over the flue-gases. This
recirculation water flashes out in the flash chamber, generating approximately 30 t/h of steam
per unit.

After the heat recovery, the flue-gases pass through a venturi scrubber and a wet electrostatic
precipitator where aerosols and dust are removed.

The incinerators operate at a temperature of 930-950 °C, with low excess air (3-4 % O,).
Depending on the concentration of organics, the throughput of caustic water is 10-15 t/h per
unit.

The water from the quench is treated in ion exchange beds to remove heavy metals. Special ion
exchange beds concentrate the molybdenum (catalyst in the MSPO process) to a reusable grade.

The main advantage of these incinerators is their ability to incinerate large quantities of low
calorific value waste with high salt concentrations.

The following diagram shows an example plant for this process.
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Figure 2.27: Process scheme of a caustic water treatment plant operated by AVR

2.3.55 Plasma processes

Plasma is a mixture of electrons, ions and neutral particles (atoms and molecules). This high-
temperature, ionised, conductive gas can be created by the interaction of a gas with an electric
or magnetic field. Plasmas are a source of reactive species, and the high temperatures promote
rapid chemical reactions.

Plasma processes utilise high temperatures (5000 °C to 15000 °C), resulting from the
conversion of electrical energy to heat, to produce a plasma. They involve passing a strong
electric current though an inert gas stream.

Under these conditions, hazardous contaminants, such as PCBs, dioxins, furans and pesticides,
are broken into their atomic constituents, by injection into the plasma. The process is used to
treat organics, metals, PCBs (including small-scale equipment) and hexachlorobenzene. In
many cases, pre-treatment of wastes may be required.

A waste gas cleaning system is normally required depending on the type of wastes treated, and
the residue is a vitrified solid or ash. Plasma processes enable high destruction efficiencies,
> 99.99 %. While the plasma process is an established commercial technology, it can be very
complex, expensive and operator-intensive.

Thermal plasmas can be generated by passing a DC or AC electric current through a gas
between electrodes, by the application of a radio frequency (RF) magnetic field without
electrodes, or by application of microwaves. Different kinds of plasma technologies are
introduced below.

1. Argon plasma arc

This is an 'in flight' plasma process, which means that the waste mixes directly with the argon
plasma jet. Argon was selected as the plasma gas since it is inert and does not react with the
torch components.
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The destruction and removal efficiency (DRE) is reported to exceed 99.9998 % for destroying
ozone-depleting substances (ODS) at 120 kg/h and with 150 kW electrical power.

The advantage of this technology over some other plasma systems is that it has demonstrated
high-efficiency destruction of both CFCs and halons on a commercial scale for several years. It
has also demonstrated low emissions of PCDD/F. Mass emissions of pollutants are also low
because of the relatively low volume of flue-gas produced by the process. Also, the very high
energy density results in a very compact process that may be easily transported.

2. Inductively coupled radio frequency plasma (ICRF)

In ICRF applications, inductively coupled plasma torches are used, and energy coupling to the
plasma is accomplished through the electromagnetic field of the induction coil. The absence of
electrodes allows operation with a large range of gases, including inert, reducing or oxidising
atmospheres and better reliability than plasma arc processes.

The ICRF plasma process has demonstrated a DRE exceeding 99.99 % while destroying CFCs
at a rate of 50-80 kg/h.

The process is reported to have been demonstrated on a commercial scale to achieve high
destruction of CFCs and low emission of pollutants. The ICRF plasma does not require argon
and may therefore cost less to operate than other similar systems. In addition, the low volume of
gas produced by the process results in low levels of mass emissions of pollutants.

3. AC plasma

The AC plasma is produced directly with 60 Hz high-voltage power but in other respects is
similar to the inductively coupled RF plasma. The system is electrically and mechanically
simple and is thus claimed to be very reliable. The process does not require argon and can
tolerate a wide variety of working gases, including air or steam, as plasma gases and is claimed
to be tolerant of oil contamination in ODS.

4. CO; plasma arc

A high-temperature plasma is generated by sending a powerful electrical discharge into an inert
atmospheric gas, such as argon. Once the plasma field has been formed, it is sustained with
ordinary compressed air or certain atmospheric gases depending on the desired process
outcomes.

The temperature of the plasma is well over 5 000 °C at the point of generation into which the
liquid or gaseous waste is directly injected. The temperature in the upper reactor is about
3500 °C and decreases through the reaction zone to a precisely controlled temperature of about
1300 °C.

A special feature of the process is the use of CO,, which is formed from the oxidation reaction,
as the gas to sustain the plasma.

The process has demonstrated high DREs with refractory compounds at a reasonably high
demonstration rate. Mass emission rates of the pollutants of interest are low, primarily because
of the low volume of flue-gas produced by the process.

5. Microwave plasma

This process feeds microwave energy at 2.45 GHz into a specially designed coaxial cavity to
generate a thermal plasma under atmospheric pressure. Argon is used to initiate the plasma but
otherwise the process requires no gas to sustain the plasma.

The DRE for the microwave plasma process is reported to exceed 99.99 % while destroying
CFC-12 at a rate of 2 kg/h.
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The process is reported to have a high destruction efficiency and to be capable of achieving the
high operating temperatures in a very short time, thus providing operating flexibility and
reduced downtime.

There is no need for an inert gas to operate the process, which improves the power efficiency,
reduces operating costs and reduces the volume of flue-gas produced. In addition, the process is
very compact.

6. Nitrogen plasma arc
This process uses a DC non-transferred plasma torch operating with water-cooled electrodes and
using the nitrogen as the working gas to generate the thermal plasma.

The process is reported to achieve a DRE of 99.99 % while destroying CFCs, HCFCs and HFCs
at a feed rate of 10 kg/h.

A key advantage of this technology is that the equipment is very compact in size. The system
requires only a 9 m x 4.25 m area for installation, which includes space for a precipitation and
dehydration unit for the by-products (CaCl, and CaCOs). Therefore, the system is capable of
being carried on a truck to treat waste on the site where it is produced.
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2.4  The energy recovery stage

24.1 Introduction and general principles

[ 28, FEAD et al. 2002 ]
Combustion is an exothermic (heat-generating) process. The majority of the energy produced
during combustion is transferred to the flue-gases. Cooling of the flue-gas allows:

. recovery of the energy from the hot flue-gases; and
° cleaning of flue-gases before they are released to the atmosphere.

In plants without heat recovery, the gases are normally cooled by the injection of water, air, or
both.

The majority of plants carry out heat recovery using a boiler, which has two interconnected
functions:

. to cool the flue-gases;

o to transfer the heat from the flue-gases to another fluid, usually water which, most often,
is transformed inside the boiler into steam.

The characteristics of the steam (pressure and temperature) or of the hot water are determined
by the local energy requirements and operational limitations.

The design of the boiler will mainly depend on:

. the steam characteristics;
° the flue-gas characteristics (corrosion, erosion and fouling potential).

The flue-gas characteristics are themselves highly dependent upon the waste content. Hazardous
wastes, for example, tend to have very wide variations in composition and, at times, very high
concentrations of corrosive substances (e.g. chlorides) in the raw gas. This has a significant
impact on the possible energy recovery techniques that may be employed. In particular, the
boiler can suffer significant corrosion at high temperatures, so it is usually designed to operate
at a lower temperature which produces lower pressure steam.

° Similarly, the thermal cycle (steam-water cycle) for each plant will depend on the
relative importance of producing electricity, steam and/or hot water.

Water walls (the walls of the combustion chamber are made of water-filled heat-exchange
pipes - usually with a protective coating of some type) are widely used to cool the combustion
gases in the empty (i.e. of heat-exchange bundles) boiler passes. The first pass generally needs
to be empty as hot gases are too corrosive and dust is too sticky for the effective use of heat-
exchange tubes in this area.

Depending on the nature of the waste incinerated and the combustor design, sufficient heat may
be generated to make the combustion process self-supporting (i.e. non-waste fuels will not be
required).

The principal uses of the energy transferred to the boiler are:

. production and supply of heat (as steam or hot water);
. production and supply of electricity;
o combinations of the above.
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The energy transferred may be used on site (thus replacing imported energy) and/or off site. The
energy supplied may be used for a wide variety of other processes. Commonly, heat and steam
are used for industrial or district heating systems, industrial process heat and steam and
occasionally as the driving force for cooling and air conditioning systems. Electricity is often

supplied to national distribution grids and/or used within the installation.

24.2

24.2.1

The characteristics of the waste delivered to the installation will determine the techniques that

Waste type and nature

External factors affecting energy efficiency

are appropriate and the degree to which energy can be effectively recovered.

The chemical and physical characteristics of the waste actually arriving at plants or fed to the

incinerator can be influenced by many local factors including:

o contracts with waste suppliers (e.g. industrial waste added to MSW);
o on-site or off-site waste treatments or collection/separation regimes;
o market factors that divert certain streams to or from other forms of waste treatment.

In some cases the operator will have very limited scope to influence the characteristics of the

waste supplied; in other cases this is considerable.

Table 2.10 gives typical net calorific value ranges for some waste types.

Table 2.10: Ranges and typical net calorific values for some incinerator input wastes

LHV in original substance
Input type Comments and examples (humidity included)
Range (GJ/t) |Average (GJ/t)
Mixed municipal solid . .
waste (MSW) Mixed household domestic wastes 6.3-10.5 9
Bulky waste Furniture, etc. delivered to MSWIs 10.5-16.8 13
Waste of a similar nature to household
Waste similar to MSW waste but arising from shops, offices, 7.6-12.6 11
etc.
Residual MSW after Screened-out fractions from composting 6.3-115 10
recycling operations and material recovery processes ' '
Commercial waste Separately co_llected fractions from 10-15 125
shops and offices, etc.
Packaging waste Separately collected packaging 17-25 20
. Pellet or floc material produced from
RDF (refuse-derived municipal and similar non-hazardous 11-26 18
fuels)
waste
svgc::ct-spemflc industrial e.g. plastic or paper industry residues 18-23 20
Hazardous waste Also called chemical or special wastes 0.5-20 9.75
Arising from waste water treatment See below See below
works
Sewage sludges Raw (dewatered to 25 % dry solids) 1.7-25 2.1
Digested (dewatered to 25 % dry solids) 0.5-1.2 0.8
Source: [31, Energy subgroup 2003]
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Source: [31, Energy subgroup 2003]

Figure 2.28: Graph showing recorded variation in waste LHV at a MSWI over 4 years

2422 Influence of plant location on energy recovery

In addition to waste quality and technical aspects, the possible efficiency of a waste incineration
process is influenced to a large extent by the output options for the energy produced. Processes
with the option to supply electricity, steam or heat will be able to use more of the heat generated
during the incineration for this purpose and will not be required to cool away the heat, which
otherwise results in reductions in efficiency.

The highest waste energy utilisation efficiency can usually be obtained where the heat recovered
from the incineration process can be supplied continuously as district heat, process steam, etc.,
or in combination with electricity generation. However, the adoption of such systems is very
dependent on plant location, in particular the availability of a reliable user for the supplied
energy. The generation of electricity alone (i.e. no heat supply) is common and generally
provides a means of recovering energy from the waste that is less dependent on local
circumstances.

Where there is no external demand for the energy, a proportion is often used on site to supply
the incineration process itself and thus to reduce the quantity of imported energy to very low
levels. For municipal waste incineration plants, such internal use may be in the order of 10 % of
the energy of the waste incinerated.

Cooling systems are employed to condense boiler water for return to the boiler.
Processes that are conveniently located for connection to energy distribution networks (or

individual synergistic energy users) increase the possibility that the incineration plant will
achieve higher overall efficiencies.
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24.2.3 Factors taken into account when selecting the design of the energy
cycle

The following factors are reported to be taken into account when determining the local design of
a new waste incineration plant [ 51, CNIM 2003 ].

Table 2.11: Factors taken into account when selecting the design of the energy cycle for waste
incineration plants

Factor to consider Detailed aspects to consider

e  Quantity and quality
Waste feed e  Auvailability, regularity, delivery variation with seasons

e  Prospect of change in both the nature and the quantity of waste
o  Effects of waste separation and recycling.
Heat
e  To communities, e.g. district heating
e  To private industries
e  Heat use, e.g. process use, heating use
e  Geographical constraints; delivery piping feasibility
e Duration of the demand, duration of the supply contract
e  Obligations on the availability of the supply, i.e. is there another source of heat

when the incinerator is shut down?

e  Steam/Hot water conditions: pressure (normal/minimum), temperature, flow
rate, condensate return or not?

e  Season demand curve

e Subsidies can influence economics significantly
Heat customer holdings in the plant financing, i.e. security of supply contract.

Energy sales
possibilities

Electricity
e National grid or industrial network (rare), plant self-consumption, customer
self-consumption (i.e. in a sewage sludge treatment plant)
Price of electricity significantly influences investment
Subsidies or loans at reduced rates can increase investment
Technical requirements: voltage, power, availability of distribution network
connection.
Cooling medium selected: air or water
Meteorological conditions in time: temperature, hygrometry, (min., average,
max., curves)
Acceptability of a 'plume’ of water vapour (cooling tower)
Auvailability of cold water source: river or sea
- Temperature, quality of water
- Flow rate which can be pumped according to the season
- Permitted temperature increase.
Combined heat and e  Apportionment according to the season

Local conditions

power e  Evolution of the apportionment in future.
e Choice between: increasing energy output, reducing investment cost,
operational complexity, availability requirements, etc.
Other e Acceptable noise level (air coolers)

Available space
e  Architectural constraints.
Source: [ 51, CNIM 2003 ]
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2.4.3 Energy efficiency of waste incinerators

[ 29, Energy subgroup 2002 ]

In order to enable a comparison of energy performance between waste incinerators, it is
necessary to standardise:

. assessment boundaries, i.e. what parts of the process are included/excluded;
. calculation methods;
o how to deal with different energy inputs and outputs, e.g. heat, steam, non-waste fuels,

electricity production, and internal usage of electricity and steam.

The sections that follow describe the typical inputs and outputs seen at many waste incinerators.

2431 Energy inputs to waste incinerators

[ 29, Energy subgroup 2002 ]
In addition to the energy in the waste, there are other inputs to the incinerator that need to be
recognised when considering the energy efficiency of the plant as a whole.

Electricity inputs

Electricity is needed to run the process. The source can be external or circulated.

Steam/heat/hot water inputs

Steam (or hot water or other heat carrier) can be used in the process. The source can be external
or circulated.

Non-waste fuels
Non-waste fuels are used to:

i. preheat the combustion air;

ii. increase the temperature in the combustion chamber to the required level during start-up
before the plant is fed with waste;

iii. ensure that the required combustion chamber temperatures are maintained during plant

operation;

iv. maintain the temperature in the combustion chamber at the required level during
shutdown, while there is still unburned waste in the plant;

V. heat up the flue-gas for treatment in specific devices, such as SCR or bag filters;

Vi. heat up the flue-gas (e.g. after wet scrubbers) in order to avoid bag filter and stack

corrosion, and to suppress plume visibility.

When considering the overall efficiency of energy recovery from the waste, it is important to
note that some of these non-waste fuel uses can contribute to steam production whereas others,
such as v. and vi. above, may not contribute because they are adding heat after the boiler. This
needs to be taken into account when calculating energy efficiency figures.

At waste gasification plants, non-waste fuels such as coal or coke may be added to the waste in
order to produce a syngas with a desired chemical composition and calorific value.

82 Waste Incineration



Chapter 2

24.3.2 Energy outputs from waste incinerators

Electricity
The electricity produced is easily measured. The incineration process itself may use some of the

produced electricity.

Fuels
Fuel (e.g. syngas) is produced in gasification/pyrolysis plants and may be exported or
combusted on site.

Steam/hot water
The heat released in the combustion of waste is often recovered for a beneficial purpose, e.g. to
provide steam or hot water for industrial or domestic users, or even as a driving force for
cooling systems.

Combined heat and power (CHP) plants provide both heat and electricity.

244 Applied processes for improving energy recovery
2441 Waste feed pre-treatment

There are two main categories of pre-treatment techniques of relevance to energy recovery:

. homogenisation;
o extraction/separation.

Homogenisation of waste feedstock involves mixing, and sometimes shredding, the wastes
received at the plant in order to supply a feed with consistent combustion qualities.

The main benefits achieved are the improved process stability and more consistent steam quality
which can allow for increased electricity generation. The overall energy efficiency benefits are
thought to be limited but cost savings and other operational benefits may arise.

Extraction/separation involves the removal of certain fractions from the waste before it is sent
to the combustion chamber.

Techniques range from extensive physical processes for the production of refuse-derived fuels
(RDF) and the blending of liquid wastes to meet specific quality criteria to the simple spotting
and removal by crane operators of large items that are not suitable for combustion, such as
concrete blocks or large metal objects. The main benefits achieved are:

o increased homogeneity, particularly where more elaborate pre-treatments are used (see
comments above for homogeneity benefits);

o removal of bulky items —thus reducing the risks of obstruction and unscheduled
shutdowns;

o possible use of fluidised beds or other techniques that could improve combustion
efficiency.

Extraction, separation and homogenisation of the waste may significantly improve the energy
efficiency of the incineration plant itself. This is because these processes can substantially
change the nature of the waste that is finally delivered to the incineration process, which can
then allow the incineration process to be designed around a narrower input specification, and
lead to optimised (but less flexible) performance. However, for a wider assessment (beyond the
scope of this document), it is important to note that the techniques that are used in the
preparation of this different fuel themselves require energy and will result in additional
emissions.
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2.4.4.2 Boilers and heat transfer

Tubular water boilers are generally used for steam and hot water generation from the energy
potential of hot flue-gases. The steam or hot water is generally produced in tube bundles in the
flue-gas path. The envelopment of the furnace, the following empty passes and the space where
evaporator and superheater tube bundles are located are generally designed with water-cooled
membrane walls.

In steam generation, it is usually possible to differentiate between the three heat surface areas
shown in Figure 2.29.
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5. Superheater, producing superheated steam (usually bundled or bulkhead heating surfaces).

6. Evaporator, producing saturated steam (bundled heating surface, envelopment wall of the incineration chamber).
7. Economiser, preheating the feed water (bundled heating surface).

Source: [ 1, UBA 2001 ]

Figure 2.29: lllustration of individual heat surface areas in a steam generator

The following traditional evaporation systems can be differentiated (see Figure 2.30):

. Natural circulation: The water/steam mass flow in the evaporator is maintained due to
the different density of the medium in heated and unheated pipes. The water/steam
mixture flows into a steam separator drum and the saturated steam then passes through a

superheater.

. Forced circulation: This is similar to natural circulation, but a circulation pump is used
to increase circulation in the evaporator.

. Forced continuous flow (once-through boiler): In this system, the feed water is
pumped in a continuous flow through the economiser, the evaporator and the
superheater.
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Figure 2.30: Basic boiler flow systems

Spray coolers and surface coolers are used in circulation boilers in order to maintain the exact
required steam temperature. Their function is to balance the fluctuations of the steam
temperature, caused by changes in load, waste quality and excess air, as well as contamination
of the heat-exchange surfaces.

The preparation of boiler feed water and make-up water is essential for effective operation and
to reduce corrosion inside the tubes and the risk of turbine damage. The quality of boiler water
must be higher when increased steam parameters are used.

A compromise is required when determining steam parameters of waste-fired boilers. The
selection of high steam temperatures and pressures will enable a better utilisation of the energy
contained in the waste when the plant design is mainly oriented towards electricity production,
but can lead to significantly increased corrosion problems, especially on the superheater
surfaces and in the evaporator. In municipal waste incinerators, it is common to operate at steam
parameters of 40 bar and 400 °C when electricity is produced, although higher values are used,
especially with pretreated MSW and prepared RDF (values of 60 bar and 520 °C are used when
combined with special measures to prevent corrosion). In the case of heat production, steam
with lower parameters or superheated water may be produced. As these steam parameters are
relatively low compared to those typical of primary fuel-fired power plants, incinerators almost
exclusively use natural circulation steam boilers. This avoids the risk, in the event of a feed
water pump malfunction, of a sudden interruption of the heat transfer while waste is being
incinerated.

An important feature of waste incineration is the high dust load in flue-gases. Gravity separation
of dust can be enhanced by designing boiler areas with low flue-gas speeds and bends in the gas
flow path.

The high dust load in the flue-gases causes dust deposition on the heat transfer surfaces,
reducing heat transfer and overall plant performance. Thus, heat transfer surface cleaning plays
an important role. This cleaning can be accomplished manually or automatically with lances
(compressed air or water jet), agitators, soot blowers using steam, a hail of pellets (sometimes
shot cleaning), sound and shock waves, or with tank cleaning devices. The resulting solid
residue is extracted at the bottom of the boiler as boiler ash.
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Different boiler concepts can be used in waste incineration plants. They are from left to right
(see Figure 2.31):

. horizontal boilers;
° combination of vertical and horizontal boilers;
. vertical boilers.

Source: [ 1, UBA 2001 ]

Figure 2.31: Overview of various boiler systems: horizontal, combination and vertical

In horizontal and vertical systems, usually a number of empty passes with evaporation walls are
followed by an arrangement of bundles of heat transfer surfaces, i.e. superheater, evaporator and
economiser. The selection of the system to be deployed depends on the given building concept,
the selected steam parameters, and the customer specifications.

24421 Corrosion in boilers

[1, UBA 2001]

Corrosion is caused by the chemical attack of flue-gas and ash particles from the furnace. The
incineration chamber, the water walls of the first blank (empty) passes, and the superheater are
the boiler components that are most in danger of corrosion.

Erosion, which is the abrasion of surface material through wear and tear, is caused primarily by
the ash particles present in flue-gas. Erosion appears mostly in the area of gas redirection.

Tube wear is caused by a combination of corrosion and abrasion. Corrosion appears on clean
metallic surfaces. If the corrosion products deposit themselves as film on the pipe surface (oxide
layer), they function as a protective layer and slow down corrosion. If this protective layer
wears out through erosion, and if the metallic surface reappears, the entire process starts anew.

The comprehensive consideration of the corrosion processes is difficult, as this involves the
interaction of the physical, chemical, metallurgical and crystallographic parameters of the
incineration process.

Various types of flue-gas corrosion exist:

e Tinder process: High-temperature corrosion.

e Initial corrosion: Time-limited ferrous chloride formation before the formation of the first

oxide layer on 'blank’ steel during start-up. This reaction occurs continuously after film
removal through erosion.
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e Oxygen-deficiency corrosion: Through FeCl, formation under a deoxygenated flue-gas
atmosphere, e.g. under films (such as oxides, contamination or fireproof material) and in the
furnace area. FeCl, is sufficiently volatile at the temperatures used in WI and is therefore
mobilised. An indicator for such corrosion is the appearance of CO (this explains the often
wrongly-used term CO corrosion). The microscopic situation at the border between material
and film is, however, decisive. This corrosion is observed in individual cases with steam
pressures above 30 bar, but more usually above 40 bar. The corrosion rate increases with the
metal temperature. The corrosion products appear in flaky layers.

o High-temperature chloride corrosion: Corrosion by chloride, which is released during the
sulphating of alkaline chlorides and attacks iron or lead hydroxides. This corrosion
mechanism is observed in waste incineration plants with flue-gas temperatures > 700 °C
and at pipe wall temperatures above 400 °C. The corrosion products can be recognised as a
black firmly bonded cup that includes a hygroscopic red FeCl; layer in thicker films.

e  Molten salt corrosion: The flue-gas contains alkali and similar components, which can
form eutectic compounds that have a lower melting point than the original individual
components. These molten systems are highly reactive and can cause severe corrosion of
steel. They can react with the refractory lining and lead to the internal formation of
compounds like kalsilite, leucite and sanidine which destroy the refractory mechanically.
They can also form low viscous melts on the surface consisting of deposited material and
refractory material (refractory corrosion).

[64, TWG 20037, [ 74, TWG 2004 ]

e  Electrochemical corrosion: This is based on the electrical potential equalisation of different
metals. The conductor can be aqueous or a solid that shows sufficient electrical
conductivity at the temperatures seen. The conductivity can arise from the water dew point,
from the sulphuric acid dew point, or from molten salts.

e  Standstill corrosion: Due to their high chloride content (especially CaCl,), the deposits are
hygroscopic. The humidity in the air dissolves these compounds and causes the appearance
of chemical dissolution in the material.

o  Dew point corrosion: When the temperature falls below the acid dew point, wet chemical
corrosion appears on cold surfaces. This damage can be avoided by raising the temperature
or by selecting an appropriate material.

In reality, from a thermodynamic perspective, a degree of corrosion is unavoidable.
Countermeasures only help to reduce corrosion damage to an acceptable level. The causes of
corrosion require constructive and operational countermeasures. Improvement possibilities are
mainly found in the steam generator. Low steam parameters, long reaction times before the flue-
gas comes into contact with the heat surfaces, lowering the flue-gas velocity, and levelling of
the speed profile could all be successful. Protective shells, tooling, stamping, and deflectors can
also be used to safeguard heat surfaces.

A compromise must be found in determining the boiler cleaning intensity between the best
possible heat transfer (metallic pipe surface) and optimal corrosion protection.

2443 Combustion air preheating

Preheating the combustion air is particularly beneficial for assisting the combustion of high-
moisture-content wastes. The pre-warmed air supply dries the waste, thus facilitating its
ignition. The supply heat can be taken from the combustion of the waste by means of heat-
exchange systems.

Preheating of primary combustion air can have a positive influence on overall energy efficiency
in the case of electricity production.
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2444 Water-cooled grates

Water cooling of grates is used to protect the grate. Water is used as a cooling medium to
capture heat from the burning waste bed and use it elsewhere in the process. It is common that
the heat removed is fed back into the process for preheating the combustion air (primary and/or
secondary air) or heating the condensate. Another option is to directly integrate the water
cooling into the boiler circuit, operating it as an evaporator.

These grates are applied where the net calorific value of the waste is higher, typically above
10 MJ/kg. Increases in the calorific value of municipal waste seen in Europe have increased the
application of this technique.

There are other reasons for the use of water-cooled grates—these are discussed in
Section 2.3.1.2.

2.4.45 Flue-gas condensation

[5, RVF 2002 ]

Water in the flue-gas comprises evaporated free water from the fuel and reaction water from the
oxidation of hydrogen, as well as water vapour in the combustion air. When burning wastes, the
water content in the flue-gas after the boiler and economiser normally varies between 10 vol-%
and 20 vol-%, corresponding to water dew points of about 50-60 °C. During the cleaning of the
boiler with steam the water content in the flue-gas increases to about 25 %.

The minimum possible dry gas temperature at this point is 130-140 °C using normal boiler
construction materials. This temperature is mostly determined by the need to be above the acid
dew point, which is linked to the SO; and water content in the flue-gas.

Lower temperatures result in corrosion. The boiler thermal efficiency (steam or hot water from
waste) will, under these conditions, be about 85 %, as calculated based on the calorific value of
the waste input. However, if there is more available energy in the flue-gas, a water vapour will
result which has a latent specific energy of about 2 500 kJ/kg and dry gas with a specific heat of
about 1 kJ/(kg °C).

Return water from district heating at a temperature of 40-70 °C (system configuration-
dependent) can be used directly to cool and condense the water vapour in the flue-gas. This
system is common at plants burning biofuel, which is normally very wet and gives water dew
points of 60—70 °C in the flue-gas.

Condensation can be effective only if there is a comparatively big temperature difference
between the water dew point in the flue-gas and the cooling water (normally district heating
return water). If this condition is not fulfilled, heat pumps can be installed (see Section 2.4.4.6).

It should be noted that, in this case, it is the cold district heating water return that provides the
energetic driver for the condensation of the flue-gases. This situation is only likely to exist in
regions with the lower ambient temperatures found mostly in northern Europe.

2.4.4.6 Heat pumps

[ 5, RVF 2002 ]

The main purpose of heat pumps is to transform energy from one temperature level to a higher
level. There are three different types of heat pumps in operation at incineration installations.
These are described below with examples.
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24.4.6.1 Compressor-driven heat pumps

This is the most well-known heat pump. It is, for instance, installed in refrigerators, air
conditioners, chillers, dehumidifiers, ground source heat pumps and air source heat pumps. An
electrical motor normally drives the pump, but for big installations steam turbine-driven
compressors can be used.

In a closed circuit, a refrigerant substance (e.g. R134a) is circulated through a condenser,
expander, evaporator and compressor. The compressor compresses the substance, which
condenses at a higher temperature and delivers the heat to the district heating water. There the
substance is forced to expand to a low pressure, causing it to evaporate and absorb heat from the
water from the flue-gas condenser at a lower temperature. Thus the energy at a low temperature
in the water from the flue-gas condenser has been transformed to the district heating system at a
higher temperature. In typical incineration conditions, the ratio between output heat and
compressor power (heat to power ratio) can be as high as 5. The compressor-driven heat pump
can utilise a very high proportion of the energy of the flue-gas.

2.4.4.6.2 Absorption heat pumps

Similar to the compressor-type pump, absorption heat pumps were originally developed for
cooling. Commercial heat pumps operate with water in a closed loop through a generator,
condenser, evaporator and absorber. Instead of compression, the circulation is maintained by
water absorption in a salt solution, normally lithium bromide, in the absorber. The diluted
water/salt solution is pumped to the generator. There the water is evaporated by hot water or
low-pressure steam and is then condensed in the condenser at a higher temperature. The heat is
transferred to the district heating water. The concentrated salt solution is circulated back to the
absorber. The process is controlled by the pressure in the system, in relation to the vapour
pressure of the liquids, water and lithium bromide.

Electrical power consumption is very low, limited to a small pump between the absorber and
generator, and there are few moving parts. The ratio between the output heat and absorber
power is normally about 1.6.

2.4.4.6.3 Open heat pumps

The principle of an open heat pump is to decrease the water content of the flue-gas downstream
of the condenser using a heat and humidity exchanger with air as the intermediate medium.

The higher water content in the flue-gas in the condenser means a higher water dew point, and a
bigger difference between the water dew point and the dew point of the return water from the
district heating system.

24.46.4 Example data of different heat pumps

The following table has been collated from data from three different plants in Sweden, each
using a different type of heat pump, as described above.

As can be seen from the table, the use of heat pumps consumes electricity; therefore the net
electrical output is reduced. However, the thermal heat output is increased.
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Table 2.12: Example data showing the variation in heat and electricity output at three different
plants in Sweden when using various different types of heat pumps

Example 1 Example 2 Example 3

Heat pump type Compressor-driven Absogzltrlﬁg heat Open heat pumps
Net heat output using 82 80 81
heat pump
Net heat output without 60 63 70
heat pump
Variation in heat +37 % 128 % +16 %
output
Ngt electricity output 15 15 0
using heat pump
Ngt electricity output 20 19 0
without heat pump
Varlatlo_n of electricity 95 04 21 9% 0
production

NB: Data refer to an energy input of 100, therefore all numbers are percentages.
Example 3 does not produce electricity.

Source: [ 5, RVF 2002 ]

2447 Flue-gas recirculation

A proportion (approximately 10-20 vol-%) of the (usually cleaned) flue-gases is recirculated,
normally after pre-dedusting, to replace secondary air feeds in the combustion chamber.

This technique is reported to reduce heat losses with the flue-gas and to increase the process
energy efficiency by around 0.75-2 %. Additional benefits of primary NOy reduction are also
reported.

Lagging of the recirculation ducting is reported to provide an effective remedy for corrosion
concerns in this area.

2.4.4.8 Recovery of the heat used for reheating flue-gases to the operating
temperature of FGC devices

Some air pollution control equipment requires the flue-gases to be reheated to enable their
effective operation. Examples include tail-end SCR systems and bag filters that generally
require temperatures in the region of 200-250 °C and 140-190 °C, respectively.

The energy for heating the gases can be obtained from:

° external energy sources (e.g. electrical heating, gas or oil burners);
. use of process-generated heat or power (e.g. steam bleeds from the turbine).

The use of heat exchangers to recapture the heat after the equipment reduces the need for
external energy input. This is carried out where the next stage of the process does not require the
flue-gas temperature to be as high as the exit temperature of the preceding equipment.
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2449

aspects

Steam-water cycle improvements: effect on efficiency and other

The selection of the steam-water cycle will generally have a much greater impact on the energy
efficiency of the installation than improving individual elements of the system, and therefore
provides the greatest opportunity for increased use of the energy in the waste.

The following table provides examples of techniques used for improving energy recovery at a
municipal waste-to-energy plant, along with an estimation of their effectiveness, advantages and
disadvantages. The figures given were calculated for one example plant that only generated
electricity [ 50, CNIM 2003 ].

Table 2.13:

Steam-water cycle improvements: effect on efficiency and other aspects

Technique

Net power output increase

(approx.)
and other advantages

Disadvantages

Increase steam pressure

3 % for 60 bar instead of 40 bar

Increase in investment cost
Corrosion risk slightly increased

Decrease vacuum at
turbine outlet
(e.g. a hydro-condenser

1-2 9% for 20 mbar reduction

Significant increase in investment
cost (air condenser area: + 10 %
between 120 mbar and 110 mbar at
an air temperature of 15 °C)

range 6-10 %)

may be used to improve V. Size and noise increase
vacuum) V. Uncertainties on suppliers'
commitments for very low pressure
Heat secondary air 0.7-1.2 % V1. Complexity _and cost increase if
there are 2 air fans
Air heater in 2 stages .
(i.e. 2 bleeds on the 1-1.5% x: :I gOSt Increase .
turbine) . pace requirement increase
IX. Cost of the equipment and piping
X. Not necessarily applicable for small
TG sets
Add a condensate heater 0.5-1.2 % ) .
XI. Corrosion problem may occur in
particular during transitory phases
(start-up, shutdown, etc.)
XIl.  Increase in investment cost
0.75-2 % XIIl.  Decreasing the O, by other meang
Recycle a part of the for a decrease of 1 % of dry O, reduce_s the interest of flue-gas
flue-gas | recycling .
Decrease of NOy level by | XIV. Corrosion problem may occur in
approx. 100 mg/Nm® particular during transitory phases
(start-up, shutdown, etc.)
Reduce the flue-gas 0.4-0.7 % XV. The boiler outlet temperature is
temperature at boiler for 10 °C lower between determined according to the FGC
outlet 190 °C and 140 °C system type
3-6 % . .
Use SNCR de-NOy . XVI. See discussions about SCR and
instead of SCR depending ?gége processes SNCR de-NOx
1 to 2 % instantaneous, XVIl. Some TG sets have higher
Optimise the choice of  [but much higher difference over efficiency at nominal conditions but
the TG set a long period of time if low lower reliability, availability and/or
availability flexibility at partial load
Reduce O, content in XVIIL. \i/r\]/(l:trr;azelower O, content, CO may
- 0 1 _204 1
flue-gas by 1 % (in 1-2 % increase XIX. Low oxygen content may increase

corrosion risk

Source: [ 50, CNIM 2003 ]
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2.5 Applied flue-gas cleaning and control systems

251 Summary of the application of FGC techniques

Flue-gas cleaning systems are constructed from a combination of individual process units that
together provide an overall treatment system for the flue-gases. The balance of applied systems
is different with different waste streams. A description of the individual process units, organised
according to the substances upon which they have their primary effect, is given in this chapter.

Some flue-gas cleaning techniques are also explained in detail in the Best Available Techniques
Reference Document for Common Waste Water and Waste Gas Treatment/Management
Systems in the Chemical Sector (the CWW BREF), published in July 2016.

Table 2.14 below gives a summary of the application of some systems in the waste incineration
sector, based on the reference lines participating in the 2016 data collection. [ 81, TWG 2016 ]
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Table 2.14: Summary of the main FGC systems applied in the WI reference lines that participated in the 2016 data collection

Number of WI lines with various flue-gas cleaning systems
Acid reduction Dust reduction NOy reduction
country Semi- DSl S\e/\r/r;i- gnsoll ESP SNCR
DSl WS WS wg and Semi- ESP and BE BF SNCR Sagg SCR
WS WS
Austria 1 1 5 7 0 0 4 1 9 0 0 14
Belgium 1 0 4 6 1 4 7 8 2 10 0 8
Czech Republic 0 0 0 0 0 2 0 0 2 2 0 0
Denmark 2 0 0 0 3 3 7 0 0
Finland 3 0 0 0 3 5 7 0
France 30 2 18 8 4 8 19 17 38 33 0 30
Germany 22 5 39 32 0 11 39 25 46 43 3 53
Hungary 0 2 0 0 0 0 0 0 2 2 0 0
Italy 26 0 2 5 0 0 0 13 20 9 13 11
Netherlands 1 0 2 3 0 0 1 3 2 2 0 4
Norway 0 0 0 6 0 0 2 1 5 0
Poland 7 0 1 1 0 0 1 2 4 5 3
Portugal 0 0 0 0 0 7 0 0 7 0
Spain 4 1 1 0 0 12 1 1 16 8 0 10
Sweden 1 0 2 4 0 0 2 0 5 5 0 1
UK 14 2 4 6 0 1 4 24 25 0 0
Total lines 112 12 79 86 5 49 77 81 188 170 19 133
ggl. = dry sorbent injection; Semi-WS = semi-wet scrubber; WS = wet scrubber; BF = bag filter.
2. Other combinations of FGC unit operations are applied but not included in the table.
Source: [ 81, TWG 2016 ]
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2.5.2 Overview of overall combined FGC system options

The individual components of a FGC system are combined to provide an effective overall
system for the treatment of the pollutants that are found in the flue-gases. There are many
individual components and designs, and they may be combined in many ways. The diagram
below shows an example of the options and their possible combination. It can be seen that in
this assessment there are a total of 408 different combined systems.

Figure 2.32: Overview of potential combinations of FGC systems

2.5.3 Techniques for the reduction of dust emissions

[ 1, UBA 2001 ] The selection of gas cleaning equipment for dust from the flue-gas is mainly
determined by:

. dust load in the gas stream;

° average particle size;

. particle size distribution;

. flow rate of gas;

o flue-gas temperature;

. compatibility with other components of the entire FGC system (i.e. overall
optimisation);

. required outlet concentrations.

Some parameters are rarely known (such as particle size distribution or average size) and are
empirical figures. Available treatment or disposal options for the deposited substances may also
influence FGC system selection, i.e. if an outlet exists for treatment and use of fly ash, this may
be collected separately rather than being collected with FGC residues.

[ 74, TWG 2004 ]
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2531 Electrostatic precipitators

[1, UBA 2001]

Electrostatic precipitators are sometimes also called electrostatic filters. The efficiency of dust
removal of electrostatic precipitators is mostly influenced by the electrical resistivity of the dust.
If the dust layer resistivity rises to values above approximately 10™ to 10" Qcm, removal
efficiencies are reduced. The dust layer resistivity is influenced by waste composition. Thus it
may change rapidly with a changing waste composition, particularly in hazardous waste
incineration. Sulphur in the waste (and water content at operating temperatures below 200 °C

[ 64, TWG 2003 ]) often reduces the dust layer resistivity through the generation of SO, (SO3)
in the flue-gas, and therefore facilitates deposition in the electric field.

Collecting plate

Source: [ 1, UBA 2001 ]

Figure 2.33: Operating principle of an electrostatic precipitator

For the deposition of fine dust and aerosols, installations that maintain the effect of the electric
field by drop formation in the flue-gas (pre-installed condensation and wet electrostatic
precipitators, condensation electrostatic precipitators, electrodynamic venturi scrubbers, ionised
spray coolers) can improve removal efficiency.

Typical operational temperatures for electrostatic precipitators are 160-260 °C. Operation at
higher temperatures (e.g. above 250 °C) is generally avoided as this may increase the risk of
PCDD/F formation.

2.5.3.2 Wet electrostatic precipitators

Wet electrostatic precipitators are based upon the same technological working principle as
electrostatic precipitators. With this design, however, the precipitated dust on the collector
plates is washed off using a liquid, usually water. This may be done continuously or
periodically. This technique operates satisfactorily in cases where moist or cooler flue-gas
enters the electrostatic precipitator. [ 1, UBA 2001 ]

2.5.3.3 Condensation electrostatic precipitators

The condensation electrostatic precipitator is used to deposit very fine, solid, liquid, or sticky
particles, for example in the flue-gas from hazardous waste incineration plants. Unlike
conventional wet electrostatic precipitators, the collecting surfaces of condensation electrostatic
precipitators consist of vertical plastic tubes arranged in bundles, which are externally water-

cooled. [ 1, UBA 2001 ]
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The dust-containing flue-gas is first cooled down to dew-point temperature in a quench by
direct injection of water and then saturated with vapour. By cooling the gases in the collecting
pipes further down, a thin, smooth liquid layer forms on the inner surface of the tubes as a result
of condensation of the vapour. This is electrically earthed and thus serves as the passive
electrode.

Particles are deposited by the influence of the electric field between the discharge electrodes
suspended in the tube axes and the condensation layer in continuous flow. At the same time the
condensation layer also causes continuous removal of deposited particles from the deposition
area. Even water-insoluble dust and poorly wettable soot are washed off. The constantly
renewed wetting prevents dry spots and sticking, which can cause sparking (electrical
discharges between the electrodes). Avoiding sparking allows for a higher deposition voltage,
which in turn leads to an improved and consistently high deposition performance (see Figure
2.34).
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Figure 2.34: Condensation electrostatic precipitator

2534 lonisation wet scrubbers

The purpose of the ionisation wet scrubber (IWS) is to remove various pollutants from the flue-
gas flow [ 1, UBA 2001 ]. The IWS combines the principles of:

. electrostatic charging of particles, electrostatic attraction and deposition of aerosols
(smaller than 5 pm);

o vertical deposition of coarse, liquid and solid particles (larger than 5 um); and

. absorption of hazardous, corrosive and odorous gases.
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The IWS system is a combination of an electrostatic filter and a packed scrubber. It is reported
to require little energy and has a high deposition efficiency for particles in the submicron as well
as the micron range.

A high-voltage zone is installed before each packed tower stage. The function of the high-
voltage zone is to ionise the particles (dust, aerosols, submicron particles) contained in the flue-
gas. The negatively charged particles induce opposing charges on the neutral surface of the
wetted packing material and the falling water drops. As a result, they are attracted onto the
liquid surfaces and are then washed out in the packed section. This is referred to as Image/Force
attraction (IF attraction), i.e. attraction through electron shift. Hazardous, corrosive and odorous
gases are also absorbed in the same scrubber fluid and chemically combined to be discharged
with the scrubber effluent.

Another type of ionisation wet scrubber includes a venturi. The pressure changes that occur
through the venturi allow the fine particles to grow and the electrode charges them. They are
then collected by the dense layer of water droplets projected by a nozzle, serving as a collecting
electrode. [ 74, TWG 2004 ]

2.5.3.5 Bag filters

Bag filters, also called baghouse filers or fabric filters, are very widely used in waste
incineration plants. Filtration efficiencies are very high across a wide range of particle sizes. At
particle sizes below 0.1 microns, efficiencies are reduced, but the fraction of these that exist in
the flue-gas flow from waste incineration plants is relatively low. Low dust emissions are
achieved with this technology. It can also be used following an ESP and wet scrubbers.

[ 74, TWG 2004 ]

The compatibility of the filter medium with the characteristics of the flue-gas and the dust, and
the process temperature of the filter are important for effective performance. The filter medium
should have suitable properties for thermal, physical and chemical resistance (e.g. hydrolysis,
acid, alkali, oxidation). The gas flow rate determines the appropriate filtering surface, i.e.
filtering velocity.

Mechanical and thermal stress on the filter material determines service life, energy and
maintenance requirements.

In continuous operation, there is gradual loss of pressure across the filter media due to the
deposit of particles. When dry sorption systems are used, the formation of a cake on the media
helps to provide the acid removal. In general, the differential pressure across the filter is used to
monitor the need for cleaning. Periodic replacement is required when the residual lifetime is
achieved or in the case of irreversible damage (e.g. an increasing loss of pressure may be caused
by an irreversible deposit of fine dust on the filter material). Several parameters help to control
the lifetime of the bags: pressure drop drift, visual or microscopic analysis, etc. Potential leaks
in the bag filter will also be detected by the increased emissions or by some process disturbance.
[ 64, TWG 2003 ]

Bag filter systems are usually composed of several chambers where sections can be isolated one
by one for maintenance. It is common practice to design the system to operate at full capacity
when one section is out of service to facilitate on-load maintenance and reduce downtime.
However, there may still be constraints on how much repair work can be completed with the
incinerator on-line, for example the outside of the off-line section may be too hot to allow safe
personnel access due to the adjacent sections being in service.
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Source: [ 1, UBA 2001 ]

Figure 2.35: An example of a bag filter

Selection of filter bag material
The filter material is selected to be suited to the physical and chemical conditions under which it
will operate.

The key characteristics of fabrics for use in gas filtration include maximum operational
temperature and resistance to acids, alkalis and flexing (due to bag cleaning). Gas humidity can
also affect the strength and dimensional stability of the fabrics, due to hydrolysis. Several basic
fibre properties are summarised below; some may be coated or impregnated with special
chemicals (e.g. sulphur). [ 74, TWG 2004 ]
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Table 2.15: Operational information for different bag filter materials

Maximum Resistance
Fabric temperature . . Physical

(°C) Acid Alkali flexibility
Cotton 80 Poor Good Very good
Polypropylene 95 Excellent Excellent Very good
Wool 100 Fair Poor Very good
Polyester 135 Good Good Very good
Nylon 205 Poor to fair Excellent Excellent
PTFE 235 Excellent Excellent Fair
Polyimide 260 Good Good Very good
Fibreglass 260 Fair to good | Fairto good Fair
NB:
Not all of these materials are commonly used in incineration — see operational data below.
Source: [ 2, InfoMil 2002 ] [67, Inspec, 2004]

Increasing the temperature may lead to the melting of any plastic components in the fabric
material, and the potential for fires. High humidity in the flue-gas may cause the filter materials
to stick together and lead to shutdowns. [ 74, TWG 2004 ] PTFE covering of sheets/foils can be
used to improve the removal of such sticky salts and solid particles from the bags. Operational
improvements in semi-wet systems (see also Section 2.5.4) are reported to have been achieved
by using PTFE in a MSWI facility in Prague (Czech Republic) and in Schwandorf (Germany).

Several filtration media are reported to not be commonly used in MSWI, e.g. cotton, wool,
propylene. In MSWI, the main media are polyimide, PPS (rarely), PTFE, and fibreglass (with or
without PTFE coating). Some fibres may be combined (e.g. polyimide and PTFE for higher
resistance at high temperatures).

Chemical reactions in the absorbent media may affect the operational temperature. The quality
of the scrim is also of importance, as well as the fibre quality. [ 2, InfoMil 2002 ], [ 64, TWG

2003 ]

Special filter bags may include catalytic elements for the reduction of NOx and/or for the
destruction of PCDD/F (see Sections 4.5.4.5 and 4.5.5.4).

2.5.3.6 Cyclones and multi-cyclones

[ 64, TWG 2003 ]

Cyclones and multi-cyclones use centrifugal forces to separate dust from the gas stream. Multi-
cyclones differ from single cyclones in that they consist of many small cyclone units. The gas
flow enters the separator tangentially and leaves from a central port. Solids are forced to the
outside of the cyclone and collected at the sides for removal.

Cyclones on their own cannot achieve the required dust emission levels. They can however play
an important role, where applied as a pre-deduster before other flue-gas treatment stages, in
reducing the dust load to be finally treated. Energy requirements are generally low as there is
almost no pressure drop across the cyclone.

A major advantage of cyclones is their wide operational temperature range and robust
construction. Erosion of cyclones, particularly at the point of impingement of dirty flue-gases,
can be an issue where the flue-gas is more heavily loaded with particulate, and particularly
where bed material escapes from fluidised bed plants. Circulating fluidised beds usually
incorporate a cyclone for the removal and recirculation of the bed material to the furnace.
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2.5.3.7 Venturi scrubbers

A venturi scrubber consists of three sections: a converging section, a throat section and a
diverging section. The inlet gas stream enters the converging section and, as the area decreases,
the gas velocity increases. Liquid is introduced either at the throat or at the entrance to the
converging section. The inlet gas, forced to move at extremely high velocities in the small throat
section, shears the liquid from its walls, producing a great number of very small droplets.

Particle and gas removal occur in the throat section as the inlet gas stream mixes with the fog of
tiny liquid droplets. The inlet stream then exits through the diverging section, where it is forced
to slow down.

While venturis can be used to reduce both particles and gaseous pollutants, they are mainly
effective in removing fine particles.

The design can be based on a single venturi for a complete flue-gas stream or on several venturi
nozzles. The pressure drop and performance can be controlled by injecting scrubbing liquid
upstream of the venturi or into the venturi throat, and/or by mechanically adjusting the opening
in the venturi throat.

The position of the venturi stage within a multistage wet scrubbing system can be at the inlet
(venturi quench), intermediate (e.g. downstream of the quench / packed bed stage) or at the end
as a last polishing stage.

Venturi scrubbers are normally combined with dry dust pre-separation (e.g. with an ESP) and/or
with activated carbon injection upstream of the wet scrubber (for dioxin/mercury removal).
[77, ESWET, 2015]

2.5.4 Techniques for the reduction of acid gas (e.g. HCI, HF and SOy)
emissions

Acid gases such as sulphur dioxide and gaseous halogenides are cleaned from flue-gases
generally by the injection of alkaline reagents, which are brought into contact with the flue-gas.
Depending on the technique, the reaction products are dissolved or dry salts. [ 1, UBA 2001 ]

The following flue-gas cleaning processes are applied:

. Wet processes: The flue-gas flow is fed into water, hydrogen peroxide, and/or a
washing solution containing part of the reagent (e.g. sodium
hydroxide solution, micronised limestone slurry). The reaction
product is agueous.

. Semi-wet processes: Also called semi-dry. The sorption agent added to the flue-gas
flow is an aqueous solution (e.g. milk of lime) or suspension
(e.g. as a slurry), or dry hydrated lime with separate water
injection. The water solution evaporates and the reaction
products are dry. The residue may be recirculated to improve
reagent utilisation.

. Dry processes: A dry sorption agent (e.g. hydrated lime, high-porosity or high-
surface hydrated lime, sodium bicarbonate) is added to the flue-
gas flow. The reaction product is also dry.
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2.5.4.1 Wet processes

Wet flue-gas cleaning processes use different types of scrubber design, for example:

o jet scrubbers;

. rotation scrubbers;

o venturi scrubbers;

. dry tower scrubbers;

o spray scrubbers;

o packed tower scrubbers.

The scrubber solution is (in the case of water-only injection) strongly acidic (typically pH 0-1)
due to acids forming in the process of deposition. HCI and HF are mainly removed in the first
stage of the wet scrubber. The effluent from the first stage is recycled many times, with little
fresh water addition and a bleed from the scrubber to maintain acid gas removal efficiency. In
this acidic medium, deposition of SO, is low, so a second scrubber stage is required for its
removal.

Removal of sulphur dioxide is achieved in a washing stage controlled at a pH close to neutral or
alkaline (generally pH 6-7) in which caustic soda solution or milk of lime is added. For
technical reasons this removal takes place in a separate washing stage, in which, additionally,
there occurs further removal of HCI and HF.

If the treated waste contains bromine and iodine, these elements can be deposited from the flue-
gas flow if waste containing sulphur is combusted simultaneously. In addition to sulphur
compounds, water-soluble salts of bromine and iodine will form, which can be deposited
through the wet SO, flue-gas cleaning processes. Additionally, the deposition of elementary
bromine and iodine may be improved by specific employment of reductive washing stages
(sulphite solution, bisulphite solution). In any case, it is important to be aware of which wastes
contain iodine or bromine.

If milk of lime or limestone is used as a neutralising agent in the wet flue-gas cleaning stages,
sulphate (as gypsum), carbonates and fluorides will accumulate as water-insoluble residues.
These substances may be removed to reduce the salt load in the waste water and hence reduce
the risk of encrustation within the scrubbing system. Residues of the cleaning process (e.g.
gypsum) can be recovered. When using a caustic soda solution there is no such risk because the
reaction products are water-soluble. If NaOH is used, CaCO; may form (depending upon water
hardness), which will again lead to deposits within the scrubber. These deposits need to be
removed periodically by acidification.

The diagram below shows a typical two-stage wet scrubbing system. The number of scrubbing
stages usually varies between one and four with multiple stages being incorporated in each
vessel.
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Figure 2.36: Diagram of a two-stage wet scrubber with upstream dedusting

Wet scrubbing increases the moisture in the flue-gas and therefore the plume visibility,
especially with lower ambient temperature and higher humidity levels. Increasing the
temperature of the flue-gases provides one way of reducing plume visibility, as well as
improving the dispersion characteristics of the release; reheating the flue-gases requires
however some energy. Depending on the flue-gas moisture content and atmospheric conditions,
plume visibility is greatly reduced above stack release temperatures of 140 °C. Reducing the
moisture content of the flue-gases by the use of condensing scrubbers (see Section 2.4.4.5) also
reduces the plume visibility.

Waste water from wet scrubbers

To maintain scrubbing efficiency and prevent clogging in the wet scrubbing system, a portion of
the scrubber liquor must be removed from the circuit as waste water. This waste water must be
subjected to special treatment (neutralisation, precipitation of heavy metals), before discharge or
use internally. Mercury removal is given special attention. Volatile mercury compounds, such as
HgCl,, will condense when the flue-gas is cooled, and dissolve in the scrubber effluent. The
addition of reagents for the specific removal of mercury provides a means of removing it from
the process.

In many plants fitted with wet abatement systems, the waste water produced is evaporated in the
incineration plant by spraying it back into the flue-gas as a quench in combination with a dry
dust abatement system. This avoids waste water emissions from the flue-gas treatment system
and avoids waste water treatment costs. Other techniques to avoid water releases are described
in Section 4.6.1.
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2.5.4.2 Semi-wet processes

In the version of this process that is often called semi-dry, water and hydrated lime are injected
separately, typically into a conditioning tower and/or duct. In the spray absorption version, the
absorption agent is injected either as a suspension or solution into the hot flue-gas flow in a
spray reactor (see Figure 2.37).

This type of process utilises the heat of the flue-gas for the evaporation of the solvent (water).
The reaction products generated are solid and need to be deposited from the flue-gas as dust in a
subsequent stage, e.g. bag filter. Compared to dry processes, these processes are typically more
efficient and require less overdosing of the sorbent.

Here, the bag filter is also an important part of the process. Plumes are also rarely visible with
this technique.

Source: [ 1, UBA 2001 ]

Figure 2.37: Operating principle of a spray absorber

A system which falls between the normal dry and semi-wet systems is also applied. This is
sometimes known as semi-dry with CFB (circulating fluidised bed) reactor. These systems re-
inject into the inlet flue-gas a proportion of the solids collected in the bag filter. Water is added
at a controlled rate either directly to the collected fly ash and reagent or into the reactor
upstream of the filter in such a way as to ensure that solids remain free-flowing and not prone to
stickiness or scaling. The reactor design might be as a circulating fluidised bed (CFB) reactor or
a simple plug-flow reactor (duct). No slurry handling is required (in contrast to semi-wet
systems) and no effluents are produced (in contrast to wet systems).

The recycling of reagent reduces the demand for reagent and the amount of solid residue
produced. It can also be applied to dry and semi-wet systems.
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Another system that is not completely dry or semi-wet or semi-dry uses the condensation effect
on solid particles recirculated into the flue-gas upstream of the fabric filter. This effect can be
achieved by steam injection or by cooling the solids prior to re-feeding.

[78, ESWET, 2015]

2.5.4.3 Dry processes

In dry sorption processes, the absorption agent is fed into the reactor as a dry powder. The dose
rate of reagent may depend on the temperature, the SO,/(HCI+HF) ratio, the process conditions,
and on the reagent type. The reaction products generated are solid and need to be removed from
the flue-gas as dust in a subsequent stage, normally a bag filter.

The overdosing of reagent leads to a corresponding increase in the amount of residues, unless
reagent recirculation is carried out. Significant improvements have been made over the course
of the last 15 years to the techniques for the recirculation of the unreacted fraction, allowing for
the reduction of the stoichiometric excess.

If there is no pre-dedusting stage (e.g. electrostatic precipitator), particles are removed with the
used reagent and reaction products. The cake of reagent that forms on fabric filters provides for
effective contact between flue-gas and absorbent, thus acting as a second reactor stage.

Plumes are rarely visible with this technique.

Figure 2.38: Schematic diagram of a dry FGC system with reagent injection into the FG duct and
downstream bag filtration
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2.5.4.4 Direct desulphurisation

[ 1, UBA 2001 ] Desulphurisation in fluidised bed processes can be carried out by adding
absorbents (e.g. calcium or calcium/magnesium compounds) directly into the incineration
chamber. Additives such as limestone dust, hydrated lime and dolomitic dust are used. The
system can be used in combination with downstream flue-gas desulphurisation.

The arrangement of the jets and the injection speed influence the distribution of the absorbents
and thus the degree of sulphur dioxide deposition. Part of the resulting reaction products is
removed in filter installations downstream; however, a significant proportion remains with the
bottom ashes. Therefore, direct desulphurisation may impact on bottom ash quality.

[ 64, TWG 2003 ]

Ideal conditions for direct desulphurisation exist in a cycloid furnace due to the constant
temperature.

On its own, this technique does not lead to compliance with the required SO, emission levels.
However, it is useful as a pre-treatment and contributes to meeting the lowest emission levels
when applied in combination with other techniques.

The amount of residue from the flue-gas cleaning system itself can be reduced, resulting in
lower disposal costs.

Absorption (and adsorption) of pollutants can also be performed in a (circulating) fluidised bed
reactor into which residues and reagents are recirculated in the combustor at a high rate.
Recirculation of flue-gas keeps the gas flow above a minimum level in order to maintain
fluidisation of the bed. The bed material is separated in a bag filter. Injection of water reduces
the consumption of absorbents (and hence the production of residues) significantly.

[ 74, TWG 2004 ]

2.5.4.5 Selection of alkaline reagent

Various alkaline reagents (and combinations) are used in FGC systems of waste incineration
plants.

Calcium hydroxide is used in all types of FGC systems: wet, semi-wet (or semi-dry) and dry.
For (semi-)wet systems, milk of lime can be prepared on site in a quicklime slaking unit or
starting from hydrated lime. In (semi-)dry processes, hydrated lime or high specific surface
(HSS) hydrated lime are used directly. [7, TWG 2017]. Sodium bicarbonate is applied to a
range of mainly dry systems. Sodium hydroxide and limestone are generally only applied to wet
FGC systems.

The advantages and disadvantages of the different reagents, usually strongly influenced by the
overall technology selection, are summarised in the following table.
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Table 2.16: Comparison of features of various alkaline reagents

Reagent Advantages Disadvantages Comments/other data
o Higher cost/kg
reagent
o Variable cost
(quarterly) e Only used in wet
_ Hiahl fi ith aci e The waste water systems_
Sodium * Hignly reactive wi acid gases produced by wet o Well suited to
: e Low consumption rates X ; . -
hydroxide e Low solid waste production sodium hydroxide variable inlet
P processes contains concentrations, e.g.
soluble salts to be HWI
handled and treated
¢ Highly corrosive
material
¢ High reactivity can be reached
with HSS lime Handli b
Quicklime |e Possibility to operate at higher * pr%%lelrr;gt(i:g?n ﬁon e Residue recirculation
and temperature with HSS lime S i is possible and
hydrated . Lovxll)er cost/kg reagent . E?r::?:;egpst)i/gint]; allgws reducing
lime : (L;Zr,v ;?:,L\:\?g;gsfridrzizvery recycle the residues specific consumption
from wet scrubbers
o Not widely applied
e Medium reactivity e \Wet limestone in MSWI
e Lower cost/kg reagent processes generate a | e Mainly used in wet
Limestone |e Low solubility residues purge (suspension) systems
e Can allow gypsum recovery that needs to be e Sometimes used in
from wet scrubbers handled and treated fluidised bed
systems
e Highly reactive with SO, and * Higher soluble partin
HCI residue
« Low consumption rates o Soluble solid residues
(stoichiometric ratio 1.05-1.20) forrgled Cif‘ l}e
o Low residue production problematic for - o Typical reagent
depending on the stoichiometric dlspo_sal (.bUt usen consumption ranges
ratio chemical industry is are 6-12 kg/t waste
o Purification and reuse of residue . E?Zisrl?ost than incinerated for MSW
Sodium possible and applied . and 15-40 kg/t for
bicarbonate | e Effective over wide FGC . :;':eé 'r(]g.rnea%i”tthe HW
operating temperature range [: | Ing larity of |° Residues without fly
(120-300 °C) fhag rlgae grr]?r;l; anty o and boiler ash are on
¢ High operating temperature su Iie% a arindin average 70-75% of
range and high efficiency on SO, de?/[i)ce rﬁaygbe 9 the reagent weight
?g)émcrease compatibility with required and affect
L - availability due to
* lc\loon;/;/g;tergIrLjierc;gon/humldlty possible fouling
q problems
Source: [ 64, TWG 2003 ][ 74, TWG 2004 ]

The temperature range which is adequate for the dry sodium bicarbonate process is linked to the
transformation of sodium bicarbonate to sodium carbonate; this phenomenon increases the
surface area and porosity of the reagent and hence its reactivity. The phenomenon is observable
from temperatures around 80-100 °C depending on the particle size, but higher temperatures are
required to ensure reaction kinetics are acceptable. From 140 °C the kinetics are generally fast
enough, with experience of further increases in reactivity at temperatures of 160-180 °C.
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In some cases, mixed FGC systems are implemented: they can operate either with HSS lime or
sodium bicarbonate, allowing for better control of reagent costs despite a possible need to
compromise on process optimisation. [ 74, TWG 2004 ]

The co-injection of hydrated lime with sodium bicarbonate is also possible, and has recently
been applied in plants in Germany and in the Netherlands, to make up for the lower reactivity of
sodium bicarbonate with HF and thus improve the continuous control of HF emissions. The co-
injection of hydrated lime has been reported to also potentially reduce the overall use of
reagents and associated operating costs [ 99, EuLA 2015].

The overall abatement cost is determined both by the reagent cost (unit cost per kilogram of
reagent and amount required ) and by the residue treatment/disposal cost. The flue-gas
composition (which affects the stoichiometric ratio of the different possible reagents/processes),
the unit price per kilogram of reagent, as well as the availability and cost of residue
treatment/disposal options are important factors influencing the total abatement cost.

Limestone, quicklime, hydrated lime, enhanced (high-surface) hydrated lime, sodium hydroxide
and sodium bicarbonate are all used in a wide variety of incineration plants throughout Europe
and elsewnhere.

2.5.5 Techniques for the reduction of emissions of oxides of nitrogen

[ 3, Austria 2002 ]
Nitrogen oxides (NOx) may be formed in three ways:

o Thermal NOy: During combustion a part of the air nitrogen is oxidised to nitrogen
oxides. This reaction only takes place significantly at temperatures above 1 300 °C. The
reaction rate depends exponentially on the temperature and is directly proportional to
the oxygen content.

o Fuel NOy: During combustion a part of the nitrogen contained in the fuel (including in
the waste) is oxidised to nitrogen oxides.
o Formation of NOx via radical reaction (prompt NO): Atmospheric nitrogen can also be

oxidised by reaction with CH radicals and intermediate formation of HCN. This
mechanism of formation is of relatively low importance in waste incineration.

Waste Incineration 107



Chapter 2

Source: [ 3, Austria 2002 ]

Figure 2.39: Temperature dependence of various NOx formation mechanisms in waste incineration

2551 Primary techniques for NOy reduction

[1, UBA 2001]

NOy production can be reduced using furnace control measures that:

° prevent oversupply of air (i.e. prevent the supply of additional nitrogen);
. prevent the use of unnecessarily high furnace temperatures (including local hot spots);

° optimise combustion control for the homogenisation of the combustion conditions and
to avoid sharp temperature gradients.

25511 Air supply, gas mixing and temperature control

The use of a well-distributed primary and secondary air supply to avoid the uneven temperature
gradients that result in high-temperature zones and, hence, increased NOx production is a
widely adopted and important primary technique for the reduction of NOx production.

Although sufficient oxygen is required to ensure that organic materials are oxidised (giving low
CO and VOC emissions), the oversupply of air can result in additional oxidation of atmospheric
nitrogen, and the production of additional NOx.

Achieving effective gas mixing and temperature control are important elements.
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25512 Flue-gas recirculation

This technique involves replacement of around 10-20 % of the secondary combustion air with
recirculated flue-gases. NOy reduction is achieved because the supplied recirculated flue-gases
have a lower oxygen concentration and therefore lower flue-gas temperature which leads to a
decrease of the nitrogen oxide levels. [ 74, TWG 2004 ]

25.5.1.3 Oxygen injection

The injection of either pure oxygen or oxygen-enriched air provides a means of supplying the
oxygen required for combustion, while reducing the supply of additional nitrogen that may
contribute to additional NOx production.

25514 Staged combustion

Staged combustion has been used in some cases. This involves reducing the oxygen supply in
the primary reaction zones and then increasing the air (and hence oxygen) supply in later
combustion zones to oxidise the gases formed. Such techniques require effective air/gas mixing
in the secondary zone to ensure CO (and other products of incomplete combustion) are
maintained at low levels.

255.15 Natural gas injection (reburn)

[70, USEPA, 1994]

Natural gas injection into the over-grate region of the furnace can be used to control NOx
emissions from the combustor. For MSWIs, two different natural-gas-based processes have
been developed:

o reburning — a three-stage process designed to convert NOx to N, by injecting natural gas
into a distinct reburn zone located above the primary combustion zone;
o methane de-NOyx - this technique injects natural gas directly into the primary

combustion unit to inhibit NOx formation.

25.5.1.6 Injection of water into furnace/flame

A properly designed and operated injection of water either into the furnace or directly into the
flame can be used to decrease the hot spot temperatures in the primary combustion zone. This
drop in peak temperature can reduce the formation of thermal NOx.

[ 74, TWG 2004 ]

2.5.5.2 Secondary techniques for NOy reduction

[1, UBA 2001 ] In order to achieve compliance with NOyx emission limits, it is common for
secondary measures to be applied. For most processes, the application of ammonia or
derivatives of ammonia (e.g. urea) as a reduction agent has proved successful. The nitrogen
oxides in the flue-gas basically consist of NO and NO, and are reduced to N, and water vapour
by the reduction agent.

Reaction equations:

4NO+4NH;+0,—>4N,+6H,0
2NO, +4 NH;+ O, > 3N, +6 H,O
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Two processes are important for the removal of nitrogen from flue-gases - selective non-
catalytic reduction (SNCR) and selective catalytic reduction (SCR).

Both NH; and urea are applied as aqueous solutions. For safety reasons, NHs is normally
supplied as a 25 % solution. Urea can also be applied in the pure solid form.

25521 Selective non-catalytic reduction (SNCR) process

In the selective non-catalytic reduction (SNCR) process, nitrogen oxides (NO + NO,) are
removed by injecting the reducing agent (typically ammonia or urea) into the furnace. The
reactions occur at temperatures between 850 °C and 1 000 °C, with zones of higher and lower
reaction rates within this range. The operating principle of the technique is illustrated in Figure
2.40.

Source: CEWEP-ESWET comments in [7, TWG 2017]

Figure 2.40: SNCR operating principle

Reducing NOy levels by more than 60-80 % using SNCR requires a higher addition of the
reducing agent. This can lead to emissions of ammonia, also known as ammonia slip. The
relationship between NOy reduction, ammonia slip and the reaction temperature is given in
Figure 2.41 below.

110 Waste Incineration




Chapter 2

Source: [3, Austria, 2002] [ 64, TWG 2003 ]

Figure 2.41: Relationship between NOyx reduction, production, ammonia slip and reaction
temperature for the SNCR process

Figure 2.41 shows that, at a reaction temperature of 1 000 °C, the reduction of NOx would be
about 85 %, with an ammonia slip of about 15 %. In addition, at this temperature there would be
a production of NOy, from the incineration of the injected NH3, of about 25 %.

Figure 2.41 also shows that, at higher temperatures (with ammonia), the percentage of NOy
reduction is higher, and, while the ammonia slip is lower, the NOx produced from the ammonia
rises. At high temperatures (> 1 200 °C), NHs itself oxidises and forms NOy. At lower operating
temperatures, the NOy reduction is less efficient and the ammonia slip is higher.

Application of urea instead of ammonia in SNCR leads to relatively higher N,O emissions in
comparison with ammonia reduction. [ 64, TWG 2003 ]

In order to ensure an optimum utilisation of ammonia at varying loads, which cause varying
temperatures in the combustion chamber, NH; can be injected into several layers.

When used with wet scrubbing systems, the excess ammonia may be removed in the wet
scrubber. The ammonia can then be recovered from the scrubber effluent using an ammonia
stripper and fed back to the SNCR feed system.
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The effective mixing of flue-gases and NOy reduction reagent is important for optimisation of
the SNCR process and there must be sufficient gas residence time to allow the NOx reduction
reactions to occur.

In the case of pyrolysis and gasification processes, optimisation of SNCR is achieved by
injecting the reagent into the syngas combustion zones with a well-controlled temperature and
effective gas mixing.

Selection of reagents for SNCR
The reagents used for SNCR are ammonia and urea.

Obtaining a good understanding of temperature profiles in the combustion chamber is
fundamental to the selection of the reagent.

New plants can be specifically designed to achieve stable and predictable combustion
conditions, allowing for optimal injection locations for the reagent, thus making it possible to
use ammonia with the maximum environmental benefit (i.e. highest peak NOx reduction at
lowest N,O emissions). This also applies to existing plants that have stable and well-controlled
combustion and temperature profiles in the furnace.

Existing plants that experience difficulties in stabilising combustion conditions (e.g. for design,
control or waste type reasons) are less likely to be in a position to optimise the reagent injection
(location, temperature, mixing) and may therefore benefit from the use of urea. However, if
temperatures above 1 000 °C are anticipated, the N,O production rate with urea becomes more
significant.

In cases where the advantages and disadvantages are finely balanced, storage and handling
hazards may have a greater impact on the final reagent selection.

The relative advantages and disadvantages of ammonia and urea are outlined in the table below.

The reagent selection needs to take account of a variety of process operational, cost and
performance factors to ensure that the optimal one is selected for the installation concerned.

Table 2.17: Advantages and disadvantages of urea and ammonia use for SNCR

Reagent Advantages Disadvantages
e Narrower effective temperature
range (850-950 °C) therefore
o Higher peak NOy reduction greater optimisation is required
Ammonia potential (if well optimised) . H_andling and storage hazards
e Lower N,O emissions (10— higher
15 mg/Nm?) e Higher cost per tonne of waste
e  Odour of residues if in contact with
humidity
o  Wider effective temperature range | ¢  Lower peak NOx reduction
(750-1 000 °C) makes temperature potential (compared to ammonia
Urea control less critical when optimised)
e Lessstorage and handling hazards | ¢  Higher N,O emissions (25—
e  Lower cost per tonne of waste 35 mg/Nm?®) and hence GWP
Source: [62, Tyseley 2001] [ 64, TWG 2003 ]

The urea/N,O reaction is very dependent on temperature, with as much as 18 % of the NOx
removed appearing as N,O at 1 000 °C, while it is negligible at 780 °C.

Ammonia is reported to be marginally more expensive to use than urea. Handling and storage
requirements for ammonia liquid, gas and solutions are generally more stringent and, hence,
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more expensive than for urea, which can be stored as a solid - this contributes to the cost
differential between the two reagents.

Storage of gaseous or liquefied ammonia is subject to stringent safety requirements, which may
cause extra costs. In most cases ammonia is used as a solution, as in this case the safety
requirements are less onerous.

The use of urea is only cheaper for relatively small plants. For larger plants, the higher storage
cost of ammonia may be fully compensated by the lower chemical cost.

25522 Selective catalytic reduction (SCR) process

In the selective catalytic reduction (SCR) process, an ammonia- air mixture (the reduction
agent) is added to the flue-gas and passed over a catalyst, usually a mesh (e.g. platinum,
rhodium, TiO,, zeolites). [ 74, TWG 2004 ] When passing through the catalyst, ammonia reacts
with NOx to give nitrogen and water vapour.

To be effective, the catalyst usually requires a temperature of between 150 °C and 450 °C. The
majority of systems used in waste incinerators currently operate in the range of 180-250 °C so
as to minimise the need to reheat the flue-gas, even if more catalyst surface is necessary and
there is a greater risk of fouling and catalyst poisoning at these lower temperatures. In some
cases, catalyst-temperature-regulated bypasses are used to avoid damage to the SCR unit.

[ 74, TWG 2004 ], [7, TWG 2017]

SCR gives high NO reduction rates (typically over 90 %) at close to stoichiometric additions of
the reduction agent. For waste incineration, SCR is mainly applied in the clean gas area, i.e.
after dedusting and acid gas removal. For this reason, the flue-gases generally require reheating
to the effective reaction temperature of the SCR system. This adds to the energy requirements of
the flue-gas treatment system. However, when SOy levels in the flue-gas have already been
reduced to a very low value at the inlet of the SCR section, reheating may be reduced
substantially or even omitted. Heat exchangers are used to reduce additional energy demand.

After a wet FGC system, droplets may be removed to prevent salt deposits inside the catalyst.
Due to the risk of ignition resulting from the accumulation of CO in the catalyst, safety
measures are of importance, e.g. bypasses, CO control. [ 74, TWG 2004 ]

Low-temperature SCR requires low levels of SO (generally below 20 mg/Nm®) to minimise the
risk of ammonium sulphate formation. In the event of ammonium sulphate deposition on the
catalyst layers, the deposits are removed by thermal regeneration. The thermal regeneration
should be carefully controlled because the salt sublimation may lead to peaks in the releases to
air for some pollutants, e.g. SO, NOyx, NH;, which can be avoided by recirculation of the
exhaust gas from regeneration or by controlling the heating rate. [ 74, TWG 2004 ]

SCR is sometimes positioned directly after the ESP, to reduce or eliminate the need for
reheating the flue-gas. When this option is used, the additional risk of PCDD/F formation in the
ESP (typically when the ESP is operated at temperatures above 220-250°C) must be
considered. Such operation can result in increased PCDD/F emissions in the gas stream leaving
the ESP and in the ESP residues. However, since SCR can also be used to provide for partial
PCDD/F destruction, PCDD/F emissions downstream of the SCR are generally low.
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MH3 feed
- SCR reactor
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Source: [ 3, Austria 2002 ]

Figure 2.42: SCR operating principle

The flue-gases discharged from the reactor may be directed through a gas-gas heat exchanger to
preheat the entering gases in order to maintain the operating temperature of the catalyst and to
save some of the imported energy (see diagrams in Section 4.5.4.1).

2.5.6 Techniques for the reduction of mercury emissions

25.6.1 Primary techniques

Mercury is highly volatile and therefore almost exclusively passes into the flue-gas stream.

The only relevant primary techniques for preventing emissions of mercury to air are those which
prevent or control, if possible, the inclusion of mercury in the waste:

° efficient separate collection of waste that may contain heavy metals, e.g. cells, batteries,
dental amalgams;

° notification of waste producers of the need to segregate mercury;

. identification and/or restriction of receipt of potential mercury-contaminated wastes:

o by sampling and analysis of wastes where this is possible;
o by targeted sampling/testing campaigns;

. where such wastes are known to be received - controlled addition to avoid overload of
the abatement system capacity.

2.5.6.2 Secondary techniques

Mercury vaporises completely at a temperature of 357 °C and remains gaseous in the flue-gas
after passing through the furnace and boiler. Inorganic mercury (mainly Hg** as a chloride and,
in specific cases, other halogenic compounds) and elemental mercury are affected differently by
FGC systems and detailed consideration of the fate of both is required. [ 1, UBA 2001 ]

The selection of a process for mercury abatement depends on the mercury content and the
chlorine content of the feed material. At higher chlorine contents, mercury in the crude flue-gas
will increasingly be in the ionic form which can be deposited in wet scrubbers. This is a
particular consideration at sewage sludge incineration plants where raw gas chlorine levels may
be low. If, however, the chlorine content in the (dry) sewage sludge is 0.3 mass-% or higher,
only 10 % of the mercury in the flue-gas [ 74, TWG 2004 ] is elemental. The presence of an
SCR system in the high-dust configuration can also support the oxidation of elemental mercury
and its subsequent capture in the downstream elements of the FGC system.
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Elemental mercury can be removed from the flue-gas stream by the following:

o Transformation into ionic mercury by adding oxidants and then deposition in a wet
scrubber - the effluent can then be fed to waste water treatment plants with heavy metal
deposition, where the mercury can be converted to a more stable form (e.g. HgS), which
is more suitable for final disposal [ 74, TWG 2004 ].

o The alternative option is direct deposition on brominated or sulphur-doped activated
carbon, hearth furnace coke, or zeolites. Adsorption on activated carbon can take place
in a fixed-bed absorber or on activated carbon injected into the gas flow. In the latter
case the carbon accumulates on the bag filters used to collect it, where it forms a filter
cake. The contact time and mixing with the sorbent increase when the flue-gas passes
through the filter cake, enhancing mercury capture.

Tests have shown that sulphur dioxide neutralisation in the furnace by adding limestone can
reduce the proportion of metallic mercury, making overall mercury removal from the gas stream
more efficient.

In incineration plants for municipal and hazardous wastes, the chlorine content in the waste is
usually high enough to ensure that mercury is present mainly in the ionic form. However,
specific inputs of certain waste may change the situation and metallic mercury may need to be
removed with the use of specific techniques, as mentioned above.

High-mercury wastes

For the incineration of waste with a high mercury content in hazardous waste incineration
plants, a mercury deposition level of 99.9 % can only be ensured when highly chlorinated waste
is also incinerated in an appropriate proportion to the mercury load. Multistage wet scrubbing

processes are typical of this type of plant and these can achieve almost total mercury removal
from the flue-gas.

High total chlorine loads (approximately 4 wt-% input) and a therefore high interim Cl, supply
lead to high mercury chlorination levels and a mercury deposition level of close to 100 %. With
lower chlorine loads, the mercury deposition reduces rapidly.
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Figure 2.43: Relationship between fraction of mercury present in elemental form and the raw gas'
chloride content at a hazardous waste incineration plant
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2.5.7 Techniques for the reduction of emissions of other metals

Other metals in incineration are converted mainly into non-volatile oxides and deposited with
fly ash. Thus, the main techniques of relevance are those applicable to dust removal (see

Section 2.5.3). [ 1, UBA 2001 ]

Activated carbon is also used for reducing the emissions of other metal emissions.
[ 74, TWG 2004 ]

2.5.8 Techniques for the reduction of emissions of organic carbon
compounds

Effective combustion provides the most important means of reducing emissions to air of organic
carbon compounds.

[ 1, UBA 2001 ] Flue-gas from waste incineration plants can contain trace quantities of a very
wide range of organic species including:

o halogenated aromatic hydrocarbons;

° polycyclic aromatic hydrocarbons (PAHS);

. benzene, toluene and xylene (BTX);

° polychlorinated dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDF), i.e. PCDD/F.

PCDD/F may form after the furnace from precursor compounds such as polychlorinated
biphenyls (PCBs), polychlorinated diphenylmethanes (PCDM), chlorobenzenes and
chlorohydroxybenzenes. PCDD/F may also form in catalytic reactions of carbon or carbon
compounds with inorganic chlorine compounds over metal oxides, e.g. copper. These reactions
will occur especially on fly ash or filter dust at temperatures between 200 °C and 450 °C.

The following mechanisms are believed to lead to the formation of PCDD/F in waste
incineration:

1. formation from chlorinated hydrocarbons already in, or formed in, the furnace (such as
chlorohydrobenzene or chlorobenzene);

2. de novo synthesis in the low temperature range (typically seen in boilers, dry ESPSs);

3. incomplete destruction of the PCDD/F supplied with the waste.

Optimum flue-gas incineration largely destroys the precursor compounds. The formation of
PCDD/F from the precursor compounds is therefore suppressed.

Adsorption processes and oxidising catalysts can be used to reduce PCDD/F emissions.
Oxidising catalysts are reported to also reduce NHjs slip and CO emissions. [ 74, TWG 2004 ]

Emissions of organic hydrocarbon compounds can also be reduced by further dust and aerosol
deposition, since these pollutants preferably adsorb onto the fine fraction of dust, and by
enforced flue-gas cooling (condensation).
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2581 Adsorption on activated carbon reagents in an entrained flow
system

Activated carbon is injected into the gas flow. The carbon is filtered from the gas flow using
bag filters. Activated carbon shows a high adsorption efficiency for mercury as well as for
PCDDI/F.

Different types of activated carbon have different adsorption efficiencies. This is believed to be
related to the specific nature of the carbon particles, which are, in turn, influenced by the
manufacturing process.

2.5.8.2 SCR systems

SCR systems are used for NOyx reduction (see description in Section 2.5.5.2.2). They also
destroy gaseous PCDD/F (not particle-bound) through catalytic oxidation; however, in this case,
the SCR system must be designed accordingly, since it usually requires a bigger, multi-layer,
SCR system than for just the de-NOx function. Destruction efficiencies of 98 % to 99.9 % are
seen for PCDD/F.

The main reactions involved are: [ 74, TWG 2004 ]

C1HyCig N0, + (9 + 0.5 n) 0, => 12C0O, + (n-4)H,0 + (8-n)HCI and
CHyCig O + (9.5 + 0.5 1) O, => 12CO, + (n-4)H,0 + (8-n)HCI

2.5.8.3 Catalytic filter bags

The filter bags installed in a bag filter are either impregnated with a catalyst or the catalyst is
directly mixed with organic material in the production of fibres. Such filters have been used to
reduce PCDD/F emissions as well as, in combination with a source of NHj3, to reduce NOx.

Gaseous PCDD/F can be destroyed on the catalyst rather than adsorbed on carbon (as with
carbon injection systems). The particle-bound PCDD/F fraction is removed by filtration. The
catalyst has no effect on mercury and therefore it is generally necessary to implement additional
techniques (such as activated carbon or sulphur reagent) to remove mercury. [ 74, TWG 2004 ]

The flue-gas temperature when entering the filter bags should be above 170-190 °C in order to
achieve effective destruction of the PCDD/F and to prevent adsorption of PCDD/F in the media;
the reference operating temperature for de-NOy is 180-210 °C. [ 74, TWG 2004 ]

2.5.8.4 Reburning of carbon adsorbents

[ 55, EIPPCB 2002 ] Carbon is used to adsorb both PCDD/F and mercury at many waste
incinerators. The net PCDD/F emissions from the incinerator can be reduced by feeding the
spent carbon into the furnace which will reburn the adsorbed PCDD/F. However, this technique
will also recycle the mercury so it can only be used where the FGC system has another means of
mercury removal. Usually the additional mercury removal is provided by a low-pH wet
scrubbing system, but this will only be effective when the chlorine content in the waste is
consistently high enough to ensure that mercury is present mainly in the ionic form.

Examples of the application of this technigque include the reburning of:

. static coke bed adsorbents;
. entrained flow activated carbon adsorbents.
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Carbon-impregnated inserts used to adsorb dioxins in wet scrubbers and prevent the emission of
PCDD/F that has accumulated in the cold parts of the boiler and FGC system, especially during
a cold start.

In some MS, local regulations do not allow reburning.

2585 Use of carbon-impregnated plastics for PCDD/F adsorption

Plastics are widely used in the construction of flue-gas cleaning equipment due to their excellent
corrosion resistance. PCDD/F are adsorbed on these plastics in wet scrubbers, where the typical
operational temperature is 60-70 °C. If the temperature is increased by only a few degrees
Celsius, or if the dioxin concentration in the gas is reduced, the absorbed PCDD/F can be
desorbed to the gas phase, leading to increased emissions to air. Lower chlorinated PCDD/F are
subject to the highest desorption rate increase with respect to temperature rise.

[ 58, Andersson 2002 ]

The addition of tower packing in the scrubber that contains polypropylene embedded with
carbon provides a means of selectively adsorbing PCDD/F (mercury is not adsorbed in the
packing). This material becomes saturated after a certain period of time. Therefore the charged
material can periodically be removed for disposal or, if permitted, burned in the furnace.

[ 74, TWG 2004 ]

The technique is used to remove PCDD/F and/or to prevent/reduce the re-emission of PCDD/F
accumulated in the scrubber (the so-called memory effect) occurring especially during
shutdown and start-up periods. [7, TWG 2017]

The technique can also be used in a more extensive tower packing installation and/or in
combination with other PCDD/F removal processes. [ 74, TWG 2004 ]

2.5.8.6 Static or moving bed filters

Activated coke moving bed filters are used as a secondary FGC process in municipal and
hazardous waste incineration. These filter beds can adsorb substances contained in the flue-gas
at extremely low concentrations with high efficiency. Coke produced from lignite or coal in the
hearth furnace coke process is used in moving bed absorbers. [ 1, UBA 2001 ]

Wet and dry coke beds are used in waste incineration. Wet systems have the addition of a
countercurrent flow of water that washes the coke. In doing so, the reactor temperature is
lowered and some of the accumulated pollutants are washed from the filter. When activated
lignite is used in place of coke/coal, it does not require the preheating of the flue-gas above the
acid dew point and can even be effectively operated with 'wet' or water-saturated flue-gas. For
this reason, an activated lignite filter can be placed directly downstream of a wet flue-gas
scrubber. [ 64, TWG 2003 ]

The flue-gases pass through a filling of grained hearth furnace coke (HFC — a fine coke of
1.25 mm to 5 mm). The HFC’s depositing effect is essentially based upon mechanisms of
adsorption and filtration. It can remove residual quantities of almost all emission-relevant flue-
gas components (e.g. hydrochloric acid, hydrofluoric acid, sulphur oxides and heavy metals
(mercury)), sometimes down to below the lower limit of detection.

An essential feature of the moving bed system is its high efficiency with all emissions due to the
large bulk of activated coke, so that variations from incineration and upstream flue-gas cleaning
caused by operation will not cause adverse effects.
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The flue-gas is guided to the activated coke filling over a distributor bed equipped with a
multitude of double funnels. The gas flows through them from the bottom to the top or
horizontally, while the HFC passes through the absorber from the top to the bottom. In this way,
an ideal distribution of the flue-gas over the whole cross-section of the absorber and an optimal
utilisation of the absorber capacity are achieved with a minimum consumption of activated
coke.

Care is required with such processes, to ensure temperature and CO are well monitored and
controlled, to prevent fires in the coke filter. To avoid saturation and loss of activity, at certain
intervals some of the pollutant-loaded coke is removed and fresh coke added to achieve
continuous operation.

An alternative design is a static bed filter with carbon-impregnated polymers (plastic) to provide
for the selective adsorption of PCDD/F (mercury is not adsorbed by such material). The risk of
fire is very low compared to static activated carbon or coke filters. The material may become
saturated after a certain period of time and is periodically disposed of (e.g. by incineration) and
replaced.

2.5.8.7 Rapid cooling of flue-gases

Reducing the residence time of dust-laden flue-gas in the 450 °C to 200 °C temperature zone
reduces the risk of formation of PCDD/F and similar compounds. Temperatures at the inlet to
the dust removal stage should, therefore, be controlled to below 200 °C. This can be achieved
by the following:

o Appropriate boiler design, where the dust residence time in the 450-200 °C range is
limited to avoid transferring the problem upstream.

o Addition of a spray tower to reduce the temperature at the boiler exit to below 200 °C
for the subsequent dust cleaning stages.

o Direct quenching of the flue-gases from their combustion temperature to below 100 °C

with the use of a single-stage or multistage water scrubber. The technique is used in
some HWIs. The scrubber must be designed to cope with the high particulate (and other
pollutant) loads that will be transferred to the scrubber water and the later stages are
sometimes cooled to reduce evaporative water losses with the flue-gas. With such a
design, a boiler is not used and energy recovery is limited to heat transfer from the hot
scrubber liquors.

2.5.9 Reduction of greenhouse gases (CO2, N,O)

[ 1, UBA 2001 ] There are essentially two ways of reducing greenhouse gas emissions:

o increase the efficiency of energy recovery and supply (see Sections 2.4 and 4.4);
o control CO, emissions using flue-gas treatment.

Production of sodium carbonate by reacting CO; in the flue-gases with NaOH is possible.

2591 Prevention of nitrous oxide (N,O) emissions

Emissions of nitrous oxide (N,O) from waste incineration may in principle arise from:

o the use of low combustion temperatures — typically this only becomes significant below
850 °C;
o the use of SNCR for NOy reduction (particularly where urea is the reagent).
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[71, JRC(IoE), 2003] The optimum temperature for the simultaneous minimisation of both NOy
and N,O production is reported to be in the range of 850-900 °C. When the post-combustion
chamber temperature is above 900 °C, the N,O emissions are reported to be low. N,O emissions
from the use of SCR are also low. Thus, provided that the combustion temperature is above
850 °C, in general, SNCR represents the only significant source of N,O emissions at waste
incinerators.

If not properly controlled, SNCR, especially with urea, can give rise to increased N,O
emissions. Similarly, it is possible for N,O to be emitted from processes with sub-stoichiometric
oxygen supply levels (e.g. gasification and pyrolysis ) and also from fluidised bed furnaces
operated under certain conditions. [ 74, TWG 2004 ]

To avoid N,O emissions, the following techniques are used:

° reduction of SNCR reagent dosing by SNCR process optimisation;

. optimising the temperature window for the injection of the SNCR reagent;

. utilisation of ammonia instead of urea in SNCR;

. use of flow modelling methods to optimise injection nozzle locations;

° designing to ensure effective gas/reagent mixing in the appropriate temperature zone;
o over-stoichiometric burnout zones to ensure oxidation of N,O.
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2.6  Waste water treatment techniques

2.6.1 Design principles for waste water control

[ 2, InfoMil 2002 ]
The following principles are applied for the control of incineration waste water:

1. Application of optimal incineration technology

Running an optimised incineration process, important in terms of the stability of the incineration
process, also provides an effective control of emissions to water where wet processes are used.
Incomplete incineration has a negative effect on the flue-gas and fly ash composition, by
increasing the presence of organic compounds with a polluting and/or toxic character. This, in
turn, can impact on the content of the scrubber effluent.

2. Reduction of water consumption and discharge of waste water

Measures which can be taken include:

o recirculation of polluted waste water in wet or semi-wet FGC systems ( e.g. wet
scrubbers), including effective process control to minimise waste water discharges;
o cooling of polluted waste water from wet FGC systems (see also condensing scrubbers

in Section 2.4.4.5) which results in lower water losses to flue-gases and therefore
reduced water consumption; this design can eliminate cooling water consumption;

o application of waste-water-free FGC technology (e.g. semi-dry or dry sorption
systems);

o use of boiler drain water as water supply for the scrubber;

. treatment of laboratory waste water in the scrubber;

o application of a waste-water-free bottom ash discharger;

o use of leachate from open-air bottom ash storage areas as feed water to the bottom ash
discharger;

o use of segregated drainage to enable direct discharge of clean rainwater from roofs and
other clean surfaces;

o use of roofed enclosures to reduce the exposed surface areas used for waste storage and
handling.

3. Compliance with relevant water emission standards

Some process options will be greatly affected by local factors. An example is the discharge of
salt effluent from scrubbers. While such discharges may be acceptable to marine environments,
discharges to fresh water bodies require the consideration of dilution factors, etc. Such decisions
may therefore cause fundamental changes to incineration process design, particularly the FGC
system and effluent treatment selection.

4. Optimal operation of the water treatment systems
Having sufficient storage capacity for the buffering of waste water storage can allow time for

operators to react to disturbances in the process conditions and ensure the optimal operation of
the waste water treatment system.
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2.6.2 Influence of flue-gas cleaning systems on waste water

[ 2, InfoMil 2002 ]
The production of waste water depends on the type of FGC system used. The main FGC options
are:

1. dry flue-gas cleaning;

2. semi-wet flue-gas cleaning;

3. wet flue-gas cleaning:
a) with physical/chemical scrubber effluent treatment;
b) with in-line scrubber effluent evaporation;
¢) with separate scrubber effluent evaporation.

Of these options, only option 3(a) has a waste water stream for discharge. Treatment options for
the scrubber effluent from system 3(a) are discussed in the following sections, along with the
techniques used to evaporate effluent in options 3(b) and 3(c).

2.6.3 Processing of waste water from wet flue-gas cleaning systems

The process waste water resulting from wet FGC contains a wide variety of polluting
components. The amounts of waste water and concentrations depend on the composition of the
waste and on the design of the wet flue-gas system. The recirculation of waste water in wet
FGC systems can result in a substantial reduction in the amount of waste water, and as a
consequence, in higher concentrations of pollutants.

Three main methods are applied for treatment of the waste water from wet FGC systems:

° Physico-chemical treatment based on pH correction and sedimentation. With this
system, a treated waste water stream containing dissolved salts is produced and, if not
evaporated (see below), requires discharge.

° Evaporation in the waste incineration process line by means of a spray dryer, into a
semi-wet FGC system, or other system that uses a bag filter. In this case, the dissolved
salts are incorporated in the residue of the FGC system. There is no emission of waste
water. For more details see Section 2.6.3.7.

. Separate evaporation of waste water. In this case, the evaporated water is condensed,
but as it is generally very clean it can often be discharged (or reused) without special
measures. For more details see Section 2.6.3.7.

These are discussed further in the following sections. Some of these techniques are also
described in the CWW BREF published in 2016.

If SNCR is used for NOy control with a downstream wet FGC system, the waste water will
contain high levels of NHs, which may require treatment by NHj stripping. [ 74, TWG 2004 ]
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2.6.3.1 Physico-chemical treatment

A typical set-up of a physico-chemical treatment unit for process waste water is given in Figure
2.44 below.

Source: [ 2, InfoMil 2002 ]

Figure 2.44: Process scheme for physico-chemical treatment of waste water from a wet flue-gas
cleaning system

The process steps that can be used are: :

o pH control (neutralisation);

o temperature control;

o precipitation (e.g. of heavy metals);
o coagulation;

. flocculation of pollutants;

o settlement of the formed sludge;

o dewatering of the sludge;

o filtration of the effluent (‘polishing’).

Hydrated lime is often used for neutralisation and this results in the precipitation of sulphites
and sulphates (gypsum). Where discharging of sulphites/sulphates to surface water is allowed
(e.g. some marine environments), caustic soda (NaOH) can be used instead of hydrated lime,
resulting in a substantially lower production of sludge.

Removal of heavy metal compounds is based on flocculation, followed by precipitation. Heavy
metal compounds have a very low solubility within a pH range of 9-11. Above a pH of 11,
heavy metals can redissolve again. The optimal pH is varies for different heavy metal
compounds. In particular, the optimal pH for nickel and cadmium deviates from that of other
heavy metals.
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Two-step (or more) neutralisation improves the stability and control of discharge acidity (pH).
The first step is a coarse neutralisation, especially in the case of waste water from the first acid
step of the scrubbing system. The second step is a fine neutralisation. The provision of sufficient
waste water storage capacity helps to maintain a steady operating regime by providing a
buffering capacity.

The flocculation of heavy metal hydroxides takes place under the influence of flocculation
agents (polyelectrolytes) and FeCls. The additional removal of mercury and other heavy metals
can be achieved if complex-builders are added.

The precipitation of fluorides requires a pH range between 8 and 9. [ 74, TWG 2004 ]

Precipitation generally takes place in settling tanks or in lamellar separators.

The resulting sludge is normally dewatered in filter presses. Dry solids contents of 40-60 % can
be achieved, depending on the chemicals used and on other conditions.

If required, for filtration of the resulting effluent (‘polishing'), sand filters and/or active carbon
filters can be used. The direct effect of sand filters is mainly a reduction of suspended solids, but
this also results in a reduction of heavy metal concentrations. Filtration with active carbon is
especially effective for the reduction of PCDD/F, PAHSs, etc. The active carbon needs to be
replaced regularly. Other filtration systems are also used (e.qg. disc filters).

Physico-chemical waste water treatment units require special operational attention, as they are
sensitive systems.

2.6.3.2 Application of sulphides

In order to carry out flocculation, organic agents (e.g. polyelectrolytes) are commonly used. The
addition of complex-builders and sulphides (e.g. Na,S, trimercapto-s-triazine - TMT) allows
further reductions in mercury and other heavy metal discharges.

The use of sulphides requires special safety regulations because of their toxicity. One advantage
of their use is the lower costs of sulphides in comparison with other complex-builders.

2.6.3.3 Application of membrane technology

One option for treatment of waste water polluted with salts and micro-pollutants is membrane
filtration. This technique is especially efficient for large water flows with relatively low salt

concentrations. With higher salt concentrations, energy consumption increases rapidly.

The salt content of the process waste water of waste incineration is high (up to 10 wt-%).
Therefore, this option usually requires significant additional energy consumption.

The remaining water with a high solute concentration has to be removed via an appropriate
outlet. [ 74, TWG 2004 ]

26.34 Stripping of ammonia

For the application of SNCR de-NOy, the waste water from the wet scrubber contains ammonia
compounds. The actual ammonia concentration depends on the process conditions of the SNCR
de-NOx unit. Depending on the actual ammonia concentration, stripping of ammonia from the
effluent may be an option.
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An ammonia-stripping unit consists mainly of a heated distillation column. The vapours are
condensed, resulting in an ammonia solution. Though the ammonia concentration is normally
below the original concentration of the trade product, the solution can be reused in the SNCR
process.

Stripping of ammonia requires an increase in the pH to 11-12.5 and the use of steam. Fouling
risks are reported when used with lime neutralisation.

2.6.3.5 Separate treatment of waste water from the first and last steps of
the scrubbing system

The first step(s) of wet scrubbing systems are typically operated at a very low pH level. Under
these process conditions, HCI specifically is removed from the flue-gas stream. The removal of
SO, takes place in the final step, at a neutral pH.

If these two effluent streams are dealt with separately, the waste water treatment process can be
optimised for each stream and recyclable gypsum can be recovered from the SO, scrubber
effluent.

The waste water from the first step of the scrubber is neutralised with hydrated lime or milk of
lime, followed by removal of heavy metal compounds by flocculation and precipitation. The
treated waste water, containing mainly CacCly,, is mixed with the waste water from the final step,
mainly containing Na,SOg;4. This results in the formation of gypsum and a liquid effluent,
mainly consisting of NaCl.

Depending on local conditions, this salty waste water is either discharged or evaporated.
Evaporation results in the production of NaCl.

Because the salt is separated from other flue-gas cleaning residues contained in the effluent, this
results in a very substantial reduction in the mass of residues - the precipitated sludge of heavy
metal compounds is the only residue which remains.

2.6.3.6 Anaerobic biological treatment (conversion of sulphates into
elementary sulphur)

One of the problems with discharging the treated waste water may be the remaining content of
sulphates. Sulphates can affect concrete sewerage systems. To solve this problem, a system has
been developed for anaerobic biological treatment of waste water from waste incineration.

The sulphates in the waste water can be reduced to sulphides in a reactor, by the activity of
anaerobic bacteria. The effluent of this reactor, which has a high content of sulphides, is treated
in a second reactor. In this second reactor, the sulphides are biologically oxidised in an aerobic
atmosphere into elemental sulphur. Care must be taken to ensure that adequate oxygen is
available in the aerobic stage; otherwise, thiosulphate will be produced instead of elemental
sulphur and this will restrict disposal of the waste water.

Subsequently the sulphur is removed from the waste water in a laminated separator. The
collected sludge is dewatered in a decanter, resulting in a sulphur cake, which can be used. The
remaining waste water can be reused in the scrubber and/or discharged.

It is reported that this technology may be difficult to apply to waste water originating from
hazardous waste incinerators [ 64, TWG 2003 ].
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2.6.3.7 Evaporation systems for process waste water

If the discharge of soluble salts (chlorides) is not acceptable, the process waste water needs to
be evaporated. For this purpose, two main options exist:

° in-line evaporation;
. separate evaporation.
2.6.3.7.1 In-line evaporation

In this configuration, the waste water is recycled in the process by means of a spray dryer.
Figure 2.45 below gives an overview of the process configuration.

Source: [ 2, InfoMil 2002 ]

Figure 2.45: In-line evaporation of waste water from wet scrubbing

The spray dryer is comparable with the spray absorber used in the semi-wet FGC system. The
difference is that, in the case of semi-wet treatment, milk of lime is injected and, for in-line
evaporation, the waste water from the scrubber is used for injection after a neutralisation step.
This neutralisation step can be combined with flocculation and the settling of pollutants,
resulting in a separate residue (sludge). In some applications, hydrated lime is injected into the
spray absorber for gas pre-neutralisation.

The neutralised waste water, containing soluble salts, is injected into the flue-gas stream. The
water evaporates and the remaining salts and other solid pollutants are removed in a dust
removal step (e.g. ESP or bag filter). This flue-gas cleaning residue consists of a mixture of fly
ash, salts and heavy metals.

Due to the application of a wet scrubbing system, the consumption of chemicals is
approximately stoichiometric and consequently residue production is lower than in semi-dry
FGC systems.

126 Waste Incineration



Chapter 2

2.6.3.7.2 Separate evaporation

Separate evaporation is based on evaporation in steam-heated evaporation systems. Figure 2.46
below gives an example of a process scheme.

Source: [ 2, InfoMil 2002 ]

Figure 2.46: Separate evaporation of scrubber effluent from wet scrubbing

The waste water, containing soluble salts, is fed into a storage tank containing a mixture of
waste water and already partially evaporated liquid. Subsequently, the water is partly evaporated
in a reactor under low pressure. The required heat is supplied by (low-pressure) steam and
transferred to the liquid in a heat exchanger. The surplus liquid flows back to the storage tank.
The vapours are cooled down, resulting in a clean condensate, which is then discharged.

Due to the increasing salt concentrations in the liquid, crystallisation of salts begins.
Subsequently, the salt crystals are separated in a decanter and collected in a container.

Figure 2.46 shows a two-stage process, where two evaporators are installed. The input of heat
for the second evaporator is from the first evaporator, thus reducing the specific energy
consumption. Additionally, if not used for some other purpose (e.g. district heating), the
effective energy consumption may be reduced as low-pressure steam can be used.

This technique requires energy and there may be operational risks such as fouling of the
crystallisation. [ 64, TWG 2003 ]
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2.6.3.8 Stripping or evaporation of hydrochloric acid

[1, UBA 2001 ]

When wastes containing chlorine are combusted, hydrogen chloride is formed. Hydrogen
chloride is absorbed in water, forming hydrochloric acid. The resulting hydrochloric acid is a
colourless liquid and free of impurities after treatment. It is an aqueous solution with an HCI
concentration of approximately 19 wt-% and can be used as a raw material in different
consumer installations, e.g. for pH control in chlorine-producing plants.

In the production of hydrochloric acid, the flue-gases leaving the steam boiler are first
discharged into a quench and cooled down. The quench unit lining contains jets through which
hydrochloric acid from the downstream washing column is sprayed into the flue-gas. A portion
of the hydrochloric acid is then evaporated, which causes the flue-gases to cool down.

The hydrochloric acid is transferred from the quench to the washing column together with the
cooled flue-gas. In the washing column, hydrogen chloride and other acid gases contained in the
flue-gas are absorbed. The hydrochloric acid is then transferred to a temporary storage tank. The
flue-gas, now stripped of hydrogen chloride, leaves the acid washing column via a mist
eliminator installed at the head of the column and enters the ionisation wet scrubber.

The hydrochloric acid generated in the acid washing column of the flue-gas washing system is
stripped of dissolved salts and solids in an evaporator system. This cleaning step can enable the
hydrochloric acid to be used as feedstock in a variety of production plants.

From the temporary storage tank, a pump transfers the hydrochloric acid to an evaporator. Here,
the raw acid is upgraded in a vacuum to become an azeotropic mixture. The excess water and
small amounts of hydrogen chloride pass into the vapour phase and are condensed with water in
an adsorption tower.

From the vacuum unit, the process liquid is pumped into the waste water plant together with the
excess water. The raw acid, upgraded to an azeotrope, will evaporate and then condense again.
The remaining acid containing solids and heavy metals is drawn from the evaporator and
pumped into a mixer for neutralisation purposes.

[ 64, TWG 2003 ]

2.6.4 Waste water treatment at hazardous waste incinerators

Of the European HWI installations, 55 % do not discharge waste water; they either use systems
that do not generate waste water (e.g. dry or semi-dry FGC) or evaporate the water via the stack
by means of spray dryers or in a separate evaporation plant, sometimes after treating the waste
water to remove mercury [ 74, TWG 2004 ]

The remaining 45 % of European HWI installations have a waste water treatment facility,
typically as described in Figure 2.47 below, and can be summarised as follows.

A general distinction can be made between the incinerators equipped with a boiler and those
equipped with a quick quench-cooling system, with the flow of discharged effluent being
greater for the latter due to technical reasons. (Note: some HWI installations are equipped with
both a quick quench-cooling system and a boiler) [ 74, TWG 2004 ]. Installations equipped with
a boiler discharge between <1 1/kg and 5 I/kg of incinerated waste. Installations with only
guench-cooling systems discharge between 10 I/kg and 20 I/kg of incinerated waste, although
they can reduce their water flow to 5 1/kg by recirculating the effluent of the waste water
treatment plant or recycling within the quench unit itself.

Normally, the effluents of the acidic section of the wet gas cleaning (containing NaCl, CaCls,,
Hg, CaF, and SO3) are mixed with the effluent of the alkaline section (containing Na,SQy) in
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order to precipitate part of the gypsum (and to decrease the sulphate content of the effluent to
less than 2 g/l, which is the solubility concentration of gypsum) before further treatment. There
is, however, one installation where the effluents of acidic and alkali scrubbers are treated
separately.

Source: [ 41, EURITS 2002 ]

Figure 2.47: Overview of applied waste water treatment systems at merchant HWIs

Whether an installation has an on-site waste water treatment plant or transfers the waste water to
an external treatment plant depends on its location.

Figure 2.48 below gives a typical set-up of a waste water treatment plant for the treatment of
effluents from the wet flue-gas cleaning section of hazardous waste incineration.

The main elements of these facilities are:

o neutralisation (e.g. addition of lime, NaOH/HCI);

o the addition of reagents specifically for the precipitation of metals as hydroxides or
metal sulphides (e.g. flocculation agents, trimercapto-s-triazine, sulphides,
polyelectrolytes);

o the removal of sediment: either using sedimentation by gravity and decantation, or using
mechanical techniques such as a filter press or centrifuge.

In some waste water treatment plants, the waste water is polished by passing it through a sand
filter, followed by an activated carbon filter.
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Source: [ 41, EURITS 2002 ]

Figure 2.48: Example of a waste water treatment facility in the merchant HWI sector
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Solid residue treatment techniques

Types of solid residues

Waste incineration creates various types of solid residues:

bottom ash is the solid residue removed from the combustion chamber after the waste
has been incinerated;

fluidised bed ash is the solid residue removed from the fluidised bed after the waste has
been incinerated;

slag is the solid melted residue removed from the combustion chamber after the waste
has been incinerated,

fly ash comprises the particles from the combustion chamber or formed within the flue-
gas stream that are transported in the flue-gas;

boiler ash is the part of the fly ash that is removed from the boiler;

FGC residues are a mixture of the pollutants originally present in the flue-gas and the
substances that are used to remove those pollutants;

spent catalyst is the used catalyst that has been replaced,;

sludge is the solid residue removed from the wet scrubber or from the waste water
treatment plant.

Residues arising directly from the incineration process

These residues may vary depending on the type of waste incinerated and on the applied
incineration process.

Municipal waste incineration

Bottom ash. This is an important residue of municipal waste incineration because of the
large amount generated. 0 Most municipal waste incinerators use a wet discharge
system for the bottom ash, and some use a dry discharger. The ensuing bottom ash
treatment may also be either a wet or a dry process (see Section 4.7.5 and
Section 4.7.6). The bottom ash is referred to as fresh bottom ash when first removed
from the incinerator, raw bottom ash while awaiting treatment and aged bottom ash
when it has been treated, then stored for a period of time. [75, FEAD, 2014]

Siftings (or riddlings) are particles that have fallen through the grate during
incineration. In some cases, they are fed again to the furnace.

Fly ash. This type of waste is mostly disposed of, often after pre-treatment, but has also
been used as a filling material for bitumen-bound applications in civil construction, in
countries where this practice is permitted [ 74, TWG 2004 ]. An additional option is the
recovery of metals such as zinc, lead, copper and cadmium, which has been
implemented on a large scale in Switzerland [65, BAFU 2010]. Treatment and disposal
are discussed further below.

Boiler ash is often treated together with the fly ash. In some countries (the UK and the
Netherlands for example), it may be treated together with the bottom ash. [ 74, TWG

2004 ]
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Hazardous waste and specific clinical waste incineration

o Slag is disposed of by landfill without further treatment, or may be recycled if locally
permitted.
. Fly ash is similar to that arising from MSW1 but because it may contain higher levels of

pollutants it is generally been disposed of.

Sewage sludge incineration

. Fly ash can be used without further treatment as a filling material for bound
applications in civil construction, in countries where this practice is permitted. In
Germany, it is also used for backfilling of mines. Unused fly ash is landfilled. The fly
ashes of incineration plants exclusively dedicated to the incineration of sewage sludge
contain high amounts of P,Os and have been indicated as a potential secondary source
of phosphorus.

o Fluidised bed ash The quantity produced is relatively small and is often added to the
fly ash or landfilled without further treatment.

RDF incineration

o Fluidised bed ash. Depending on the specific characteristics of the material, fluidised
bed ash amounts may be substantially higher than for sewage sludge incineration. There
is little experience of its reuse.

o Fly ash resulting from small- and medium-scale incineration of wood waste. The
quantity produced is relatively small and is not discussed further.

Some installations operate at particularly high temperatures (e.g. > 1 400 °C) with the specific
aim of melting the bottom ash to form a slag which has improved use options owing to lower
leachability, etc. High-temperature slagging rotary kilns and combined gasification-combustion
processes are examples of such systems. The latter is used in Japan, where very strict
leachability criteria are applied to MSWI residues, specifically to increase residue reuse and
reduce the need for landfill.

Both within and beyond Europe, there are variations in policy and procedures regarding the
reuse of residues from incinerators. [ 74, TWG 2004 ]

2.7.1.2 Residues arising from the FGC system

FGC residues are a mixture of the pollutants originally present in the flue-gas and the
substances that are used to remove those pollutants. FGC residues contain concentrated amounts
of pollutants (e.g. hazardous compounds and salts) and therefore are not normally considered
suitable for recycling. The main objective is then to find an environmentally safe final disposal
option. The following types of flue-gas cleaning residues can be distinguished:

. Residues from dry and semi-wet flue-gas treatment are a mixture of calcium and/or
sodium salts, mainly as chlorides and sulphites/sulphates. There are also some fluorides
and unreacted reagent chemicals (e.g. hydrated lime or sodium carbonate). This mixture
also includes some fly ash that has not been removed by any preceding dust removal
step. It can, therefore, also include polluting heavy metals and PCDD/F. The normal
disposal method is landfilling as hazardous waste, often in big bags or, after
cementation, in blocks. The leachability of the residues is an important parameter for
landfill disposal. Various treatments can be applied to lower the leachability prior to
landfilling and these are described in the WT BREF. The FGC residues coming from
the dry sodium bicarbonate process can be purified and recycled. [ 74, TWG 2004 ]
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o Sludge from the physico-chemical treatment of waste water from wet flue-gas treatment
is characterised by a very high heavy metals content, but can also include salts of
limited solubility, such as gypsum. The normal disposal method is landfilling (as
hazardous waste). These residues may contain high levels of PCDD/F and are therefore
sometimes pretreated before landfilling.

o Gypsum may also be recovered with or without cleaning depending on the process
parameters and quality requirements. Recovery is possible when limestone or hydrated
lime is used in a two-stage wet scrubber with an efficient droplet separator. [ 74, TWG
2004 ] The recovered gypsum can be recycled in some circumstances.

o Salts resulting from in-line evaporation of waste water. This residue is comparable with
the residue from (semi-)dry flue-gas treatment.
o Salts resulting from separate evaporation of waste water. Salt use or disposal depends

on the composition of the residue. It is usually purer than where in-line evaporation has
been carried out.

o Residues from dry sorbent injection. Options for use depend on the sorbent used
(activated carbon, cokes, hydrated lime, sodium bicarbonate, zeolite). The residue of
(activated) carbon from fixed bed reactors is sometimes incinerated in a waste
incineration plant, if the incineration plant is able to destroy and/or retain the pollutants
contained. The residue of entrained bed systems can also be incinerated, if the applied
adsorbent is activated carbon or oven coke only. If a mixture of other reagents and
activated carbon is used, the residue is generally sent for external treatment or disposal,
since there might be risks of corrosion.

2.7.2 Treatment and recycling of solid residues arising directly from
the incineration process

The high mineral content of incineration residues can make them potentially suitable for use as
road or other construction material. Use is possible if the material complies with a set of
environmental and technical criteria. This requires an optimisation of the ash quality through
primary or secondary measures. The general parameters of concern are:

. burnout;

o mineral reactivity;

. metal leaching;

o salt content;

o particle size and particle size distribution.

After suitable treatment, residues from many modern waste incineration plants fulfil the
environmental and technical requirements for these quality parameters. Regulatory and political
barriers are sometimes the main barriers to the use of (in particular) bottom ashes from suitably
designed/operated installations.

Residue treatment methods generally aim to optimise one or more of these parameters in order
to mimic the quality of primary construction materials. Due to its large production volume,
lower hazardousness and leachability, treatment for recycling is mainly applied to MSW bottom
ash. The use of bottom ashes from the incineration of non-hazardous wastes is promoted in the
Netherlands (> 90 % used), Denmark (90 %), Germany (80 %), France (> 80%), Belgium and
the UK (21 %). Bottom ashes/slags resulting from the incineration of hazardous wastes are
generally routed to hazardous waste landfilling.

Waste Incineration 133



Chapter 2

Bottom ash treatment techniques are described in Section 4.7. Bottom ash can be used above
ground as a building material. There are strong seasonal and regional variations in the volumes
that can be used for different building applications. Bottom ash is also used underground as
backfilling material to provide safe long-term support in old mine workings.

[ 38, Vehlow 2002 1, [ 39, Vrancken 2001 ], [ 56, UKEnvAgency 2002 1, [ 64, TWG 2003 ],
[ 74, TWG 2004 ], [ 82, Germany 2014 ].

Fly and boiler ash treatment is performed in only a few installations in Europe. In the
Netherlands, fly ash from MSW!I and SSI plants is applied as filling material for road
construction materials (asphalt) without any pre-treatment at the incineration plant. About a
third of the total fly ash from MSWI plants and 80 % of the fly ash from SSI plants
(approximately 80 000 tonnes yearly in total) has been used in this way in the Netherlands.
[ 74, TWG 2004 ]. Techniques for the treatment of fly ash and boiler ash are covered in the WT
BREF.

Specific processes have also been developed to make synergetic use of the residues produced by
wet flue-gas cleaning processes, such as the acidic filter ash leaching process (FLUWA
process), which is widely used in Switzerland. In this process, the acid of the scrubber water
mobilises and extracts the heavy metals contained in the fly ashes. In a filtration stage, the low-
metal filter ash cake is separated from the metalliferous filtrate phase, which is further treated
with a hydrometallurgical process to separate and recover the metals contained. In the FLUREC
process, cadmium, lead and copper are reductively separated and used as a secondary product in
lead or copper production. Zinc, present in economically viable concentrations, is separated
from the pre-cleaned filtrate by means of selective liquid-liquid extraction, and is then enriched
and electrolytically recovered as high-purity zinc. Bihler and Schlumberger in
[ 65, BAFU 2010]

Primary techniques for controlling residue outputs involve optimising control of the combustion
process in order to [ 38, Vehlow 2002 ]:

° guarantee an excellent burnout of carbon compounds;

. promote the volatilisation of heavy metals such as mercury and cadmium out of the fuel
bed; and

. fix lithophilic elements in the bottom ash, thus reducing their leachability.

Secondary treatment systems involve one or more of the following actions:

o size reduction, to allow metal segregation and improve technical quality;

° segregation of ferrous and non-ferrous metals, which may be recycled in the metal
industry;

. separation of unburnt elements for their return to the incinerator;

. washing, in order to remove soluble salts;

. ageing (carbonation), to stabilise the matrix structure and reduce the
reactivity/leachability;

o treatment with a hydraulic or hydrocarbon binder, for reuse as road base;

. thermal treatment, to render metals inert in a glassy matrix.

Both primary and secondary techniques are discussed in more detail in Section 4.7.
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2.7.3 Treatments applied to flue-gas cleaning residues
The treatments that can be applied to FGC residues are described in the WT BREF.

The thermal treatment of incineration residues takes place extensively in a few countries, mainly
to reduce the volume of the residues, but also to reduce their organic and heavy metal content
and to improve the leaching behaviour before landfilling. Sometimes FGC residues and bottom
ash are mixed together for thermal treatment. [ 74, TWG 2004 ]

The three categories of thermal treatment are vitrification, melting and sintering. The
differences between these processes are chiefly related to the characteristics and properties of
the final product. The flue-gas produced from thermal treatment of solid residues may contain
high levels of pollutants such as NOyx, TVOC, SOy, dust and heavy metals so appropriate flue-
gas treatment is required. Sometimes the flue-gas produced is fed into the FGC system of the
incinerator if it is located nearby. [ 74, TWG 2004 ]
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2.8  Safety devices and measures

This section deals with safety in the sense of preventing accidents that could give rise to
pollutant emissions.

[ 64, TWG 2003 ]

Plant safety is an important aspect in the planning, establishment and operation of waste
incineration plants. To ensure a high level of plant safety and operational safety, the safety-
relevant parts of the installation are equipped with protective systems. These are to prevent, as
far as possible, the occurrence of malfunctions or accidents with the potential to cause negative
effects on the environment in the vicinity of the plant, or to reduce such effects if a malfunction
or accident occurs.

Safety-relevant parts of waste incineration plants and, therefore, potential sources of danger
include, in particular, areas in which certain substances are present or can be formed in
guantities high enough to constitute a safety concern.

These are, in particular:

. the waste bunker and other areas for the storage of potentially hazardous waste;
° the combustion and flue-gas purification plants; and
. storage facilities for necessary auxiliaries (e.g. ammonia, activated carbon).

Protective systems used to control risks include:

° systems for controlling the release of pollutants, such as retention systems for used
firefighting water, bunding of tanks for substances constituting a hazard to water;

. fire protection systems and devices such as firewalls, fire detectors, fire extinguishing
systems;

. systems for protection against explosions, such as pressure relief systems, bypasses,
arrangements for avoiding sources of ignition, inert gas systems, earthing systems;

° systems for protection against sabotage (e.g. building security, access control and
surveillance measures);

° fire dividing walls to separate the transformers and retention devices;

. fire detection and protection where low-voltage power distribution panels are located;

° pollutant detection (ammonia, gas, etc.) near corresponding storage, distribution, etc.;

. systems for protection against environmental hazards (e.g. flooding, strong winds,

lightning strikes and extreme hot and cold weather).

Other plant components required for operational safety are:

. Machines and equipment designed to ensure input and output of energy (e.g. emergency
power generator).
. Components for the discharge, removal or retention of hazardous substances or

mixtures of hazardous substances, such as holding tanks, emergency relief and
emptying systems.

. Warning, alarm and safety systems, which trigger when there is a disruption of normal
operations, prevent the disruption of normal operations or restore normal operations.
This includes all instrumentation and control systems of a plant. In particular, it includes
all instrumentation and control systems for the various process parameters which are
essential to secure normal operations, on the one hand, and which, in the event of a
disturbance, bring the affected plant components to a safe condition and inform the
operating personnel of the disturbance in good time, on the other.
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The response of a protective device to a malfunction or an accident may cause a temporary
increase in pollutant emissions. The aim of all safety measures must be to keep this time span to
a minimum and to restore the safety of the plant.

[ 64, TWG 2003 ]

Waste Incineration 137






Chapter 3

3 CURRENT EMISSION AND CONSUMPTION LEVELS

This chapter provides information on the current ranges of consumption and emission levels
from the W1 sector covering the scope of processes described in Chapter 2. The information is
detailed, where considered relevant and subject to data availability, by the main types of
incinerated waste that are taken into consideration. The environmental issues already described
in Chapter 2 are further supported by data in this chapter, and key environmental issues are
identified.

The main environmental issues for the sector are emissions to air and recovery of energy.
Emissions to water are a less prominent issue.

Emission and consumption data in this chapter are mainly derived from the general data
collected at individual sites in 15 Member States and in Norway and provided to support this
document. Other sources of aggregated data and site-specific data were received from Member
States and Industry and are also included in this chapter. Data presented in this chapter are
intended to illustrate the current emission levels found in the sector, with the related
consumption levels for energy and water, and including data and details on the wastes used as
well as the residues produced.

For the purpose of presenting the data in a clear manner and to enable a transparent analysis, a
large number of graphs and tables are included in this chapter, where the emission and
consumption levels achieved by the waste incineration lines/plants that participated in the 2016
data collection are reported. In doing so, the plants or lines have been classified on the basis of
the following:

Furnace type, distinguishing between:

. grate furnaces;

o rotary kilns;

. fluidised bed furnaces;

o furnaces other than the types above (e.g. liquid waste incinerators);
o gasification plants.

Waste type, where plants are classified on the basis of the prevalent type of waste (by weight)
burnt in the reference year 2014, distinguishing between:

. municipal solid waste;

o sewage sludge;

. other non-hazardous waste;
. clinical waste;

hazardous waste (for the purposes of energy recovery, in this waste category a further
distinction is made between hazardous wood waste and other types of hazardous waste).

Size, distinguishing between:

small plants: less than 100 000 tonnes/year for non-hazardous waste, or less than
48 000 tonnes/year for hazardous waste;

o medium plants: between 100 000 tonnes/year and 250 000 tonnes/year for non-
hazardous waste, or between 48 000 tonnes/year and 80 000 tonnes/year for hazardous
waste;

o large plants: more than 250 000 tonnes/year for non-hazardous waste, or more than

80 000 tonnes/year for hazardous waste.
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Age, depending on the year when the plant/line first came into operation, distinguishing
between:

° old plants, which came into operation before the year 2000;

o intermediate plants, which came into operation later than the year 2000 but before the
year 2006 (publication year of the previous WI BREF); plants that were retrofitted to
their current configuration before the year 2006 are also identified;

. recent plants, which came into operation later than the year 2006; plants that were
retrofitted to their current configuration later than the year 2006 are also identified.

3.1 Introduction

Emissions and consumption at waste incinerators are mainly influenced by:

. waste composition and content;
. furnace technical measures (design and operation);
° design and operation of flue-gas cleaning equipment.

Emissions to air

Emissions of HCI, HF, SO,, NOyx and metals depend mainly on the structure of the waste and
the flue-gas cleaning quality. CO and VOC emissions are determined primarily by furnace
technical parameters and the degree of waste heterogeneity when it reaches the combustion
stage. The furnace design and operation also affect NOx to a large extent. Dust emissions are
very dependent upon the flue-gas cleaning performance. PCDD/F emissions to air depend on
waste structure, furnace (temperature and residence times) and plant operating conditions
(reformation and de novo synthesis are possible under certain conditions) and flue-gas cleaning
performance.

Municipal waste incineration plants generally produce flue-gas volumes of between 4 500 m?
and 6 000 m* per tonne of waste (calculated at 11 % oxygen) depending on the LHV of the
waste. For hazardous waste incineration plants, this value (calculated at 11 % oxygen) is
generally between 6 500 m* and 10 000 m®, depending mainly on the average LHV of the waste.
Plants using pyrolysis, gasification or oxygen-enriched air supply produce lower flue-gas
volumes per tonne of waste incinerated.

The levels of emissions to air in this document are reported over specified averaging periods —
usually yearly, daily and half-hourly averages. Some plants, particularly those that treat highly
heterogeneous wastes, may experience transient conditions that give rise to instantaneous
emission concentrations that are outside of the average ranges. [ 64, TWG 2003 ]

Emissions to water

Depending on the type of flue-gas cleaning applied, emissions to water may also occur. Wet
flue-gas cleaning is the main source of effluents, although in some cases these effluents are also
eliminated by evaporation.

Some other waste water streams may arise from storage, boilers, etc. These are described in
Sections 3.3.1 and 3.3.2

Solid residues
Solid residues that may arise are:

. bottom ash or slag;
o fly ash; flue-gas cleaning residues ;waste water treatment residues.
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(For more detailed descriptions see Section 2.7.1.)
[ 64, TWG 2003 ]

The production and content of these solid residues is influenced by:

o waste content and composition, e.g. different ash contents influence the amount of
bottom ash arising, and the content of substances such as chlorine or sulphur will have
an influence on the flue-gas cleaning residues;

o furnace design and operation, e.g. pyrolysis plants deliberately produce a char in place
of the ash, and higher temperature furnaces may sinter or vitrify the ash and volatilise
some fractions;

o flue-gas cleaning design and operation, e.g. some systems separate dust from chemical
residues, and wet systems produce an effluent from which solids are extracted after
treatment.

Energy output from the installation
The major influences on the achieved export levels are:

o availability of an energy user (particularly for heat/steam supply);

o installation design (particularly for electrical output where the steam parameters chosen
for electricity generation have a significant influence on electricity generation rates).

The energy output system design adopted is often heavily influenced by the income to be
derived from the sales of the energy supplied. Relative and absolute prices of heat, steam and
electricity all have an influence on the final design and hence the energy output and efficiency
levels achieved.

Energy consumption of the installation itself
The main influences are as follows:

o The waste composition - some wastes require the use of a support fuel (waste or non-
waste) to ensure complete combustion while others are auto-thermal, i.e. they generate
sufficient heat to support the combustion without additional support fuel input.

o The design of the installation, e.g. varying energy requirements of different flue-gas
cleaning equipment designs. In general, the lower the required emissions to air the
higher the energy consumption of the FGC system.

Other consumption

The consumption of chemical reagents is mainly associated with the design and operation of
flue-gas cleaning equipment — which, to a large degree, is dependent upon the waste type and
the desired air emission levels — lower emissions to air generally require higher reagent dosing
rates.

3.1.1 Substance partitioning in the waste incineration outlet streams

As a result of their chemical properties, the different elements contained in the waste are
distributed differently in the outlet streams of the incineration process. Table 3.1 gives an
example of this distribution on the basis of Austrian studies at the waste incineration plant of

Spittelau, Vienna. [ 1, UBA 2001 ]

This distribution varies from plant to plant, depending on the flue-gas cleaning method used,
waste type and other factors, but these figures provide a guide to the percentage distribution of
various substances in the outlet streams of a MSWI. The installation concerned uses an ESP as a
pre-deduster, before wet FGC, with a WWTP treating the scrubber effluent.
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Table 3.1:  Distribution of various substances in the outlet streams of an example MSWI
installation (in mass %)

Cleaned Sludge from
Substance flue-gas | ESP dust | Waste water waste water | Bottom ash ()()
discharge treatment

Carbon (%) 98 (+/-2) <1 <1 <1 1.5 (+/-0.2)
Chlorine (%) <1 35 54 <1 11
Fluorine (%) <1 15 (+/-1) <1 <1 84 (+/-1)
Sulphur (%) <1 38 (+/-6) 8 (+/-1) 6 (+/-1) 47 (+1-7)
Phosphorus (%) <1 17 (+/-1) <1 <1 83 (+/-1)
Iron (%) (%) <1 1 (+/-0.5) <1 <1 18 (+/-2)
Copper (%) <1 6 (+/-1) <1 <1 94 (+/-1)
Lead (%) <1 28 (+/-5) <1 <1 72 (+/-5)
Zinc (%) <1 54 (+/-3) <1 <1 46 (+/-3)
Cadmium (%) <1 90 (+/-2) <1 <1 9 (+/-1)
Mercury (%) <1 30 (+/-3) <1 65 ( +/-5) 5 (+/-1)
() The bio-availability of materials that remain in the bottom ash depends on leachability in situ during
subsequent use/disposal.
(%) The risk associated with the reuse of bottom ash is not necessarily indicated by the presence or absence of
the substances indicated — the chemical and physical form of the substance as well as the nature of the
environment where the material will be used are also important. [ 64, TWG 2003 ]
(®) The remaining approx. 80 % is sorted out as scrap.
Source: [ 1, UBA 2001 ], [ 64, TWG 2003 ]

Additional differences result from different contents of waste, especially in the case of
hazardous waste incineration facilities.

Table 3.2 gives the percentage distribution of six metals, mercury, cadmium, arsenic, lead,
copper and zinc, averaged over a test period in the outlet streams of a HWI. The table also gives
the mass fraction of the following solid residues: slag, fly ash and sludge, related to the amount
of waste incinerated during the test.

Table 3.2:  Percentage (%) distribution of metals in the outlet streams of a hazardous waste
incineration process

Heavy metal Solid residues for disposal Release to environment
Fly | WWT Act. .| Water
Slag as%/ Sludge Sum carbon Toair effluent sum
raction | | 3| ¢
Hg <0.01 [<0.01/99.88 |99.88| 0.05 | <0.01 0.07 0.07
Cd 1.3 942 | 4.49 |99.99|<0.01|<0.01| <001 |<0.01
As 14.6 80.0 | 5.39 |99.99|<0.01|<0.01| <0.01 |<0.01
Pb 41.2 56.0 | 2.75 |99.95|<0.01| 0.03 0.02 0.05
Cu 75.9 224 | 1.69 [99.99|<0.01|<0.01 0.01 0.01
Zn 41.9 56.9 | 1.17 |99.97|<0.01| 0.01 0.02 0.03
Source: [ 41, EURITS 2002 ]

The most important parameters that influence the behaviour of metals are:

° kiln temperature;

. O, excess in the kiln;

. the chlorine and sulphur contents of the waste; and
. the mass transfer of fine particles in the flue-gas.
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The average conditions during the tests on a HWI that gave rise to the data in Table 3.2 are
given below in Table 3.3.

Table 3.3:  Average operating conditions during partitioning tests on a HWI installation

Parameter Test data
Kiln temperature 1120+40°C
PCC temperature 1100+ 20 °C
Oxygen content (in the kiln) 119+13%
Cl content (in the waste) 51+1.0%
S content (in the waste) 1.0+02%
Source: [ 41, EURITS 2002 ]

From Table 3.2, the following observations regarding the metals studied can be made:

. about 99.6 % of the pollutants are concentrated in the solid residues;

o about 70-80 % of the pollutants are concentrated and immobilised in the fly ash and
WWT sludge fraction; both residues amount in weight to approximately 5.5 % of the
original waste input;

o the removal of mercury from the flue-gas is (in this case) mainly the result of the low
pH of the first flue-gas cleaning stage.

Bottom ash and fly ash from mono-incineration of sewage sludge (i.e. incineration of sewage
sludge alone, not mixed with wastes containing low levels of phosphorus such as municipal
solid waste or industrial sludges) contain 7-11% phosphorus, and recovery is feasible to produce
e.g. industrial phosphorus chemicals (such as phosphoric acid) or fertilisers. [ 139, Kleemann et
al. 20171, [ 140, Biswas et al. 2009 ], [ 141, Egle et al. 2016 ], [ 142, Amann et al. 2018 ]

3.1.2 Examples of dioxin balance for MSWI

PCDD/F are contained in the input (municipal waste) as well as the output (outgoing air, waste
water and residues) of municipal waste incineration plants. Most of the PCDD/F input is
destroyed during the incineration process, but PCDD/F can also be reformed. [ 1, UBA 2001 ]
The balance below is for a typical plant in Germany, operating free of process water releases
and complying with German emission limit values.

Table 3.4: PCDD/F balance for a municipal waste incineration plant in Germany

Output streams Amount Specific load | Stream-specific load per
per kg of waste kg of waste input
input
Flue-gas 6.0 m’ 0.08 ng/m’ 0.48 ng/kg
Bottom ash 0.25 kg 7.0 ng/kg 1.75 ng/kg
Filter dust and other residues
from flue-gas cleaning 0.07 kg 220 ng/kg 15.40 ng/kg

Total output to all media: 17.63 ng TEQ/kg of waste

NB: Estimated input with the waste: 50 ng TEQ/kg of waste.
Source: [1, UBA 200117, [ 64, TWG 2003 ]

From Table 3.4 above it can be seen that, for the example given, the estimated output released to
air is approximately 1 % of the input (0.48 ng TEQ/kg out of 50 ng TEQ/Kg). The estimated
output released to all media is 17.63 ng TEQ/kg of incoming waste. This corresponds to 35.3 %
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of the estimated input (i.e. a net destruction of 64.7 % of the PCDD/F originally contained in the
waste). It can therefore be concluded that, in this case, the installation acts as a net sink for

PCDD/F. [ 64, TWG 2003 ]

The following data are from an example MSWI (in France) that discharges to water.

Table 3.5: Example PCDD/F load data for an MSWI in France
Output stream Specific load
Flue-gas 0.1ng I-TEQ/Nm3
Bottom ash 7 ng I-TEQ/kg
FGC residues 5200 ng I-TEQ/kg
Waste water <0.3ng I-TEQ/I
NB: Example for a MSWI fitted with ESP + wet scrubber (2-stage) + SCR.
Source: [ 64, TWG 2003 ]
3.1.3 Composition of raw flue-gas in waste incineration plants

The composition of raw flue-gas in waste incineration plants depends on the structure of the
waste and on furnace technical parameters.

Table 3.6 provides an overview of the typical raw flue-gas composition after the boiler and

before the flue-gas treatment.

Table 3.6:  Flue-gas concentrations after the boiler (raw flue-gas) at various waste incineration
plants (O, reference value 11 %)
Incineration plants for
Components Units Municipal Hazardous Industrial sewage
waste waste sludge (fluidised

bed)
Dust mg/Nm° 1 000-5 000 1 000-10 000 30 000—200 000
Carbon monoxide (CO) mg/Nm® 5-50 <30 5-50
TOC mg/Nm° 1-10 1-10 1-10
PCDD/F ng TEQ/Nm® 0.5-10 0.5-10 0.1-10
Mercury mg/Nm® 0.05-0.5 0.05-3 0.2
Cadmium + thallium mg/Nm® <3 <5 25
Other heavy metals 3
(Pb, Sh, As O, Go. Cu, Mn. Ni, V, sny | M9/Nm <50 <100 800
Inorganic chlorine compounds (as HCI) mg/Nm° 500-2 000 3000-100 000 NI
Inorganic fluorine compounds (as HF) mg/Nm® 5-20 50-1 000 NI
Sulphur compounds, total of SO,/SOs, mg/Nm3 200-1 000 1 500-50 000 NI
counted as SO,
Nitrogen oxides, counted as NO, mg/Nm° 150-500 100-1500 <200
Nitrous oxide mg/Nm® <40 <20 10-150
Co, % 5-10 5-9 NI
Water steam (H,0) % 10-20 6-20 NI
NB:
Sewage sludge plants are those for the incineration of industrial sewage sludge.
This information refers to German plants. The values seen at older plants can be considerably higher, especially
in the case of emissions influenced by furnace technical parameters, e.g. CO, TOC.
Hazardous waste values refer to mixed HW merchant plants rather than dedicated stream plants.
NI = No information provided.
Source: [ 1, UBA 2001 ], [ 64, TWG 2003 ], Austria’s and HWE Comments in [ 7, TWG 2017 ]
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Municipal waste

In the case of municipal waste, the structure depends, among other things, on the systems used
for the collection of different waste fractions and on the use or absence of pre-treatment. For
example, the separate collection of different municipal waste fractions can influence the thermal
value of municipal waste in the following way:

o glass and metal - reduction of the ash content, resulting in an increase in the calorific
value;

o paper - reduction of the calorific value;

o light packaging - reduction of the calorific value;

. clinical/hospital waste - increase of the calorific value;

o organic waste - increase of the calorific value.

Parameters such as the chlorine content and heavy metals content are also affected, but the
changes remain within the typical range of variations. However, the separate collection of
certain specific items such as some batteries or dental amalgam can significantly reduce
mercury inputs to the incineration plant. [ 64, TWG 2003 ]

Commercial non-hazardous waste

In the case of non-hazardous waste from commercial enterprises, the ranges of variations can be
considerably greater than MSW. When incinerated with other MSW, mixing in the bunker and
shredding may be used to limit these variations.

Hazardous waste

The composition of hazardous waste may vary within a considerably greater range. In the case
of hazardous waste, fluorine, bromine, iodine and silicon can be significant. Unlike municipal
waste, however, the structure of hazardous waste is usually verified at the incineration plants by
means of a check analysis of all essential parameters. Due to the possible variations, a
hazardous waste incineration plant is designed with regard to an average waste structure (menu),
in some cases with considerable additional reserves for flue-gas cleaning.

Such an incineration menu can then be created by intentionally mixing the incoming waste in
bulk tanks or the bunker, or by individually feeding the waste to the furnace in separate pipes in
hourly amounts corresponding to the design of the plant. This is also to be taken into account if
waste is fed in barrels, which can themselves exert sudden shock loads. Incineration plants
specifically designed for recovering HCI and SO, from waste streams containing chlorine or
sulphur, respectively, may have very different raw gas structures.

Sewage sludge
Variations in the raw gas at sewage sludge incineration plants correspond to changes in the

waste composition of the incinerated waste. This, in turn, is influenced by the presence or
absence of pre-treatment, and the composition of the sludge received. The composition of
sewage sludge is strongly dependent upon the nature of the drainage catchment served by the
sewage treatment works where the sludge arises and the treatments applied there.

[ 64, TWG 2003 ]

Where sewage sludge is incinerated with other wastes, variations in sewage sludge quality may
have a less pronounced effect on raw gas quality owing to the buffering effect of the other
wastes. The water content of the sewage sludge may indeed provide benefits at some MSWI
installations as, when sprayed through special nozzles in selected locations above the waste bed
(often in the gas burnout zone), it provides an additional means of controlling temperature and
may assist with primary NOy control.
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Clinical waste

Variations in the raw gas at clinical incineration plants correspond mainly to changes in the
waste composition of the incinerated waste. Physical pre-treatments that may limit the range of
variation of raw gas composition are not often used for clinical wastes because of concerns
regarding the infectivity of the waste.

Categorising incoming waste streams according to their source and probable combustion
characteristics (mainly relating to CV, moisture content and calorimetric throughput rate), and
feeding them to the incineration process so as to comply with an appropriate input recipe, may
be used to reduce the range of combustion-related raw gas composition variations.

[ 64, TWG 2003 ]
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3.2 Emissions to air
3.21 Substances emitted to air

[1, UBA 2001 ] [ 64, TWG 2003 ]

Carbon monoxide

CO is an odourless toxic gas. Carbon monoxide (CO) in the flue-gas of incineration plants is the
product of the incomplete combustion of carbon-based compounds. CO is produced when there
is insufficient oxygen locally and/or an insufficiently high temperature of combustion to carry
out full oxidation to carbon dioxide. In particular, this can occur if spontaneously evaporating or
rapid-burning substances are present, or when combustion gas mixing with the supplied oxygen
is poor. Continuous measurement of the CO level can be used to check the efficiency of the
incineration process. CO is a measure of the quality of combustion. If the CO emissions are
very low then the gas burnout quality is very high and TVOC emissions are also low (and vice
versa). [ 74, TWG 2004 ]

After its release to the atmosphere, CO is oxidised to CO,, after some time. Particularly high
concentrations of CO (above the lower explosive limit) must be avoided as they can create
explosive mixtures in the flue-gas. In particular, at hazardous waste incineration plants,
increased CO emissions can occur with some drummed wastes.

CO is measured continuously.

It is reported that NOy treatment with SCR may increase CO emission levels. [ 74, TWG 2004 ]

Total volatile organic carbon (TVOC)

This parameter includes a number of gaseous organic substances, the individual detection of
which is generally complex or not possible. During the incineration of organic waste, a large
number of chemical reactions take place, some of which are incomplete. This leads to an
extremely complex pattern of compounds in trace amounts. A complete account of every
substance within the TVOC parameter is not available; however, incineration generally provides
high destruction efficiencies for organic substances.

TVOC is measured continuously. Low TVOC levels are key indicators for the quality of
combustion in an incineration process.

Hydrogen chloride

Many wastes contain chlorinated organic compounds or chlorides. In municipal waste, typically
approximately 50 % of the chlorides come from PVC [ 64, TWG 2003 ]. In the incineration
process, the organic component of these compounds is destroyed and the chlorine is converted
to HCI. Part of the HCI may react further with inorganic compounds which are also contained in
the waste to form metal chlorides.

HCl is highly soluble in water and has an impact on plant growth. It is measured continuously.

The formation and emission of Cl, is of minor importance under normal incineration conditions.
However, it is essential for fouling and corrosion. So it is worth controlling the formation so
that the process mentioned takes place in the gas phase and not after deposition on boiler tubes.
[ 74, TWG 2004 ]

Hydrogen fluoride

The HF formation mechanism in incineration plants is analogous to that of HCI. The main
sources of HF emissions in municipal waste incineration plants are probably fluorinated plastic
or fluorinated textiles and, in individual cases, the decomposition of CaF, in the course of the
incineration of sludge.

Waste Incineration 147



Chapter 3

HF is highly soluble in water and can have an impact on plant growth. It is measured
continuously or discontinuously.

Various kinds of fluorinated waste are treated in hazardous waste incineration plants.

Hydrogen iodide and iodine, hydrogen bromide and bromine

Municipal waste usually contains very small quantities of bromine or iodine compounds.
Bromine or iodine emissions are, therefore, of minor importance to municipal waste
incineration plants.

In hazardous waste incineration plants, organic and inorganic wastes containing bromine or
iodine are sometimes treated. For example, bromine compounds are used as flame retardants in
plastic and textile applications and can be found in some electric and electronic waste; they are
also used in the chemical industry as alkylation reagents. lodine can be contained in medicines.
On the whole, however, the quantity of these compounds is small in relation to chlorinated
compounds. Bromine and iodine help to oxidise mercury and decrease the mercury content in
the clean gas by improving the retention capacity of wet scrubbers. [ 74, TWG 2004 ]

Where present, the chemical properties of elementary iodine and bromine can result in
colouration of chimney plumes. Special measures can be taken for the incineration of such
waste in order to prevent the formation and release of elemental bromine or iodine. These
substances can also have toxic and irritant effects. [ 64, TWG 2003 ]

Sulphur oxides

If the waste contains sulphur compounds, mainly SO, will be created during the incineration of
the waste. Under appropriate reaction conditions, SO; can also be created. For MSW, the
proportion of SO; can be around 5 % at the inlet to the FGC (the SO; content is important to
determine the acid dew point). Common sources of sulphur in some waste streams are: waste
paper, plasterboard (calcium sulphate), and sewage sludges. [ 64, TWG 2003 ]

SO, causes acidification and is a precursor of secondary aerosols. It is measured continuously.

Nitrogen oxides

Various oxides of nitrogen are emitted from incineration plants and, in many cases, they are
measured using continuous emission monitors. Oxides of nitrogen can have toxic and global
warming effects, cause acidification and eutrophication, and form secondary aerosols depending
on the oxide concerned.

The NO and NO, emitted from waste incineration plants originate from the conversion of the
nitrogen contained in the waste (so-called fuel NOx) and from the conversion of atmospheric
nitrogen from the combustion air into nitrogen oxides (thermal NOy). Production of thermal
NOx generally becomes more significant at temperatures above 1 000 °C, so in MSWI the
proportion of thermal NOy is usually very low due to the lower temperatures in the afterburner
chamber. In MSWI, the amount of thermal NOx can also be critically dependent on the quantity,
and manner, of injection of secondary air into the afterburner chamber — with higher NOx seen
with higher nozzle temperatures (i.e. above 1 400 °C).

The mechanisms for the formation of NOyx from the nitrogen contained in the waste are very
complicated. Amongst other reasons, this is because nitrogen can be contained in the waste in
many different forms, which, depending on the chemical environment, can react either to NOx
or to elementary nitrogen. A conversion rate of approximately 10-20 % of the fuel nitrogen is
usually assumed depending on the waste type. High chlorine and sulphur concentrations, O,
content and temperature may have a significant influence. The proportion of NO/NO; in the
total NOy stack emissions is usually about 95 % NO and 5 % NO,.

Nitrous oxide (N,O) is not usually measured as a part of the NOx estimation. It can be emitted if
the temperature is insufficient for complete combustion (e.g. less than 850 °C) and there is
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insufficient oxygen. The N,O emissions from incineration processes are, therefore, often
correlated with CO emissions.

Where SNCR is applied for de-NOyx, the formation of N,O may increase, dependent upon
reagent dose rates and temperature. Values of 20-60 mg/m® have been measured where higher
SNCR dose rates are used to achieve lower NOyx emission levels, in particular when urea is used
as the reagent, rather than ammonia.

For municipal waste incineration, N,O emissions of 1-12mg/Nm® (for individual
measurements) and averages of 1-2 mg/Nm® are seen. For the incineration of MSW in fluidised
bed plants, the measured N,O emission values (individual measurements) are usually higher.

Individual measurements in hazardous waste incineration plants have resulted in N,O emission
values of 30-32 mg/Nm°. [ 64, TWG 2003 ]

Normal N,O emission levels for fluidised bed sludge incineration can be as low as 10 mg/Nm®.
Sewage sludge incineration can have higher N,O emission levels depending on the
concentration of nitrogen in the sludge. The level of N,O can be decreased with a higher
incineration temperature, but the highest possible flue-gas temperature depends on the fly ash
melting temperature.

Whilst these releases add to the global warming impact, incineration is a minor contributor of
anthropogenic emissions of nitrous oxide.

NOy is measured continuously.

Dust

Dust emissions from waste incineration plants mainly consist of the fine ash from the
incineration process that is entrained in the gas flow. Depending on the reaction balance, other
elements and compounds are concentrated in this airborne dust. The separation of dust from the
flue-gas using flue-gas cleaning devices removes the majority of the dust and entrained
inorganic and organic substances (e.g. metal chlorides, PCDD/F).

Flue-gas cleaning equipment greatly reduces emissions of total dust from waste incineration
plants. In common with all combustion processes, the type of flue-gas cleaning equipment used
affects the particle size distribution of the emitted dust. The filtration equipment is generally
more effective on the larger particles, and therefore changes the proportion of finer particulate
in the resulting emissions to air, whilst reducing the total particulate emission.

Dust is measured continuously.

Mercury and mercury compounds

Mercury can currently still be found in municipal waste, notably in the form of batteries,
thermometers, dental amalgam, fluorescent tubes or mercury switches. Separate collection of
these can help reduce overall loads in mixed MSW but collection rates of 100 % are not
achieved in practice.

Mercury is a highly toxic metal. Without an adequate flue-gas cleaning system, the incineration
of mercury-containing wastes can give rise to significant emissions.

Mercury emissions are measured continuously or periodically (in some cases using also long-
term sampling [ 80, Denmark 2015 ]).
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In hazardous waste incineration, there are several specific streams that may contain increased
concentrations of mercury in the received waste:

° tars from coking plants;

. waste from chlor-alkali electrolysis (mercury cell process);
. caustic oil sludge from refineries;

o chemicals containing mercury.

The form of the mercury emissions depends largely on the chemical environment in the flue-
gas. A balance between elemental mercury (Hg®) and HgCl, normally develops. Where there is
a sufficiently high concentration of HCI in the flue-gas (in relation to the reduction agent SO,),
mercury will mainly be contained in the flue-gas as HgCl,. This can be separated from the flue-
gas significantly more easily than elemental mercury. If, however, HCI is contained in the flue-
gas at lower concentrations (e.g. in sewage sludge incineration plants), mercury exists in the
flue-gas mainly in elemental form and is then more difficult to control. The combustion
temperature also influences HgCl, formation.

In wet scrubbers (only), the HgCI, removed can be reduced if SO, is also present (the separation
of these substances is one reason why distinct wet scrubber stages are operated for the removal
of HgCl, and SO;). The Hg,Cl, formed when this happens can in turn undergo
disproportionation into HgCl, and elemental Hg. These reactions can be prevented by adjusting
the pH in wet scrubbers to low values and by removing mercury from the scrubber effluent.

Elemental mercury is virtually insoluble in water (59 pg/l at 25 °C). Mercuric (I1) chloride is
much more soluble at 73 g/l. Mercury (1) chloride can therefore be separated in wet scrubbers,
whereas the separation of metallic mercury requires further flue-gas treatment stages (see
Section 2.5.6 for further details). [ 64, TWG 2003 ]

Cadmium and thallium compounds

Common sources of cadmium in municipal waste incineration plants are electronic devices
(including accumulators), batteries, some paints and cadmium-stabilised plastic. Thallium is
virtually non-existent in municipal waste.

Hazardous wastes may contain high concentrations of cadmium and thallium compounds.
Effluent treatment sludges and drummed wastes from metal plating and treatment may be
significant sources.

Cadmium is highly toxic and can accumulate in the soil.
Cadmium and thallium emissions are measured periodically.

Other metal compounds

This comprises the metals antimony, arsenic, lead, chromium, cobalt, copper, manganese,
nickel, vanadium, tin and their respective compounds. European and many national regulations
thus group them together for emission measurement requirements. This group contains
carcinogenic metals and metal compounds such as arsenic and chromium (V1) compounds, as
well as metals with toxicity potential.

The retention of these metals depends largely on an effective separation of dust as they are
bound in dust due to the vapour pressures of their compounds, as contained in the flue-gas
(mainly oxides and chlorides).

Metal emissions are measured periodically.
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Polychlorinated biphenyls

Low quantities of polychlorinated biphenyls (PCBs) are found in most municipal waste streams
and also in some industrial wastes. Wastes with large proportions of PCBs, however, generally
only arise from specific PCB collection and destruction programmes, when concentrations of
PCBs in such waste can be very high.

In hazardous waste incineration plants, wastes with a PCB content as high as 60-100 % are
combusted. The same applies to special plants for the incineration of highly chlorinated
hydrocarbons. PCBs are more efficiently destroyed if higher incineration temperatures are used
(e.g. above 1 200 °C). PCBs contained in the crude flue-gas of waste incineration plants can be
the result of incomplete destruction.

PCB emissions are classified as potentially toxic by some international organisations
(e.g. WHO). A toxicity potential (similar to that of dioxins and furans) is ascribed to some of
the PCBs (coplanar PCBs).

Polyaromatic hydrocarbons
Polyaromatic hydrocarbons are well known as products of incomplete combustion. They are
toxic and have carcinogenic and mutagenic properties. [ 74, TWG 2004 ]

Polychlorinated dibenzo-dioxins and furans (PCDD/F)

Dioxins and furans (PCDD/F) are a group of compounds, some of which are extremely toxic
and are considered to be carcinogens. Their production and release is not specific to waste
incineration but occurs in all thermal processes under certain process conditions.

Significant advances in PCDD/F emission control have been achieved in the WI sector.
Improvements in the design and operation of combustion and flue-gas cleaning systems have
resulted in plants that can reliably achieve very low emission limit values.

[ 64, TWG 2003 ] In well-designed and -operated incineration plants, material balances have
shown that incineration effectively removes PCDD/F from the environment (see Section 3.1.2).

The dioxin balance is made most favourable by ensuring that:

o input dioxins and precursors are effectively destroyed using appropriate combustion
conditions;
o the use of conditions that may give rise to PCDD/F formation and reformation including

de novo synthesis is reduced.

PCDD/F entering the process with the waste are destroyed very efficiently if sufficiently high
incineration temperatures and appropriate process conditions are used. The PCDD/F found in
the crude flue-gas of waste incineration plants are the result of recombination reactions of
carbon, oxygen and chlorine. Suitable precursor substances (e.g. from chlorophenols) can also
react to form dioxins and furans. Some transition metal compounds (e.g. copper compounds)
can act as catalysts for the reformation of PCDD/F.

PCDD/F can be formed during start-up operations even when waste is not burnt due to poor
combustion. In the cold start-up the furnace temperature is raised slowly and when the furnace
temperature is low soot can form. The soot adheres to the furnace and the boiler. De novo
synthesis of PCDD/F occurs especially in the temperature range between 250 °C and 350 °C
when sufficient carbon and chlorine in the form of inorganic chloride is available. During a cold
start-up, the furnace and boiler surfaces that are in the temperature range that can promote
PCDD/F formation through de novo synthesis are much bigger than when the incineration plant
is working in stable conditions, possibly resulting in PCDD/F emission loads equivalent to
several months of normal operation being associated to a single cold start [79, Gass et al. 2002].
Also, due to the possible accumulation of PCDD/F in the flue-gas cleaning devices occurring
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during shutdown, some specific studies have highlighted PCDD/F emissions substantially
higher than in stable conditions during prolonged periods of time (weeks) after a cold start
[ 79, Gass et al. 2002] [83, Dehoust et al. 2005] [114, Wilken et al. 2003]. Techniques for the
prevention or minimisation of PCDD/F emissions at cold start have been developed over the
years and are briefly described in Section 4.5.5.2.

PCDD/F emissions are monitored periodically, using short-term and also long-term sampling.

Polybrominated dibenzo-dioxins and furans (PBDD/F)

While bromine is less common than chlorine in waste, it acts in a similar way to chlorine during
combustion to form brominated dioxins and furans. The presence of both bromine and chlorine
results in the formation of mixed bromo-chloro dioxins and furans. The ratio of bromine and
chlorine in the combustion process largely corresponds to the ratio of bromine and chlorine in
the dioxin and furan molecules formed. [47, TWG 2018]

One of the most noticeable PBDD/F occurrences is their presence as impurities in commercial
mixtures of brominated flame retardants (BFRs), such as polybrominated diphenylethers
(PBDE), and their subsequent occurrence in household products and house dust.

During insufficiently controlled combustion processes, significant amounts of PBDD and PBDF
may be formed, including those with the most toxic dioxin-like properties. The origin of these
PBDF may partly be explained by their presence as contaminants in the commercial PBDE
flame-retardant mixtures in household waste, but de novo synthesis cannot be excluded.
Another source of bromine in incineration processes is the use of techniques for the enhanced
oxidation of mercury (thereby enabling efficient mercury removal in the downstream FGC
system) by means of high-temperature bromide injection. [116, van den Berg et al. 2013]

Ammonia

Ammonia has a significant impact on eutrophication and acidification of the environment.
Ammonia emissions can arise from the overdosing or poor control of NOyx reduction reagents
that are used for NOy control.

Carbon dioxide
For every tonne of municipal waste combusted, approximately 0.7-1.7 tonnes of CO, are
generated.

Because municipal waste is a heterogeneous mixture of biomass and fossil material, the portion
of CO, from MSWiIs of fossil origin (e.g. plastic) which is considered relevant to climate
change is generally in the range of 33 % to 50 %.

Methane

It can be assumed that, if combustion is carried out under oxidative conditions, methane levels
in the flue-gas will be almost zero. Methane is measured among the TVOC components.

[ 64, TWG 2003 ]

Methane can also be created in the waste bunker if there are low oxygen levels and subsequent
anaerobic processes in the waste bunker. This is only the case where wastes are stored for long
periods and not well agitated. Where the storage area gases are fed to the incineration chamber
air supply, they will be incinerated and emissions will be reduced to insignificant levels.
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3.2.2 Emissions to air from waste incineration plants

This section presents the range of emissions achieved by the waste incineration plants that
participated in the 2016 data collection for the review of the W1 BREF.

An exceptional data collection supported this exercise. It covered the emissions measured at 355
individual monitored points of emissions throughout an entire year, in the case of continuously
monitored emissions to air with a half-hourly time resolution.

For each monitored point of emissions to air, the entire series of 17 520 half-hourly average
concentrations in the year 2014 was collected for each of the pollutants subject to continuous
monitoring, along with key operating parameters such as flow rate, furnace temperature, input
of waste and of support fuel.

Plant operators also complemented these data by identifying as far as possible the conditions in
which the plant was operating during each of the half-hourly periods, such as when no waste
was being burnt, when (part of) the abatement system was being bypassed, when a stoppage,
breakdown or malfunction occurred, or when the plant was in a start-up or shutdown situation.

These complete series of emission levels reported as half-hourly averages were then used as the
basis for the determination of emission levels expressed for different averaging periods (mainly
as daily averages). This allowed a detailed analysis of the influence of including or excluding
different categories of operating conditions when determining the emission levels representative
of the performance of the plant expressed with different averaging periods, in a transparent and
traceable manner.

In total, the data set summarised in this chapter comprises close to 100 million individual
average values provided by the plant operators.

The collection and analysis of a data set of such a size of course poses considerable challenges.
Operators were asked to painstakingly retrieve and identify the operating conditions of the plant
throughout an entire year on the basis of the control room logs, and this is naturally prone to
limitations and errors.

A further point of attention is associated with the emission levels reported by the plants, which
in many cases are very low, and in some cases close to the limits of quantification or detection
of the standard reference methods, or in ranges where the uncertainty associated with the
calibration of the automated measurement system may be high in relative terms. For these
aspects the reader is referred to the JRC Reference Report on Monitoring of Emissions to Air
and Water in IED installations [117, COM 2018], in particular to its Section 3.4.4 and to the
references therein, including in particular [118, INERIS 2016]. [121, INERIS 2017] is an
updated version of the latter report.

In the graphs presented in Annex 8.6, Annex 8.7 and Annex 8.8 (and summarised in this
chapter), a single data point refers to a monitored point of release for emissions to air (reference
line), and may refer to either one or a group of individual incineration lines. All reference lines,
along with some of their key characteristics, are listed in Annex 8.4.

Emission data are presented in graphs alongside the techniques and, where relevant, the type of
reagents in use in each of the reference lines, as well as additional complementary information,
such as the age and size of each reference line. A separate graph is presented for each pollutant,
and the accompanying selection of techniques is adapted to the pollutant addressed (e.g. the use
of SCR and SNCR is shown in the graph on NOyx and NHz emissions, while the use of ESP and
bag filter is shown in the graph on dust emissions).
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Emission data are presented as follows:

° Annex 8.6 shows, individually for each of the reference lines that participated in the
2016 data collection and reported continuously measured emissions, the daily emission
levels and the relevant techniques in place.

° Annex 8.7 shows, individually for each of the reference lines that participated in the
2016 data collection and reported continuously measured emissions, the half-hourly
emission levels and the relevant techniques in place.

° Annex 8.8 shows, individually for each of the reference lines that participated in the
2016 data collection and reported periodically measured emissions, the emission levels
and the relevant techniques in place.

° This chapter includes simplified graphs, based on the more detailed graphs of the
annexes above, showing the distribution of emission levels achieved as well as an
indication of the most relevant techniques or plant characteristics that may have a
significant influence on the emission levels.

A more detailed reading key to each of these graph types follows in the remainder of this
section.

For continuously monitored data: daily emission levels

The graphs in Annex 8.6 show emissions as yearly averages and as yearly maxima of daily
averages calculated on the basis of the reported 17 520 half-hourly averages measured in 2014
and obtained using a 'base' and a ‘fine' data filtering option. Data filtering is used to exclude
from a daily average the emissions measured during half-hourly periods that are associated with
some specific operating conditions. In particular:

. The 'base' data filter excludes the emissions measured when:

o the furnace temperature is below the minimum incineration temperature
required, and/or the measured flow rate is very low;

the plant is undergoing maintenance, in breakdown, or in stoppage;
the plant is only combusting support fuels (preheating before the first waste is
introduced into the furnace or shutdown operation after the last of the waste
remaining in the furnace has been incinerated);
o the automated monitoring system is undergoing maintenance or malfunctioning.
. Additionally, the 'fine' data filter also excludes the emissions measured when:
o the plant is in start-up while waste is already being incinerated, or in shutdown
while waste is still being incinerated,;
o the abatement system is being bypassed,;
o there is a failure, malfunction or leak in the abatement system or in the process;
o one of the half-hourly ELVs established in the plant's permit is being exceeded,;
o other exceptional conditions reported by the plant operator.

Furthermore, with the ‘fine' data filter the daily average is discounted when more than 5
half-hourly periods are filtered out by any of the conditions above.

It should be noted that the data filtering relies on detailed information reported by the plant
operators according to a harmonised questionnaire that included a common definition of
operating conditions that may differ from the level of detail and form of the information
recorded in the log files of the plant operators. The challenges for the operators to report this
information accurately and to a high level of detail are fully acknowledged, and, where certain
information was missing or inaccurately reported, may result in data that are not fully
comparable across plants.
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The graphs also report the daily ELV in the permit of each plant and, where relevant, the
amount of reagent used per tonne of waste incinerated; in the case of alkaline reagents the
amount is normalised to a quicklime-weight equivalent by stoichiometry.

All emission data are corrected for standard pressure and temperature conditions and normalised
for a reference oxygen level of 11 %, but otherwise are presented as measured, without adding
or subtracting the measurement uncertainty or taking into account the specific rules applied for
compliance.

For continuously monitored data: half-hourly emission levels

The graphs in Annex 8.7 show emissions as yearly maxima of the reported 17 520 half-hourly
averages measured in 2014 after filtering using either the 'base’ or the 'fine' data filtering option,
as well as the 97™ percentile of half-hourly averages filtered only with the 'base’ data filtering
option. Data filtering is used to exclude from the data series the emissions measured during
half-hourly periods that are associated with some specific operating conditions. In particular:

. The 'base’ data filter excludes the emissions measured when:

o the furnace temperature is below the minimum incineration temperature
required, and/or the measured flow rate is very low;

the plant is undergoing maintenance, in breakdown, or in stoppage;

the plant is only combusting support fuels (preheating before the first waste is
introduced into the furnace or shutdown operation after the last of the waste
remaining in the furnace has been incinerated);

o the automated monitoring system is undergoing maintenance or malfunctioning.
o Additionally, the 'fine' data filter also excludes the emissions measured when:

o the plant is in start-up while waste is already being incinerated, or in shutdown
while waste is still being incinerated,

o the abatement system is being bypassed;
o there is a failure, malfunction or leak in the abatement system or in the process;
o other exceptional conditions reported by the plant operator.

Furthermore, with the 'fine' data filter the half-hourly periods corresponding to the 60
highest half-hourly emission levels reported in the year for each pollutant are
discounted. The combination of the 'fine' and 'base' data filters thus gives some basic
information on the distribution of the measured half-hourly emission levels around the
maximum values.

It should be noted that the data filtering relies on detailed information reported by the plant
operators according to a harmonised questionnaire that included a common definition of
operating conditions that may differ from the level of detail and form of the information
recorded in the log files of the plant operators. The challenges for the operators to report this
information accurately and to a high level of detail are fully acknowledged, and, where certain
information was missing or inaccurately reported, may result in data that are not fully
comparable across plants.

The graphs also report the half-hourly ELV in the permit of each plant and, where relevant, the
amount of reagent used per tonne of waste incinerated; in the case of alkaline reagents the
amount is normalised to a quicklime-weight equivalent by stoichiometry.

All emission data are corrected for standard pressure and temperature conditions and normalised
for a reference oxygen level of 11 %, but otherwise are presented as measured, without adding
or subtracting the measurement uncertainty or taking into account the specific rules applied for
compliance.
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For periodically monitored data
The graphs in Annex 8.8 show the following data points for emission levels:

° maximum emission level among all the data reported;

. maximum emission level among the measurements taken with long sampling period,;

° maximum emission level among the reported 2014 data that do not exceed the ELV set
in the permit;

. average of all the reported emission levels.

The graphs also report the daily ELV in the permit of each plant and, where relevant, the
amount of reagent used per tonne of waste incinerated; in the case of alkaline reagents the
amount is normalised to a lime-weight equivalent by stoichiometry.

All emission data are corrected for standard pressure and temperature conditions and normalised
for a reference oxygen level of 11 %, but otherwise are presented as measured, without adding
or subtracting the measurement uncertainty or taking into account the specific rules applied for
compliance.

Simplified graphs included in Chapter 3

Due to the large number of reference lines included and the large space needed for their
visualisation, the graphs showing emission levels plant by plant are presented in Annex 8.6,
Annex 8.7 and Annex 8.8. The graphs shown within Chapter 3 intend to represent the same
information in a condensed form, by showing the distribution of emission levels achieved by the
set of plants. For each of the graphs shown in Chapter 3 there is a corresponding detailed graph
in Annex 8.6 or Annex 8.8; this correspondence is clearly indicated throughout Chapter 3.

Chapter 3's simplified graphs are built as follows:

The horizontal axis shows a series of concentration ranges, for instance, in Figure 3.1, from
0 mg/Nm® to 2 mg/Nm®, from 2 mg/Nm® to 4 mg/Nm®, and so on up to the last range that
indicates concentrations exceeding 20 mg/Nm®.

The vertical axis indicates the percentage of the reference lines within the scope of each graph
(for instance, in Figure 3.1, of all reference lines predominantly incinerating municipal solid
waste) that achieve an emission level within the range shown on the horizontal axis.

This percentage changes depending on the averaging period and on the data filter represented.
In Figure 3.1, for example, in correspondence of each concentration range three bars are shown,
representing the continuously monitored HCI emission levels achieved in terms of yearly
average, 'fine' daily average (the yearly maximum of daily averages derived on the basis of the
fine' data filter), and 'base’ daily average (the yearly maximum of daily averages derived on the
basis of the 'base' data filter). In the example of Figure 3.1, for instance, an HCI emission level
between 0 mg/Nm®and 2 mg/Nm? is achieved as a yearly average by 34 % of the reference
lines, and as a maximum of the daily averages by 18 % of the reference lines when derived on
the basis of the 'fine' data filter and by 14 % of the reference lines when derived on the basis of
the 'base' data filter. Likewise, an HCI emission level between 6 mg/Nm® and 8 mg/Nm? is
achieved as a yearly average by 17 % of the reference lines, and as a maximum of the daily
averages by 12 % of the reference lines when derived on the basis of the ‘fine' data filter and by
8 % of the reference lines when derived on the basis of the 'base' data filter.

For the case of periodically monitored emissions, the stack charts show two bars in
correspondence of each emission concentration range, representing the percentage of reference
lines within that concentration range based either on the maximum of the reported emission
measurements or on the average of the reported emission measurements.

Underneath the stack chart described above, a series of pie charts gives an indication of the
main techniques or other plant characteristics that may be associated with the reference lines
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that achieve certain emission levels. In the example of Figure 3.1, the pie charts show the share
of reference lines, among those achieving emission levels within the concentration range shown
on the horizontal axis of the stack chart, that reported the use of a wet scrubber. For instance,
93 % of the reference lines achieving HCI emission levels between 0 mg/Nm?® and 2 mg/Nm® are
fitted with a wet scrubber (7 % of them only with dry or semi-wet techniques). This share goes
down to 35 % for the reference lines achieving HCI emission levels between 6 mg/Nm?® and
8 mg/Nm? (65 % of those reference lines being fitted only with dry or semi-wet techniques).
These shares are generally based on the 'base’ data filter for continuously monitored emissions,
and on the maximum reported values for periodically monitored emissions.

For certain pollutants, the pie charts show more than two techniques. Three classes of
techniques are shown for instance for NOx (reference lines fitted with: SCR with or without
SNCR; SNCR but not SCR; primary techniques only) or for NH; (reference lines fitted with:
SCR; SNCR and a downstream wet scrubber; SNCR without a wet scrubber). In other cases
where no specific secondary techniques are relevant, the pie charts instead indicate the size of
the reference lines; this is the case for CO emissions for instance.

The following subsections show this information for plants combusting different types of waste,
separately for: municipal solid waste (MSW); other non-hazardous waste (ONHW); hazardous
waste (HW); sewage sludge (SS); and clinical waste (CW). Since in reality different types of
waste may be processed in the same plant, the allocation of plants to one waste type or another
is based on the predominant type of waste, in terms of mass, incinerated by each plant in the
reference year 2014.

3.221 Emissions to air from the incineration of municipal solid waste and
other non-hazardous waste

Hydrogen chloride and hydrogen fluoride
Three main types of flue-gas cleaning systems are in use for HCI and HF:

1. Wet systems using different types of scrubbers in which HCI is taken out by water, usually
working at a pH < 1.

2. Semi-wet systems (or semi-dry systems) using milk of lime.

3. Dry systems, which use hydrated lime, or sodium bicarbonate (usually in combination
with activated carbon), often combined with a bag filter.

[ 74, TWG 2004 ]

The emissions will depend, among other factors, on the amount of reagents used and the
operational/design set point of the plant.

HCI emission data, based on continuous measurements, are shown in the following figures, in
simplified form within this chapter and in detail in Annex 8.6; half-hourly emission levels are
shown in Annex 8.7:

o Figure 3.1, for 202 reference lines incinerating predominantly MSW. Due to the large
number of data points represented, the corresponding detailed graphs are divided into
three figures for readability. These are Figure 8.2, Figure 8.3 and Figure 8.4 for daily
and yearly emission levels, and Figure 8.52, Figure 8.53 and Figure 8.54 for half-hourly
emission levels.

o Figure 3.2, for 54 reference lines incinerating predominantly ONHW. The
corresponding detailed graphs are Figure 8.5 for daily and yearly emission levels, and
Figure 8.55 for half-hourly emission levels.

For each emission concentration range represented on the horizontal axis, the pie charts
underneath show the shares of reference lines, among those achieving emission levels within the
given range, that are fitted with a wet scrubber and with other techniques (such as DSI or semi-
wet absorbers).
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Figure 3.1:

Continuously monitored HCI emissions to air from reference lines incinerating
predominantly MSW
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Figure 3.2:

Continuously monitored HCI emissions to air from reference lines incinerating
predominantly ONHW
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The emission levels range between close to the limit of quantification and 13 mg/Nm? as a
yearly average and 17 mg/Nm?® as a maximum daily average. In some cases higher emission
peaks may be recorded, generally related to OTNOC.

The graphs show that plants fitted with a wet scrubber generally achieve lower emission levels
(mostly below 2 mg/Nm? as a yearly average and 4 mg/Nm? as a maximum daily average) than
plants fitted with dry sorbent injection or with semi-wet techniques.

The reported data do not show a clear correlation between the achieved emission levels and the
type and amount of reagent used, the age and size of the plant, or the furnace type.

The data on hydrogen fluoride (HF) are mainly based on periodic measurements. HF is reduced
by the same techniques as HCI, meaning that an effective flue-gas cleaning system for HCI will
also deal with HF. Since the chemical behaviour of HF is not exactly the same as that of HCI,
the efficiency of HF removal will differ slightly from system to system.

HF emission data are shown in the following figures, in simplified form within this chapter and
in detail in Annex 8.6 and Annex 8.8; half-hourly emission levels are shown Annex 8.7:

o Figure 3.3, for 157 reference lines incinerating predominantly MSW and monitoring HF
periodically. Due to the large number of data points represented, the corresponding
detailed graphs are divided into two figures for readability. These are Figure 8.106 and
Figure 8.107.

o Figure 3.4, for 81 reference lines incinerating predominantly MSW and monitoring HF
continuously. The corresponding detailed graphs are Figure 8.6 for daily and yearly
emission levels, and Figure 8.56 for half-hourly emission levels.

o Figure 3.5, for 31 reference lines incinerating predominantly ONHW and monitoring
HF periodically. The corresponding detailed graph is Figure 8.108.
o Figure 3.6, for 20 reference lines incinerating predominantly ONHW and monitoring

HF continuously. The corresponding detailed graphs are Figure 8.7 for daily and yearly
emission levels, and Figure 8.57 for half-hourly emission levels.

For each emission concentration range represented on the horizontal axis, the pie charts
underneath show the shares of reference lines, among those achieving emission levels within the
given range, that are fitted with a wet scrubber and with other techniques (such as DSI or semi-
wet absorbers).
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Figure 3.4: Continuously monitored HF emissions to air from reference lines incinerating
predominantly MSW
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Periodically monitored HF emissions to air from reference lines incinerating
predominantly ONHW
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The emission levels range between close to the limit of quantification and 0.4 mg/Nm? as a
yearly average and 1.6 mg/Nm?® as a maximum daily average, with the exception of one plant
reaching 0.7 mg/Nm® as a yearly average and one exceeding 3 mg/Nm?® as a maximum daily
average. Periodically monitored emissions are between close to the limit of quantification and
0.6 mg/Nm®, with the exception of six plants that report emissions between 1 mg/Nm?® and
4 mg/Nm?,

The reported data do not show a clear correlation between the achieved emission levels and the
technique installed, the type and amount of reagent used, the age and size of the plant, or the
furnace type.

The types of flue-gas cleaning systems in use are the same as those for HCI, with the main
difference that wet scrubbers are operated at a slightly basic pH (usually 7-8).

SO, emission data, based on continuous measurements, are shown in the following figures, in
simplified form within this chapter and in detail in Annex 8.6; half-hourly emission levels are
shown Annex 8.7:

. Figure 3.7, for 204 reference lines incinerating predominantly MSW. Due to the large
number of data points represented, the corresponding detailed graphs are divided into
three figures for readability. These are Figure 8.8, Figure 8.9 and Figure 8.10 for daily
and yearly emission levels, and Figure 8.58, Figure 8.59 and Figure 8.60 for half-hourly
emission levels.

. Figure 3.8, for 54 reference lines incinerating predominantly ONHW. The
corresponding detailed graphs are Figure 8.11 for daily and yearly emission levels, and
Figure 8.61 for half-hourly emission levels.

For each emission concentration range represented on the horizontal axis, the pie charts
underneath show the shares of reference lines, among those achieving emission levels within the
given range, that are fitted with a wet scrubber and with other techniques (such as DSI or semi-
wet absorbers).
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Figure 3.8: Continuously monitored SO, emissions to air from reference lines incinerating
predominantly ONHW

Waste Incineration 163




Chapter 3

The emission levels range between close to the limit of quantification and 45 mg/Nm? as a
yearly average and 90 mg/Nm?® as a maximum daily average.

The reported data do not show a clear correlation between the achieved emission levels and the
technique installed, the type and amount of reagent used, the age and size of the plant, or the
furnace type.

Dust
For dust, three main types of flue-gas cleaning systems are in use:

1. Dry electrostatic precipitator (dry ESP).
2. Wet electrostatic precipitator (wet ESP) (note: the wet ESP is not often used in MSWI).
3. Bag filter (BF).

In several cases, two of these techniques have been combined, for example a dry electrostatic
precipitator for pre-dedusting after the boiler with a bag filter before the stack. This allows the
separation of fly ash from FGC residues and separate recycling/disposal.

Wet scrubbers and fixed adsorption beds can also contribute to dust removal.

Some plants also use cyclones or multi-cyclones for pre-dedusting. Although this is not a
common configuration, there are example plants where the flue-gas cleaning system does not
include a bag filter or ESP but combines wet scrubbing with a (multi-)cyclone.

Interdependencies between different parts of the system are frequently seen in the overall flue-
gas cleaning system design. For instance, in the case of dry and semi-wet systems, bag filters
also act as a reactor for acid gas removal. In addition, they can enable the removal of PCDD/F
and metals (including mercury and cadmium) if a suitable reagent is used (e.g. activated
carbon).

Dust emission data, based on continuous measurements, are shown in the following figures, in
simplified form within this chapter and in detail in Annex 8.6; half-hourly emission levels are
shown Annex 8.7:

° Figure 3.9, for 203 reference lines incinerating predominantly MSW. Due to the large
number of data points represented, the corresponding detailed graphs are divided into
three figures for readability. These are Figure 8.12, Figure 8.13 and Figure 8.14 for
daily and yearly emission levels, and Figure 8.62, Figure 8.63 and Figure 8.64 for half-
hourly emission levels.

. Figure 3.10, for 54 reference lines incinerating predominantly ONHW. The
corresponding detailed graphs are Figure 8.15 for daily and yearly emission levels, and
Figure 8.65 for half-hourly emission levels.

For each emission concentration range represented on the horizontal axis, the pie charts
underneath show the shares of reference lines, among those achieving emission levels within the
given range, that are fitted with a bag filter and with other techniques (such as ESPs).
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Figure 3.9:

Continuously monitored dust emissions to air from reference lines incinerating
predominantly MSW
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Figure 3.10:

Continuously monitored dust emissions to air from reference lines incinerating
predominantly ONHW
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The emission levels range between close to the limit of quantification and 6 mg/Nm? as a yearly
average and 17 mg/Nm?® as a maximum daily average. In some cases higher emission peaks may
be recorded, generally related to OTNOC.

The graphs show that the plants fitted with a bag filter generally achieve emission levels below
2.5mg/Nm® as a yearly average; only a few plants report yearly average levels between
3 mg/Nm?® and 6 mg/Nm?, and, with the exception of UK7-1 and UK7-2, they are plants fitted
with an ESP. As a maximum daily average, the vast majority of plants achieve levels below
7 mg/Nm®, and below 5 mg/Nm? for plants fitted with a well-maintained bag filter except in
cases where the daily average emission level is substantially affected by occurrences such as
filter bag failures or a start-up where the bag filter is being bypassed.

The reported data do not show a clear correlation between the achieved emission levels and the
type and amount of reagent used, the age and size of the plant, or the furnace type.

Nitrogen oxides

A variety of combustion control techniques are used to reduce NOx formation. SCR and SNCR
are the main secondary techniques in use for the further abatement of NOyx emissions in
MSWIs.

NOyx emission data, based on continuous measurements, are shown in the following figures, in
simplified form within this chapter and in detail in Annex 8.6; half-hourly emission levels are
shown Annex 8.7:

° Figure 3.11, for 204 reference lines incinerating predominantly MSW. Due to the large
number of data points represented, the corresponding detailed graphs are divided into
three figures for readability. These are Figure 8.16, Figure 8.17 and Figure 8.18 for
daily and yearly emission levels, and Figure 8.66, Figure 8.67 and Figure 8.68 for half-
hourly emission levels.

. Figure 3.12, for 53 reference lines incinerating predominantly ONHW. The
corresponding detailed graphs are Figure 8.19 for daily and yearly emission levels, and
Figure 8.69 for half-hourly emission levels.

For each emission concentration range represented on the horizontal axis, the pie charts
underneath show the shares of reference lines, among those achieving emission levels within the
given range, that are fitted with SCR, with SNCR but no SCR, and with primary techniques at
most.

166 Waste Incineration



Chapter 3

40%

30%

Yearly
Daily Fine
[ Daily Base

20%

10%

.ﬁ.hhf iy

Percentage of reference lines achieving emission levelswithin range

0-50 50-100 100-120 120- 150 150- 180 180- 200 200-250  250-300 =300

mg/Nm3 mg/Nm3  mg/Nm3  mg/Nm3 mg/Nm3  mg/Nm3 mg/Nm3  mg/Nm3 mg/Nm3
l SCR 100% 94% 73% 68% 38% 8% 15% 0% 11%
l SNCR 0% 6% 27% 32% 63% 92% 83% 100% 72%
. Other 0% 0% 0% 0% 0% 0% 2% 0% 17%

Source: [ 81, TWG 2016 ]

Figure 3.11: Continuously monitored NOyx emissions
predominantly MSW
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Figure 3.12: Continuously monitored NOyx emissions to air from reference lines incinerating
predominantly ONHW
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The emission levels range between 18 mg/Nm?® and 275 mg/Nm?® as a yearly average and
between 22 mg/Nm® and 350 mg/Nm?® as a maximum daily average. In some cases higher
emission peaks may be recorded in OTNOC, but for the majority of cases little difference is
observed between the 'base’ and 'fine' data filtering for daily averages, and — especially for