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Preface

This project was carried out by DTU Environment and DTU Chemical Engineering in
close collaboration with the industrial partners: Amagerforbraending, Vestforbrending,
AffaldVarme Arhus, DONG Energy, FASAN, Babcock & Wilcox Valund, ALSTOM,
and AFATEK. The project was financed partly by the research grant PSO-5784 and
partly by the involved industrial partners. The project period was 2005-20009.

The primary objective of the project was to improve the understanding of ash
formation (fly ashes and bottom ashes) in waste incinerators and in this context to
evaluate the importance of the waste input and the mode of operation.

The collaboration between the involved partners has been very fruitful. The
joined forces of DTU Environment and DTU Chemical Engineering in cooperation
with the numerous industrial partners has ensured a strong interdisciplinary project,
covering all aspects of waste incineration, from the characteristics of the incoming
waste, through the combustion characteristics and the ash formation processes in the
furnace/boiler system, deposit formation and corrosion aspects, to the final emissions
and the quality of the produced combustion residues. It is our conviction that this
collaboration has been very profitable for the progresses of the project, and, in
particular, for the robustness of our conclusions.

This Final Report is based on scientific contributions by: Thomas Astrup, Jiri
Hyks and Christian Riber from DTU Environment; Anne Juul Pedersen, Flemming J.
Frandsen, Jacob H. Zeuthen and Jgrn Hansen from DTU Chemical Engineering; and
Sgren Nymann Thomsen from Babcock & Wilcox Vglund. The contributions are
greatly acknowledged.

Based on the project results the following scientific journal papers have been
prepared:

()  Astrup, T., Riber, C. & Pedersen, A.J. (2009): MSW Incinerator Emissions
and Residues: Influence of Waste Input and Operational Conditions.
Manuscript.

(1)  Pedersen, A.J., Frandsen, F.J., Riber, C., Astrup, T., Thomsen, N.S., Lundtorp,
K. & Mortensen, L.F. (2009): A Full-Scale Study on the Partitioning of Trace
Elements in Municipal Solid Waste Incineration — Effects of Firing Different
Waste Types. Energy Fuels, 2009, 23 (7), 3475-34809.

(1) Zeuthen, J.H., Pedersen, A.J., Hansen, J., Frandsen, F., Livbjerg, H., Riber, C.
& Astrup, T. (2007): Combustion aerosols from municipal waste incineration -
effect of fuel feedstock and plant operation. Combustion Science and
Technology. 179, 2171-2198.

(IV)  Hyks, J. & Astrup, T. (2009): Influence of operational conditions, waste input
and ageing on leaching of contaminants from waste incineration bottom ashes.
Chemosphere, 76, 1178-1184.

(V) Frandsen, F. J.; Pedersen A. J.; Hansen, J.; Madsen, O. H.; Lundtorp, K.;
Mortensen, L. (2008): Deposit Formation in the FASAN WtE Boiler as a
Function of Feedstock Composition and Boiler Operation. Energy Fuels, 2009,
23 (7), 3490-3496.



In the text these papers are referred to by their roman numerals. The papers are not
included in this public report; however, they are available from the Technical
University of Denmark, see note on page vii.

The authors wish to express our sincere gratitude towards all partners in the
project as well as others involved for the interest in the project and the willingness to
contribute with suggestions and comments. A special thank is forwarded to
participants in the two project workshops for their detailed interest in our work, and to
the people of FASAN for participating in the measuring campaign.

Last but not least, the authors wish to acknowledge the other members of the
project group for their always committed involvement in the project: Uffe Juul
Andersen (Amagerforbrending), Hanne Rasmussen (AffaldvVarme Aarhus), Kim
Crillesen (Vestforbrending), Kirsten Reinholdt Bojsen (Vestforbrending), Kasper
Lundtorp (Babcock & Wilcox Velund), Bo Sander (DONG Energy), Jesper Staal
(DONG Energy), Niels Ole Knudsen (Vattenfall), Jens Strandgaard (FASAN), Leif F.
Mortensen (FASAN), Lars-Erik Johansson (ALSTOM), Stefan Ahman (ALSTOM),
Dan H. Pedersen (ALSTOM), Jens Kallesge (AFATEK), Ann Birgitte Sgrensen
(AFATEK). A special thanks to our former DTU colleague Christian Riber (now
Rambgll) for his significant contributions to the project.



Summary

The primary objective of the project was to improve the understanding of the
formation and characteristics of residues from waste incineration. The project had
specific focus on the importance of the waste input and the mode of operation.

The main project work was carried out by DTU Environment and DTU
Chemical Engineering in close collaboration with a number of industrial partners. The
aim was to cover all aspects of waste incineration: from the characteristics of the
incoming waste, through the combustion processes and ash formation in the
furnace/boiler system, deposit formation and corrosion aspects, to the final air
emissions and the leaching properties of the generated residues.

The project was focused around a full-scale measurement campaign at the
FASAN incinerator in Nastved. Samples of bottom ashes and fly ash particles were
collected and measurements of gases, aerosols and deposit build-up were carried out.
During the campaign, a series of experiments were completed with i) changes in the
waste input composition, and ii) changes in furnace operational parameters.
Characterization of ash samples were subsequently carried out in the lab. Additional
ash samples were collected from a range of Danish waste incinerators during the
course of a year to establish a comparable set of ash data for Danish conditions. These
samples were characterized with respect to solid composition and leaching properties
as well.

In total 12 experiments were carried out at the FASAN incinerator: six with
changes in waste input and six with changes in operational conditions, including one
reference experiment. In experiments with changes in the waste input six waste
material fractions were added one-by-one to a base-load waste defined as the normal
waste received at the incinerator, excluding certain industrial waste types to minimize
the possibilities for unnecessary variations in the input waste composition. The
following waste materials were used (fraction per wet weight in parentheses):

Road De-icing Salt (0.5 %)

Shoes (1.6 %)

Automobile Shredder Waste (14 %)

Batteries (0.5 %)

PVC (5.5 %)

e Chromate-Cupper-Arsenate Impregnated Wood (11 %)

During experiments involving changes waste input composition the incinerator
was operated as close as possible to standard conditions. During experiments with
changes in operational conditions, the incinerator was fed with the base-load waste
only. Five experiments were carried out with operational conditions outside normal
operation. The parameters changed were:

e Two experiments with changes in oxygen level: Minimum and Maximum O,

e Two experiments with changes in air supply distribution: Decreased and Increased
secondary air

e One reference experiment with standard furnace conditions



e One experiment in which the furnace showed unstable/undefined conditions and
incomplete combustion on the grate as an example of a worst case scenario

Overall, it was found that the waste input composition significantly affected the
characteristics of the generated residues. A similar correlation between operational
conditions and residue characteristics could not be observed. Consequently, the
project recommended that optimization of residue quality should focus on controlling
the waste input composition. The project results showed that including specific waste
materials (and thereby also excluding the same materials) may have significant effects
on the residue composition, residue leaching, aerosol and deposit formation, as well as
stack emissions. It is specifically recommended to minimize Cl in the input waste.
Clean gas concentrations of As, Cd, Cr, Hg, and Sb appeared to be significantly
affected by the input waste composition: Impregnated Wood (As, Cr), Batteries (Cd,
Hg), and PVC (Sb). Based on the project results, it was found that a significant
potential for optimization of emissions from waste incineration exists. Focus is
recommended to be on the waste input composition.

Based on mass balance calculations, the following elements appeared enriched
in the waste used in the individual experiments with changes in waste composition:

Road De-icing Salt: Na, Cl

Shoes: Cd, ClI

Automobile Shredder Waste: Ba, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Sn, V, Zn
Batteries: Cd, Co, Hg, S, Sr

PVC: Cd, CI

Chromate-Cupper-Arsenate Impregnated Wood: As, K, Pb, S, Si

In some cases, these enrichments were associated with higher concentrations in the
solid residues (e.g. As, Cu, and Mo) while in other cases this was not reflected in the
residues (e.g Cr, Ni, and Pb) indicating that other mechanisms were important also. Cl
in the waste appeared to have a special role as this element affected several aspects:

e Organic bound CI appeared released preferably to the gas phase while inorganic
bound CI was found primarily in the bottom ashes

e Clincreased formation of volatile (and more corrosive) Pb species while S had the
opposite effect of forming more stable (and less corrosive) Pb species

e Cl appeared to increase the mass-load of aerosols if present as alkali-chloride

e Cl appeared to increase deposition fluxes

In general, no clear correlation between waste composition/operational conditions and
the leaching properties could be observed. Only in the case of Cl leaching a
significant relation to the solid content of the bottom ashes was found (only in
experiments with changes in the waste input). Overall, less than 20 % of the solid ClI
in the bottom ash samples appeared leachable. The observed variations in leaching
data generally appeared within the ranges observed for typical bottom ashes collected
from a range of different Danish plants (generally about one order of magnitude
between high and low values for leachate concentrations).

The data provided by the project can form a solid basis for carrying out life-
cycle assessments of waste incineration and provide input to authorities for evaluating
the consequences of incineration of specific waste materials.
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1. Introduction

Background

Municipal solid waste is receiving increased attention as a fuel for supplementing
existing energy production in many countries and waste incineration is in some
countries an important treatment option for the solid waste generated by households
and industry. Modern waste incinerators offer a proven way to route waste away from
landfills and at the same time facilitate recovery of the energy contained in the waste.
The most important environmental concerns related to municipal solid waste
incinerators are typically associated with emission of specific components to air (e.g.
metals, acids, chlorides, and organic compounds), however a major part of the
pollution potential is left in the residues, and contaminants released from these solid
outputs after final disposal can be significant in a longer time perspective (Astrup et al.
I). Today, operation of modern waste incinerators involves complying with strict
regulatory limit values for air emissions while at the same time optimizing energy
recovery and generating bottom ashes with characteristics useful for utilization as
secondary construction materials. Optimal performance of an incinerator within this
framework requires an in-depth understanding of the influences from the waste input
as well as the furnace operation and combustion conditions.

Stable furnace operation greatly relies on good mixing of the incoming waste
in the bunker and continuous feeding of the waste hopper, however waste composition
may change over time and individual furnace operators may take different approaches
to mixing and feeding. While waste received from households may vary relatively
little over the week, waste received from commercial and industrial sectors may vary
significantly during the course of a week: a specific plastic processing industry may
for example deliver a truckload of waste plastic every Friday thereby significantly
affecting the composition of the waste input during weekend. Individual operators
may respond differently to such challenges applying different mixing of the waste in
the bunker and consequently induce varying furnace conditions. These time-wise
variations may then be addressed differently by furnace operators potentially leading
to variations in air emissions and residue quality. In order to further optimize furnace
operation and to increase robustness of furnace designs, an improved understanding of
the responses to variations in waste input composition as well as furnace operational
parameters are important.

Existing investigations of municipal solid waste incinerators have so far
focused primarily on individual aspects of incinerator performance, e.g. residue
characteristics, air emissions, or mass flows in the incinerator, but limited focus has
been placed on the potential combined effects caused by variations in waste input or
the significance of changes in operational parameters. Within recent years, significant
efforts has been carried out in Denmark focusing on characterizing leaching from
residues from waste incineration; however the focus has by far in most cases been
placed on the residues themselves without linking back to the incinerator.

In order to fully assess environmental consequences from waste incineration
(air emissions and residues), the influence from such variations should be quantified.
If not we may fail to realize whether emission reductions are within reach or whether
choices in waste sorting and management may have negative effects when treating



waste thermally. The overall aim of this project is to improve the understanding of the
link between the residues and the conditions within the incinerator.

Objectives

The primary objective of the project was to improve the understanding of ash
formation (fly ashes and bottom ashes) in waste incinerators and in this context to
evaluate the importance of the waste input and the mode of operation. Specifically
this involved to:

e Investigate the importance of specific waste fractions for generation of solid
residues

e Investigate the importance of operation conditions for generation of solid residues

e Improve the understanding of gas-particle partitioning in waste incinerators

e Evaluate the potential for optimization of plant operation with respect to
improvement of residue quality

e Evaluate the consequences of sorting out or including specific waste fractions in
the waste input with respect to solid residue generation

e Evaluate the potential for selective/alternative capture of fly ashes

e Evaluate the overall potential for optimization without affecting negatively the
overall plant performance

e Establish a coherent and systematic dataset describing waste composition and
residue characteristics from a range of Danish waste incinerators as well as
variations in these data between plants and over time for a selected plant

Project outline

Overview

The project was focused around a full-scale measurement campaign at the FASAN
incinerator in Neaestved. Samples of bottom ashes and fly ash particles were collected
and measurements of gases and aerosols were carried out. During the campaign, a
series of experiments were completed with i) changes in the waste input composition,
and ii) changes in furnace operational parameters. Characterization of ash samples
were subsequently carried out in the lab. Additional ash samples were collected from
a range of waste incinerators during the course of a year. These were characterized in
the lab as well.

Experimental approach

A "base-load waste" was defined per weight as approximately 80 % municipal solid
waste from households and approximately 20 % "combustible waste” from recycling
stations. This waste was identical to the waste normally received at the incinerator but
without the industrial waste fractions which could potentially cause unnecessary
fluctuations in the input composition during the experiments. The base-load waste had
an average lower heating value (LHV) around 9 GJ/ton.

During experiments involving changes in operational conditions, the
incinerator was fed with base-load waste only. During experiments involving changes
in waste input composition, known amounts of specific material fractions were added
to the base-load waste while ensuring that the LHV of the combined waste was within
the incinerators design range.



The FASAN incinerator

The experiments were carried out at the FASAN incinerator in Nastved. The
incinerator furnace (waste capacity of 8 ton/hour at a LHV of 12 GJ/tonne,
corresponding to a thermal boiler capacity of about 96 GJ/hour) was designed by
Babcock & Wilcox Vglund and equipped with an air-cooled grate system. The
furnace was commissioned in 2005. Flue gas cleaning was carried out by an
ALSTOM NID (Novel Integrated Desulphurization) system with injection of hydrated
lime and a subsequent bag filter system.

Measurements and sampling

Data and parameters collected during the measurement campaign at FASAN are
outlined in Table 1. Gaseous emissions: CO, CO, O,, NOy, Cl, SO,, metals, dust and
aerosols. Solid residues: major and minor inorganic elements and inorganic/organic
carbon. Furnace operation: mass loaded to the incinerator, produced energy,
generation of solid outputs. Log data from the furnace operational system were
collected as 10 minutes average values (see Astrup et al. | for details).

Stack gases after flue gas cleaning (see Figure 1) were sampled using standard
techniques for determination of stationary source emissions (gas extraction, filtering
and wash bottles for metal capture). Major gas components (O,, CO,, CO, NO and
SO,) were continuously measured at the top of the furnace at the entrance to the
superheater section (temperatures around 490°C-590°C) using gas extraction probes
and standard gas analyzers. Fly ash particles were sampled isokinetic using a steel
probe placed in three positions across the main flue gas duct after the boiler section
(see Figure 1), please refer to Pedersen et al. (I1) for details. Aerosols were measured
by Low Pressure Cascade Impactor (LPI) and Scanning Mobility Particle Sizer
(SMPS) to allow for characterization of aerosol mass, particle size distribution, and
chemical composition. Please refer to Zeuthen et al. (111) for details on aerosols.

Table 1. Parameters monitored during the full scale experiments at FASAN.

Flow rate input, grate velocity, air distribution,
temperatures

Furnace State

Gas State
Major components
Minor components

Temperature, pressure, flow rate
CO,, H,0, 0y, SO,, NOy, HCI
Dioxin, metals, salts, CO, HF, dust, aerosols

Residues State
Major components
Minor components

Temperature, flow rate, pH, conductivity
H-0, CI, Fe, Al, Cu, TOC
Other metals, salts, SO

Auxiliary materials  State Energy content, flow rates

Energy
Ambient

Major components
State
State

H,0, Metals, salts

Production rate

Temperature, humidity
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Figure 1. Overview of the FASAN incinerator as well as gas and residue sampling points.

Special attention was addressed to sampling of bottom ashes as these materials
are highly heterogeneous. In the project an automated sampler was constructed and
used to frequently take small samples from a falling stream of bottom ashes between
two conveyer belts. During the course of one experiment (about 6-8 hours) typically
about 40-60 small samples were acquired and combined into a single, primary sample
of about 200 kg. This primary sample was sieved to remove large metal and inert
objects above 20 mm (corresponding to about 10-15 % by weight), and reduced in
size by a riffle sample splitter in order to obtain a lab sample of around 20 kg.

Prior to sampling and measurements mapping of system residence times (e.g.
from input of the waste to output of the bottom ashes) were carried out by introducing
batches of iron pipes in the waste hopper. All sampling and measurements were
subsequently planned to accommodate various residence times of fly ashes and
bottom ashes, and address the same specific waste input in the individual experiments,
see Astrup et al. (I) for details.

The FASAN experiments

In total 12 experiments were carried out: six with changes in waste input and six with
changes in operational conditions, including one reference experiment.

Changes in waste input

In experiments with changes in the waste input (experiments W1-W6) six waste
material fractions were added one-by-one to the base-load waste (fraction per wet
weight in parentheses):

e Road De-icing Salt (0.5 %)

e Shoes (1.6 %)

Automobile Shredder Waste (14 %)

Batteries (0.5 %)

PVC (5.5 %)

Chromate-Cupper-Arsenate Impregnated Wood (11 %)



Table 2. Operational data collected during experiments (see Astrup et al. | and Pedersen et al. 1l for
details). O, levels are average values downstream the boiler (% vol., wet). Temperatures are given at
the bottom of the furnace (T1), top of the furnace (T2) and downstream the boiler (T3). .The air flows
are given on a normalized basis (to the average of all experiments)

Operational Conditions (OC) Experiments

Waste Input (WI) Experiments

Undef. Min. Max. Dec. Inc. Shredder .
Ref cond. 02 02 Sec. Sec. Salt  Shoes Batteries PVC Wood
0,

O:level (vol%, 5 g3 72 91 79 75 76 80 75 79 79 78
wet)
T1CC) 1037 985 1018 991 1010 1011 1014 1011 1028 1017 1010 1018
T2(C) 865 o, 912 890 912 1179 920 1124 919 963 1112 1024
T3(C) 175 173 176 184 175 175 175 177 175 176 175 176
Primary Air 090 108 100 115 114 078 1.03 092 101 114 091 0093
Secondary Air  1.09 079 061 144 073 122 102 099 105 093 112 1.00
Total Air Flow 096 1.00 088 124 101 091 103 094 102 107 098 0095
Air distribution  65/35 76/24 79/21 65/35 78/22 59/41 70/30 68/32 69/31  T4/26 65/35 68/32

During these experiments, plant operational parameters were maintained as close as
possible to standard values for the incinerator, and the LHV of the mixed waste was
kept around 8-10 GJ/ton.

Prior to each experiment, a section of the waste bunker was prepared with
alternating layers of base-load waste and the individual fraction used in the particular
experiment, thereby allowing the crane grab to vertically cut through several layers at
a time. This was done to ensure best possible mixing of the waste fractions with the
base-load waste. Feeding was done at typical rates for the furnace (around 8-12
ton/hour). Between the experiments with changes in waste input, the furnace was fed
with base-load waste only. The waste composition in these experiments is discussed
in Chapter 2. Mass flows.

Changes in operational conditions
Six experiments were carried out with operational conditions outside normal
operation (experiments OC1-OC6). The parameters changed were:

e Two experiments with changes in oxygen level: Minimum and Maximum O,

e Two experiments with changes in air supply distribution: Decreased and Increased
secondary air

e One reference experiment with standard furnace conditions ("Reference")

e One experiment in which the furnace showed unstable and incomplete combustion
on the grate as an example of a worst case scenario ("Undefined conditions")

More reference experiments were planned but could not be completed within the
timeframe of the experiments due to operational instabilities. During the OC
experiments only base-load waste was fed to the incinerator. Table 2 outlines the
experiments and experimental conditions.

Changes in operational conditions were done by changing appropriate
"furnace set-points", i.e. sets of operational parameters that the control system and the
operators seek to maintain. As it is not possible to completely fix furnace parameters,
this approach allowed the operators to continuously make small adjustments to the



furnace exactly as during normal operation. Other changes than oxygen level and air
distribution were originally planned but it was difficult during the experiments to
maintain steady-state conditions at these alternative set-points. Consequently, the
project focused on these two parameters. In all cases, changes to the operational
conditions were attempted "as large as possible™ while still being possible from a
practical point of view.

Solid samples collected
During all 12 experiments at FASAN the following solid residue samples were
collected:

Fly ash particles sampled from the flue gas duct

Bottom ashes sampled from the ash conveyer: "fresh"

Bottom ashes same as above but carbonated in the lab: "lab-scale aged"

Bottom ashes aged for 3 months at AFATEK's facilities in Nastved: "naturally
aged"

It was not possible to representatively sample fly ashes after flue gas cleaning at
FASAN as large quantities of fly ashes were kept in the bag filter for recycling
purposes in the ALSTOM NID system. Due to an estimated residence time in the
filter of 1-2 days, it was not possible to relate samples collected here to specific waste
on the grate. Consequently, it was decided to focus on samples of fly ash particles
taken from the flue gas duct. As these samples were only about 5-20 g per experiment,
only a limited number of analyses could be carried out on fly ashes (and leaching
experiments could not be done).

Reference residue data

In addition to the residue samples collected during the FASAN experiments, a range
of bottom ash and fly ash samples were collected from several Danish waste
incinerators. Further, bottom ash data from regulatory compliance testing were
supplied by a range of incinerators. The following samples and data were included in
the project as a supplement to the FASAN experiments:

e One-year average fly ash and APC residue samples from: Amagerforbraending,
Nordforbreending, KARA, Odense, Vestforbraending, Arhus (solid composition
from Amagerforbraending, leaching data for all)

e One-year average bottom ash samples from: Amagerforbraending,
Nordforbreending, KARA, Vestforbraeending, Arhus (solid composition, leaching
data)

e Bottom ash samples over time (2006-2008): Amagerforbranding and Arhus (solid
composition)

e Bottom ash leaching data over time (2006-2008) from regulatory compliance
leaching tests: Amagerforbraending, Nordforbreending, KARA, Vestforbraending,
Arhus, FASAN

Fly ash/APC residue and bottom ash samples were collected during the course of
approximately one year for each incinerator within the period: 2006-2008. All
samples consisted of a range of subsamples collected as grab samples from each



individual ash container or ash silo, e.g. collected during emptying of the silo or
before transport of the container. All subsamples were then collected and mixed
thoroughly. The mixed sample covering the entire year was finally transported to the
lab and represented an "averaged one-year" sample for each incinerator. Due to
limited possibilities for obtaining representative samples at some of the plants, not all
of the planned ash samples could be obtained within the scope of the project.

The reference samples were characterized with respect to leaching in batch
and column experiments and used for comparison with data from the FASAN
experiments. The bottom ash leaching data covering a period of about two years as
supplied by the incinerators were also used for comparison (see Hyks and Astrup 1V
for details). Additional ash samples collected over time for two Danish plants were
characterized with respect to total content. These data as well as the leaching data
were included in Appendix VII.

Project dissemination

Two project workshops were carried out within the project period: one workshop
before the FASAN experiments (June 2006) and one workshop towards the end of the
project (April 2009). At both workshops, external stakeholders and interested parties
from Danish companies, organizations, and public entities were invited.

At the first workshop, plans for the full-scale experiments and subsequent lab
activities were presented, and approaches within the project discussed. At the second
workshop, all major results were presented and discussed with the invitees.
Suggestions for potential follow up activities were also discussed at the second
workshop (see Chapter 6. Suggestions for further research).

In addition to the more detailed discussions at the workshops, project results
and experiences have been presented at a range of Danish meetings (e.g. DAKOFA,
DAFONET) as well as in relation with other research projects. Project results have
further been presented at a number of international conferences:

e Astrup, T. (2008): Full scale test incineration of special waste fractions: residue
quality and environmental aspects. Proceedings Venice 2008, Second
International Symposium on Energy from Biomass and Waste Venice, Italy; 17-20
November 2008

e Riber, C.; Astrup, T.; Christensen, T.H. (2007): Second generation methodology
for characterization of solid waste fractions. Sardinia 2007, Eleventh International
Waste Management and Landfill Symposium, 1-5 October, S. Margherita di Pula
(Cagliari), ltaly.

e Pedersen, AJ.; Frandsen, F.; Riber, C.; Astrup, T.; Thomsen, S.N.; Lundtorp, K;
Mortensen, L.F.: A Full-Scale Study on the Partitioning of Trace Elements in
Municipal Solid Waste Incineration — Effects of Firing Different Waste Types.
‘IMPACTS OF FUEL QUALITY ON POWER PRODUCTION &
ENVIRONMENT?, September 29" — October 3", 2008, Banff, Canada.

e Frandsen, F.J.; Pedersen A.J.; Hansen, J.; Madsen, O.H.; Lundtorp, K.; Mortensen,
L. (2008): Deposit Formation in the FASAN WtE Boiler as a Function of
Feedstock Composition and Boiler Operation. ‘IMPACTS OF FUEL QUALITY
ON POWER PRODUCTION & ENVIRONMENT’, September 29" — October 3",
2008, Banff, Canada.



Pedersen, A.J.; Frandsen, F.J.; Astrup, T.; Riber, C.; van Lith, S.; Steinsen, S.D.;
Holgersen, L.B. (2008): Partitioning of Trace Elements in a WtE boiler; The
Influence of Different Waste Types. In: Proceedings from Twenty-Seventh
Annual International Conference on Thermal Treatment Technologies, May 12-16,
2008, Montreal Quebec, Canada, Paper #35

Pedersen, A.J.; Frandsen, F.J (2008): Partitioning of trace elements in a WtE
boiler and the effects of different waste types. In: Proceedings from 235th
American Chemical Society National Meeting and Exposition, April 6-10, 2008,
New Orleans, Louisiana, USA.

Pedersen, A.J.; Zeuthen, J.; Frandsen, F.; Livbjerg, H.; Hansen, J. (2007):
Characterization of flue gas, fly ash, aerosol and deposit compositions as a
function of waste composition and grate operation. In: Proceedings of the Twenty-
sixth Annual International Conference on Incineration and Thermal Treatment
Technologies : May 14-18, 2007, The Sheraton Crescent Hotel, Phoenix, Arizona,
USA

Collaboration with other projects

During the project period, the project partners have utilized the experiences gained in
this project in relation to other Danish projects. In a number of cases, the project has
collaborated with other projects on specific aspects related to the performed
experiments. Examples of such collaboration are given below:

PSO-7170: fly ash samples from the FASAN experiments were made available for
this project for determination of dioxin levels. Further, log data from the FASAN
experiments were supplied in relation to a dioxin formation model developed in
this project. At the time of writing no results were available from these activities.
CHEC consortia (ITOB - CHEC Industrial Consortium on Thermal Conversion of
Fuels): this project installed deposit probes in the boiler section during the
FASAN experiments (Reported in Frandsen et al. V). The CHEC consortia also
conducted laboratory scale release experiments on waste fractions from FASAN.
Several projects with Danish waste incinerators on residue quality and leaching:
experiences gained in relation to the FASAN experiments have been used for
designing and evaluating experiments in other projects, and results from PSO-
5784 have been used as a reference for comparison in several other projects.



2. Mass flows

Mass and energy balance calculations

The composition of the waste input cannot be determined directly in a simple manner
(e.g. digestion of solid samples) due to the heterogeneity of mixed waste; however,
the composition may be determined indirectly based on mass and water balance
calculations combining the outputs from the incinerator to obtain the input (the waste)
assuming mass conservation in the system. This approach has been discussed by
several authors and has been applied in several cases on waste incinerators (Astrup et
al. 1).

In this project the system boundaries for the mass balances included the waste
input (waste hopper) to the sampling of fly ash particles and bottom ashes (see Figure
1): outputs were fly ashes (including aerosols), flue gas, and bottom ashes, while the
input was the waste. In the following overall substance balance (BA: bottom ash, FA:
fly ash), M denotes masses while C denotes element concentrations:

M xC :MBAXCBA+MFAXCFA+Mf|uegasxcfluegas (1)

waste waste
Masses were recalculated into dry basis to account for variations in water content of
the input waste. This was done based on a water balance for the furnace system using
data for moisture in the gas phase and water flows in the plant; only the water content
in the waste input was estimated. This was done by assuming all H in the waste was
oxidized to H,O in the furnace (Astrup et al. I).

Waste composition

The composition of the base-load waste was determined using equation (1) as an
average of the waste compositions during experiments with changed operational
conditions (OC1-OCS6), see Table 3. As the mixing and preparation of the base-load
waste was kept as stable as possible during experiments, the variations observed in
waste composition during the operational experiments may be regarded as "typical”
variations for this incinerator during normal operation. Worth noticing is the observed
standard deviation of the composition data: for many elements this is one order of
magnitude below the average value. This is rather accurate considering the relatively
large heterogeneity of solid waste.

To assess whether the addition of special waste fractions was reflected by the
overall waste compositions in experiments with changed waste input (W1-W6), we
used the criteria that calculated element concentrations in the individual waste fraction
should be higher than the mean value plus two times the standard deviation of the
base-load waste (OC experiments). This approach allowed us to identify those
elements which were most likely present in high concentrations in the waste fractions
compared with the base-load waste. Table 3 shows the affected elements for each
experiment, including the calculated element concentrations.



Table 3. Chemical composition of the base-load waste and the individual waste fractions (see Astrup et
al. 1 for details). Data for the individual fractions are per weight of the fractions. All data are in
g/tonne of waste.

Base-load waste Waste fractions
Standard .
Average Dev. Salt Shoes Shredder Batteries PVC Wood
As 11 2.0 400
Ba 480 320 6,200
Cd 6.3 2.2 250 480 120
Cl 15000 1400 1,100,000 230,000 410,000
Co 13 8.1 2,200
Cu 2600 1900 26,000
Fe 22000 11000 170,000
Hg 0.33 0.14 240
K 4300 510 9,800
Mn 330 100 1,600
Mo 51 3.1 48
Na 11000 1600 230,000
Ni 110 76 1,100
Pb 570 200 2,900 6,900
S 3500 760 120,000 34,000
Sh 45 23 260
Si 62000 7200 140,000
Sn 48 33 640
Sr 130 33 5,200
V 14 4.4 60
Zn 1600 450 19,000

Salt was as expected contributing with considerable quantities of Na and CI.
The calculated CI content appeared to be slightly above 1 kg/kg clearly indicating that
these data should be used with caution, especially in the cases Salt and Batteries.
These two waste fractions were added in particular low concentrations (0.5 % w/w)
relative to the base-load waste thereby indicating that a higher uncertainty would be
associated with the calculated waste composition (i.e.. the lower input level of the
specific waste fraction, the lower the accuracy of the indirectly calculated chemical
composition). Similar considerations should be addressed elements present only in
small concentrations likely associated with specific waste materials: the most
important example is Hg in batteries which is likely also affected by the relatively low
input level (0.5 %). In conclusion, although the waste compositions listed in Table 3
are considered state-of-the-art the data should not be used un-critically.

Our primary focus was to identify which elements appeared to be enriched in
the individual waste fractions. By evaluating differences in calculated element
concentrations between the individual experiments, it can be seen that the waste
fractions likely contributed with specific elements. Shoes were adding Cd and ClI to
the waste mix. Shredder Waste contributed with a range of metals likely originating
from small pieces of metals in the waste fraction. Batteries appeared to contribute
with high amounts of Cd, Co, Hg, S, and Sr relative to the base-load waste. PVC
Waste contributed with Cd and CI, while Impregnated Wood added As, K, Pb, S, and
Si. In conclusion, it appeared that the experiments with different waste fractions
significantly altered the waste input composition of both heavy metals, organic and
inorganic CI.
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Residue composition and element distribution

Evaluating the consequences for the solid residues, it is necessary to account for the
concentration levels in the actual ashes as well as the amount of an element routed to
the individual ashes. In Figure 2 and 3, element concentrations in bottom ashes and
fly ashes are shown as a function of the fraction of the input found in either of the
ashes. Relating these data to the amount of an element fed in with the waste can
provide information about to which extent the solid residues were affected by the
changes induced in the experiments. In the figures, error bars indicate two times the
standard deviation around the mean of the OC experiments. Based on this, it was
assessed whether the variations were likely caused by fluctuations in operational
conditions rather than changes in waste input (Astrup et al. I).

As was the case for the chemical compositions of the individual waste
fractions a certain uncertainty may be associated with the results. However, the
compositional data for the residues produced during the experiments (y-axis in Figure
2 and 3) are significantly more accurate as these data are determined by actual
measurements on the ashes themselves. The fraction of the input distributed in the
bottom or fly ashes is on the other hand based on the previously mentioned mass
balance calculations and are therefore less accurate. The use of error bars as described
above in the interpretation of the results acknowledges this inherent uncertainty.
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Figure 2. Concentrations of As, Cr, Cu, Mo, Ni, and Pb in bottom ashes and fly ashes as a function of
the fraction of the elements in the individual ash samples. Error bars indicate two times the standard
deviation of samples from the operational experiments (see Astrup et al. | for details).
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As, Cr, Cu, Mo, Ni, and Pb

Generally, most of As, Cr, Cu, Mo, and Ni was found in the bottom ashes. Generally,
the variations observed in solid contents due to changes in waste input appeared to be
"covered” by the variations observed in the OC experiments. This indicated that the
effects from changes in waste input were less or equal to what can be expected from
changes in operational conditions.

More than half of As was found in the bottom ashes however in the
Impregnated Wood experiment only 20 % of As ended here. Data for the OC
experiments generally covered the variations observed for As concentrations during
experiments with waste input changes, except in case of Impregnated Wood where
both bottom ashes and fly ashes had considerable higher concentrations. More than
80 % of Cr was found in the bottom ashes. The operational experiments generally
"covered" the variations in ash concentrations in the waste experiments indicating that
Impregnated Wood did not have a significant effect on Cr although this was the case
for As.

Cu and Mo were mostly found in the bottom ashes and the observed variations
appeared to be covered by variations in the OC experiments; however, combustion of
Shredder Waste resulted in significantly higher ash concentrations for both elements,
and also higher Mo fraction in the fly ashes. This corresponded with high input levels
of these elements in Shredder Waste. Ni was almost entirely found in bottom ashes
with elevated concentrations in the Shredder Waste experiment, again corresponding
well with high input levels and the possibility of metallic Ni in Shredder waste being
likely to stay in the bottom ash. The fly ashes also showed increased Ni
concentrations in the Shoes and Batteries experiments; however, this could not be
related to significantly higher input levels as determined for these experiments,
although Ni is a known constituent of batteries. In the Salt experiment, significantly
lower concentrations were observed in the fly ashes although this could not be
correlated with a lower input of Ni.

For Pb a more diverse pattern was observed. Although Pb mostly appeared to
be favored in the bottom ashes a few experiments showed higher fractions in the fly
ashes (increasing order: Salt, Shoes, PVC). The experiments indicated that (organic
bound) CI had a mobilizing effect on Pb (Pedersen et al. I1). This is further discussed
in Chapter 3.

Relating the above to waste composition data in Table 3, it is seen that while
increased concentrations of As, Cu, and Mo coincided with waste fractions having
high contents of the same elements, increased concentrations of Cr, Ni, and Pb could
not be fully explained with higher input levels. This indicated that the waste mix was
important and that other constituents and mechanisms controlled ash concentrations
such as the case with CI affecting Pb concentrations.
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Figure 3. Concentrations of Cd, Cl, Hg, S, Sh, and Zn in bottom ashes and fly ashes as a function of the
fraction of the elements in the individual ash samples. Error bars indicate two times the standard
deviation of samples from the operational experiments (see Astrup et al. | for details).

Cd, Cl, Hg, S, Sb, and Zn

Cd was mostly found in the fly ashes. The concentrations were generally covered by
the variations observed in the OC experiments; however the fly ashes had higher
concentrations in the PVC and Shoes experiments and the bottom ashes higher
concentrations in the Batteries experiment. This corresponded well with Cd also being
present in high levels in PVC, Shoes, and Batteries. Zn concentrations were within the
variations found in the OC experiments, except for Shredder waste where both ashes
had significantly higher concentrations. This corresponded with Shredder waste being
significantly enriched in Zn compared with the base-load waste. Sb concentrations
were also within variations in the OC experiments except for the Shredder waste
which was enriched with Sb.

Hg was almost entirely found in the fly ashes and the gas phase with relatively
small variations (generally covered by the operational experiments); however feeding
Batteries caused significantly higher Hg concentrations in the fly ashes/gas phase
(Astrup et al. 1). This behavior corresponded well with Batteries contributing with
high levels of Hg indicating that batteries may be a significant Hg source in
combustible waste.

High CI concentrations in the Salt, PVC, and Shoe experiments (declining
order) were observed in the bottom ashes, and high CI concentrations in the Salt and
Shoes experiments (declining, PVC third highest) were observed for fly ashes. This
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corresponded with increased Cl levels found in these waste fractions (see also Chapter
3, Flue gas/particle partitioning).

S was found primarily in the fly ashes and the gas phase (> 50 %). S
concentrations were generally covered by the OC experiments; however Salt and
Impregnated Wood caused higher concentrations in the fly ashes, and Batteries and
Wood caused higher concentrations in the bottom ashes.

Stack emissions

To evaluate how the flue gas cleaning system reacted to the changes in waste input
and operational conditions, standard measurements were carried out on the clean gas
prior to the stack. Selected clean gas concentrations (As, Cd, Cr, Hg, Pb, and Sb) are
discussed below.

Generally, the gas cleaning system maintained low As emissions but when
combusting Impregnated Wood the emissions increased significantly which
corresponded with the higher As load in this experiment. Cd emissions appeared to
remain below 7 mg/tonne waste, except in the Undefined Conditions experiment and
when incinerating Batteries (about 5 times the average of the others). The higher
emission in case of Batteries corresponded with Cd being enriched in the Batteries
fraction. Batteries also resulted in significantly increased emissions of Hg, likely due
to the presence of Hg in coin cell batteries. Hg is generally very volatile and appeared
in the Battery experiment to be almost entirely found in the gas phase without being
captured in the flue gas cleaning system. Cr showed slightly increased concentrations
for Impregnated Wood (about double the average of the others). Although this did not
appear significant in the mass balance calculations, Cr should be present in the
Impregnated Wood due to the use as fixation agent in the treatment process. In case of
PVC, Sb appeared significantly increased in accordance with the potential presence of
Sb as stabilizer in PVC (although this was not apparent from the mass balance
calculations).

Pb was an example of an element not showing increased emissions despite
increased load in the input waste, e.g. the Wood experiment. Emissions of Cu, Ni, and
Zn were also not clearly correlated with input levels. Pb emissions for Undefined
Conditions were generally found in the high end of the range (in case of Pb the
highest value). This may indicate that poor combustion on the grate may lead to
increased air emissions.

Overall, the stack emissions appeared to be strongly affected by the waste
input composition. Although the flue gas cleaning system could effectively maintain
low emission levels over a wide range of operational conditions, the potential
influence from the waste input could not be ignored and extreme input levels resulted
in increased air emissions. In particular, the results indicated that contents of PVC,
impregnated wood, and batteries in the waste input should be limited.

Implications for residue quality

As indicated in the previous sections, it was not possible to significantly determine
correlations between specific changes in operational conditions and residue quality.
This does not necessarily indicate that such correlations do not exist; it merely
indicates that it was not possible to meaningfully ascribe the observed variations in
residue quality to the specific operational changes implemented during the full-scale
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experiments carried out at FASAN. A main reason for this is likely the complex and
dynamic properties of a full-scale furnace which makes it difficult to control the
combustion conditions throughout the waste bed and ensure that the operational
changes have the anticipated effects. The operational changes implemented at FASAN
were, however, done as "large as possible™ within the capabilities of the furnace, i.e.
without significantly hindering combustion on the grate. The operation during these
experiments was significantly "outside” normal operation. This means that for the
specific furnace, it is unlikely that operation at normal conditions will be "outside™
what was tested during the experiments. It was therefore concluded that the
operational changes included in the project would most likely bracket normal
operation at FASAN, and that the residue qualities observed during these experiments
therefore represented a range which would cover most situations.

The fact that significantly changed operational conditions did not result in
discernable effects on the residue quality while significant changes in waste input
appeared to have much more dramatic effects on the residues is an important
observation. This indicate that the residue quality may be relatively robust with
respect to furnace operation, or in other words that the changes in furnace set-points
do not have such a dramatic effect on the residues.

In the project, the ranges in residue compositions observed for the OC
experiments were in accordance with the above used as a basis for comparison with
the experiments with changes in waste input (i.e. Figure 2 and 3). As the changes in
waste input generally induced considerably larger changes in the residue quality than
changes in operational conditions, it was concluded that the potential for optimizing
residue quality were also larger when based on changes in the waste input.
Consequently, it was concluded that focus should be put on the waste input
composition rather than attempting to change furnace operation.

Combining the results for residue quality with the measured stack gas
emissions, it appear that in particular the quantities of PVC, impregnated wood,
shredder waste and batteries were important for the emission outputs from the
incinerator. It is therefore likely that overall emissions can be reduced if these waste
materials are excluded from the input to the incinerator. As these materials (in
principle) are easily identifiable, a considerable potential for improvement of the
environmental performance of waste incinerators may exist if the materials can be
properly separated from the mixed waste input.

Implications for environmental assessments

The full-scale experiments at FASAN clearly showed that both air emissions and
residue qualities were significantly affected by changes in waste input composition
but also to some extent changes in operational conditions, in particular in case of the
residues. The experiments, however, also documented that modern flue gas cleaning
systems may cope with substantial changes in waste input and still maintain relatively
stable emissions levels for heavy metals. Although no clear correlation with changes
in operational conditions were apparent, even worst-case conditions (in-complete
burnout) did not appear to significantly affect emissions and element flows.

The presented results are important because authority approvals for
incineration of specific waste materials generally assume business-as-usual
performance of the incinerators. The experiments illustrate that specific waste
materials may dramatically affect air emissions and change element flows. These
aspects are important for environmental performance evaluations, e.g. life-cycle
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assessments. Traditionally such assessments have been based on fixed sets of
emissions and element flows irrespectively of the waste input. It is suggested that
more accurate results can be obtained when changes in air emissions and residue
composition are taken into account. It is recommended that results of environmental
assessments involving waste incineration should be thoroughly tested with respect to
the variations in output data reported in this paper.
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3. Flue gas/particle partitioning

Overview

The main objectives relative to the flue gas/particle phase partitioning study was to
improve the understanding of the formation of fly ashes in waste-fired boilers. In this
context, the experimental data from FASAN on particle and gas phase compositions
(metals, salts) in the boiler/flue gas duct system were analyzed thoroughly. Special
focus was on the elements: Na, K, S, CI, Zn and Pb, corresponding to the six major
elements by weight found in the aerosols, and the elements considered most important
with respect to corrosion and deposition aspects in waste fired boilers. Besides being
highly volatile, chlorides of the alkali metals Na and K, as well as the heavy metals
Zn and Pb, are the species thought to be the most chemically aggressive and the ones
primarily responsible for corrosion. The heavy metals facilitate corrosive reactions by
forming low melting-point mixtures (eutectics) with alkali chlorides in the deposits on
metal surfaces.

In addition to the evaluation of the experimental data, a model aiming to
predict the gas/particle phase partitioning in the flue gas channel as a function of time
and temperature was developed: A physical model for heterogeneous condensation
(i.e. surface condensation on existing particles) of trace elements on a size distributed
fly ash was developed and coupled with an existing global equilibrium analysis model.

Sampling positions and methodology

During the different full-scale experiments at FASAN, samples of flue gas, fly ash,
aerosols and deposits were taken at three different locations in the boiler, as indicated
in Figure 1. The results from the flue gas measurements are reported in details in
Zeuthen et al. (111) (aerosol measurements), Pedersen et al. (1) (fly ash measurements
and over-all flue gas/particle partitioning) and Frandsen et al. (V) (deposit
measurements).

The major flue gas components (CO, CO,, O, SO, NO) were monitored
continuously at a sampling location in the top of the furnace (see Figure 1) using a gas
extraction probe and standard gas analyzers. The initial deposit formation was also
measured at this location. Air-cooled probes were applied to collect deposits on and
inside the boiler. In the standard set-up, the deposition probe was operated with a
surface temperature of 400 °C, in order to simulate the current steam temperature in
the final superheater of the FASAN plant.

Fly ash (total dust) and aerosols were sampled in the flue gas duct downstream
of the boiler, but upstream of the flue gas cleaning (NID) reactor and bag filter (see
Figure 1). A probe for sampling of fly ash (total dust) from the hot flue gas by
isokinetic extraction was developed at CHEC for the present campaign. The sampling
of fly ash served two main purposes: (1) to find the total dust load during the different
experiments, and (2) to collect samples for further analyses. Approximately 20 g of
particulate material was collected from each experiment (minimum fly ash sampling
time 1.6 h per experiment).

The measurements of mass-based size distributions of aerosols were made
using a 10-stage Berner Low-Pressure Cascade Impactor (LPI), and number-based
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size distributions were obtained using a Scanning Mobility Particle Sizer (SMPS).
Both aerosol measurement methods (LPI1 and SMPS) give information on the particle
size distribution of the aerosols (mass based and number based, respectively), and the
LPI method also allows for chemical analysis of the deposited aerosols by means of
e.g. SEM/EDX. Additional SMPS measurements were made on the cleaned flue gas
in the stack.

Dust and aerosol loads

The total dust load, as found by the fly ash sampling method, was varying between
1.8 and 2.8 g/m° (std. T,P) in most experiments, with an average of 2.2 g/m® (std. T,P)
and no apparent correlations to the operational conditions or waste input composition
(Pedersen et al. I1). The particle size distribution of the total dust samples, as
measured by laser diffraction, revealed a bimodal size mode with a peak below 5-10
pum (fine mode) and a second peak at app. 100 um (coarse mode). The particle size
distribution tended to change towards finer particles when firing NaCl salt, indicating
increased (homogeneous) condensation of alkali salts in this experiment (Pedersen et
al. ).

The mass-based aerosol size distribution revealed a peak around 0.4 um (see
Figure 4). The aerosol mass-load was very stable when no changes in fuel
composition were introduced (PMys: 252 + 21 mg/m®) and increased significantly
during combustion of waste when including automotive shredder waste, CCA-
impregnated wood, and NaCl (PM,s: 313, 320, and 431 mg/m®). The number
concentrations of particles varied during combustion and between varying operational
conditions and waste mixes (from 4310° to 87:10° #/cm®). The mass of the PM,s
fractions (252 mg/m®) amounts to approximately 10 % of the total particle mass
(Zeuthen et al. 111).

The mass-based particle size distribution for reference conditions, the PVC
experiment, and the salt experiment, respectively, is illustrated in Figure 4.
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Figure 4. Mass-based size distributions for aerosols from reference, PVC and Salt experiments,
respectively. Meassured with cascade impactor.
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The increased mass load of fine particles when adding salt was not found
when adding PVC, in spite that in both cases high amounts of chlorine was added.
However, the chlorine in PVC was not bound in the particles, probably due to lack of
alkali metals or other condensable cations. The chlorine in this case was released as
HCI(g).

Characterization of fly ash, aerosols and deposits

Chemical composition of fly ash and aerosols

A complete chemical analysis of the fly ash samples from the FASAN measuring
campaign, as analyzed by wet chemical techniques, is presented in Appendix VII
(Table VII-1).

Detailed results for selected, volatile elements (Na, K, S, Cl, Zn and Pb) is
presented and discussed in Pedersen et al. (1) and summarized here. Figure 5
illustrates the concentrations of these elements in the fly ash samples from the
experiments adding different waste fractions, relative to the concentration in the fly
ash from the reference experiment. For comparison, it was found that for the
experiments with changes in grate operation parameters, the variations in
concentration of the target elements were less than 50 % relative to the reference run
(i.e. <z 0.5 relative concentration).

Figure 5 reveals a significant increase (> 100 %) in the concentration of an
element in the fly ash in the following cases: Pb when firing PVC and shoes, Zn when
firing shredder waste, and, Na and CI when firing salt. For the salt experiment, the Na
and Cl actually accounted for more than 80 % (w/w) of the total mass of the fly ash,
as compared to less than 40 % in the reference experiment (and most other
experiments).
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Figure 5. Concentration of target elements (Pb, Zn, K, Na, Cl, S) in fly ash samples from “dedicated
waste” experiment relative to reference conditions (Pedersen et al. I1).
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The following elements were increased slightly (50 - 100 %) in concentration:
Pb when firing shredder waste, salt, and CCA-impregnated wood, Zn when firing
shoes and CCA-impregnated wood, K when firing salt, and, S when firing CCA-
impregnated wood. Relating Figure 5 to Table 3 reveals that the variations found in
the fly ash compositions only in some cases coincide with high input concentrations in
waste fractions. This is further discussed later on, in the “partitioning of volatile
elements” section, and in Pedersen et al. I1.

The chemical composition of the aerosols from the experiments with different
waste fractions added is illustrated in Figure 6. Only the experiments with changes in
waste composition were investigated, as the operational conditions were not expected
to influence the composition considerably. For each measured element the content is
depicted for all 6 experiments with changes in fuel composition together. Details on
more metals are provided in Zeuthen et al. (111).
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Figure 6. Size dependent elemental content of main components of the combustion aerosols in
experiments with addition of special waste fractions (Zeuthen et al. 111).
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In all experiments the six major elements in the aerosols by weight were ClI,
Na, K, S, Zn and Pb. The chlorine content was increasing with the particle diameter.
The content of alkali (Na + K) was rather constant for all experiments. The molar
Na/K ratio decreased with the particle diameter indicating that the sodium salts
condenses at higher temperatures than those of potassium. The ratio was increased
significantly when adding salt (+ 67 %) or shredder waste (+ 112 %) to the base-load
waste. For shredder waste this increase was also due to very low K content in the
particles. The Zn content increased with particle diameter, and for the experiments
with shredder waste, shoes, PVC and impregnated wood the content was increased
significantly. For the shredder waste experiment the content by weight was increased
more than seven times with respect to Zn. The content of Pb was rather constant as a
function of particle diameter and throughout the series of experiments. However, for
the shredder waste combustion a 40 % increase was found.

Deposit formation

The deposit study (Frandsen et al. V) indicated that the grate operation did indeed
affect the chemical composition and extent (i.e., the flux: g deposit/area/time) of
deposit formation significantly.

The experiment with minimum addition of primary air, that is, maximum
addition of secondary air, showed a significantly higher upstream deposition flux at a
surface temperature of 400 °C, see Frandsen et al. V for details. The primary air is let
in through the grate, from below, while the secondary air is partly blown downward
against the grate, through furnace top nozzles. Thus, a minimum of primary air would
expect to give a lesser lift of particles from the fuel bed, but then the jets of secondary
air may blow up particles from the top of the fuel bed, thereby more than
compensating for the lack of lift from below.

The experiments with “undefined conditions” and “minimum O,” in the flue
gas gave significantly lower CI in the deposits, compared to the rest of the operational
conditions (Frandsen et al. V). This is an important feature from a material and
corrosion point of view.

The addition of PVC and shoes to the base-load waste caused significantly
increased deposition fluxes, and increased (not surprisingly) the concentration of Cl in
the deposit. In contradiction, shredder waste and CCA impregnated wood caused
lower CI in the deposits (Frandsen et al. V).

Partitioning of volatile elements

The partitioning, that is, the distribution of the elements between bottom ash, fly ash,
aerosols and gas phase in the boiler, was studied for the target elements Na, K, Cl, S,
Zn, and Pb (Pedersen et al. I1).

The partitioning study suggested that the vaporization/condensation behavior
of some elements was influenced by changes in feedstock composition, as there was
not necessarily a correlation between the input concentration of an element in the
feedstock, and the amount of the element recovered in the fly ash and flue gas
fractions.

The study indicated that Cl and S play an important role for the partitioning of
Pb, and maybe also Zn. When firing Cl-rich waste fractions (PVC, salt, shoes), the
partitioning of Pb seemed to shift towards increased vaporization (and subsequent
recovery in fly ash and aerosol fractions), whereas an opposite effect (decreased
vaporization) was seen when firing S-rich waste fractions (CCA impregnated wood

21



and batteries). The effect, which was explained by the formation of volatile Pb-
chlorides at high CI concentrations, and stable Pb-sulphates at high S concentrations,
is illustrated in Figure 7.

The partitioning study also implied that organically bound CI (as in PVC,
shoes) was preferably released (as HCI(g)) to the gas phase, whereas the inorganically
bound CI (salt) was recovered in the bottom ash and fly ash fractions (indicating
alkali-chloride bonding), see Figure 8. This is in consistency with the findings from
the aerosol study described earlier in this Chapter.

The results for overall-partitioning of alkali metals, Zn and S were less
conclusive, probably because the changes induced by adding specific waste fractions
were not big enough to cause significant changes in the over-all picture.
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Link to laboratory-scale release results

Lab-scale release experiments have been conducted on a number of dedicated waste
fractions from the FASAN campaign, in order to understand the release pattern and
the link to formation of fly ash and aerosols in full-scale waste incinerators (this study
was part of the CHEC ITOB consortia activities and is reported separately elsewhere,
and partly in Frandsen et al. V). The waste fractions studied comprised PVC, shoes,
shredder waste and CCA-impregnated wood, and the release of metals, S and ClI to the
gas phase was quantified as a function of temperature in the interval 500 — 1000 °C in
a lab-scale fixed-bed reactor. In general, the elements Al, Ca, Cr, Cu, Fe, Mg, Si and
Ti were not released, in consistency with the non-volatile nature of these elements.
For the target elements Pb, Zn, K, Na, Cl, and S, the lab.-scale release was found to be
both temperature dependent and to some extent fuel specific.

Chlorine release was found to be complete already at 500 °C for PVC, whereas
for the other laboratory fuels, there was a gradual increase in the Cl release from
500°C to 1000 °C. This is in good consistency with the full-scale observations and
confirming that CI from PVC is released as HCI(g) already at low temperatures.

K, Na, Zn and Pb were all released to a significant extent to the gas phase
above 750 °C, under the conditions prevailing in the fixed bed. The release of Pb at
750 °C was found to correlate linearly with the S/(S+ClI) ratio in the fuels (R? = 0.92),
consistent with the full-scale observations and confirming that at least at moderate
temperatures (around 750 °C) Cl and S in the fuel may be influencing the volatility of
Pb.

All in all, the lab-scale release results were found to correlate quite well with
the observations from the full-scale study, when taking into account the different fuel
matrix (dedicated waste fractions vs. blended waste) and the generally more complex
conditions prevailing during the full-scale incineration experiments. The obtained
results suggested that lab-scale release experiments on dedicated waste fractions can
be used to gain reliable information on the release of inorganic elements, and
subsequent formation of fly ash and aerosols, during full-scale waste incineration. It
may not be possible to extrapolate the data quantitatively, as the conditions during
full-scale waste incineration are very complex, but the method proves a useful tool
when it comes to predicting overall trends and identify possible release mechanisms
attributed to specific waste fractions.

Overall link: Aerosols — fly ash — deposits

An increased mass-load of fine particles when adding salt to the feedstock, but not
when adding PVC, was suggested to reflect that the chlorine in PVC was released as
HCI(g), while the chlorine in salt was particle bound. Addition of salt also changed
the chemical composition and particle size distribution of the total fly ash, towards an
increased concentration of Na and CI, and a smaller particle size, indicating increased
condensation of alkali-chlorides.

The study of the deposit formation, however, displayed somewhat different
results. Still, in the interpretation of these results one should bear in mind that the
deposits were sampled at the entrance to the convective section, at a flue gas
temperature close to 600 °C and with a surface temperature of the deposition probe of
400 °C, whereas the aerosols were sampled downstream of the convective section, at a
flue gas temperature of app. 175 °C (see Figure 1). This gives rise for different ash
transformations in the two cases.
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Figure 9. Model approach — heterogeneous condensation of trace metals on a size distributed fly ash.

It was found in the deposition study that the rate of deposit build-up (g/m?h),
as well as the concentration of Cl in the deposits, was increased when firing PVC,
while no significant effects on the deposit formation were observed when firing salt.
The chemical analysis of the deposits from the PVC run revealed that the deposits
were also relatively high in [Ca], while the alkali content was relatively low. Hence
we suggest that the increased deposition flux, and high [CI], in the deposits from the
PVC run may be explained by increased condensation of CaCl, on the deposition
probe in this specific run. Ca-compounds, such as CaCOs, are added routinely to
various PVC-products, as fillers.

Modeling of heterogeneous condensation

A physical model for heterogeneous condensation of trace elements on a size
distributed fly ash was to be developed and coupled with an existing equilibrium
model. The model is summarized below, and more details are provided in Appendix
VIII.

Approach

A two-compartment system: (1) Release from the grate: Vaporization of elements. (2)
Condensation of elements in the flue gas channel as a function of T. The idea is
sketched in Figure 9. The model is one-dimensional in time and consists of (1)
specifying the initial conditions in the system (2) computing the target element
condensation as a function of T. Gas/solid equilibrium is calculated at each step using
the commercial equilibrium model FactSage™ (version 5.2), and interactions between
vapor phase and particle surface are calculated by fluxes, with units of moles per
second per particle. A flow chart of the model is outlined in Figure 10.

Assumptions and limitations
Heterogeneous condensation (i.e. surface condensation on existing fly ash particles) is
assumed to be the only mechanism by which particulate matter becomes enriched
with heavy metals (chemical reactions are neglected).

The condensation flux equation, Reong, (Mol/m*s), on uniform sized spherical
particles of diameter d, (m) in the continuum (supermicrometer) regime is diffusion
limited and given by equation (2).
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(1) Specify initial conditions (T = Ty, t = 0):

Flue gas flow and (main) composition

o Initial flue gas temperature and pressure

e Gas-phase trace element concentration (degree of
vaporization)

e Initial properties of primary particles (size, mass
and density distributions; chemical compositions)

e  Time-temperature profile.

(2) Calculate target element condensation as
function of T:

Calculate initial flue gas composition & element speciation

Integrate target element concentration flux in time

Compute target element condensation for each ash particle
size -

Update flue gas temperature, gas and particle target
element concentration

(3) Output results:
e  Target element concentration at position x, Ty
e Fraction of total target element remaining as
vapor

Figure 10. Flow chart for modeling of heterogeneous condensation on a size distributed fly ash. Target
element: Pb, Zn, Cu, Cd etc.
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where Dxn is the molecular diffusivity of X in a multicomponent gas, m, p.. and ps is
the bulk and surface pressure of X, PLoap (1/m®) is the particle loading of the gas, and
Kn = 2)\/d; is the Knudsen number. The term in the brackets is the Fuchs-Sutugin
correction for the non-continuum behavior of small particles. A: the mean free path of
the gas molecules (~0.5 pum for combustion gases). Dxn can be estimated for any
molecular component X in m using an empiric equation of Fuller, Schettler and
Giddings, which utilizes diffusion volumes.

To solve for a size distributed fly ash, the particle size distribution is
discriminated and the flux equation is solved for each size fraction.

Data fitting / validation of the model
The mass fraction of a condensed species, Wi(d,) is given by the mass condensed (in
time, t), on the particle of size d, divided by the particle mass.

25



Different condensation mechanisms will yield different dependencies of F(dy)
on dp, and it can be shown that for Kn<<1 (coarse fraction particles), Wi(d,) ~ 1/d,’,
while for Kn>>1 (fine fraction particles), Wi(d,) ~ 1/d,. However, several studies of
coal fly ash have shown that experimental data are not always in consistence with this
physical condensation theory. Often the trace elements (As, Ni, Cd etc.) better obey a
1/d, dependence, even for larger particles, suggesting that surface condensation alone
cannot account for the trace element distribution (chemical reaction mechanisms are
also involved).

The Pb concentration in the FASAN ash as a function of particle diameter is
illustrated in Figure 11 (measured and calculated values). The calculated value is a
“first rough estimate” of the condensation flux, assuming an initial Pb concentration
of 0.005 ppm(v) in the gas phase. At the point of sampling (T ~175 °C), all Pb is
assumed to be condensed (as PbCl,(s)). The initial Pb concentration (Co) in the coarse
particles is set to 697 mg/kg (residual concentration), while Cy is set to 0 in the
aerosols.

It is seen that the Pb concentration better obeys a 1/d, dependence as
compared to a 1/dp2 dependence (the same trend is found for other trace elements as
Hg, Cd, Zn and Cu, results not shown). The heterogeneous condensation model seems
to correctly predict the trends in the experimental data, although it is also seen that the
model may tend to over-estimate the Pb concentration in the fine particles.

An over-all evaluation of the equilibrium condensation temperatures revealed
that most of the trace elements (including As, Zn, Cu) have relative high condensation
temperatures (> 500 — 700 °C), and only Hg, Cd and Pb may be expected to be still in
the gas phase at temperatures below ~400 °C. This lead us to conclude that the
potential for alternative/selective capture of fly ash (at higher temperatures), in order
to improve the ash quality, is limited. On the other hand, the quality of the bottom ash
might be improved slightly by taking out the boiler ash separately, instead of mixing it
with the bottom ash (which is currently the normal procedure at many plants).

Fitting Pb data (concentration vs. particle size)
Measured and calculated values
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Figure 11. Pb concentration in FASAN ash as a function of particle diameter. Measured and
calculated values.

26



4. Residue leaching

Overview of leaching experiments

As mentioned in the Introduction, bottom ash samples from 12 different experiments
were collected at FASAN; these will be referred to as “FASAN residues” (elemental
composition is given in Appendix V11, Table V1I-2). In order to evaluate leaching, the
FASAN residues were subjected to CEN 12457-1 (L/S 2 L/kg) compliance leaching
experiments (Appendix VI, Table V1I-3,4,5).

Secondly, in order to provide a reference for comparison of bottom ash
leaching data, a range of “averaged one-year” samples of bottom ash was collected
from Vestforbraending, Nordforbraending, KARA, and Arhus (furnace 2 and 3). Note
that these materials were not subjected to CEN 12457-1 as these data were obtained
from regulatory compliance testing supplied by either the incinerators or AFATEK
AJS. Instead, these materials were subjected to CEN 14405 column experiments
(Appendix VII, Table VII-8) thus providing additional information about time-
dependent leaching.

Thirdly, in order to provide sort of a reference leaching data for Danish fly
ash/APC residues, a range of “averaged one-year” samples of fly ash/APC residues
was collected from Amagerforbrending, Nordforbrending, KARA, Odense,
Vestforbraending, and Arhus. These materials were subjected to CEN 12457-1,4 batch
tests (L/S 2 and 10 L/kg, respectively) as well as CEN 14405 column experiments
(Appendix V11, Table VI1-6,7,9).

In the following text primarily the results from the 12 experiments at FASAN
are discussed. The experiments carried out using different operational parameters and
different waste input compositions are in this chapter referred to as “OC” and “WI”,
respectively.

Comparison with regulatory compliance leaching data is provided where
appropriate.

Cl leaching

Figure 12 shows CI contents in fresh bottom ash samples and associated leaching of
CIl" . The highest CI" leaching was observed in samples from the experiments with
road salt (4720 mg kg™ TS) and PVC (2700 + 320 mg kg™ TS). Correlation between
the Cl content and CI leaching was not observed for the OC experiments (r* = 0.18)
whereas a clear correlation was found for the W1 samples (r* = 0.86). Thus, positive
correlation between the CI content in bottom ash and CI" leaching was found.
Comparing the results from the OC and WI experiments it appears that although
changes in OC may affect the leaching of CI" to some extent, the presence of Cl in the
incinerated material has a more direct influence on CI" leaching.
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Figure 12. Bulk contents of Cl in fresh bottom ash (primary y-scale) and CI" leaching from fresh bottom
ash (secondary y-scale) (Hyks and Astrup V).

Evolution of pH during ageing

The leaching of metals in particular is strongly pH-dependent and may thus only be
discussed when pH during the leaching experiments is considered. Table 4 shows
range of pHs for fresh, naturally aged, and lab-scale aged bottom ash samples. Three
months of outdoor ageing did not affect pH compared with the fresh bottom ashes
while the lab-scale aged samples showed about 1-2 pH units lower values compared
with the fresh bottom ashes. Although pH of the lab-scale aged samples was found
semi-stable, ageing/carbonation process was likely far from complete as this would
typically be characterized by pH 8.5.

Table 4. pH of fresh, naturally aged, and lab-scale aged bottom ash (in leachates) generated during
incineration of the reference waste with or without addition of specific waste fractions (Hyks and
Astrup 1V).

OC experiment: reference waste only

Bottom ash Normal #1 #2 #3 #4 #5
(Ref)  (Min0O;) (MaxO,) (Dec.sec.) (Inc.sec.) (Undef.)
Fresh 11.35 11.38 11.34 11.32 11.03 11.19
Naturally aged 11.35 11.09 11.41 11.31 11.22 -
Lab-scale aged 9.44 9.45 9.24 9.21 10.03 9.70
W1 experiment: reference waste + added fraction

Imp. Shredder Road .
Bottom ash PVC wood  waste (ASR) Shoes salt Batteries
Fresh 11.69+0.2 1157 11.03 11.40 1149 10.88
Naturally aged  11.29+0.2 11.31 11.05 1133  11.32 10.56
Lab-scaleaged 9.65+0.10 9.29 9.80 9.53 9.83 9.16
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Figure 13. Leaching from bottom ash (BA) generated during incineration of the reference waste at
different OC and different WI. Leaching from fresh, naturally aged, and lab-scale aged BA samples is
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are shown; note the different scale in case of DOC (Hyks and Astrup V).

Leaching of metals

Fresh FASAN residues

Figure 13 shows the mean values and 90 % confidence intervals for the leaching of
Cu, Pb, Zn, Ba, Ni, DOC, As, Cr, Mo, Sbh, Se, and V from fresh bottom ashes
generated in the OC/WI experiments. The leaching was notably similar (within a
factor of 3) for all element pairs except Ba, which was likely related to different
leaching of sulfate (details in Hyks and Astrup IV). The WI leaching data showed
somewhat larger variations compared with the OC leaching data (e.g. Ni, Cr).
Correlations between the bulk content and leaching were not found for any metal
(including Ba). Overall, the leaching of metals appeared to be independent of the bulk
contents and, in turn, changes in OC as well as WI; note similar pH of the fresh
samples (Table 4).

Leaching of Be and Cd in all samples was found below 0.9 and 0.3 pg L,
respectively (i.e. below detection limit of used ICP-OES). These elements are
therefore neither shown graphically nor discussed further.

Leaching of Co (not shown graphically) was generally found around the
detection limit except the residues generated in the experiment with batteries where
the leaching from fresh and also lab-scale aged samples increased to about 30 pg kg™
TS. Co is currently not regulated (in case of landfilling in EU) and so far Co leaching
has received little attention in particular with respect to leaching control mechanisms.
The results of the CEN 12457-1 leaching test did not allow concluding on any specific
leaching mechanism or calculating correlations between the bulk contents and
leaching. Nevertheless, caution is advised in relation to incineration of batteries.
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Aged FASAN residues

Figure 13 also shows the mean values and 90 % confidence intervals for leaching
from naturally aged and lab-scale aged samples. For many elements (e.g. Pb, Zn, Cr),
ageing had greater impact on leaching than the induced changes to OC/WI. At full-
scale, ageing of bottom ash is generally accepted to decrease leaching of most metals
and is a widely used method to improve bottom ash quality. This was, however, only
the case for Pb, Zn, and Cu which were likely controlled by sorption, precipitation and
complexation with DOC (Hyks and Astrup 1V).

Leaching of Ba from the naturally aged OC samples was found lower than
from the lab-scale aged OC samples whereas the situation was opposite for the WI
samples. Nevertheless, Ba leaching from both lab-scale aged residues was found at
the same level: + 0.2 mg kg* TS. Barite (BaSO,) and to some extent also
BagsCaosS04 solid solution (K = 107*Y) were found plausible to explain Ba
concentrations.

Ni showed similar leaching patterns for both OC and WI samples with
leaching around 7-20 pg kg TS. This could be caused by a combination of
Ni(OH)2(s) precipitation and surface complexation to Fe/Al (hydr)oxides. According
to our modeling the solution concentrations of Ni fell between the solubility of
Ni(OH),(s) and bunsenite (NiO).

The leaching of some oxyanions (Cr, Sb) increased with carbonation possibly
due to dissolution of their bearing phases (e.g. Cr-ettringite and calcium antimonite) at
pH < 10.5 (Fig. 13c and 13d). Thus, although ageing can generally decrease leaching
of cationic metals the same process may also result in significant increase in the
leaching of some oxyanions compared with the fresh residues: Cr and Sb seem to be
of major concern due to their toxicity and concentration levels. In real-life system the
one order of magnitude increase in the leaching of Cr may further increase towards
higher L/S ratios (or with continued carbonation) as Cr leaching from the carbonated
bottom ash was reported to reach concentrations up to 2 mg kg™ TS at pH 8.5. In
addition, oxidation of Al(0) during carbonation may lower the “reduction capacity” of
the ashes thereby allowing Cr to get oxidized and leach from the aged ashes.

Other oxyanions (As, Mo) showed relatively stable leaching from all three
material types. For As, fairly flat sorption edges on Fe-oxides were reported at pH > 9
and phosphate levels similar to our experiments. For Mo, virtually the same leaching
from all three material types (Figure 13c) could well be caused by a single controlling
process. Since the leachates were found undersaturated with respect to CaMoO, and
low affinity of MoO,* for substituting SO, in ettringite is low, weak surface
complexation at pH > 9 seemed plausible.

Comparison with other leaching data

Leaching data from regulatory compliance testing

In Figure 14 leaching data for the FASAN residues (Foc, Fwi) were compared with
leaching from bottom ash generated during 2006 — 2008 at six Danish MSW
incinerators which typically incinerate mixes of MSW from households, recycling
stations, industry, etc. with varying ratios between household waste and industry
waste. Bottom ash from I/S FASAN (referred to as “F” in Figure 14) used in this
comparison was not collected as part of the OC/WI experiments at 1/S FASAN but
collected as part of the required compliance testing. All bottom ashes were aged
outside 1-4 months prior to the CEN 12457-1 leaching experiments.
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Figure 14. Mean values and 90 % confidence intervals for leaching from bottom ash (BA) generated at
different Danish MSW incinerators in a period from January 2006 to September 2008. Abbreviations
and sample populations: F (I/S FASAN, n = 11), AF (I/S Amagerforbrending, n = 37), VF (/S
Vestforbranding, n = 39), Aa (I/S Arhus, n = 13), NF (I/S Nordforbreending, n = 13), and Ka (I/S
KARA, n = 21). Leaching data generated during the experimental campaign at 1/S FASAN are referred
to as Foc and Fy,. Solid black lines in case of Cu, Pb, and CI" represent Danish material utilization
limits for Category 3 (Hyks and Astrup 1V).

The leaching of some elements (e.g. Cu, DOC, CI) was similar for all MSW
incinerators whereas other elements (e.g. Cr) showed larger fluctuations between
individual plants. However, it should be emphasized that given the differences in
incinerator technology, operation, MSW composition, ash pH and sampling
(performed by the incinerator operators), the leaching was in fact similar: typically
with variations within one order of magnitude between the incinerators. The Danish
regulatory limits for material utilization (Category 3) were met in all cases (these
limits are indicated by solid lines in Figure 14 where appropriate). In this perspective,
incineration of the previously mentioned amounts of additional waste materials (PVC,
impregnated wood, ASR, shoes, batteries) during the OC/WI experiments at 1/S
FASAN did not appear to affect the leaching properties of the bottom ash significantly,
at least when compared with typical naturally aged ashes from Danish MWS
incinerators.
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Figure 15. pH, conductivity and leaching of Cl obtained during the CEN 14405 column experiments
with “averaged one-year” samples of bottom ash; mean values and STD are shown. Data indicated by
a dashed line represents leaching from fresh bottom ash subjected to CEN 14405).

Column leaching data

Bottom ash samples

Results of the CEN 14405 column experiments carried out with five “averaged one-
year” samples of bottom ash collected at Vestforbraeending, Nordforbraending, KARA,
and Arhus (oven 2 and oven 3) are shown in Figure 15 and 16 (details in Appendix
VI1I, Table VII-8). Note that leaching data determined in dynamic experiments (i.e.
column test) cannot be directly compared with results of the batch experiments since
different mechanisms are involved. Nevertheless, the columns still provide a valuable
piece of information about time-dependent leaching and possible long-term trends.

It could be seen in Figure 15 that mean pH value did not changed significantly
over the course of the experiments while the variations likely reflected the fact that
different “aged” residues were tested (compare with variations in pH values in Figure
14). Cl as well as conductivity displayed their typical behavior: both decreased rapidly
before L/S 3 L/kg was reached as a consequence of initial washout of the readily
soluble compounds (e.g., NaCl, KCI, CaCl,).

Leaching of metals (Figure 16, next page) from the five materials was
relatively similar, although variations were found somewhat larger (up to three orders
of magnitude in total) than in case of the batch experiments shown in Figure 14.
Higher variations between columns could be caused, among other things, by different
magnitude of non-equilibrium conditions during the dynamic leaching experiments.
Still, it appears from the data shown in Figure 16 that the leaching of metals was
controlled by similar mechanisms: mainly solubility control (e.g. Pb, Ba, Zn, Sb) and
depletion/complexation (e.g. Cu, Mo). The differences in leaching between aged and
fresh residues (represented by dashed lines) reflected the same patterns outlined in
Figure 13. For instance, the leaching of Pb from the fresh residues was higher than the
leaching from the “averaged one-year” samples, which were aged to some extent.
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Fly ash/APC residues samples

Dynamic leaching was also quantified in case of fly ash/APC residues. In contrast
with the above discussed bottom ash samples, the leaching from fly ash/APC residues
showed significantly greater variations for some pollutants (e.g. Cr, Sbh, Pb); for
details see Appendix VI, Table VI1I-9.

In Figure 17 an example of observed leaching from “averaged one-year”
samples of fly ash/APC residues collected at Arhus (Aa), Vestforbreending (VF),
Amagerforbraending (AF), Odense (Od), Nordforbreending (NF) and KARA (Ka) is
given together with leaching data for fly ash/APC residues collected by simple grab-
sampling at AF and VF (data from another study). It could be seen that e.g. the
leaching of Ba and Mo from the “averaged one-year” samples (indicated by data
points) is to some extent comparable with leaching from fly ash/APC residues
collected by simple grab-sampling (indicated by lines). At the same time, however,
the leaching of Cu and Pb in particular shows variations of up to five orders of
magnitude during the initial leaching (below L/S 1 L/kg).
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This reflected the nature of fly ash/APC residues which composition is
extremely dependent on the composition of the waste input (Astrup et al. I; Pedersen
et al. I1) and performance of the flue gas control system. In addition, great bulks of
the total contaminant contents may be present as part of highly soluble compounds
(generally metal chlorides). Consequently, in contrast with bottom ash, it may not be
possible to define “typical” range for leaching from Danish fly ash/APC residues and
residues from different plants should always be tested individually.
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5. Project conclusions

The overall objective of the project was to improve the understanding of the formation
and characteristics of residues from waste incineration. This was done focusing on the
importance of the waste input and the operational conditions of the furnace. Data and
results obtained from the project have been discussed in this report according to the
following three overall parts: i) mass flows and element distribution, ii) flue
gas/particle partitioning and corrosion/deposition aspects, and iii) residue leaching.
This has been done with the intent of structuring the discussion while tacitly
acknowledging that these aspects are interrelated and cannot be separated.

Overall, it was found that the waste input composition had significant impact
of the characteristics of the generated residues. A similar correlation between
operational conditions and residue characteristics could not be observed.
Consequently, the project recommend that optimization of residue quality should
focus on controlling the waste input composition. The project results showed that
including specific waste materials (and thereby also excluding the same materials)
may have significant effects on the residue composition, residue leaching, aerosol and
deposit formation It is specifically recommended to minimize Cl in the input waste.
Based on the project results, it was found that a significant potential for optimization
of waste incineration exist.

In the following, more detailed conclusions of the various aspects are provided.

Mass flows and element distribution

Based on mass balance calculations, it was found that experiments with different
waste materials significantly altered the waste input composition of both heavy metals,
organic and inorganic Cl. Salt contributed with considerable quantities of Na and Cl,
Shoes were adding Cd and ClI to the waste mix, Shredder Waste contributed with a
range of metals. Batteries contributed with high amounts of Cd, Co, Hg, S and Sr
relative to the base-load waste, PVC Waste contributed with Cd and CI, while
Impregnated Wood added As, K, Pb, S and Si.

The consequences for the solid residues and air emissions were evaluated by
taking into account both the concentration levels in the actual ashes, as well as the
amount of an element routed to the individual ashes. While increased concentrations
of e.g. As, Cu, and Mo in the solid residues coincided with waste fractions having
high contents of the same element, increased concentrations of Cr, Ni, and Pb could
not be fully explained with higher input levels. This indicated that the waste mix was
important but also that other constituents and mechanisms, such as mobilization of Pb
by CI, controlled ash concentrations: organic-bound CI (as in PVC and shoes) favored
higher concentrations in the fly ashes while inorganic CI (salt) shifted Pb towards the
bottom ashes.

It was not possible to relate the composition of the solid residues to changes in
plant operational parameters (the variations induced by changes in operational
conditions could not be distinguished from the natural fluctuations). This does not
mean, however, that such correlations may not exist only that in view of the
complexity and dynamic properties of a full-scale system, such mechanisms could not
be observed. The operational changes induced in these experiments were made as
large as possible considering the furnace, still the resulting effects on residue
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characteristics were less pronounced than the effects from changes in waste input.
Based on this it was concluded that priority should be placed on optimization with
respect to the waste input.

Flue gas/particle partitioning and corrosion/deposition aspects

Cl and S played an important role for the behavior of Pb, and probably also other
metals. When incinerating Cl-rich waste fractions, the partitioning of Pb appeared to
shift towards increased vaporization, whereas the opposite was observed for S-rich
waste fractions. This was explained by formation of volatile Pb-chlorides at high ClI
concentrations, and stable Pb-sulphates at high S concentrations. Organic-bound Cl
(as in PVC and shoes) was preferably released (as HCI(g)) to the gas phase, while
inorganic Cl (salt) was mainly recovered in the bottom ash and fly ash fractions
(indicating alkali-chloride binding).

In addition to affecting overall distribution of Pb between the residues, Cl in
the waste appeared to: i) enhance the vaporization of heavy metals (primarily Pb, but
probably also Zn), ii) cause increased mass-load of aerosols if present as alkali-
chloride in the waste, and iii) cause increased deposition fluxes and higher
concentrations of Cl in the deposits. It was suggested to minimize the CI/S ratio in the
input waste as this may reduce corrosion in the boiler sections by shifting the
equilibrium from the highly corrosive species PbCl, and ZnCl, to less corrosive
species such as PbSO, and ZnSQO,. Deposit formation was the only aspect which
appeared significantly correlated with the operational conditions. "Minimum O," and
“Undefined Conditions” gave significantly lower Cl in the deposits while "Increased
Secondary Air" showed a significantly higher deposition flux.

High input concentrations of heavy metals also appeared to be problematic:
e.g. in case of shredder waste and CCA impregnated wood, high loads of Zn and/or
Pb resulted in increased concentrations of these two elements in both fly ash and
aerosols (and deposits), although the overall partitioning was not altered.
Consequently enhanced deposition and corrosion problems may be induced in the
boiler.

The potential for alternative/selective capture of fly ashes, in order to improve
the ash quality, appeared to be limited as most heavy metals condense at relatively
high temperatures. Control of the input waste composition was concluded more
relevant for optimization.

Residue leaching

No clear correlation between the bulk contents of the bottom ashes and the leaching
was observed for the changes induced in waste input and operational conditions,
except in the case of Cl (r* = 0.86). This indicated that Cl leaching from bottom ashes
may be reduced by limiting ClI in the waste received at the incinerator, potentially by
improved source separation. Leaching experiments on fly ash samples collected
during the experiment could not be carried out as only a few grams could be collected
due to practical reasons. It was not possible to observe correlations between changes
in operational conditions and leaching.

Differences in metal leaching between samples obtained in this study could
primarily be associated with differences in ageing: leaching of cationic metals from
aged bottom ashes was generally lower than from fresh ashes whereas ageing had
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negative effects on leaching of Sb and Cr. The observed variations in leaching data
from these experiments generally appeared within the ranges in leaching data
observed for typical Danish MSW incineration bottom ash. Although similar
mechanisms control the leaching in different bottom ashes, variations in element
leaching of about one order of magnitude appear typical for Danish bottom ashes.
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6. Suggestions for further research

During the course of the project, two workshops were carried out with participation
from major Danish stakeholders. The latter of these workshops was concluded with a
discussion of the outcome of the project. A general appreciation with the work
performed in the project was expressed from the participants and it was found that the
project results would likely form a solid basis for future research and development
within the field. Based on discussions in the workshops, among the project partners,
feedback on international conferences and other stakeholders a range of important
aspects relevant for further research has been identified:

e The interdisciplinary collaboration within the project group has been very
advantageous in our opinion. In order to better benefit from the data generated in
this project, further develop the understanding of chemical interactions between
the different elements, and make the experimental full-scale data from the project
more evident, we hope to continue with the PSO-5784 group of participant in
future follow-up projects.

e The experiences related to the full-scale experiments carried out in this project
clearly showed that the approach of adding specific waste materials to a base-load
waste were extremely useful for assessing to which extent these waste materials
affected the emissions from the plant. The project also showed that it was possible
to complete a range of individual experiments within a rather limited time
schedule. Further full-scale experiments with other waste mixes are suggested to
supplement the results from this project.

e Although this project included an unprecedented range of measurements on a full-
scale plant while at the same time varying key parameters, the dynamics and
complexities of the involved full-scale processes is a limiting factor for
investigation of the more detailed processes responsible for formation of the
residues. More detailed data supplementing the results gained in this project is
therefore suggested to be carried out based on lab-scale experiments.

e Lab-scale experiments focused on element release and ash formation of specific
waste materials and mixtures of waste materials are suggested to be carried out
under controlled conditions. These experiments should be combined with
investigation of the leaching properties of the treated waste materials, in order to
better understand the relation between combustion temperature, waste
composition, combustion atmosphere, and the leaching from the ashes generated.

e Lab-scale experiments are also suggested to improve the understanding of
relations between the operational conditions and deposit formation as this project
indicated a link in this respect.

e The importance of Cl and S is suggested to be further studied, e.g. by further
development of full-scale measurements of the release profile just above the grate
as done in PSO-6368.
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Operational conditions and flue gas data for the FASAN experiments
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Appendix VII

Reside characteristics: solid composition and leaching
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Appendix VIII

Modeling of heterogeneous condensation



Modeling of heterogeneous condensation

Model approach
Task: A physical model for heterogeneous condensation on a size distributed fly ash is developed
and coupled with an existing equilibrium model.

Approach: A two-compartment system (as described by Sgrum et al., 2003): (1) Release from the
grate: Vaporization of elements. (2) Condensation of elements in the flue gas channel as a function
of T. The idea is sketched in Figure 1.

Flue gas + fly ash

O2, N2

Waste

The model is one-dimensional in time and consists of (1) specifying the initial conditions in the
system (2) computing the target element condensation as a function of T.

Gas/solid equilibrium is calculated at each step using the commercial equilibrium model
FactSage™ (version 5.2), and interactions between vapor phase and particle surface are calculated
by fluxes, with units of moles per second per particle.

While most other modeling studies have considered uniform sized spherical particles and coal fly
ash, our study consider size distributed, non-spherical, waste incineration fly ash.

A flow chart of our model is outlined in Figure 2. The model is inspired by a physical model
derived by Senior et al. (2006), considering arsenic partitioning in coal-fired power plants.

Assumptions, limitations and uncertainties are addressed and discussed below (with references to
relevant literature).

Model assumptions and limitations
Heterogeneous condensation is defined as condensation on the surface of existing particles.

In the present model heterogeneous condensation is assumed to be the only mechanism by which
particulate matter becomes enriched with heavy metals. Surface reactions are not included, neither
are homogeneous condensation of trace metals (formation of new aerosol particles by nucleation).



(1) Specify initial conditions (T = Ty, t = 0):

Flue gas flow and (main) composition

o |Initial flue gas temperature and pressure

e Gas-phase trace element concentration (degree of
vaporization)

e Initial properties of primary particles (size, mass
and density distributions; chemical compositions)

e Time-temperature profile.

(2) Calculate target element condensation as
function of T:

Calculate initial flue gas composition & element speciation

Integrate target element concentration flux in time

Compute target element condensation for each ash particle
size

Update flue gas temperature, gas and particle target
element concentration

A

(3) Output results:
e Target element concentration at position X, Ty
e Fraction of total target element remaining as
vapor

Figure 2. Flow chart for modeling of heterogeneous condensation on a size distributed fly ash.
Target element: Pb, Zn, Cu, Cd etc.

Particle growth:
The net source of particles of size v, at position X, and time t [1/m’], can be described by the
particle growth equation (a) (Linak & Wendt, 1994):

R, =R.a + Reag T R

coag cond

(nucleation + coagulation + condensation) (@)

The volatile trace metals condense only in the cooler zones of the furnace, therefore nucleation and
coagulation can be ignored.

Vapor phase — particle surface interactions. The condensation flux equation:

Interactions between vapor phase and particle surface are calculated by fluxes. The mechanisms
depend on the gas-phase transport regime: free molecular (submicrometer) or continuum
(supermicrometer).



The condensation flux equation, Reong, [mol/m®s], on uniform sized spherical particles of diameter
dp [m] in the continuum (supermicrometer) regime is diffusion limited and given by equation (b)
(Frandsen, 1995; Neville & Sarofim, 1985, Senior et al., 2006). To solve for a size distributed fly
ash, the particle size distribution is discriminated and the equation is solved for each size fraction.

R

cond

2-z-d,-D 1+ Kn
=F(d)=—-"""" P - (P, — D) b
(d5) R-T towo " (P = Ps) L+1.71-Kn+1.333-(Kn)2} ®

where Dxn is the molecular diffusivity of X in a multicomponent gas, m, p., and ps is the bulk and
surface pressure of X, PLoap [1/m?] is the particle loading of the gas, and Kn = 2)/d; is the Knudsen
number. The mean free path, A (computed by (c)) is ~0.5 um for combustion gases (Senior et al.,
2006; Neville & Sarofim, 1985):

1/2
z:é{ﬁWMj ©
p\ 2RT

where the molecular weight, viscosity, and density of the gas are calculated using the overall gas
composition

The term in the brackets in equation (b) is the Fuchs-Sutugin correction for the non-continuum
behavior of small particles. Dxm, can be estimated for any molecular component X in m using an
empiric equation (d) of Fuller, Schettler and Giddings (Fuller et al., 1969). The empirical equation
of Fuller, Schettler, and Giddings utilizes empirical constants derived from experimental data:

DAB = DBA

_ 0.00143T*"™ (d)
PME(T )+ (2]

Where Dag is in cm?/s, P is in atm, T is in K. M are the molecular weights (g/mol). V are the atomic
diffusion volumes.

The condensation flux in the free molecular regime (submicrometer particles) is given by (e)
(Senior et al., 2006; Neville & Sarofim, 1985):

_yad (P, — Ps)

cond = (2AMWRT)"? “Ploo , MW = molecular weight (g/mol) (e)

where ¥ (psi) is the accommodation coefficient, or the fraction of successful collision with the
particle surface, taken as unity (if spherical particles. Corrections (> 1) must be made for non-
spherical particles).

For the submicrometer particles an allowance must be made for the Kelvin effect (increase in
equilibrium pressure with decrease in droplet diameter) (Neville & Sarofim, 1985).

Condensation vs. particle size:
A simple geometric model for volume percentage of condensed surface layer on a spherical fly ash
particle is outlined on Figure 3 (Nutalapati et al., 2007).



Reactive
layer of non-
reactive
particle,
thickness = |

' V=4/3rr
- A=4nri=qd?

Pbulk P’

Figure3: Geometric model for volume percentage of condensed surface layer on a spherical fly ash
particle

The thickness of the condensed surface layer is in the nm range (0.01 — 50 nm) for coal combustion
fly ash (Davison et al., 1974), but in the um range (0.1 — 0.5 pym) for biomass combustion fly ash
(Nutalapati et al., 2007), due to a high percentage of ash vaporization in biomass combustion.
Waste incineration fly ash may be similar to biomass combustion (high degree of ash vaporization)

Dependence of concentration on particle size — the physical condensation theory:
The mass fraction of a condensed species, Wi(d,) is given by the mass condensed (in time, t), on the
particle of size d, divided by the particle mass.

Different condensation mechanisms will yield different dependencies of F(d,) on d,, and it can be
shown that for Kn<<1 (coarse fraction particles), Wi(d,) ~ 1/d,?, while for Kn>>1 (fine fraction
particles), Wi(dp) ~ 1/d, (neglecting the Kelvin effect) (Neville & Sarofim, 1985, Davison et al.,
1974).

Several studies of coal fly ash have, however, shown that experimental data are not always in
consistence with this physical condensation theory (Neville and Sarofim, 1985; Davison et al.,
1974). Often the trace elements (As, Ni, Cd etc.) better obey a 1/d, dependence, even for larger
particles, suggesting that surface condensation alone can not account for the trace element
distribution (chemical reaction mechanisms are also involved).

Fitting the FASAN data / validation of the model

The FASAN fly ash was divided (experimentally) into 10 + 3 discrete size fractions: 10 aerosol
fractions from LPI measurements and 3 fly ash sub samples (filter, filter house, undivided).
Assuming that that the 10 aerosol fractions can be treated as one fraction with an average element
concentration and an average geometric mean diameter (GMD) of 0.393 um, these discrete
fractions were used for data fitting. The condensation flux was calculated using equation (c)
(condensation in the continuum regime, with correction for non-continuum behavior of small
particles).

The Pb concentration in the FASAN ash as a function of particle diameter is illustrated in Figure 11
(measured and calculated values). The calculated value is a “first rough estimate” of the
condensation flux, assuming an initial Pb concentration of 0.005 ppm(V) in the gas phase (based on
gas data from Bgjer et al., 2008). At the point of sampling (T ~175 °C), all Pb is assumed to be



condensed (as PbCl(s)). The initial Pb concentration (Co) in the coarse particles is set to 697 mg/kg
(residual concentration), while Cy is set to O in the aerosols.

Fitting Pb data (concentration vs. particle size)
Measured and calculated values

100000 4

Pb measured = 24869x 76"

1 2 _
10000 4 R = 0.9647

Pb calculated = 20665x %-%6%*
1000 1 R? = 0.9066

100 1

Element concentration (mg/kg)

10 T LA T L B T
0.1 1 10 100
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Figure 11: Pb concentration in FASAN ash as a function of particle diameter. Measured and calculated values

It is seen that the Pb concentration better obeys a 1/d, dependence as compared to a 1/dp2
dependence (the same trend is found for other trace elements as Hg, Cd, Zn and Cu, results not
shown). The heterogeneous condensation model seems to correctly predict the trends in the
experimental data, although it is also seen that the model may tend to over-estimate the Pb
concentration in the fine particles.

Model uncertainties

Especially the quality of the input data - specifying the initial condition — is a very critical factor,
which need further attention. In particular, there is a lack on reliable data for the degree of
vaporization of elements from the grate during waste incineration. This could be a topic for future
research projects.

The present model does not allow for chemical surface reactions. Including chemical surface
reactions may improve the model, as our (and others) results indicate that surface condensation
alone can not account for the trace element distribution.
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