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Preface
As the world population grows, waste production grows as well. Over the years
energy recovery from waste is considered to be one of the suitable options to meet
this increase in demand for proper waste management. This work is focused on
addressing two among several challenges that are associated with combustion of
fuel mixture with high or advanced energy-share SRF, namely PCDD/F formation
and Cl-induced corrosion. Through a combination of an experimental campaign,
thermodynamic equilibrium modeling, and physical and chemical characterization,
this thesis seeks to present robust solutions that are practicable and can readily be
applied in bubbling fluidized bed combustion systems.

My journey to Finland started when I saw an online advertisement in the corner of
an email which stated “PhD position – ash and aerosol forming elements in waste
and biomass, Jyväskylä, Finland.” I told myself “Wow! Finland! Snow!” Right then
and there I applied and by 17th May, 2011 I had received a letter confirming my
selection. I arrived in Finland on the 1st September, 2011 without any idea about
PCDD/F formation, waste combustion, and chlorine induced corrosion; but I did
come with a sponge-like mind ready to absorb whatever experiences and technical
knowledge might come my way.

A great share of new knowledge and experiences came from the time, effort,
guidance and resources graciously shared by a triumvirate of Finnish experts – Dr.
Pasi Vainikka at VTT, Prof. Jukka Konttinen at JyU, and M.Sc. Merja Hedman at
Valmet Power Oy. I am truly grateful to them, and in return, they can rest assured
that my pursuit for scientific and technical knowledge will not end with the publication
of this dissertation.

Several more people offered their help and much needed support. Irina
Hyytiäinen, Janni Silvennoinen, Teemu Heinanen, Kirsi Korpijärvi, Manu Lahtinen,
Wantana Klysubun and Heino Kuuluvainen were instrumental in building the articles
included in this work. Marko Räsänen, Juho Kauppinen, Teemu Soini, Matti Ranta-
Korpi, Hannu Salo and Nasrullah Muhammad aided in data and sample collection.
The staff of BL8 at SLRI in Thailand, and Prof. Nurak Grisdanurak, Dr. Pummarin
Khamdahsag, Dr. Pongtanawat Khemthong, Prof. James Penner-Hahn and Dr.
Bruce Ravel helped in my adventure with XANES. Janne Paaso, Maunu Toivainen,
Pekka Teppola, Prof. Tommi Kärkäinen took time to answer my queries on PLS
regression.
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At VTT, Martti Mäkipää, Janne Kärki, Jouni Hämälainen, Jani Lehto, Päivi Sarja,
Tuula Rastela, Seija Laukkanen, Marita Hokkanen, Sanna Idström, and Tuija
Meriläinen all ensured that all the practicalities whether small or big were taken care
of. I thank also Martti Aho, Kaisu Loikkanen and of course Raili and Pekka Taipale
for all the help and the much enjoyed warm company and conversations.

Major funding and support allowed me to stay in Finland and carry out this work –
the OSER project, Valmet Power, Foster Wheeler, the European Regional Devel-
opment Fund, and RECOMBIO project TREN/FP7EN/239530. Stora Enso Oyj at
Anjalankoski shared many data for my work. Rest assured your investment in this
foreigner will bring a return one way or another.

To my Filipino friends spread all over the world for keeping in touch, and some-
times providing technical assistance. I am grateful too to the Filipino community of
Jyväskylä for welcoming me to your homes, for letting me join much enjoyed get-
togethers and for letting me play with your little babies.

Maria Chiarria, Morena and Rodolfo – you have been my constant source of en-
couragement and strength. Your support is unwavering and your presence is reso-
lute against miles of physical separation. I am evermore grateful.

And to the source of all of these… to You I return always.

Cyril Jose E. Bajamundi
13:07 27.8.2014
Jyäskylä, Finland

“Nothing in the world can take the
place of persistence. Talent will not;

nothing is more common than
unsuccessful men with talent. Genius

will not; unrewarded genius is almost
a proverb. Education will not; the
world is full of educated derelicts.

Persistence and determination alone
are omnipotent. The slogan Press On!

has solved and always will solve the
problems of the human race.”

 Calvin Coolidge
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1. Introduction

In 2008 the Finnish Government approved the National Waste Plan for 2016 with
the main aim of stabilizing the amount of municipal waste production and ensuring
that the trend will be downwards by the year 2016. The specific target is to arrive
at a situation where around 50% of all municipal waste is recycled as material,
30% is energy recovered and not more than 20% sent to landfill [1]. By 2016, at
least 70% of all construction and renovation waste will be used as material and
energy source. The plan estimates the required incineration capacity (incineration
and co-incineration plants) for energy recovery to be between 700 000 and
750 000 tonnes. This is to be accomplished by increasing and promoting the use
of non-recyclable waste as fuel in co-incineration plants, provided that such capac-
ity is available in a given region or area (Section 4.3 of [1]).

Figure 1. Fifteen year history of treatment of municipal solid waste in Finland and
the 2016 target, data from [2].
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The Finnish National Waste Plan for 2016 is in line with the 2008 European Union
Directive on Waste Management which sets the order of priority on waste preven-
tion and management as follows: prevention, preparing for re-use, recycling, other
recovery, e.g. energy recovery, and disposal [3].

The effect of the plan is clearly reflected in the historical data on the treatment
of municipal waste (see Figure 1). In 2012, 67% of the waste is energy-recovered
or recycled, while 33% is still being sent to landfill. In the same year the amount of
waste sent for energy recovery is 5.7 times that of 1997 and 1.9 times that of 2008
when the plan was approved.

1.1 Waste-to-energy technologies and technical challenges

In Western European countries, at least 35% and in some cases up to 80% of the
residential waste is disposed of through incineration [4]. Northern European coun-
tries are highly reliant on mass-burn incineration coupled with energy generation
[4]. Mass burning of heterogeneous waste which requires little or no pretreatment
in a moving grate incinerator is the widely used and tested technology for treat-
ment of waste coupled with energy recovery [5]. Over the past decade, there has
been increasing interest and experience in the use of fluidized bed technologies to
handle preprocessed waste. European experience in fluidized/bed incineration
comes from several plants where refuse derived fuels, RDF, is incinerated with
other fuels[6]. Meanwhile, Rogoff and Screve in their book published in 2011 re-
ports that in the United States the use of fluidized beds to incinerate municipal
solid waste is in the research and development stage [6]. The table below lists
some of the major advantages and disadvantages of these two technologies.

Table 1. Comparison of two waste incineration technologies, adopted from [5].

Incinerator
Technology

Advantages Disadvantages

Moving Grate  No need for prior sorting or shred-
ding.

 The technology is widely used and
thoroughly tested for waste incin-
eration and meets the demands for
technical performance

 It can accommodate large varia-
tions in waste composition and
calorific value.

 Allows for an overall thermal effi-
ciency of up to 85 percent.

 Each furnace can be built with a
capacity of up to 1,200 t/day.

 Capital and mainte-
nance costs are rela-
tively high.
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Fluidized Bed  Relatively low capital and mainte-
nance cost due to simple design
concept.

 Allows thermal efficiency of up to
90%.

 Suitable for wide range of fuel and
mixtures of fuel and can handle
liquid or solid waste either in com-
bination or separately.

 Not a common nor
thoroughly tested tech-
nology for MSW incin-
eration.

 Relatively strict de-
mands on size and
composition of waste,
which usually requires
thorough pre-treatment.

The first challenge and perhaps the principal restrictive constraint on the perfor-
mance of waste-to-energy systems is the issue of Cl-induced corrosion of heat
exchange surfaces, especially the superheaters (SH). Corrosion is said to follow
the active oxidation mechanism [7], where alkali chlorides in superheater deposits
act as key agents of corrosion [8–11]. Alkali chlorides may come from the fuel or
be produced during the combustion of the fuel [8,12–14]. The net reaction for the
metal, Me (Fe, Cr, Ni) is described in (1) and with little consumption of chlorides
[7,15].

 (1)

A minute amount of chlorine in the deposit is enough to initiate corrosion at typical
superheater temperatures ca. 480 ~ 500°C. For example, a mixture of alkali sul-
fate and chloride containing 0.3 wt.% Cl has been shown to corrode 10CrMo9-10
(at 450–600 °C) and T91 (at 575–600°C) steel grade [16].

Corrosion is further enhanced by the presence of a molten phase on the sur-
face of the steel. The rate of corrosion is faster in this case because (a) liquid
phase reactions are faster than solid – solid reactions and (b) the liquid phase
provides an electrolyte or pathway of ionic charge transfer for the electrochemical
attack [15].

Recently the presence of lead and zinc chlorides has been shown to increase
the risk of corrosion at low metal temperature (230–450 °C) during combustion of
recovered waste wood; this makes the economizers among other heat transfer
areas susceptible to chlorine induced corrosion [17–19].

Another issue related to waste co-firing is emission of heavy metals and organic
pollutants. The main source of heavy metals is the commercial and industrial
waste (C&IW) used as raw materials for producing the fuel. Vainikka et al. have
studied some of the key trace elements (Ba, Br, Co, Cr, Pb, Sb, Sn, Zn, and Fe)
found in the fuel of an 80MW bubbling fluidized bed boiler (BFB) combusting solid
recovered fuel (SRF) [20]. They concluded that these elements came mainly from
additives, stabilizers, dyes, colorants and flame retardants used in the production
of paper and plastics – which are the main components of the SRF [21]. After

(s) 2(g) 2 3(s)4Me 3O 2Me O
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combustion these elements can end up in the bottom ash, fly ash and flue gas
depending on their speciation and degree of volatilization (Se, Hg, Pb, Cd are
volatile; As volatility of Cu, Ni and Zn is influenced by temperature, air/fuel ratio
and Cl/metal ratio) [22–24].

One particular element of interest is copper. Studies have shown that Cu,
among other metals present in the fly ash, plays an important role in the produc-
tion of dioxins and furans (PCDD/F) in the post combustion zones of waste-to-
energy (WtE) systems [25,26]. Because of this, together with poor public percep-
tion, WtE facilities are still seen as dioxin factories [27].

This stigma remains even with efficient post combustion cleaning strategies and
strict regulations. In EU member states, an emission limit of 0.1 ng/Nm3 (O2 con-
tent 6%) on polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofuran
(PCDFs) are strictly imposed by the Waste Incineration Directive (WID) [28]. The
limit is applicable to stationary and mobile technical equipment partially or fully
utilizing waste as fuel and converting it to energy via thermal processes, e.g. com-
bustion, gasification, and pyrolysis. WID is enacted to avoid trans-boundary emis-
sion movements from states with less stringent environmental standards, and for
the protection of the public and environment.

Figure 2. Molecular structures of PCDD/F showing the position for chlorination.
There are 75 PCDD and 135 PCDF congeners distinguished by the position and
number of chlorine atoms attached to the benzene ring [29].

PCDD/Fs are planar, aromatic, and chlorinated organic compounds. In a dioxin
molecule two oxygen atoms bond the two benzene rings while for a furan, a single
oxygen atom bonds the two rings (Figure 2). Dioxins and furans with the same
number of chlorine atoms constitute a homologue group or isomers. Tetra- to
octachlorinated homologues are considered in calculating the toxicity equivalence
quantity or TEQ [30].

Figure 3 shows the yearly emission of PCDD/F in Finland from 2006 to 2012
reported by the Finnish Environment Institute (SKYE) [31]. These values are sig-
nificantly lower (c.a. 60%) than the emission reported from year 1990 to 2005. On
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average around 52% of the yearly dioxin emission comes from the energy sector
which includes public energy and heat sector [31,32]. Around 23% of the yearly
emissions come from industrial processes which include, for example, the metal,
iron and steel sectors. Methonen et al. reports that any significant decrease in air
emission in Finland may not be expected; the estimated emission reduction is
around 20–30% for metallurgy, power production and waste incineration [32].
Therefore the need to develop means to improve current emission levels or at
least to keep to them is especially relevant if more and more waste is to be energy
recovered: see Figure 1.

Figure 3. Finnish dioxin and furans total air emissions during the period 2006–
2012. Data from SKYE [31].

Ash melting, slagging, severe bed agglomeration, and de-fluidization in fluidized
bed boiler could also occur during multi-fuel firing [33–35]. However it is beyond
the scope of this work.

1.2 Interaction of fuel key components linking PCDD/F and
Cl -induced corrosion

Figure 4 attempts to summarize interactions of key fuel components in the bub-
bling fluidized bed boiler (BFB) which can promote or inhibit PCDD/F production
and Cl-induced corrosion. The same figure also presents the system boundary or
scope of this thesis.
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Figure 4. Simplified interactions of key ash and aerosol forming and trace ele-
ments during waste firing in a BFB boiler. A nearly similar diagram appears in [11].
Favorable interactions reduce the availability of alkali and copper chlorides in the
boiler. Non-favorable interaction causes alkali chloride formation and/or ash melt-
ing and PCDD/F formation.

The interaction of (Na, K) – Cl and (Pb, Zn) – Cl promote the deposition of risky
forms of chlorine in the superheater and economizers. The interaction of Cu – Cl
in the post combustion zones of the BFB boiler is favorable for the formation of
dioxins and furans. Meanwhile the interaction of the alkalis with Al and Si, depend-
ing on mode of occurrence, may help promote ash melting or may undergo chemi-
sorption to capture alkalis. Depending on the relative abundance of these ele-
ments, these non-favorable interactions can cause corrosion in the superheater,
ash melting (mostly in the bed) and PCDD/F formation to occur simultaneously or
one at a time.

The presence of S can alter the chemistry inside the BFB boiler to favor the
formation of alkali and trace-metal sulfates. This interaction reduces the risk of
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chlorine induced corrosion, provided that the sulfation takes place in the proper
phase, and the formation of PCDD/F. Sulfation of alkali chlorides allows the inter-
action H – Cl to happen. In a typical boiler, the concentration of HCl(g) in the flue
gas around the superheater area rarely exceeds 1000 ppmv, so the risk of severe
gas phase corrosion attack is negligible [15]. Sulfation of Pb and Zn chlorides is
also thermodynamically favorable, but due to severe kinetic restrictions, the extent
of reaction is low [36].

A more detailed description of the theories relevant to these interactions is
found in Chapter 2.

1.3 Objective of this work

The literature is rich with studies focused on the corrosion [7–10,12–15,22,37] and
PCDD/F formation and abatement [26,29,38–47] during combustion of waste
derived fuels. These studies also vary in scale (bench scale, pilot scale, full scale),
methods (modeling or computational, experimental approach) and combustion
system (grate incinerator, fluidized bed technology). However, because of the
limited application of fluidized bed technology to waste-to-energy (see Section 1.1)
studies simultaneously discussing PCDD/F production and corrosion in fluidized
bed technologies are limited. Furthermore, the PCDD/F production during com-
bustion of fuel mixtures containing high or advanced (50 to 100%) energy shares
of solid recovered fuel or other waste derived fuels in fluidized bed system is less,
unlike in grate firing systems. For example in the recent study of Åmand and
Kassman for the combustion of waste fuel and biomass in a 12MWth circulating
fluidized bed boiler, the share of SRF in the fuel mixture is only around 20% [48].

This work seeks to find method/s that can simultaneously reduce alkali chloride
formation and PCDD/F production during combustion of fuel mixtures containing
high or advanced (50 to 70%) energy-share of solid recovered fuel in a large scale
bubbling fluidized boiler. The scale of the system is chosen in line with the Finnish
National Waste Plan for 2016. Systems such as the one employed in this work are
expected to be able to absorb the required capacity brought about by the execu-
tion of the waste plan.

PCDD/F production in WtE systems is a function of several factors. The focus
of Papers I–III is to examine one of these factors – Cu speciation. Using staged
equilibrium modelling, the changes in speciation of Cu from fuel feeding to the
post combustion zone is modelled and examined against the levels of PCDD/F
measured. This approach seeks to find an empirical relationship between Cu
speciation and the levels of PCDD/F measured. In addition, S based additive and
fuel substitution strategies used to minimize Cl-induced corrosion are tested for
their influence in reducing PCDD/F production.

In the aspect of Cl-induced corrosion (Papers IV–V), the focus is to (1) under-
stand the risk of high temperature corrosion associated from firing fuel mixtures
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with SRF e-% from 50 to 70% and (2) evaluate currently available corrosion miti-
gation measures – sulfur addition and peat combustion – to find a robust solution
to counter the previously mentioned constraint. We define a robust solution as a
procedure whose anti-corrosion performance is highly insensitive to the quality of
the fuel being fired. Aerosol samples collected before the superheater are used to
determine the corrosivity of the gas. Deposits collected in the superheater region
are used to examine the extent of Cl deposition. The correlation between condi-
tions around the superheater (gas temp, aerosol composition) and Cl concentra-
tion in the deposits is analyzed using partial least squares, PLS regression. PLS is
a simple approach that can allow quantification of the effect of a certain factor, e.g.
temperature to a response, e.g. Cl concentration.

1.4 Structure of the thesis

In Chapter 1, a general introduction and rationale for this work is presented to
familiarize the reader with the scope and boundaries of the study.

In Chapter 2, pertinent theories on PCDD/F production and chlorine induced
corrosion are discussed. In addition abatement measures and their corresponding
mechanism of action are presented.

In Chapter 3, the experimental system, sampling techniques, and data analysis
procedures used are presented.

From here, the discussions will focus on the results of PCDD/F measurements
and related results (Chapter 4), and on Cl deposition studies during the firing of
fuel mixtures with advanced energy-share SRF and related results (Chapter 5).

The main body of the thesis ends with a conclusion section which summarizes
key findings and recommendations.
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2. Pertinent theories

The chemistry governing the production of dioxins and furans and Cl-induced
corrosion is presented in this chapter. In addition, the mechanism of action of key
technologies employed to inhibit the process are also discussed.

2.1 Production and abatement of polychlorinated dibenzo-p-
dioxins (PCDDs) and dibenzofuran (PCDFs)

2.1.1 Production

Temperature governs the type of product (dioxin or furan) and the mechanism of
production. In a survey by Everaert and Baeyens of 42 thermal processes (MSWI,
combustor, etc.) they concluded that temperature is the major controlling role in
PCDD/F production irrespective of the type of thermal process considered [43].
This is also supported by lab scale experiments performed by Wikström which
concluded that overall the most significant parameter for the rate of formation of
PCDD/Fs is the reaction temperature [49].

Pyrosynthesis or precursor formation was first suggested as a formation mech-
anism; it occurs between 300 and 600 C. This gas phase mechanism requires
chemically similar intermediates (e.g. chlorobenzene, chlorophenols and polychlo-
rinated biphenyls [50]) to undergo self-condensation (coupling of molecules or
radical intermediates), cyclization of intermediates [29,41], and chlorina-
tion/dechlorination reactions. The last step is remarkably enhanced on a Cu(II)O
surface either via the Eley-Rideal or Langmuir-Hinshelwood mechanism, as sug-
gested in the simulated catalytic tests performed by Lommincki et al. [42]. Precur-
sor formation commonly yields more dioxins than furans and has a signature ratio
of [51]:

PCDDF
1

PCDD

(2)
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In parallel a de novo mechanism was also under investigation; early experiments
showed that this happens in the temperature range of 200 to 400°C [43]. It is a
heterogeneous reaction, catalyzed by metals (e.g., Cu, Zn, Mg, Y and Ti [52]) in
the incineration fly ash [44,53], and is thought to occur in the post combustion
zones of WtE facilities. De novo mechanism requires carbon molecules contained
in fly ashes to react with oxygen and chlorine, and has a characteristic signature
of [43,54]:

PCDDF
1

PCDD

(3)

The availability of chlorine is important and can either be sourced from the carbon
matrix of partially combusted fuel such as soot [55], or produced from the metal-
catalyzed Deacon reaction of HCl(g) and O2(g) (see (4)) [56] .

(g) 2(g) 2(g) 2 (g)
12HCl O Cl H O
2

(4)

Gullet showed that this reaction is promoted by Cu (as CuO) and leads to an in-
crease in the concentration of tetra- to octachlorinated homologues. It was also
reported that a strong peak of formation occurs at 400°C for all the PCDD conge-
ners [45,56].

Copper is the most important catalyst responsible for the synthesis of PCDD/F
in incineration systems [29,54,56,57]. In the BFB, Cu undergoes several chemical
transformations such as sulfidation in the splash zone, oxidation in the O2-rich
stages, and chlorination in the cold zones of the boiler. The non-volatile fraction of
Cu in the fuel leaves the boiler as part of the bottom ash, mostly as Cu0, CuI or
CuII [58]. The rest of the Cu is volatilized or entrained in flue gas and, depending
on speciation, Cu can be a catalyst for the de novo reaction: see Figure 5.

Using in-situ X-ray absorption techniques, Takaoka and co-worker observed the
transformation of Cu from 200°C to 400°C and the production of PCDD/F
[25,26,59]. At 200°C, the majority of copper exists as CuI or Cu0. The rate of chlo-
rination reaction of carbon is so slow and few dioxins are formed. At around 300–
400°C Cu undergoes oxidation and chlorination-forming oxychlorides. Additional
HCl, Cl2, KCl present in the surrounding gas may react with oxychlorides to form
CuCl2 or CuCl2·2H2O. Cupric species can then chlorinate carbon in the ash and
form dioxin/furan or compounds of similar structures. In parallel, oxychlorides and
O2 react to form copper oxide. CuO aides in the cleavage of carbon matrices in
the ash and can enhance carbon gasification [60], a necessary step in PCDD/F
formation. Figure 5 summarizes the Cu-catalyzed production of PCDD/F men-
tioned above.

In the 1990’s studies on the influence of combustion [61–63] and post-
combustion conditions [64,65] reinforced the role that poor combustion efficiency
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plays in PCDD/F production. Poor combustion is conducive for forming chemically
similar precursors that eventually react to form PCDD/Fs. In addition, understand-
ing of dioxin’s behavior in the gas cleaning equipment was developed. Memory
effects due to the absorption-desorption of dioxins and furans were reported [66];
this can increase the concentration of PCDD/F after the wet scrubber. Memory
effects refers to the slow desorption of dioxin or its precursor to the flue gas which
increases the dioxin concentration at stack, resulting in a lower dioxin removal
efficiency than expected [67]. The effect of corona discharge in the electrostatic
precipitator (ESP) on PCDD formation was explored. Corona discharge in the ESP
can cause an increase of O and OH radicals which in turn may increase the con-
centration of chlorophenoxyl radicals [68].

2.1.2 Abatement of the catalytic activity of copper by interaction with
sulfur

Sulfur present as SO2 depletes the Cl2 levels through the homogeneous gas
phase reaction, thereby inhibiting the aromatic substitution reactions necessary for
PCDD/F production [46]:

2(g) 2(g) 2 (g) (g) 3(g)Cl SO H O 2HCl SO (5)

Raghunathan et al. noted that during SO2 injection, in a gas mixture of 500ppm
Cl2,  10%  O2 and  3%  H2O at 400°C, the exit HCl concentration is considerably
higher than during times when injection was halted. In addition SO2 can heteroge-
neously poison CuCl2 [69], a de novo catalyst, via the reaction

2(g) 2(s) 2 (g) 2(g) 4(s) (g)
1SO CuCl H O O CuSO 2HCl
2

(6)

The Gibbs free energy of this reaction at 300°C equals -116 kJ mol-1, which sug-
gests its thermodynamic feasibility and the considerable probability of its occur-
rence [69]. SO2 can also sulfate another active Cu species in the ash via [70,71]:

2(g) (s) 2(g) 4(s) 2(s)SO 2CuCl O CuSO CuCl (7)

(s) 2 2(g) 2 (g)

4(s) (g)

12CuOCl O 2SO H O
2

2CuSO 2HCl

(8)

These studies show that Cu is an active de novo catalyst when it is present as
chloride (Cu – Cl), oxide (Cu – O) and oxychloride (Cu – O – Cl), while CuSO4 is
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inactive or passive. Figure 5 summarizes the production and abatement reactions
mentioned above.

Figure 5. Reactions of copper and the production of PCDD/F. Regular arrows
represent active pathways towards PCDD/F production, while broken arrows rep-
resent poisoning. The main oxychlorination cycle is adopted from [25] and the
poisoning reactions are from [71] and [70].

Ogawa et al. investigated the PCDD/Fs inhibition rates during addition of gaseous
SO2, coal high in sulfur, and coal with a sulfur agent; they concluded that the
mode of addition affects the dioxin inhibition [72]. Hunsinger et al. performed a
pilot plant campaign to assess the optimum conditions to support PCDD/F inhibi-
tion via S addition in their TAMARA municipal solid waste incinerator [47]. Their
results emphasize two important process conditions for successful utilization of S
as a potential inhibitor:

 Only by maintaining a sufficient concentration of SO2 (relative to HCl) in the
flue gas will there be a lower PCDD/F formation. Thus they proposed a re-
cycling technique for the sulfur to remain in the system while avoiding ex-
cessive use of additives.

 The ratio of HCl: SO2 (both measured as mg/Nm3) should be 1:1.

In addition, good combustion practices (GCP) were adopted to ensure minimiza-
tion of PCDD/F production. In the EU, the following GCP are imposed [28]:

 Total organic carbon, TOC, content of the slag and bottom ashes should be
less than 3%.

 The combustion gas should be kept, after injection of the combustion air, to
a temperature of 850°C and be maintained there for at least 2 seconds.
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 Continuous measurement should be taken of CO, total dust, TOC, HCl, HF,
NOx and SO2.

 At least two measurements should be made per year of heavy metals, di-
oxins and furans; or one measurement at least every three months to be
carried out for the first 12 months of operation.

2.2 Chlorine-induced corrosion and corrosion reduction by
sulfation

The general accepted model of chlorine induced corrosion in oxidizing/chloridizing
atmospheres is the active oxidation mechanism. In this model, chlorine is formed
by Deacon reaction from HCl on top of the oxide scale of the oxidized metal, see
(4) or by the reaction of solid alkali chlorides (MCl, M = K, Na) with the oxide scale
[73].

(s) 2 3(s) 2(g) 2 2 4(s) 2(g)
12MCl Fe O O M Fe O Cl
2

(9)

Chlorine can diffuse to the metal/scale interface and react with the metal to form
solid metal chlorides (MeCl2, Me = [Fe, Cr, Ni]). There it gets oxidized and gase-
ous metal chloride species are released. At typical superheater metal temperature
(c.a. 300 to ~500°C), the vapor pressure of the metal chloride is high enough to
drive the vaporization:

(s) 2(g) 2(s) 2(g)Me Cl MeCl MeCl (10)

Volatile ferrous chloride diffuses to regions of high O2 partial pressure, becomes
oxidized and releases Cl2(g) to begin the cycle anew [7,15]:

2(g) 2 (g) 2(g) 2 3(s) (g)
12MeCl 2H O O Me O 4HCl
2

(11)

2(g) 2(g) 2 3(s) 2(g)
32MeCl O Me O 2Cl
2

(12)

The net reaction is given by (1) and is summarized in Figure 6.
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Figure 6. Chlorine induced active oxidation corrosion.

Several methods are available for corrosion mitigation. Making sure that the waste
derived fuel such as SRF is of good quality with low Cl content is the first line of
defense. This can be done by ensuring minimal contamination of chlorinated plas-
tics such as polyvinylchloride (PVC) and salt-containing food residues. However
residual chlorine is always present in the SRF, so in-situ solutions are still em-
ployed in actual operation.

One method to address Cl-induced corrosion is by alkali capture. The method
prevents the formation of alkali chlorides and subsequent deposition by trapping
the alkalis in the matrix of reactive aluminosilicates and aluminosilicate-containing
additives such as kaolinite and bauxite [74]. The chemisorption process follows,

2 2 3 2

2 2 3 2

2MCl H O Al O SiO
M O Al O SiO 2HCl

x
x

(13)

where M = Na, K [75].
Peat ash addition has also been shown to significantly affect the chlorine con-

tent in the aerosols due to the interaction of K with the peat ash resulting in the
reduced volatilization of the alkali [76]. Co-firing of peat can also lower the amount
of alkali chlorides provided that the aluminosilicates present is “reactive”. Sludge is
also a possible alkali-capture agent [77].

Sulfation of alkali chlorides is another popular method to address chlorine in-
duced corrosion in waste fired boilers [78,79]. Sulfation can happen in-flight or
through intra-particle sulfation – a reaction between SO2 and the alkali chlorides in
the deposits. Both of these reactions produce HCl(g) via the reaction

(s,g) 2(g) 2 2 (g) 2 4(s) (g)
12MCl SO O H O M SO 2HCl
2

(14)

where M is Na or K [80].
The sulfation reaction above can further be enhanced if the reactant SO2 is

substituted with SO3. However in typical boiler conditions the partial pressure of
SO2 is much higher than SO3. To supply the necessary SO3, Kassman et al. used
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ammonium sulfate [81] while Aho et al. used ferric sulfate to carry out alkali sul-
fation in power plant boilers [78,82]. Thermal decomposition of ferric sulfate is
estimated to produce 1.2 moles of SO3 and 1.8 moles of SO2 [83]. Fe2(SO4)3(aq) -

can easily be sprayed near the superheater region which guarantees high local
SO3 concentration to allow successful alkali sulfation. SO3 reacts with the alkali
chloride as follows:

(s) 3(g) 2 (g) 2 4(s) (g)2MCl SO H O M SO 2HCl (15)

where M is Na or K [78]. The equilibrium constant for (15) at 800°C is 2.997 × 104,
a slight improvement from that of (14) which is 2.711 × 104.

Inflight sulfation using SO2 and SO3 is kinetically governed and follow a com-
plex chemistry [83,84]. One manifestation of this condition is the growth in the
peak size of the fine aerosol fractions collected during sulfur addition tests [85].

Sulfation of alkali chlorides in the deposit or intra-particle sulfation is also possi-
ble. The general schematic of intraparticle sulfation is shown in Figure 7.

When all of the gaseous reactants required are present the main product is al-
kali sulfate and HCl(g). HCl formation is possible especially if (14) happens near
the flue gas and deposit interface [7] where O2 partial pressure is high. A great
deal of generated HCl(g) escapes to the free gas stream [86], but there will be a
remainder that can diffuse to the metal/scale interface or be oxidized to form Cl2(g).
A more problematic scenario occurs when intra-particle sulfation proceeds without
H2O and produce Cl2(g) directly via the reaction

(s) 2(g) 2 2 4(s) 2(g)2MCl SO O M SO Cl (16)

where M is Na or K. The generated chlorine can very easily push itself through the
oxide layer by cracking, grain boundary grooving and fissuring [7]. Both (14) and
(16) therefore increase the proximity of HCl(g) and/or Cl2(g) to the metal/scale inter-
face, thus increasing the risk of Cl-induced corrosion. After sulfation, the corrosion
mechanism is similar to that of the one described earlier [15].

Meanwhile the presence of Ca in the BFB system may reduce the efficiency of
alkali chloride sulfation and favor the production of CaSO4(s) [82]. Ca species can
be sulfated as follows [87]

(s) 2(g) 2(g) 4(s)

9

800

1CaO SO O CaSO
2
9.031 10

eq, C
K

(17)
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3(s) 2(g) 2(g) 4(s) 2(g)

9

800

1CaCO SO O CaSO CO
2

2.019 10
eq, C

K

(18)

The equilibrium constant1 at 800°C for these two reactions is higher than the sul-
fation of KCl described in (14).

Figure 7. Mechanism of intra-particle sulfation of KCl and the subsequent attack of
the metal, adopted from the discussion in [15].

1 Estimated using FactSage® Reaction module at standard state conditions.
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3. Experimental procedures and modeling

This chapter presents the boiler system employed in the test for all the papers
covered in this work, fuels, sampling procedures, analyses, and modeling and/or
regression strategies.

3.1 Bubbling fluidized bed boiler and the WtE facility

Figure 8. Stora-Enso Anjalankoski bubbling fluidized bed boiler and flue gas clean-
ing devices. The system boundary for this thesis is shown. Key locations in the
boiler: (1) above the bed, splash zone; (2) downstream from the secondary air just
before the tertiary air; (3) downstream from the tertiary air to just below the
bullnose; (4) before the superheater; (5) after the superheater or backpass; (6)
after the economizer; (7) after LUVO; (8) before the electrostatic precipitator; (9)
ESP fly ash collection point; (10) after ESP; (F) fuel feeding; (S) sulfate injection.
Used with permission from Valmet Power and Stora Enso.
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Figure 8 shows Stora Enso’s Anjalankoski waste-to-energy facility where all exper-
iments and data collection were carried out. This facility was originally commis-
sioned as a pulverized fuel (PF) boiler with a grate for bark co-combustion in 1971
and has undergone retrofitting to become a BFB in 1995 for SRF bark sludge co-
incineration.

By the year 2000, sludge thermal drier was installed increasing the dry matter
content of sludge being fired to about 90%. This paved the way for increasing the
amount of SRF in the fuel mix. In 2008, a bed retrofit was made increasing its
capacity from 87MWth to 148MWth. The facility maintains two gas cleaning devic-
es – an electrostatic precipitator and a wet scrubber.

During the test campaign the boiler was operating at a mean load of 90 MWth.
Possible hotspots for PCDD/F formation are the economizers and the preheater or
LUVO. Flue gases enter the economizer on average at ~ 430°C and exit at 340°C,
while at the air preheater the flue gases enter on average at ~ 260°C and leave at
~ 185°C.

The ESP consists of two parallel lines in the flue gas flow direction, both with
two sequential fields being maintained at approximately 185–190°C during the test
runs. This temperature setting was fixed to decrease the likelihood of generating
more dioxins and furans in the ESP.

Figure 9. Flow of flue gas in the ESP channels and consequent fields. Point (8)
and (10) after ESP are shown and follows the designation of points in Figure 8.

For Papers I–III, the study is limited to the boiler and the electrostatic precipitator;
therefore the levels reported in this work cannot be considered as the actual
PCDD/F emissions of the facility.

3.2 General description of the fuels

The BFB facility uses Scandinavian spruce bark, dried paper mill sludge and solid
recovered fuel (SRF). The bark comes from the debarking process of the paper
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mill adjacent to the boiler and the sludge is from the wastewater treatment facility
of the same mill. This sludge is rich in calcium from paper fillers and coating used
during the paper manufacturing. The wastewater treatment facility uses around
30–40 kg of iron(III) sulfate per ton of dry sludge as flocculants and aluminum(III)
sulfate for pH control [88].

The SRF used in the study is collected from offices, wholesale businesses, and
small to middle scale industries in southern Finland [89]. PVC based packaging
plastics have been excluded during the collection and preparation of the SRF. In
the SRF plant, materials are homogenized to 50–100 mm particle size and mag-
netic materials are separated. SRF is transported to the facility in wrapped bales
or fluffs [88].

Peat used in fuel substitution studies is mined in Finland with sulfur content of
c.a. 0.2%. It is introduced to the fuel mixer before the boiler, together with bark
(fuel mixture composition is in Table 3).

3.3 Materials and methods for Papers I to III

The main focus of Papers I to III is to study PCDD/F production in the BFB system
and find ways to control it. This subsection presents key information pertinent to
these papers.

3.3.1 Boiler condition

It is necessary to ensure that the system where all data collection and experiment
is made is operating at steady state. Before any data collection is made, there is a
period allotted to allow the BFB to reach steady state condition.

The process conditions extracted from the boiler’s instrumentation are shown in
Figure 10. Together with a steady-state detection (SDD) algorithm developed by
Kelly and Hedengren [90], we used these process data to assess whether the BFB
was running at steady state. The term steady state implies that the process is
operating around some stable point or within some stationary region where it must
be assumed that the accumulation or rate-of-change of material, energy, and
momentum is statistically insignificant [90]. A probability of 0.90 or greater indi-
cates that the process is at a steady state. The probabilities for the process data
used for this analysis (see Figure 10) are all within the cut-off indicating that the
BFB is running at a steady state or at least stationary during each test case.
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Figure 10. Process data extracted from the boiler's instrumentation. Fuel input
power does not include the power input from the sludge. AS indicates when aero-
sol sampling was taken. The numbers inside the square bracket indicate the prob-
ability that the process is at steady state using a steady-state detection algorithm
[90].

3.3.2 Fuel proportion and composition

The proportions, in percentage energy share, of the fuels fired are given in Table
2. Fuel mixtures containing SRF – Bark for Case 1 and 2, and SRF – Peat for
Case 3 are fed to the boiler through the chutes in the left and right walls, see F in
Figure 8. Sludge is fed separately to the boiler from the thermal drying plant via
pneumatic transport lines.

Table 2. Fuel proportion and S-pellet addition in the study. Note that the fuel mix-
ture comprises SRF-Bark and SRF-Peat.

Case
%Energy Share S-pellet

added?SRF Bark Sludge Peat

1 50 44 6 0 No

2 50 44 6 0 Yes*

3 60 0 6 34 No

* Ratio of mass flow rate (kg/s) S-pellet/fuel is around 0.001.

Each test case run lasted for six hours. However for Case 2 the sulfur addition
started the night before the actual test run to ensure that the system had been
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saturated with sulfur prior to the actual data collection. This is to follow the rec-
ommendation that only by maintaining the level of S in the boiler is dioxin and
furan production effectively combated [47].

The properties and the composition of the fuels fired in the boiler are found in
Table 3. Because SRF has a large energy share, the majority of the elements
found in the fuel mixture can be traced from it. This is true for example for minor
components, sodium, potassium and chlorine, and for trace components copper,
zinc and lead. Variation in the composition of the fuel mixture can also be traced
directly to the SRF, with possible exceptions of Si and Al, since these elements
are abundant in the peat. For the trace components, variability is high for Cr, Cu,
Ni and Sb, as clearly seen in the values in the same table. This variation can be
traced to the sources of these elements in the actual collected waste used to pre-
pare the SRF. To name a few, Cu can come from brass, plastic catalyst and col-
orant, and copper wire, Cr can come from the impregnating agent found in CCA
wood, Sb from fire retardant additives [88] and Ni can come from discarded elec-
tronics and additives in paint and plastics [91].

The concentration of Br in the fuel is low compared to Cl. Thus the amount of
PBDD/F or PXDD/F that can be produced may be less compared to PCDD/F.
Substantial PBDD/F formation in thermal treatment processes (e.g. pyrolysis at
800°C with polyvinyl chloride [92], pilot scale combustion reactor [93] and pilot
incineration plant[94]) has been reported in the literature. However these studies
have used either fuels with equal molar amounts of Br and Cl [93] or a fixed pro-
portion of the halogens in the fuel to reach a required gas phase concentration
[94], or performed the test at pyrolytic conditions [92]. None of these proportions or
conditions is applicable in this study.

In addition, chemical fractionation was performed to estimate the mode of oc-
currence of Na, K, Al and Si in the pure fuel. Increasingly aggressive solvents
were used to leach out these elements, (a) H2O for alkali sulfates, carbonates, and
chlorides, (b) acetic acid (HOAc) for organically bound fractions, and (c) HCl for
carbonates and sulfates of alkaline earth and other metals [13]. The rest are sili-
cates and minerals. The analysis was done by an accredited laboratory. However,
the advanced role of this procedure in this study is not emphasized [95] and the
results are used only to explain the partitioning behavior of K, Na, Al, and Si calcu-
lated by the staged equilibrium model.

3.3.3 Aerosol sampling

Aerosol samples were collected from the right wall of the backpass zone indicated
by (5) in Figure 8 using the Dekati Low Pressure Impactor (DLPI). Each sampling
interval runs for 40 minutes and the schedule is shown in Figure 10. The impactor
deposits were digested with water or strong acid for five days and subjected to
ultrasonic mixing prior to extraction.
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Table 3. Properties of fuel mixture and sludge used in the study. Analyses were
carried out according to the appropriate CEN/Ts, ASTM and ISO methods.

Case 1 Case 2 Case 3
Gross heating Value (MJ/kg, d) 23.02 21.78 19.59 20.2
Net heating  Value (MJ/kg, d) 21.51 20.35 18.38 18.92
Net heating Value (MJ/kg, a.r.) 9.84 8.45 8.99 4.29

Moisture content (wt. %, a.r.) 48.7 52.2 45.1 68.5
Major components ( wt.%, d.)

C 52.5 51.2 46 49.3
H 7 6.6 5.6 5.9
N 0.63 0.56 0.76 1.81
S 0.12 0.21 0.41 0.5
O (calculated) 36.04 37.26 37.64 38.54

Minor components (mg/kg, d)
Cl 3300 2900 2800 200
Na 1800 1700 3300 2300
K 1500 1700 4600 970
Ca 18500 18400 15100 14100
Mg 1000 1500 1700 840
P 430 390 290 1800
Al 3900 3000 11100 5700
Si 4100 8600 47300 11400
Fe 1200 1700 6300 830

Trace components (mg/kg, d)
Mn 200 280 120 1100
Zn 200 170 260 82
Br 10 10 20 30
Cr 17 56 340 7.3
Cu 26 26 670 13
Ni 3.8 11 150 1.9
Sb 5.9 4 140 0.5
Cd 0.24 0.24 0.46 0.25
Co 2.7 0.43 4.8 0.5
Pb 43 48 32 3.2
Sn 6.2 18 4.7 0.56
V 2.9 3.5 12 1.8

Parameter/Component
Fuel Mixture

Sludge
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The concentrations of water soluble Na, K and Ca were measured using ICP-MS.
For  Cl,  SO4 and Br, ion chromatography was used, and for the acid soluble Cu,
ICP-MS was employed. A detailed discussion on the schematic and subsequent
analysis of aerosol samples was provided in [96]. For this work, the aerosol con-
centration of Ca, Na, K, Cl, and S (represented as sulfate) and Br are from the
water soluble fractions while that of Cu is from the acid soluble fraction.

Gas properties and composition are collected at the same time and point using
GASMET Fourier transform infrared spectroscopy.

3.3.4 Dioxin/Furan measurements in the flue gas path (Paper I)

Sampling and analysis of dioxin and furan in the flue gas path were done by Pöyry
Oy, an accredited laboratory in Finland. Sample collection, clean up, extraction
and measurements are governed by the CSN EN 1948: Stationary source emis-
sions – determination mass concentration of PCDDs/PCDFs and dioxin like PCBs
Part 1–3. Sampling locations are situated before and after the electrostatic precipi-
tator (see 8 and 10, respectively in Figure 8) in order to determine the dioxin/furan
in-boiler production and assess if further production takes place in the ESP. For
toxicity purposes only the homologues with four or more chlorine atoms are con-
sidered; thus only these homologues are reported in this study. All concentrations
are based on I-TEQ at a 6% O2 (101.3 kPa and 273 K) dilution factor.

3.3.5 ESP fly ash sampling and analyses (Papers I and III)

The fly ash was collected in the pneumatic transport lines below the fields of the
ESP – see (9) in Figure 8 – using a tube sampler made from a steel pipe. For
each test case, five sampling periods lasting for about four minutes, sufficient for
the sampler to be filled, were performed. Each sample was cooled before being
bagged into a clean and sealed container. During the experimental runs, the vol-
ume of the fly ash collected in the 1st field of the ESP is approximately four times
of that collected in the 2nd field.

For the analysis of the PCDD/F composition and concentration in the ESP fly
ash, Paper I, the composite sample for each test case was prepared according to
the following procedure.

First, for each channel, 4 parts by volume of ashes collected from the 1st field
and 1 part by volume of ashes collected from the 2nd field were mixed (dubbed as
channel-mixture). Then equal mass portions of channel-mixtures from the left and
right channels were combined (dubbed as sampling-mixture). Finally, five equal
mass portions of sampling-mixtures were then combined to make up the compo-
site fly ash sample for each test case.
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Analysis of PCDD/F concentration in the ESP fly ash was done by Eurofins GfA
Lab Service GmbH in Germany. This laboratory uses an internal method and is
accredited to perform this test. The concentration of Cu and S was analyzed by
Labtium Ltd. in Espoo, Finland using the XRF technique.

Figure 11. Schematic for fly ash collection in the pneumatic transport line below
the ESP hopper (see in Figure 8) using a tube sampler.

For the ESP fly ash characterization and composition tests, Paper III, the fly ashes
collected in the first and second fields were not combined. It was anticipated that
the chemical and physical properties of these two ashes may be different [97]. The
composite sample was made by combining equal mass portions of ash samples
from each sampling period for each field. In total six composite samples were
prepared and analyzed for this study – 3 samples from the 1st field, and 3 samples
from the 2nd field. By visual inspection the first field captures the coarse fly ashes
while the second collects the much finer fly ashes.

3.3.6 Physical and chemical properties of the ESP fly ash (Paper III)

The concentration of major ash forming and trace elements in the fly ash were
determined using X-ray fluorescence spectroscopy (XRF) without prior treatment
except for size reduction using a ceramic ball mill. Micrographs were also taken
using a scanning electron microscope (SEM) to examine the morphology of fly ash
samples. X-ray powder diffraction data was measured using PANalytical X´Pert
PRO alpha 1 diffractometer in Bragg–Brentano geometry using Johansson mono-
chromator to produce Cu K 1 radiation (1.5406 Å; 45kV, 30mA). The diffraction
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intensities were recorded by an X´Celerator detector using continuous scanning
mode in 2 -range of 4-100° with a step size of 0.017° and counting times of 800s
per step. Data processing and semi-quantitative search-match identification of the
crystalline phases were made by X´Pert HighScore Plus v. 2.2d program using the
ICDD-PDF4+ (release 2012) powder diffraction database reference retrieval
source. The semi-quantitative information was acquired by the reference intensity
ratio method (RIR) included in the program.

3.3.7 Speciation of copper (Paper III)

Copper has a central role in the production of PCDD/F: see Section 2.1. In Paper
III, we wanted to examine changes in the speciation of Cu brought about by
changing the fuel and the S-based additive introduced to the boiler.

Several methods are currently available for the speciation of elements found in
fly ashes, but due to the complex mixture of elements present in these ashes most
of these methods are applicable only to specific element constituents and at a
given concentration.

A sensitive element-specific and non-destructive technique based on X-ray ab-
sorption is used in this work. X-ray absorption spectroscopy (XAS) is a method for
investigating the local structural environment of elements. XAS is divided into X-
ray absorption near edge structure (XANES) analysis which provides information
primarily about the oxidation state of the absorbing element and its local geometry,
and X-ray absorption fine structure (EXAFS) analysis which provides information
about atomic coordination (type and number of neighboring atoms and inter-
atomic distance).

XANES spectra of the fly ash samples were collected at BL8 of the Synchrotron
Light Research Institute in Thailand [98]. The photon energy of the synchrotron X-
rays was scanned by a Ge(220) double crystal in the K-edge XANES region of
copper. The photon energy was calibrated against the K-edge of Cu foil at 8979
0.3 eV. Prior to analysis, all samples were finely ground and deposited in polyi-
mide tape. Due to the low Cu concentration, all fly ash samples were scanned in
the fluorescence mode. The incident photon intensity, IO, was monitored by a 10
cm ion chamber filled with Ar (76 mbar), while the fluorescence signal, IF, was
measured using a 13-element Ge detector. Absorption is given by IF/IO. On the
other hand the K-edge XANES spectra of the pure standards (Cu foil, Cu2O, CuCl,
CuO, CuCl2, CuBr2, and CuSO4) were collected using the transmission mode due
to high Cu concentration. The intensity of the incident x-ray beam, IO, and the
transmitted x-ray beam, It, were monitored by a 10 cm long ion chamber (with Ar
at 76 mbar) and a 40 cm long ion chamber (with Ar at 413 mbar) respectively.
Absorption is defined as ln(IO/It). Each XANES spectrum is an average of two or
more scans.
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Figure 12. Cu K-edge XANES spectra of the model or reference compounds used
in LCF.

Data analysis for the spectra was performed in ATHENA a XAS data processing
software [99]. Spectra were normalized using the MBACK algorithm developed by
Penner-Hahn and co-workers [100]. Linear combination fitting (LCF) was used to
perform a semi-quantitative compositional analysis of the chemical species of Cu
in the ESP fly ash. LCF assumes that the spectrum of a given sample is a linear
combination of known spectra from “model compounds” or references. The selec-
tion of reference Cu compounds (see Figure 12) was based on the thermodynamic
modeling results in Paper II, and similar studies on PCDD/F production using XAS
as a method for Cu speciation [25,59,101–104]. This selection strategy limits the
number of reference compounds used, so it is possible that other Cu compounds
were present in the sample but were not accounted for.

The fitting space is the normalized absorption, ( )E , at the range of -20 to 30 eV
around the absorption edge. The misfit (R-factor) is given by

2

2

data-fitted
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data

(19)

The coefficients obtained from linear combination fitting of the XANES spectra
indicate mole percentage of the respective references used [25].
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3.3.8 Chemical Equilibrium Modeling

Chemical equilibrium calculations have been used to analyze systems such as
combustion [105–107], gasification [108], cement kiln chemistry [109] and several
others [110]. The flexibility of the computation approach and the rapid growth in
computing power enabled systematic calculation of multi-phase multi-component
equilibrium systems. Equilibrium calculations give accurate results in high temper-
ature applications because the assumptions of the calculations are met. One as-
sumption is rapid reaction which essentially renders the reaction to approach
equilibrium. This assumption is true for high temperature systems. The quality of
the database used in the simulation also greatly determines the output of equilibri-
um calculation. Talonen used five commercial databases (HSC, FACT,SGTE,
IVTANTHERMO and JANAF) to study the behavior of 12 heavy metals regulated
in the WID and noted significant variation in this thermodynamic databases [111].
The algorithm for performing Gibbs minimization also affects the outcome of the
result. For example, HSC handles only pure substances while FactSage can han-
dle both pure and solution databases. In addition the, applicability of thermody-
namic equilibrium modeling can be limited by local temperature gradients, physical
processes such as adsorption and capillary condensation, non-ideal mixing behav-
ior between different ash forming elements and the mode of occurrence of com-
ponents in the fuel which dictates its release or retention rate [19,112]. However,
clever and carefully designed methodologies can produce valuable information
about overall stabilities and speciation trends [8].

Figure 13. Diagram showing the implementation of global equilibrium modeling in
FactSage.

In the field of combustion, applications include the study of the behavior of fuel
components during combustion [113], multi-fuel combustion strategies [8,77],
alkali chemistry related to combustion [114,115], bed agglomeration [116–118]
and the fate of trace elements [22,119–121]. The systems mentioned above may
contain multi-components and multi-phases, so it is necessary to employ numeri-
cal method to solve the minimization of the Gibbs energy of the system in equilib-
rium [122]. For such system, the minimization equilibrium condition is written as
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minimumi m
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(20)

Here mG is the molar internal Gibbs energy of the phase , and in are the mole

numbers of the phase constituent i  of this phase. Thus the inner sum refers to the
respective phase amounts, and the outer sum runs over all phases [122].

Global Gibbs minimization is implemented in FactSage 6.3.1 (for Paper II) and
4 (for Paper IV) and the schematic of procedure is shown in Figure 13.

In practice, the role of reaction kinetics is equally important. This makes simula-
tions of large-scale systems challenging when using straightforward global equilib-
rium calculation alone. Dividing large processes into simpler subsystems or stages
may add value to the calculation. Sandelin and Backman used this approach to
analyze the behavior of trace elements in a coal-fired power plant [112]. They
concluded that their modeling results agree with full scale measurements and the
overall chemistry was predicted with satisfaction.

Staged equilibrium calculation can be done on several platforms. For example,
ChemSheet combines MS Excel with the multi-phase multi-component calculation
capability of FactSage [123]. Aspen Plus is also available and has been widely
used in the field of chemical engineering [124,125].

In this work the macro processing module of FactSage is employed. Since the
macros are already available in the FactSage distribution, additional software is no
longer required. Macro commands enable the user to run the subprogram Equilib
in the background and execute commands stored in a macro [126].

The main motivation for the use of this platform is to take advantage of the inte-
grated database and computing facility in FactSage, and to develop an Excel-
based user interface as a process model for the boiler used in this study.

3.3.9 Staged-equilibrium process model implementation

The main purpose of performing a staged-equilibrium process model is to develop
an understanding of how Cu speciation evolves inside the BFB and how it influ-
ences the PCDD/F production. Using this information, the model will also be used
to perform scenario analyses to examine how PCDD/F production is affected by
lowering the Cu concentration during peat co-combustion, and increasing the
sludge energy share.

The process model uses Microsoft Excel and FactSage 6.3.1; and the structure
of data flow is shown in Figure 14. The Excel worksheet contains all the local
conditions, the mass and composition of the input/output streams for each stage
(or equilibrium reactor). The worksheet also stores all equilibrium calculation re-
sults, and calculates the mass balance in the reactor network.
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A command button in the worksheet can launch a batch file that prompts the
macro facility of FactSage to accept the process information, launch the Equilib
subprogram, initialize and perform equilibrium calculation, and finally return the
calculation results back to the interface. Data are exchanged from Excel to
FactSage and vice-versa via Object Linking and Embedding (OLE).

Figure 14. Data flow structure between FactSage’s equilibrium calculation engine
and the staged equilibrium process model in Excel. The local temperature and
air/fuel ratio, , are shown in the box inside each equilibrium reactor. The aster-
isk (*) denotes an adjustable parameter while (t) denotes a target parameter. The
number in the red circle corresponds to the section of the boiler described by the
stage and the location is presented in Figure 8.

The process model is made up of four stages, each representing a certain region
in the BFB: see Figure 8 and Figure 14. Each stage is an adiabatic system oper-
ated at atmospheric pressure. Through this approach, the model approximates to
local conditions prevailing in key zones of the BFB.

The first stage, 846Rd, represents the splash zone. 846Rd takes in all the fuel
mixture (plus the additive for Case 2) and the primary air. After performing equilib-
rium calculation, a fraction of the condensed phase (pure and solid solutions) is
entrained together with the vapor to the next reactor, and the remainder is drawn
out as bottom ash. The amount of entrained-condensed phase is controlled by the
adjustable parameter bottom ash entrainment factor (BAEF) which is applied
equally to all the condensed phase constituents (or species) formed in 846Rd.

The presence of this stage offers an advantage over global equilibrium calcula-
tions. The 846Rd allows the removal of some fractions of elements that are ex-
pected to be enriched in the bottom ash. For example, Lundholm et al. reported
that around 40 to 70% of Cu was retained in the bottom ash when burning chro-
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mate copper arsenate (CCA)-preserved wood with or without the addition of peat
[120]. This changed the amount of copper downstream of the boiler. The 846Rd
meets this expectation and allows the partitioning of the element to be estimated.
In the model, an element can partition between the bottom ash, fly ash, and flue
gas stream.

The next stage, 906Ox, the first oxidation stage, takes in the secondary air and
the vapor plus the entrained condensed phase from 846Rd. After equilibrium has
been calculated, all of the vapor and condensed phase (now called fly ash) are
passed to the 3rd stage as input. The 906Ox simulates what happens to the com-
ponents of the fuel mixture as they move from a reducing to an oxidizing atmos-
phere.

The third stage, 852Ox, the second oxidation stage, takes in the tertiary air and
the results of the calculation in 906Ox. The air to fuel ratio (  at this stage is 1.379
and represents the final  for the boiler during the test cases.

The last stage, 510BP, represents the backpass and accepts all the masses
from 852Ox. This is the coldest among the four and is assumed to govern the total
amount of fly ashes produced for each test case. This stage has two output
streams: Flue Gas and Fly Ash.

Once the total amount of fly ash has been calculated, the Bottom/Fly Ash Ratio,
BAFAR, is evaluated and compared against the target value of 0.3/0.7. The macro
uses a simple bisection algorithm to meet the target BAFAR by iterating the ad-
justable parameter BAEF. The actual value of BAFAR is not exactly known be-
cause of the difficulty of measuring the flow of the bottom and fly ash for the test
cases. The current value is based on historical estimates collected from the plant.

The thermodynamic database includes 181 gaseous and 337 pure solid species
from the FactPS, FToxid, FTsalt and FTpulp database. Solution species from
FToxid and FTsalt are likewise included. For each case and equilibrium stage,
preliminary runs and post calculations of activities are made to ensure that no pure
species that should be included in the thermodynamic database are left out in the
simulation. Nitrogen is assumed to exist as N2(g) [19], and the mass and activity
limits are 1 nanogram and 1×10-3 respectively.

3.4 Materials and methods for Papers IV and V

The main focus of Papers IV to V is to study Cl deposition in the superheater
brought about by shifting the energy share of the SRF from the base load of 50 e-
% to 70 e%. This subsection presents key experimental methods pertinent to
these papers.
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3.4.1 Test schemes and boiler conditions

Nine tests constitute this part which is summarized in Figure 15. Test points I to V
are assessment phase tests while VI to IX are performance analysis tests. During
the assessment stage we study the associated corrosion risk for firing the base
case fuel of the BFB – Fuel 1 and the effect of three anti-corrosion measures:
elemental S-addition (II), sulfate injection (III) and peat co-firing (IV). During V the
amount of SRF is 60 e-%, an intermediate value between the base fuel and the
target fuel. Promising anti-corrosion measures from the assessment stage are
applied to the target fuel (70 e-%) in the performance analysis test (VI to IX).

The duration of the test vary from a minimum of 1.3 h (IV) to 8.5 h (V) because
other parameters outside the scope of this study are also measured and required
longer test time. There is a period prior to each test point allotted to allow the BFB
to reach steady state condition. All the necessary data gathering presented in this
work have been collected at a relatively constant time span and at steady state
operation.

Figure 16(a) shows the temperature profile of the BFB; all data are from the
BFB’s online instrumentation. Each location has a corresponding boxplot that
shows the variation of temperature during the test in the said location. No outlier
temperature was recorded.

Figure 16(b) shows the boiler load and steam power during the duration of the
study. The mean boiler load is 94 ± 3 MW and steam power is 80 ± 2 MW, giving a
boiler efficiency of around 85%. The wet gas O2 concentration is also shown in the
figure with a mean of 8.82 ± 0.13% and corresponds to an air/fuel ratio of around
1.3.
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Figure 16. (a) Boxplot of flue gas temperatures at key locations in the boiler: bed;
after superheater, a-SH; after economizer, a-Eco; after LUVO, a-LUVO; before
ESP, b-ESP. Mean temperature is annotated. (b) Fuel load, steam power and O2
concentration in the wet flue gas.

3.4.2 Fuels

Table 4 lists the recipe of pure fuels used to prepare the fuel mixture. F1 to F3 are
for the assessment phase (see Figure 15) and F4 is the target mixture for the
performance analysis test (see Figure 15). The ultimate analysis of the pure fuel
used in the study is in Table 5. Test point V used sludge 1 and SRF 1 because it
was performed a week earlier compared to the rest of the test.
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The gross calorific value (mean = 21 ± 0.7 MW/kg, d) and the concentration of
C, H, O in the pure fuels do not vary significantly.

Variation of minor and trace components is high. The range of the coefficient of
variation (standard deviation/mean) for the concentration of minor element is
0.41–1.51 while for the trace element 0.75–2.34. For the minor elements, the
concentration of Cl, Ca, Mg and Ti is highest in SRF relative to the other fuels. The
concentration of S, Na, Al and Si is comparable for the sludge and SRF. Peat and
bark have low concentrations of minor elements compared to the other two fuels.
For  the  trace elements,  the  concentration  of  Zn,  Sn,  Sb,  As,  Pb,  Cr,  Co,  Cu,  Ni
and V is highest in the SRF. In the fuel mixture, increasing the proportion of SRF
increases the concentration of these elements.

Table 4. Fuel mixture showing the pure fuel components used and their corre-
sponding energy share.

F 1  F 2  F 3 F 4

SRF 50 50 60 70
Bark 44 10 - 24
Sludge 6 6 6 6
Peat - 34 34 -

Test point I, II, II, III IV V VI - IX

Fuel Components Energy Share, [%]
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Table 5. Properties of the pure fuel. Analyses were carried out according to ap-
propriate CEN/Ts, ASTM and ISO methods.

Sludge
1a,b

Sludge
2a,c SFR 1b SFR 2c  Peatd  Barkd

Gross calorific value MJ/kg, d 20.20 20.19 21.86 22.26 21.56 20.39
Net calorific value MJ/kg, d 18.92 18.91 20.39 20.80 20.34 19.06
Ash content (815°C) wt%, d 7.6 6.7 12.3 10.7 3.1 1.7
Ash content (550°C) wt%, d 8.0 6.9 14.0 12.3 3.2 2.2
Volatile matter wt%, d 73.5 74.8 75.0 75.8 69.6 77.9
Total moisture wt% 68.5 67.9 45.5 45.0 49.8 63.5

Major Components wt%, d
C 49.3 49.3 50.6 50.6 54.3 51.8
H 5.9 5.9 6.8 6.8 5.6 6.1
N 1.81 1.81 0.61 0.74 1.16 <0.3
S 5 4.9 4.7 4.6 1.8 0.2
O (calculated) 34.5 35.6 27.5 29.1 35.6 39.6

Minor Components mg/kg, d
Cl 200 160 3700 7000 250 90
Br 30 20 50 30 20 <10
Ca 14100 11100 24400 23600 3600 5600
Mg 840 620 2400 2900 830 630
Na 2300 1800 2300 2100 440 400
K 970 820 2100 1800 600 1600
P 1800 1600 440 160 340 430
Mn 1100 1200 110 84 62 260
Fe 830 630 4400 2300 2900 330
Al 5700 5400 7000 5400 2200 420
Si 11400 10400 17500 12300 5600 1500
Ti 91 78 1800 1800 94 32

Trace Elements mg/kg, d
Zn 82 63 180 230 9.6 65
Sn 0.56 0.63 11 26 <0.5 <0.5
Cd 0.25 0.21 0.3 0.76 0.09 0.24
Tl <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hg 0.26 0.49 0.08 0.1 <0.05 <0.05
Sb <0.5 0.57 42 150 <0.5 <0.5
As 0.92 0.78 16 20 1.1 <0.5
Pb 3.2 2.8 42 68 2.9 0.59
Cr 7.3 5 51 53 3.2 3.2
Co <0.5 <0.5 8.7 3.7 0.74 <0.5
Cu 13 9 80 3200 2.5 12
Ni 1.9 0.69 20 12 0.77 <0.5
V 1.8 1.4 13 11 2.7 <0.5

a. Wet sludge collected before the thermal drying plant.

b. Used for test point V.

c. Used for all test points except test point V.
d. Used for all test points.

Properties Units
Fuel
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3.4.3 Sampling techniques

To examine the risk of corrosion to the superheater, we collected flue gas compo-
sition and condition, aerosol composition, and deposits near the vicinity of the
secondary superheater, indicated by point 4 in Figure 8. During the performance
stage, additional aerosol samples were made at the back pass (point 5 in Figure
8) to assess for possible risk of corrosion in the economizer and air preheater.
Corrosion at these heat exchange surfaces is associated with lead and zinc chlo-
ride deposition.

Gas properties and composition were collected using GASMET Fourier trans-
form infrared spectroscopy. Aerosol sampling was made using Dekati Low Pres-
sure Impactor (DLPI), each sampling lasting for 40 minutes: see dashed region in
Figure 17. The impactor deposits were digested with water for five days and sub-
jected to ultrasonic mixing prior to extraction. The method employed is similar to
the discussions in Section 3.3.3 with the addition of Si and Al.

Deposits were collected using an air-cooled probe (38 mm diameter, 1.9 m long
with 1.4 m in contact with the flue gases) and equipped with a detachable metal
ring. The temperature of metal ring facing the wind side is held at around 500°C
and the flue gas temperature is c.a. 700°C. Deposits were sampled at three loca-
tions along the circumference: on the side facing the flow (wind), 30–40° (side)
and 180° (lee). The deposits were placed on copper tape strip and sent to
SEM/EDS for analysis. Each sampling lasted for 2 hours. Additional features of
the sampling procedure are found in [35].

Figure 17. Schematic diagram of the particle size distribution sampling system.
The system enclosed by the dashed line is similar to the DLPI system used to
sample aerosols for chemical analysis (from Paper V).
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The particle size distribution of fine particles was measured using two parallel
scanning mobility particle sizers (SMPS) enabling the measurement of high reso-
lution aerosol particle size distribution. The Nano-SMPS is used for measuring
particles in the size range of 3–65 nm, and the Long-SMPS are for particles falling
in the 10–422 nm size range. In addition, TEM collector and an ELPI-differential
particle analyzer (DMA) system are installed.

3.4.4 Relating flue gas conditions and risk of corrosion

The quality of the flue gas arriving in the superheater has a significant impact on
the risk of corrosion. Modeling of the arrival of corrosive species to critical heat
exchange areas such as the superheater is in various state of development. Zhou
et al. divides the ash deposition models as: empirical indices models, mechanistic
models, and computational fluid dynamics (CFD) models [127]. The objective of
these models is to examine the importance of a given parameter e.g. temperature
to a certain response. However, process data from large scale combustion sys-
tems are often plentiful and collinear. Collinearity makes the use of process data
as predictors challenging for classical multiple linear regression (MLR) because
MLR requires a full rank for the matrix of predictor variables [128].

To solve the issue of multi-collinearity, partial least squares (PLS) regression is
used to relate flue gas conditions and the quality of the superheater deposits. PLS
regression is a method that generalizes MLR and is particularly useful in dealing
with collinear predictors. The goals of PLS regression and MLR are similar, being
to predict the response (Y) given a set of predictors (X). A more detailed and ex-
haustive explanation on the method is found in [129].

We implemented PLS regression using the PLS_Toolbox installed in Matlab
2014a [130].
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4. Experimental results – Production and
abatement of PCDD/F (Paper I to III)

PCDD/F production in WtE systems is a function of several factors. The focus of
this work is to examine one of these factors – the dynamics of copper in the BFB
boiler and its effect on the production of PCDD/F in the said system. This chapter
presents the results and discussion of Papers I to III.

4.1 Levels of SO2 and HCl in the backpass2

Hunsinger et al. prescribe that only maintained levels of SO2 (relative to HCl) are
required to lower PCDD/F production in their grate incinerator. The ratio of HCl to
SO2 (both measured as mg/Nm3) equal to 1:1 should be maintained [47]. We used
this ratio as a guide to set the dosing level of S in the BFB boiler. The concentra-
tion of SO2 and HCl during the three test cases is presented in Figure 18.

Sulfur addition increased the SO2 concentration in the flue gas from 20  8
mg/Nm3 for Case 1 to 400  80 mg/Nm3 and 400  100 mg/Nm3 for Cases 2 and 3,
respectively. The SO2 concentration was stable for Case 1 and 2, but in Case 3 a
slight increase was noted from 3:00 pm onwards. The latter can be the result of
variations in the S content of the peat. In terms of stability, the use of sulfur pellets
is better as compared to peat. In the long run, the stability of the SO2 concentra-
tion is important for effectively reducing the PCDD/F production [47].

The concentration of HCl in the flue gas likewise increased from 200  20
mg/Nm3 to 300  30 mg/Nm3 for S-pellet addition and to 320  30 mg/Nm3 for peat
co-combustion. Such an increase occurred even though the concentration of Cl in
the fuel decreased (Table 2). This observation is similar to what Raghunathan and
co-workers observed [46] and suggests a possible occurrence of a reaction (5)
which decreases the amount of Cl2(g) in the flue gas. Sulfation of alkali chlorides
and oxidation of S pellets could also be responsible for this increase in SO2 con-
centration.

2 Numerical figures in the second and third paragraph have been adjusted to correct signifi-
cant figures.
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The required HCl/SO2 ratio of 1/1 [47] was not reached. However the ratios for
Case 2 and 3 are near, at 0.745 and 0.703 respectively (see annotated values in
Figure 18). The value of ratio for both cases is greater than 1, which suggests over
addition of sulfur to the BFB; this was made to ensure a sufficient amount of S is
available for sulfation and saturation of S in boiler deposits.

Figure 18. Levels of SO2 and HCl in the backpass for the three test cases as
measured by the FTIR.
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4.2 Aerosols

For all the impactor results, fine particles found in the region of dp < 1.6 m  were
once in vapor form. Due to supersaturation, in the gas phase, they have under-
gone homogeneous nucleation and coagulation. Particles found in the region of dp
> 1.6 m represent coarse particles that are mostly non-volatile fragments of the
fuel or ash, and/or entrained particles [131,132].

4.2.1 Main aerosol forming elements

For Case 1, the aerosols are mostly Na, K and Cl, with slight amounts of SO4

(Figure 20 on p. 55). In the fine particle mode, the molar ratio Cl/(Na + K) = 0.95
indicates that the alkalis present are mostly alkali chloride with some alkali sulfate.
This is similar to aerosol data collected near the superheater region of other boil-
ers firing the waste derived fuels [13,81] without the aid of anti-corrosion additives.
The coarse particle fraction showed a significant amount of water soluble Ca,
possibly as CaSO4. The formation of CaCl2 is less likely since some Na and K are
also present in this fraction.

In Case 2 the fine particle fraction is composed of Na, K, and Cl with more SO4

present. The molar ratio Cl/(Na + K) = 0.61 indicates that more of the alkalis pre-
sent can now be found as alkali sulfates. The sulfation of the alkalis can proceed
via reaction (15) [77,78,133]. The same reaction holds for the homogeneous sul-
fation of gaseous alkali chlorides, MCl(g). The required SO3 in reaction (15) could
have come directly from the oxidation of sulfur from the fuel, alkali sulfation, or
from reaction (5). The latter is possible because of the increase in HCl resulting in
co-production of SO3 (see Figure 18).

Sulfation requires sufficient time and results in particle growth [78,134]. Kass-
man and co-worker report growth in fine particle size from 0.1 m  to 0.4 m in a
reference case test for S- addition [85]. Such growth is seen when Cases 1 and 2
are compared, as the peak concentration shifted from 0.09–0.26 m to 0.26–0.6

m . The increase of SO4 and peak shift suggest successful alkali sulfation.
For Case 3, the size distribution is still bi-modal but the peak in the coarse par-

ticle range is now higher than in the fine particle range. In the coarse particle
range, significant amounts of Ca and Cl are present with fewer alkalis, less than
half of Case 1). This suggests the presence of CaCl2, CaSO4 and some alkali
chlorides or sulfates. In the fine particle range, the total amount of Na and K (0.91
mmol/Nm3) is almost half of that in the two other cases (1.56 mmol/Nm3 for Case 1
and 1.72 mmol/Nm3 for Case 2); even though the concentration of Na and K in the
fuel mixture for Case 3 is almost twice that in the two other cases: see Table 3.
Three probable reasons can explain this observation. First, the difference in the
mode of occurrence of Na and K in the fuel mixture used in Case 3 relative to the
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two other cases. Second, sulfation via reaction (15) might have occurred because
of the presence of SO4 in the aerosol, with SO3 being sourced again from reaction
(5). Third, chemisorption of alkali aluminosilicates. which converts gaseous alkali
chloride to water-insoluble alkali-aluminosilicate [77].

The chemical fractionation results (Figure 19) suggest that the decrease of al-
kalis in the aerosols for Case 3 is most likely the result of the mode of occurrence
of Na and K in the fuel. With peat substituting bark in the fuel mixture for Case 3,
the total amount of alkalis increased. However these alkalis are “less reactive” and
are bound to the aluminosilicates in the peat [135] which lowers the amount of Na
and K in the flue gas. Less reactive alkalis are nonreactive alkali compounds that
do not appear to participate significantly in the ash chemistry of fluidized bed sys-
tems  [135].  The  SO4 in the aerosol could likewise be explained by the reaction
(15). Through this line of reasoning, the contribution of chemisorption is limited.

Figure 19. Chemical fractionation of the pure fuels used in the tests – peat (pt),
sludge (sl), SRF (sr) and bark (bk).
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4.2.2 Copper and bromine in the aerosol

For all the test cases, copper in the fine particle range suggests volatilization of
this element. Cases 1 and 2 have cumulative concentrations of 0.036 mmol/Nm3

and 0.041 mmol/Nm3 of Cu respectively. However, Case 3 exhibits the least
amount of Cu, 0.023 mmol/Nm3, in the fine particle range even if the concentration
of Cu in the fuel mixture is highest, at 670 mg/kg, d. For this case, copper might
have been present in a less volatile form (e.g. metallic copper and solid oxides)
and has remained in the coarse fly ashes or been retained as part of the frag-
ments of the fuel being entrained in the flue gas.

A shift in the peak in the fine particle range, from 0.09–0.26 m to 0.26–0.6 m ,
from Case 1 to 2 suggests the possibility of CuSO4 formation. Copper existing as
CuCl (g) or CuCl2(s) could be sulfated via reaction (15) and (6) respectively. In addi-
tion, free Cl2(g) can react with CuO(s) forming a product that can also be sulfated
via the two step reaction postulated by Ryan et al. [71]:

(s) 2(g) (s)2CuO Cl 2CuOCl (21)

followed by (8).
Takaoka et al. have reported the presence of similar forms of copper oxychlo-

ride species using advanced X-ray techniques [25]; this supports the possibility of
CuO(s) sulfation.

The occurrence of sulfation is further supported by the increase in the S con-
centration in the ESP fly ash from 1.44 mg/kg to 2.03 mg/kg for Cases 1 and 2
respectively (Table 6). These two values can easily be compared since the dilution
effect of having too much ash is not very significant between these two cases.

Bromine is mostly found in the fine particle fraction and could have existed pos-
sibly as (K, Na)Br(g) and CuBr3(g) [14,88]. When Br is present it can compete with
Cl for available Cu, which reduces the amount of active de novo catalyst such as
CuCl2. With respect to PCDD/F formation, it is clear that CuCl2 is an important
catalyst either for direct chlorination or as a provider of Cl2 [93]. On the other hand
the catalytic effects of Cu-Br compounds in PCDD/F formation have not been
intensively investigated [94].

Table 6. Concentration of selected elements in the fly ash.

Element
Concentration, [mg/kg a.r.]

Case 1 Case 2 Case 3
K 2.05 2.05 1.69
Al 10.06 8.26 7.09
Si 17.58 19.73 22.39
Cl 1.61 0.60 0.40
S 1.44 2.03 1.09

Cu 0.26 0.23 0.18
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Figure 20. Composition of select water
soluble ash and aerosol forming ele-
ments collected at the backpass of the
BFB boiler.

Figure 21. Concentration of Cu and Br
in the aerosols collected at the back-
pass. Data for copper are based on
acid soluble fraction, while data for Br
comes from the water soluble fraction.
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4.3 PCDD and PCDF production and removal

4.3.1 Total concentrations at different sampling points

Figure 22. Total levels of PCDD/F in the flue gas path (ESP IN and OUT) and ESP
Fly Ash. The values above the bars for ESP OUT are the percentage removals of
PCDD/F in the flue gas path.

The total concentration of PCDD/F around the ESP is found in Figure 22. At the
ESP inlet, the concentration of PCDD/F is 0.786 ng/Nm3 for Case 1. Adding sulfur
pellets (Case 2) reduced the concentration to 0.363 ng/Nm3 while co-firing of peat
(Case 3) increased the concentration to 1.345 ng/Nm3. The PCDD/F production
did not follow the concentration of Cl in the fuel.

After the ESP, the concentration of PCDD/F for Case 2 is the lowest at 0.133
ng/Nm3, while Case 1 and 3 have 0.369 ng/Nm3 and 0.313 ng/Nm3 respectively.
These values show that the ESP is effective in reducing the concentration of these
compounds in the flue gas path. But phase redistribution has occurred along the
flue gas path; PCDD/F are particle bound in the inlet and they leave the ESP in
the gaseous phase (especially furan). This particle to gas phase redistribution is
typical in many ESPs [136–139].

As for the ESP fly ash, the concentration in Case 1 is highest compared to the
levels for Cases 2 and 3, which are almost comparable. For Case 1, poor sulfation
of Cu may have prolonged the existence of active Cu species and have led to
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successive chlorination and/or synthesis. This can happen even if the temperature
is below the optimum temperature window of 200–400°C [140]. For Case 2, addi-
tional chlorination may have occurred but because of effective Cu sulfation, the
PCDD/F levels in the fly ash remained low. Meanwhile, the low concentration in
Case 3 could simply be the result of dilution. While we cannot exactly quantify the
total amount of fly ash for each test, the particle loading data from the aerosol
sampling may support this dilution hypothesis (see Figure 23). Case 3 has the
highest particle loading in the coarse size range and indicates that there is more
fly ash during this case. A high tendency of peat to produce fly ashes when fired
has been reported in the literature [141].

Figure 23. Particle loading at different size fractions in the backpass from the
impactor measurements.
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Dioxin and furan concentrations are highest for the lighter homologues, penta-
chlorinated dibenzo-p-dioxins (5D) and penta-chlorinated dibenzofuran (5F). The
phase distribution favors species to be bound to particles. This suggests that the
key ingredients for de novo synthesis are present in the active fly ash.

The difference between the levels of production between Cases 1 and 2 can be
explained by the deactivation of the key de novo catalyst, Cu. With the introduction
of S-pellets, effective conversion of copper oxides and chlorides to sulfates may
have been possible, as supported by the aerosol data in Figure 21. Metal sulfates,
unlike metal chlorides or oxides, are not likely to promote the formation of PCDD/F
[71]. In addition, the availability of free Cl2 (g), an active ingredient for PCDD/F
formation, may have decreased in Case 2, as discussed in Section 4.1.

The high concentration of PCDD/F for Case 3 is a result of high ash loading in
the flue gas and low Cu volatilization. These two situations enhanced the possibil-
ity for Cu (in the form of oxide and oxychloride [25]) to remain in the ash and act
as a catalyst for cracking carbon matrices to form structurally related material [29].
Cu may also have easily aided in the shuttling of O2 (g) and Cl2 (g) to the active fly
ash surface, thus adding to its effectiveness as a catalyst for chlorination. In addi-
tion, particles can serve as effective and porous support where Cu, Cl, and partial-
ly burned or unburned carbon can adsorb. These observations benefit the in-flight
PCDD/F production via de novo mechanism.

For all the test cases the homologue distribution patterns of PCDD/F in the out-
let of the ESP are almost similar to patterns at the ESP inlet; dioxin and furan
concentration peaks are seen at the lighter homologues, penta-chlorinated diben-
zo-p-dioxins (5D) and penta-chlorinated dibenzofuran (5F), respectively. This is an
indication that the succeeding reaction or chlorination may not have occurred in
the ESP flue gas path. The ESP was operated at a temperature 10°C below the
temperature window for de novo synthesis [43,54,138] preventing subsequent
reactions in the flue gas path.

Also the phase distribution of PCDD/F at the ESP flue gas path outlet now fa-
vors gaseous dioxins and furans. Changes in the concentrations of PCDD/F
homologues between the two phases are found in Figure 25. The gas phase re-
moval is negative, indicating vaporization or repartitioning of PCDD/F from the
particle to the gas phase [51],[54]. Vaporization can be affected by temperature
[142], particle density and size distribution [144].

The increase in the gaseous furans is higher than that of dioxins. Factors affect-
ing these are (a) original amount – there are more furans than dioxins to begin
with, therefore if both are vaporized the change in furan should be higher, (b) the
vapor pressure of furans is slightly higher than that of dioxins. For instance at
25°C the vapor pressure of 1,2,3,4-tetrachloro dibenzofuran is 1.223 × 10-4 Pa
while for 2,3,7,8-tetrachloro dibenzo-p-dioxin is 1.044× 10-4 Pa [145].
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Figure 24. Flue gas path homologue distribution patterns of toxic PCDD/F in (a)
ESP IN (b) ESP OUT.
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Figure 25. Changes in particle bound and gaseous concentration of PCDD/F or
the removal homologue distribution.

Figure 26. ESP fly ash homologue distribution patterns of toxic PCDD/F.
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4.3.3 Homologue distribution in the ESP fly ash

In comparison to the homologue distribution in Figure 24, the distribution for the
ESP fly ash peaks at higher chlorinated dioxins and furans: see Figure 26. Heavier
homologues, octa-chlorinated dibenzo-p-dioxins (8D) and hepta-chlorinated
dibenzofuran (7F), are dominant. In addition the PCDF / PCDD < 1, indicating sub-
sequent chlorination or production in the fly ash. This implies that particle bound
PCDD/F and catalysts such as copper and chlorine found in carbon matrices are
still active. These reactions however may require longer time and therefore have
not contributed additional PCDD/Fs in the flue gas path. Furthermore, ageing of
the sample may also have contributed to this shift in the distribution patterns.

4.4 Staged-equilibrium process modeling results

This subsection presents the results of the process model discussed in Section
3.3.8. The purpose of the model is to explain the behavior of major aerosol form-
ing elements as well as Cu and Br, and use these understandings to explain the
levels of PCDD/F presented earlier.

4.4.1 Coarse particle loading

The coarse size fraction measured in the backpass indicates that Case 3 gave the
highest amount of coarse particle loading, while Case 1 registered the least: see
Figure 23 or Table 7.

The amount of particles entrained in 846Rd follows the trend mentioned above
(see Table 7). The model estimates that the amounts of particles entrained for
Case 1 (17.12 g/kg fuel fed) and Case 2 (18.36 g/kg fuel fed) are nearly equal.
This is expected because the fuel mixtures for these two cases are similar. In both
cases, the change in the amount at the condensed phase between 846Rd to
510BP is large, at 35.21% and 42.21% respectively. This suggests that the fly
ashes are not fragments of the original fuel but are formed from the condensation
of some species in the flue gas moving from the splash zone to the backpass.
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Table 7. Coarse particle loading measured by DLPI and the entrained condensed
phase in 846Rd and 510BP. The coarse particle loading corresponds to aerosols
within the size range of 1.6–10 m .

Case
Coarse
particle
loading

Entrained
Condensed

Phase in
846Rd

Fly ash in
510BP

% increase in
condensed

phase between
846Rd to
510BP

[mg/Nm3] [ g/kg fuel fed] [ g/kg fuel fed]

1 87.1 17.12 23.15 35.21
2 142.8 18.36 26.12 42.21
3 168.9 60.87 67.30 10.58

Case 3 has the highest amount of condensed phase entrained in 846Rd, 60.87
g/kg fuel fed. However it has the lowest change in the amount of condensed
phase between 846Rd to 510BP, 10.58%. This indicates that majority of the fly
ash is carried over from the splash zone. These observations are consistent with
reports on peat co-combustion combustion [118,135,146]. Peat is rich in alumino-
silicates and other ash forming compounds. Nonvolatile fuel fragments are usually
formed in the lower part of the boiler and are entrained in the fluidizing air. These
results also agree with the chemical fractional results presented in Figure 19.

4.4.2 Main aerosol forming elements

The partitioning of aerosol-forming elements between the bottom ash, fly ash and
flue gas is calculated for the subsystem 846Rd-852Ox (SS) and the whole system
846Rd-510BP (WS) are shown in Figure 27 (a) and (b) respectively.

For SS, the model predicts that the partitioning of Na and K in the fly ash in-
creased from Case 1 to Case 2. For Case 1, the alkalis are mostly present in the
flue gas as KCl and NaCl; some are present as sulfates. For Case 2, Na2SO4 and
K2SO4 were formed together with KAlSi2O6 and NaAlSiO4. Formation of alkali
sulfate in the model supports the occurrence of sulfation detected in the experi-
ments. Meanwhile the calculated alkali-aluminosilicate is the result of the two-fold
increase in Si content of the fuel mixture for Case 2.

However, the partitioning evaluated for WS failed to show the trends of experi-
mental results because alkalis are mostly present as solid compounds (salts and
silicates). One could no longer detect the expected increase in the partitioning of
alkalis in the fly ash resulting from sulfation.

For Case 3, the model suggest that around 30% of the alkalis in the fuel parti-
tioned to the bottom ash. This was true for SS and WS. For all the stages, 98% of
Na and K were present as KAlSi2O6 and NaAlSi3O8 respectively. This agrees with



63

the results of (1) chemical fractionation that shows that the majority of the alkalis
are “less reactive” and (2) aerosol samples that suggest alkalis are less volatile
during SRF-peat-sludge combustion.

Figure 27. Partitioning of aerosol forming elements in the bottom ash, fly ash and
flue gas at (a) 852Ox and (b) 510BP.
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tioned between the bottom and fly ash alone. For all cases, gaseous species of
calcium were not detected.

The results above show that the subsystem 846Rd-852Ox (SS) can more
closely predict the results of the aerosol measurements. On the other hand,
846Rd-510BP (WS) overestimates condensation of the alkalis in the backpass.
The current model cannot handle the influence of kinetics and other transport
limitations at 510 °C (temperature of 510BP). This is the reason for the overesti-
mation.

In the current model, no attempt was made to account for these kinetic and
transport limitations. We assume that reactions after the introduction of the tertiary
air may have been frozen, meaning succeeding reactions are halted, [147] due to
the phenomena cited above, and the properties of such a “frozen” system were
reflected in the aerosol samples.

4.4.3 Copper and bromine

Cu and Br in the aerosols were mostly found in the fine particle fraction, <0.03–1.6
m .  This indicates the presence of gaseous Cu and Br species for all the test

cases. It was also established that Cu was least volatile for Case 3.
Similar to the main aerosol forming element, the partitioning of Cu and Br eval-

uated for WS overestimated condensation (Figure 27b). On the other hand, SS
shows the expected partitioning of Cu and Br. In Figure 27a, the amount of Cu
existing in the flue gas fraction is small in Case 3 as compared to that of Cases 1
and 2, supporting the findings of the aerosol sampling. Meanwhile, all Br parti-
tioned to the flue gas.

Analysis of equilibrium species calculated by the model for these two elements
reveals their dominant mode of occurrence at a given stage in the boiler: see
Figure 28. First, Cu exists as Cu2S(s3) at the reducing zone and becomes CuCl(g)
(for Case 1 to 3) and CuO(s) (for Case 3 alone) as it transitions from 846Rd to
906Ox. The formation of CuO(s) after secondary air injection is unique to Case 3
and explains the apparent decrease in volatility of copper as measured by the
DLPI.

Most of the bromine exists as KBr(g) and NaBr(g) in the splash zone for Cases
1 and 2, while HBr(g) for Case 3. The latter is explained by the high amount of Si
and Al if the fuel mixture used in the calculation for Case 3, without the necessary
reactivity restrictions for Si and Al the model does not favor formation of alkali
bromide because the alkalis are bound to Si and Al. At 906Ox and 852Ox the
amount of alkali chlorides decreased to favor formation of other gaseous bromine
species: CuBr3 for Case 1, HBr(g) and CuBr3(g) for Case 2 and Br(g) and CuBr3(g)
for  Case  3.  As  flue  gas  cools  Br  competes  with  Cl  for  Cu  to  form  CuBr3 (g). In
Figure 28 (a) and (b), the concentration CuCl(g) decreases as CuBr3(g) are
formed in 852Ox.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 28. Top species of Cu (a-c) and Br (d-f) at different stages in the BFB boiler
as predicted by the staged equilibrium process model.
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4.4.4 CuSO4 formation

Formation of CuSO4 was not detected even at 510Ox where the temperature is
lower than the decomposition temperature of CuSO4 (572–678°C) [148]. The
presence of significant amounts of Ca in the fuel mixture led to the capture of most
of the sulfur in the system. This is because the formation CaSO4 is more thermo-
dynamically favorable than CuSO4. At 825°C the phase stability diagram in Figure
29a indicates that the partial pressure of SO2 should be greater than 0.1 to sup-
port the formation of copper sulfate as (CuO)(CuSO4)(s). The levels required for
this formation may not be practical or feasible with the current boiler set-up. On
the other hand Figure 29b predicts that at 510°C formation of CuSO4 is feasible
even at slightly lower concentrations of SO2. Overestimation of CaSO4 formed
using the current modeling approach may explain why formation of CuSO4 was
not detected by the model.

Harriot et al. and Gullet et al. have shown that adsorption of sulfur compound
on copper surfaces is possible leading to the subsequent formation of CuSO4

[148,149]. However their studies also reveal that the formation of CuSO4 requires
longer residence time (in the order of minutes) and is therefore kinetically gov-
erned.

Figure 29. Phase stability diagram of Cu-Ca-S-O system at (a) 825°C and (b)
510°C at 1 atm pressure, 0 < Ca/(Cu+Ca) < 1. Diagrams are generated in
FactSage 6.3.1. The shaded region in yellow corresponds to a concentration fa-
vorable for CuSO4 formation. The region shades in blue and green corresponds to
the approximate SO2 and O2 levels measured in BP.

4.4.5 Active and passive species of Cu

Figure 5 (page 24) shows chlorides, oxide, and oxychlorides of Cu are active
catalysts in the formation of PCDD/F. Their role can either be as a chlorinating
agent, as a catalyst in the cleavage of carbon matrices, or both. Meanwhile,
CuSO4 is the deactivated form of the de novo catalyst. In addition, Section 4.4.3
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showed that the formation of Cu-Br compounds is in competition with Cl for avail-
able Cu thereby reducing the formation of copper chloride. Compared to Cu-Cl, an
accepted mechanism for the catalytic role of Cu-Br species focused on the for-
mation of PCDD/F alone is not yet available [93,150].

With these observations, we can define the empirical molar active/passive spe-
cies ratio (APR) as:

4

Cu - Cl Cu - O Cu - O - Cl Cu
APR

CuSO Cu - Br Cu

(22)

CuSO4 is still included, to indicate that it is part of the passive form of copper with
respect to the de novo reaction. Metallic copper is present both in the numerator
and denominator because it can be chlorinated to become CuCl (active) or as the
left-over product of the chlorination (passive) of the carbon matrix.

This ratio is evaluated from the results at 852Ox and 510BP. APR was not
evaluated in 846Rd because of the reducing condition at this stage which is differ-
ent from the oxygen-rich atmosphere of the post combustion zone. Similarly APR
was not evaluated in 906Ox because this is still far from the post combustion
conditions and the oxidant (air) introduction is not yet complete.

Table 8. APR evaluated at 852Ox and 510BP and the production of PCDD/F in the
ESP inlet. R2 is the square of the Pearson product moment correlation coefficient
evaluated through data points PCDD/F at ESP inlet and APR.

Case
PCDD/F at ESP
inlet
[ng/Nm3]

APR [unitless]

852Ox 510BP

1 0.786 37.459 8.481
2 0.363 7.764 5.497
3 1.345 80.270 74.151

R2 0.99 0.84

The APRs evaluated at 852Ox and 510BP are found in Table 8. Both APRs have
correlation with the PCDD/F levels measured in the ESP inlet. The correlation
coefficient is higher for the APR evaluated at 852Ox. This is explained by the
earlier observations that 852Ox gives a better picture of what is happening in the
backpass as compared to 510BP.

APR increases with PCDD/F at the ESP inlet. This agrees with the nature of the
de novo mechanism. More active copper species should result in increased
PCDD/F formation.
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4.4.6 Scenario analysis: Peat-SRF-sludge with low Cu content

To test whether the overly excessive Cu concentration for Case 3 significantly
affects PCDD/F production, the concentration of Cu for the fuel mixture is reduced
from 670 mg/kg to 26 mg/kg dry solids. The latter is the concentration of Cu in the
fuel mixture for Case 1. The concentration of the rest of the elements in the fuel is
similar to Case 3.

Figure 30. (a) Partitioning of aerosol forming elements in the bottom ash, fly ash
and flue gas at 852Ox showing Case 1, 3 and 3*. (b) Top species of copper for
peat-SRF-sludge combustion and reduced Cu concentration.

Figure 30a compares the partitioning of the alkalis Ca, Cu, and Br for the scenario
being studied (Case 3*) and the two original cases (Case 1 & 3). A decrease of Cu
concentration in the fuel does not affect the alkalis, Ca, and Br. On the other hand
there was a remarkable increase in the fraction of Cu being volatilized for Case 3*.
Cu is present as Cu2S(s) in the reducing zone and becomes CuCl(g) as it transitions
to the first oxidizing zone. As the gas cools, CuBr3(g) and (CuO)(Fe2O3)(s2) are
formed. However CuO(s) did not form at 906Ox as it did in Case 3.

For the peat co-firing with low Cu content, the APR at 852Ox is 2.195 mol/mol.
This APR corresponds to the PCDD/F concentration estimate of 0.30  0.013
ng/Nm3. This level is near the value reported for Case 2, indicating that the peat
addition strategy may also help in PCDD/F abatement under the strict premise that
the concentration of Cu in the fuel is kept as low as possible.

4.4.7 Scenario analysis: SRF-bark-sludge + S-pellet (Case 2) at varying
sludge energy share

Increasing the portion of sludge in the fuel mixture can reduce the concentration of
several trace elements in the fuel mixture. For this part, the energy share of sludge
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is varied according to the proportions in Table 9; note that the SRF/bark energy
share ratio is maintained.

Table 9. Energy share simulated at varying sludge energy share and constant
SRF/Bark energy share ratio.

Case SRF Bark Sludge S- pellet

2L 51.60 45.40 3 YES

2 50.00 44.00 6 YES
2H 46.81 41.19 12 YES

The partitioning of key elements for this sensitivity analysis is shown in Figure 31a.
Variation in the sludge energy share did not affect the partitioning of Cu, Br and
Ca. This is because the speciation of these elements did not vary significantly at
the proportions evaluated. As sludge energy share increases, Al and Si concentra-
tion increase as well, leading to the enrichment of Na in the bottom ash due to the
formation of NaAlSiO4. This resulted in the increase of available Cl for K, causing
this alkali to be slightly more volatile at the splash zone.

K is captured by “reactive” Si and Al from the sludge, in the succeeding stages.
This could explain why even if K is volatile in the splash zone for Case 2H, the
fraction of K in the gas phase (flue gas) is slightly smaller. Alkali capture during
sludge co-combustion has been reported by Vanio et al. [13].

The partitioning of Cu did not change with an increase sludge share, though its
concentration has been reduced due to dilution. Also, since Br concentration is
higher in the sludge, increasing the sludge share led to the passivation of Cu be-
cause more CuBr3(g) is formed. Formation of CuBr3(g) decreased APR and the
calculated PCDD/F concentration (see Figure 31b). In actual practice, S in sludge
may also help enhance CuSO4 formation and further reduce PCDD/F production
[48].

This sensitivity analysis presents a possible situation where both alkali chloride
deposition at the superheaters and PCDD/F production are reduced due to the
synergistic effects of low trace element concentration, alkali capture of Si and Al
from the sludge, and sulfation of alkalis and Cu.
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Figure 31. Effects of varying sludge energy share: (a) Partitioning of aerosol form-
ing elements in the bottom ash, fly ash and flue gas at 852Ox; (b) Variation of
APR and the estimated PCDD/F. All plots are from the 852Ox stage.

At this point, both S-pellet addition and peat-SRF-sludge co-firing are seen as
possible PCDD/F abatement strategies, provided that the amount of Cu in the
latter strategy is kept as minimal as possible. In actual practice, peat-SRF-sludge
co-firing may still be inferior with S-pellet addition because of the high share of
SRF and variability of the concentrations of trace elements in the SRF. In the
succeeding sections, the formation of CuSO4 is experimentally investigated using
advanced X-ray absorption techniques to settle which strategy can lead to more
successful sulfation.

4.5 Elemental analysis and morphology of the ESP fly ash

The concentrations of major and trace elements in the ash samples are found in
Table 10. In general, the concentration of main ash forming elements Si, Ca, Al,
and Fe, which are referred to as ash matrix forming elements [151], is higher in
the samples collected in the first field as compared to the second field of the ESP.
The first field of the ESP is designed to capture the coarse particles which are
usually fragments or inert components of the fuel or fuel mixture being fired in the
boiler [97]. This field is also designed to capture entrained bed materials.

The next group is the salt-forming group consisting of K, Cl, and S. The defini-
tion of “salt” is somewhat inaccurate, but here we refer to it to as low melting point
water soluble fractions in contrast to the high melting point inert and insoluble
oxides [76]. In general, the concentration of the salts is higher in the second field
which collects fine particle fractions of the fly ash entrained in the flue gas.
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Table 10. Major and trace elements in the ESP fly ashes.

The fine ESP fly ash fraction is the end product of the complex process of aerosol
formation and growth. In the post combustion zone of the BFB boiler, vapor spe-
cies with a saturation ratio (S ) greater than unity start to condense and eventually
form particles. S  is the partial pressure of the vapor in the flue gas over the satu-
ration vapor pressure. These particles grow further by condensation on pre-
existing particles or via chemical reactions. In addition, particles can collide with
each other and form larger particles or coagulate [152]. Agglomerates formed from
primary particles tend to partly coalesce together, from fractal-life aggregates to
compact spherical structures, via the process called multiparticle sintering [153].

In both fields, the concentrations of K in Case 1 and 2 are comparable, while
Case 3 has the lowest. This trend is also true for Cl. These observations agree
with earlier findings that the alkalis have poor “reactivity” and volatility during peat
co-firing. As a result K may have partitioned to the bottom ash. Without the alkalis,
the majority of Cl in the fuel formed HCl(g) and remained in the flue gas.

For the samples collected in the first field, the concentration of S for Case 2 is
1.84 times that of Case 1; this nearly corresponds to the increase in S content of
the fuel mixture in Case 1 to Case 2 (see Table 3 on page 34). In the second field,
the concentration of S for Case 2 is 1.43 times that of Case 1. These observations
indicate the possibility that (1) S was non-volatile and stayed in the ash, or (2) S
volatilized, reacted with Ca, alkalis and perhaps even Cu, and condensed back as
part of the fly ash. The first possibility is less likely to happen because SO2(g)

measured at the backpass for Case 2 is almost 17.5 times that of Case 1 (see
Figure 18 in page 51) and the aerosol samples have shown indications that sul-

Element Field 1 Field 2
(mg/kg

a.r.) Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

Si 111000 108000 164000 69000 78000 101000
Ca 210000 224000 158000 274000 249000 200000
Al 49000 37000 38000 42000 35000 35000
Fe 21000 27000 41000 19000 27000 44000

K 24000 24000 18000 38000 31000 20000
Cl 30000 13000 6000 90000 23000 19000
S 44000 81000 36000 72000 103000 61000

P 6000 5800 3600 6800 7200 4200
Cu 3400 3700 2100 5700 4200 3200
Zn 4100 4300 2500 7700 5700 4400
Cr 380 380 310 480 370 520
Pb 530 510 320 1720 960 790
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fation has occurred during S-pellet addition (see Section 4.2). Meanwhile, in both
fields S concentration for Case 3 is only 4/5 of S concentration in Case 1 even if
the S in the fuel mixture for Case 3 is around 3.42 times that of Case 1.

 The trance element group (Cu, Zn, Cr, and Pb) exhibits a similar behavior to
the salt-forming group. These elements are enriched in the fine fly ash particles
collected in the second field as compared to the coarse particles of the first field.
These elements volatilize and leave the fuel in the reducing zones of the boiler
either as pure element, or sulfide, or chlorides, or oxides (for Cr) [22] and then
condense in the post combustion zones of the boiler [18] and form fine particles in
the fly ash. The presence of Cu in the fine fly ashes collected in the second field is
important in understanding PCDD/Fs formation.

The morphology of the fly ashes collected in the first field is much coarser and
larger relative to the ones collected in the second field (see Figure 32). For the
cases with SRF-bark-sludge (Cases 1 and 2) the large particles are a combination
of spherical and unstructured morphologies. For SRF-sludge-peat firing (Case 3),
large irregular shaped particles have been found together with some slightly
smaller spherical particles. These irregularly shaped particles may have been
fragments of the peat being used. There are reports in the literature that inert
silicate-rich structures in fuels, though possibly subject to fragmentation, retain
their morphology even after being subjected to harsh combustion conditions [154].

On the other hand, the morphology of the fly ashes collected in the second field
of the ESP is more homogeneous and composed of fine clusters of spherical
particles. A higher degree of magnification reveals the detail of these clusters
(Figure 32e).

4.6  Crystalline compounds in the ESP fly ash

The relative mass fractions of phases identified by XRD are found in Table 11.
Based on the semi-quantitative search-match analysis, the samples collected for
both fields are composed primarily of SiO2 (quartz), CaSO4 (anhydrite), CaCO3

(calcite), various alkali and alkaline earth metal containing tectoalumosilicates
(Na,Ca,K)Al(Si,Al)3O8 (e.g. albeite, microcline, anorthite) and Ca2(Mg,Al)Al(Si,
Al)O7 (e.g. gehlenite and melilite). Present in minor to trace amounts are phases
like NaCl (halite), KCl (sylvite), Ca(OH)2 (portlandite), MgO (periclase), Fe2O3

(hematite), Al (aluminum), and TiO2 (rutile). However, due to the complexity of the
diffraction patterns, the presence or absence of trace amounts of K2SO4 (arcanite),
Na2SO4 (thenardite) and/or KNaSO4 (aphthitalite) cannot easily be ruled out.

In the same table, the species detected by the thermodynamic model are also
indicated. Not all phases detected by XRD are also detected by the model espe-
cially albite, gehlenite and microcline for Case 1 and 2.
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(a) (c)

(b) (d)

(e)

Figure 32. SEM micrographs of the ESP fly ash. (a)–(b) are for the fly ashes col-
lected at the first field, while (c)–(d) are from the second field. The first row is for
the SRF-Bark-Sludge (Case 1 and 2) firing while the second row is for the case of
SRF-Sludge-Peat firing (Case 3). (e) is from Case 2 fly ash collected at the sec-
ond field of the ESP. (a)-(d) are taken at 1000x magnification while (e) is taken at
6000x magnification.
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For all test cases, the mass fraction of quartz is higher for the samples from the
first field as compared to the second field. The impact of peat co-firing to the fly
ash is clearly demonstrated by the increase of the relative mass fraction of quartz
in the samples collected for Case 3. Furthermore, elevated fractions of
(K,Na)AlSi3O8 (microcline) in samples for Case 3 support poor reactivity and vola-
tility of the alkalis during peat co-firing. Microcline found in fly ashes are formed
during combustion [95] or are present as small fractions of original fuel such as
peat [155]. This led to a decrease of NaCl (halite) and KCl (sylvite) in Case 3 (vs.
Case 1) for samples collected at the second field.

Both sulfur addition strategies reduced halite and sylvite in the sample collected
at the second field. For Case 2 this can be the result of sulfation of alkali chlorides.
For Case 3, it can be the result of the presence of stable microcline in the fuel
mixture which did not allow halite and sylvite to form. In addition, the presence of
(Na, Ca, K)Al(Si,Al)3O8 (albite) in the sample was also detected. Albite is formed
from the capture of Na salts at around 576°C by aluminosilicates and by subse-
quent crystallization [95].

Due to the presence of high amounts of Ca in the fuel mixture, especially for
Cases 1 and 2, formation of CaSO4 (anhydrite) was possible. In fact anhydrite is
always present in appreciable amounts for all test cases and sampling locations.
Anhydrite can be formed by sulfation of CaO(s) released from the organic fraction
of the fuel [95].

Table 11. Relative mass fraction of crystalline compounds identified by XRD and
thermodynamic model. x means that the species has been detected in the con-
densed phase at the 3rd and/or 4th stage of the staged equilibrium model

These differences in chemical composition and morphology are indications that
the histories of the fly ashes collected in the ESP fields are different. Ashes col-

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3
SiO2  (quartz) 22 29 38 8 16 25 x x
CaSO4 (anhydrite) 14 13 4 32 21 11 x x x
CaCO3  (calcite) 7 4 3 24 10 8 x
NaCl  (halite) 1 1 1 7 3 2 x x
KCl  (sylvite) 1 - - 4 - 1 x x
Ca(OH)2 (portlandite) 1 1 1 2 2 2
MgO (periclase) 1 1 - 2 2 1 x x
Fe2O3  (hematite) 2 1 1 3 2 3 x x
Al (metallic) 3 1 1 1 2 1
(Na,Ca,K)Al(Si,Al)3O8 (albite) 18 23 21 2 24 23 x
Ca2(Mg,Al)Al(Si, Al)O7 (gehlenite) 8 6 4 13 13 9
(K,Na)AlSi3O8 (microcline) 14 14 19 - 1 12 x
K2Ca2(SO4)3 (langbeinite) 6 5 5 - - -
TiO2 (rutile) 2 1 2 2 4 2

Phase First Field Second Field Thermodynamic Model
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lected in the first field are composed primarily of large and relatively inert oxides
originating from the fuel or from products of attrition or from fragmentation of bed
material, while those that were collected at the second field can be traced from the
condensation, heterogeneous nucleation or sintering of aerosol-forming elements.

4.7 Cu speciation via Cu K-edge XANES

The purpose of this Cu speciation is to (a) to detect the presence of CuSO4 which
is the target compound and the main reason why sulfur was added to the fuel
mixture being burned; (b) to assess whether the active/passive ratio, APR, defined
above can still correlate with the levels of PCDD/F produced in the post combus-
tion zones of the boiler. The comparison between the original and fitted spectra is
found in Figure 33 and the numerical results of LCF are found in Table 12.

Formation of CuSO4 for all the test cases has been confirmed by the results of
LCF. Even for the case where no S was added, CuSO4 formation was detected;
this is probably the result of having sludge in the fuel mixture. In this study the
concentration of S is 0.5 wt.% d.s. in the sludge. Addition of sludge during com-
bustion of SRF has been reported to also contribute in the inhibition of PCDD/F
formation as it can also be a sulfur rich source [48]. The additional S may aid the
poisoning of active Cu compounds. In the second ESP field, adding S-pellet led to
a higher CuSO4 mole fraction relative to peat co-combustion, which exhibited the
smallest fraction. Other studies using the same technique have also detected
CuSO4 in the fine particles collected in a BFB fired with MSW [58].

The fly ash collected at the first and second field for Case 1 registered a high
sum of CuCl2 and CuCl mole fractions. Chlorinated copper is expected to be high
in Case 1 because measures to induce or enhance sulfation have not yet been
implemented. Gaseous CuCl2 and CuCl leaving the furnace can condense in the
post combustion zone and be collected in the fine particle fraction of the ESP fly
ash. Eventually, the presence of Cu-Cl together with Cu-O species may further
increase the degree of chlorination of the PCDD/F residing in the ESP fly ash. This
explains why the degree of chlorination and concentration of PCDD/F in the ESP
fly ash is the highest for Case 1.

Likewise the high value of the combined mole fraction of Cu2O and CuO in both
fields also supports the observation that Cu was least volatile for Case 3. LCF
reveals that the combined mole fraction of these two compounds in the second
field is around 0.331 for Case 3, higher than the 0.300 and 0.309 for Cases 1 and
2 respectively. Cu2O and CuO are nonvolatile species of copper under typical BFB
boiler conditions where the temperature rarely exceeds 1000°C.
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Figure 33. Fly ash sample spectra and LCF results of Cu K-edge Xanes spectra
and the residual. (a) is for the samples from the first field and (b) is for the samples
from the second field of the electrostatic precipitator.
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The values of the APR are found in the last row of Table 12 and are plotted
against the PCDD/F levels measured at the ESP inlet in Figure 34a. There is no
correlation between the APR evaluated in the first field and the PCDD/F concen-
tration. On the other hand APR evaluated in the second field is linearly varies with
the PCDD/F levels. This observation is expected since the histories of these two
fly ashes are different, as discussed above. The empirical equation was originally
developed to take into account the transformation of Cu species existing in the
vapor and in the condensed phases in the boiler. Since fly ashes in the first field
do not possess this history, the equation’s applicability is limited in contrast to the
fly ashes collected from the second field. It may also be irrelevant to evaluate APR
in the fly ashes from the first field since large fly ash particles have been shown to
contain less PCDD/F in respect to the finer ones [156].

Figure 34. (a) Variation of the calculated APR vs PCDD/F levels measured at the
ESP inlet. (b) Comparison between the APR evaluated the 852Ox and second
ESP field. Line connecting the points indicate the established trend.

In Sections 4.4.1–3, the APR evaluated at the equilibrium reactor mimicking the
region just after tertiary air addition (T = 852°C, = 1.379, coded as 852Ox), was
able to explain the behavior of aerosol-forming elements and correlated with the
PCDD/F levels measured at the ESP inlet. In Figure 34b the APR for the second
field is plotted against the APR evaluated at 850Ox. The values of APR at 850Ox
are higher than that of APR for the second field; however, there still exists some
degree of linear correlation between the two. The difference in magnitude is due to
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factors such as the limitation of the thermodynamic equilibrium modeling and the
fact that the conditions at 852Ox are very different from those of the ESP. There-
fore, while the active/passive species ratio is highly empirical and might be very
specific to the conditions prevailing in this study, APR highlights the role of the
modes of occurrences of Cu on PCDD/F production.
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5. Experimental results – Anti-corrosion
measure to combust high SRF-energy-share
fuel (Paper IV & V)

The results and implications of the data collected during the assessment stage
(see Section 3.4.1 or Figure 15) are first presented. Thereafter the performance
stage follows.

5.1 Concentration of key components in the resulting fuel
mix

Figure 35. Resulting concentration of key fuel components in the fuel mixture
defined in Table 4.

Figure 35 shows the mean concentration of key fuel components of the fuel mix-
ture fired during the tests. Sulfur content is lowest for F1; partial and full substitu-
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tion of bark by peat/SRF increases the S content in F2 & F3. The target fuel, F4,
also has high S concentration. Chlorine concentration is highest in the target fuel,
a direct result of increasing the proportion of the SRF in the fuel mixture.

Na, K, Al and Si registered high concentration in F3, a finding which is probably
the result of increased concentration of these elements in the type of SRF used –
SRF 1 (see Table 4 and Table 5). Ca, Br, Zn and Pb concentration is highest in
F4, resulting in increasing the energy share of the SRF.

In general, moving from the base fuel to the target fuel recipe (mixture with 70
e-% SRF) increases the concentration of chlorine and trace elements in the fuel
mixture. There is also an increase in S which may help lessen the risk of corro-
sion. This increase in S may be countered however by a corresponding increase
of Ca concentration in the target fuel (see Figure 4 for the summary of key fuel
components interaction).

5.2 Aerosols arriving in the superheater region

5.2.1 Effect of peat substitution

Aerosol samples collected for firing F1 and F3 are shown in Figure 36. Both exhib-
its a bimodal particle size distribution, though for firing F1 the peak of the fine
particle is more pronounced compared to the coarse particle. For F3, the peak
height is almost equal for both size fractions. The peak in the coarse particle may
have come from fragments of the peat used. The presence of Si in the coarse
fraction of Figure 36 may support this claim.

The elements comprising the fine aerosol fraction are similar, namely K, Na, Cl
and SO4. However, the concentration of these K, Na and Cl is higher for firing F1.
The mode of occurrence of the alkalis may be “less reactive” during firing of F3
and could have resulted in the decrease of volatile K, Na and Cl.

Analysis of the particle size distribution of the aerosols arriving at the super-
heater region shows the same observations as above. Figure 37 shows the size
distribution of fine particles arriving at the superheater. Mode 1 particles are com-
posed of ultra-fine particles with a peak at around 20 nm (0.02 m)  while Mode 2
is composed of fine particles with a peak at around 100 nm (0.1 m) . The peak of
Mode 1 particles for F1 is highest, while the peaks for F2 and F3 are nearly equal
and the lowest among the fuels tested. This supports the earlier chemical observa-
tion that presence of reactive and volatile Na and K chloride is reduced during
peat substitution (F2 and F3).
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Figure 36. Composition and size distribution of aerosols collected before the SH
during Test point I and Test point V.
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Figure 37. Particle size distribution of the fuel mixtures collected before the SH
(from Paper V).

5.2.2 Assessment of anti-corrosion measures to aerosol quality

To assess the performance of the anti-corrosion measures, we take the sum of the
concentration of Na+K, Cl, and SO4 in the fine particle fraction of the DLPI sam-
ples and plot them in Figure 38. We have chosen only these elements because of
their central role in active corrosion and mitigation (see Figure 4). Pb and Zn were
not included because the measured concentration is low and have low condensa-
tion temperature.

The aerosol in I is rich Cl, and the proportion of Na+K and Cl is almost near that
of the alkali chloride – MCl. Upon addition of elemental sulfur the fraction of Cl is
decreased to more than half (see red and dashed arrow connecting points I and II
in Figure 38) and is accompanied by an increase in the proportion of SO4. Alt-
hough not shown here, the peak of the fine particle fraction shifted from 0.09–0.26
m to 0.26–0.60 m, an indication of alkali chloride sulfation [85].
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Figure 38. Summary of composition of the fine particle fraction of the aerosols
collected before the SH. Points are labelled according to test points.

When the sulfate solution is injected, III, the aerosol is virtually free of Cl. Na+K
and SO4 dominate the fine aerosol fraction (see the solid arrow connecting points I
and III in Figure 38). The peak of the fine particle is at 0.26–0.60 m and there is
enough SO4 to ensure the formation of (Na, K)2SO4. The risk of fire side corrosion
is much lower for III compared to I and II based on the aerosol composition data.

When peat is added in the fuel mixture to partially substitute bark (Fuel 2 and
IV), the proportion of the elements of interest is not very far from those collected
during I. When bark is not used in the fuel mixture (Fuel 3 and V) the proportion of
Cl in the aerosol is reduced. However this decrease is not solely attributable to the
absence of bark, but more likely to the difference in the quality of the SRF used.
Test point V is using an SRF with a Cl content of 3700 mg/kg, d., which is almost
half of the Cl content of the SRF for the other tests (see Table 5). For both IV and
V, the peak in the fine particle fraction has remained in the 0.09–0.26 m  range.
These observations suggest that peat co-firing is not a robust method to combat
Cl-induced corrosion, because the concentration of Cl in the resulting aerosol is
more tied to the quality of the SRF than to the corrosion mitigating power of peat.



85

5.3 Flue gas

Variations in the fuel mixture and application of corrosion mitigating measures do
not significantly vary the parameters listed in Table 13 except of the SO2, HCl and
CO concentrations.

Test point I registered the least concentration of SO2 in the flue gas. Without the
necessary SO2, alkali chlorides persist and are detected in the aerosol samples.
At this condition the risk of corrosion is high. Upon the addition of S-pellets (II) a
tenfold increase in SO2 concentration is measured, with a corresponding increase
in HCl concentration (~1.2×). These observations, in conjunction with the changes
in the quality of the aerosols noted earlier, suggest the progress of (14) and/or
(15), and even (5).

Sulfate injection (III) resulted in an increase in SO2 concentration (~3.4×), with
an accompanying increase in HCl concentration comparable to II, ~1.18×. Togeth-
er with the aerosol results, these observations suggest that sulfate injection is able
to wipe out alkali chloride via (14) and/or (15). However the contribution of (15) is
more significant for III compared to II because sulfate was injected in the strategic
position, ensuring high local concentration of SO3 just below the bullnose: see
point S in Figure 8.

When peat partially substituted bark (IV), SO2 concentration is similar to III, but
the increase in HCl concentration is lower than II and III. The Cl concentration is
least for F2 – the fuel fired in IV – but this is not seen as the primary reason for the
small increase measured for HCl. Aerosol data in Figure 38 suggest that the con-
version of (Na,K)Cl to (Na,K)2SO4, which produces HCl, did not happen apprecia-
bly during IV compared to II and III.

Total substitution of bark with peat/SRF (V, fuel F3) likewise increased SO2

concentration, by c.a. 6×, with an increase in HCl concentration (~1.19×). HCl
could have been produced via (14) or at the lower part of the BFB, i.e. splash
zone. The latter is also likely because Na and K might have been bound with the
Al, Si in F3 making them less reactive. Without reactive alkalis, Cl preferred to
interact with H forming HCl.

Using global equilibrium calculations, we simulated the combustion during III, IV
and V in FactSage 6.4 to estimate the fraction of Clfuel that formed HCl in the
splash zone. In Figure 39, test points IV and V both have Clfuel to HCl conversion
higher than 0.6, with V having higher conversion than IV. However for III, Clfuel to
HCl conversion is below 0.6. This supports the results in Section 5.2.2 that the
increase in HCl measured for III is a result of successful alkali sulfation via (14)
and more importantly (15); while HCl measured during V is the result of H-Cl inter-
action in the lower part of the BFB.
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Table 13. Properties of the flue gas in the superheater region during the assess-
ment stage. All data expect for temp after SH is from the FTIR. The coefficient of
variation c.v. (standard deviation/mean) is also shown.

Figure 39. Conversion of Cl to HCl, alkali chlorides and misc. Cl species estimated
using FactSage 6.4. The temperature is 840°C and  = 0.6, these are the average
condition at the splash zone in the boiler.

I II III IV V c.v.(I-V)

Temperature before SH °C 701 701 701 n.d. 634 0.05
Temperature after SHa °C 441 449 455 433 438

0.02
H2O vol-% 17.0 17.3 17.5 14.7 16.0 0.07

O2 vol-% dry 8.1 8.3 8.4 8.8 9.2 0.05

CO2 vol-% 6%O2 dry 6.0 5.9 5.8 5.9 5.7 0.02

CO mg/Nm3 6% O2 dry 0.0 0.0 0.0 0.0 0.3 2.24

SO2 mg/Nm3 6% O2 dry 54.8 598.9 185.1 185.0 333.6 0.77

HCl mg/Nm3 6% O2 dry 175.7 225.8 208.2 185.5 210.1 0.10

n.d. : no data available
a.: From the BFB's online instrumentation

Property Unit Assessment Stage
Test Points
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5.4 Quality of the deposits

Table 14 shows the concentration of select components of the deposits. Among
the components listed Ca and S registered the highest concentration; this indi-
cates abundance of CaSO4 in the deposits. The concentration of Cl and Fe (the
latter may also be occasionally come from the ring itself) has high variation during
the assessment stage, with the coefficient of variation or c.v. of 0.99 and 1.52
respectively. For Na and K the variation is low, with c.v. of 0.35 for both elements.

The concentration of Cl is consistently lowest during sulfate injection (III), on
average at 0.1 wt.%. The test for sulfur addition (II) and peat co-firing (V) both
registered an average Cl concentration of 0.4 wt.%. These Cl concentration is
significantly lower than the Cl concentration measured for the base test (I) which is
on average 6.1 wt%. The average is taken from the concentration of the element
in the wind, side and lee positions.

In the fine particle fraction of the aerosols, the Cl content is virtually zero during
III but we detect the presence of Cl in the deposits. This suggests that other size
fractions and factors can contribute to chlorine deposition.

Test point III registered the highest concentration of Fe in the deposit, 5.4 wt.%,
six times its concentration during I. This result is consistent with the decomposition
of Fe2(SO4)3(aq) which produces Fe2O3 [83]. Due to the proximity of sulfate injection
to the superheater, the oxide can later be deposited in the superheater region. The
risk associated with ash melting is low even at this condition. Using the composi-
tion at the wind position, the thermodynamic equilibrium calculation estimates the
molten fraction of the deposit to be below 1% in the temperature range 500–
800°C. The risk of ash melting is low because the deposit has plenty of CaSO4

(Tmelt = 1459°C).

5.5 Assessment phase output

The results above from the analysis of aerosol composition, flue gas condition,
and deposit suggest that sulfate injection is able to significantly reduce the risk of
Cl-induced corrosion. With sulfate injection, a strategic location can be chosen to
ensure maximum effect of the additive. Sulfate injection yields the lowest Cl con-
centration in the deposit and in the fine particle fraction.

Peat co-firing and elemental S addition are also able to bring down the concen-
tration of Cl in the aerosol and deposits. However since the performance of peat
co-firing is dependent on the nature of the SRF being combusted (see paragraph
3 in Section 5.2.2), we see this strategy as less robust compared to S-pellet addi-
tion.
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In the performance analysis stage, elemental S addition and sulfate injection
are tested. Test points VI and VIII fire the target fuel alone, while VII and IX are for
S addition and sulfate injection test respectively. VI serves as a reference test for
VII, while VIII is the reference for IX.

Table 14. Selected components of the deposits. No data is available for test point
IV. Concentration of Fe presented below may partly come from the ring.

5.6 Combustion of the target fuel – performance stage

The composition of the aerosols before the superheater during firing of the target
fuel (F4 and VI) is shown in Figure 40. Even though Cl is highest in F4, the risk of
corrosion when firing this fuel is not enhanced. In fact in Figure 38 the fraction of
Cl in the Na+K /SO4 / Cl system decreases from the base fuel (I) to the target fuel
(VI and VIII). In addition, the average concentration of Cl in the deposits is 5.1

I II III V VI VII VIII IX

Wind, wt%
Ca 22.0 18.7 17.1 11.8 26.2 20.2 22.7 13.4
S 11.9 11.3 14.6 8.9 12.4 13.7 12.7 15.5
Fe 1.0 0.5 5.3 3.1 0.9 0.7 1.2 8.5
Cl 4.5 0.7 0.2 0.2 3.1 1.9 2.1 0.2
Na 4.2 3.9 3.5 3.3 2.0 3.5 2.7 3.0
K 4.3 3.8 4.5 5.7 1.9 2.2 1.9 4.5

Side, wt%
Ca 15.0 7.4 11.6 9.5 20.6 10.5 0.5 9.4
S 11.3 13.0 16.4 5.9 11.2 6.8 4.3 17.4
Fe 0.9 0.4 7.3 1.6 1.1 0.3 8.6 9.8
Cl 6.8 0.3 0.1 0.5 4.5 0.7 6.6 0.1
Na 2.4 8.3 5.2 3.9 2.5 4.8 0.2 3.9
K 3.6 10.6 7.0 9.6 3.7 8.8 1.6 6.8

Lee, wt%
Ca 19.6 12.8 14.7 12.2 15.0 15.0 13.1 10.1
S 13.6 13.6 16.0 4.9 11.1 12.4 10.5 14.7
Fe 0.6 0.6 3.6 1.6 1.8 1.0 1.4 2.8
Cl 7.0 0.3 0.1 0.5 7.8 1.5 6.5 0.1
Na 4.5 6.9 6.0 4.1 6.2 5.6 6.5 4.9
K 6.4 9.1 5.2 6.6 7.0 7.0 7.8 4.7

Component
Test Points

Assessment Performance Analysis
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wt.% for VI and VIII, lower than the 6.1 wt.% measured for I. A possible explana-
tion for these measurements is the increase in Sfuel from F1 to F4. The flue gas
concentration of SO2in VI and VIII (see Table 15) are 2.5× and 4.5× that of I re-
spectively, which may provide the necessary sulfur to achieve alkali sulfation even
without the additives. Due to increased Zn and Pb in F4, it is also probable that
some Cl’s formed zinc and/or lead chlorides [37] which partly lowers the amount of
condensable Cl in the superheater region.

Elemental S addition to the target fuel (VII) improves the quality of the aerosols
and deposits in terms of preventing alkali chloride induced corrosion. In the aero-
sols, the fraction of Cl is lowered similar to II (see Figure 38). The flue gas regis-
tered the highest SO2 concentration (see Table 15) with an accompanying in-
crease in HCl concentration. However the Cl content in the deposit is on average
1.4 wt.%, c.a. 26% of its reference test (VI) (see Table 14).

Sulfate injection during combustion of the target fuel (IX) yields an aerosol with
composition similar to III. The aerosol is virtually free of Cl and the deposit has an
average Cl concentration of 0.1 wt.% which is c.a. 2.6 % of its reference case
(VIII). Similar to III, the deposit is also rich in Fe with mean concentration of 7
wt.%. For all tests in the performance analysis phase, Ca and S have the highest
concentration in the deposits.

Figure 40. Composition and size distribution of aerosols collected before the SH
during firing of the target fuel (test point VI).
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Table 15. Properties of the flue gas in the superheater region during the perfor-
mance analysis stage. All data expect for temp after SH is from the FTIR. The
coefficient of variation c.v. (standard deviation/mean) is also shown

Figure 41. Particle size distribution changes during sulfate injection and firing of F4
(from Paper V).

VI VII VIII IX c.v.(VI-IX)

Temperature before SH °C 739 739 751 751 0.01
Temperature after SHa °C 440 448 453 451

0.01
H2O vol-% 17.4 16.7 17.5 19.9 0.08

O2 vol-% dry 8.0 8.3 8.4 8.1 0.02

CO2 vol-% 6%O2 dry 6.1 6.1 6.1 6.2 0.01
CO mg/Nm3 6% O2 dry 0.0 0.1 0.2 0.2 0.85

SO2 mg/Nm3 6% O2 dry 138.2 758.0 247.0 480.6 0.68
HCl mg/Nm3 6% O2 dry 198.5 278.6 226.8 313.0 0.20

n.d. : no data available
a.: From the BFB's online instrumentation

Property Unit Performance Analysis Stage
Test Points
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The impact of sulfate injection to F4 is also visible in the particle size distribution of
aerosols collected in the SH region. It can be seen in Figure 41 that sulfate injec-
tion affects both the concentration (particle count) and distribution modes. The
concentrations for Mode 1 and 2 particles are both reduced when sulfate is inject-
ed during combustion of F4. There is also a corresponding shift in peak position
for both particle modes; we again attribute this shift in peak position to the possible
occurrence of alkali chloride sulfation.

The aerosol at the back pass (point 5 in Figure 8) collected during IX is com-
posed mainly of Na, K and SO4. Trace elements Pb and Zn are present at very
low concentration.

Figure 42. Composition and size distribution of trace elements after the SH during
IX.

These results suggest that elemental S and sulfate injection are both robust
means of reducing the corrosion risk associated with combustion of high SRF
share fuel mixture. Even though there are variations in the quality of the SRF used
between I, II, III and VI–IX, both procedures were able to provide consistent trends
in aerosol and deposit composition as well as flue gas conditions. However in
terms of ensuring that the superheater deposit is Cl free, the performance of sul-
fate injection is superior to sulfur addition.
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5.7 Factors affecting Cl concentration in the deposits

The fuel composition and anti-corrosion measures tested are able to affect the
composition of the aerosols and the deposits. The concentration of the Cl in the
deposit is never totally reduced to zero, however, even if the concentration of
alkali chlorides in the aerosols is virtually negligible. In order to know what other
factors should be considered in order for Cl deposition to be understood effective-
ly, the relationship of flue gas and fine aerosol properties and the concentration of
Cl in the wind side deposit collected before the superheater were examined (point
4 in Figure 8).

Partial least squares regression is used to examine the contribution of the 14
variables found in the abscissa of Figure 43. The PLS regression model was used,
because there was no systematic way of including or excluding variable/s to cre-
ate a set of non-collinear estimators. The predictive power of this model is not
expected to be high due to the limited number of test point, and consequently
extrapolation of the results is not advised.

Figure 43. Weights of variables tested to component 1 of the PLS regression
model for the wind side superheater deposits.

fg% T is the percent decrease in flue gas temperature traversing the superheat-

ers. H2O, O2, SO2 and HCl are the concentrations of components of the flue gas
(see Table 13 and Table 15), and the rest are concentrations of the components of
the aerosol. Since the units of these variables vary, normalization by mean center-
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ing was performed first. The mean centered data forms the matrix of predictors X
and the wind side Cl-concentration is the response Y.

Cross validation step suggests the use of three components or x-scores in the
PLS regression model. Using a 3-component PLS regression model the calculated
R2 is 0.94, see Figure 44. The first component of the regression captures 82.29%
of the variance and the weight of the original variables in this component is found
in Figure 43.

Figure 44. Parity plot between predicted concentration and measured wind side Cl
concentration, in wt.%.

Figure 45. Stability of chlorine containing compounds and ZnO. Calculated using
FactSage 6.4® Reaction module at standard state conditions.

The decrease in the temperature of the flue gas passing through the superheaters,
and the Cl and Br content in the aerosol have high positive effects on Cl-
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deposition. An increase in Cl content in the aerosol plus a large decrease in flue
gas temperature enhances Cl-deposition in the superheater because of saturation.

 On the other hand, the positive effect of Br is probably linked to the formation
of BrCl [157,158]. Formation of bromine chloride is thermodynamically feasible at
typical boiler conditions, but it is less stable compared to other chloride salts (see
Figure 45). Na and K also contribute positively to Cl-deposition via formation of
alkali chlorides. These chloride salts may then condense to enhance deposition in
the superheater. Ca and Al also positively affect Cl-deposition via formation of
chlorides or the capture the sulfates by forming aluminum or calcium sulfate in-
stead of alkali sulfates.

Meanwhile, O2, SO2 and HCl reduce Cl-deposition through alkali sulfation. O2

and SO2 are reactants to (14) and (15) which help convert condensable Cl to HCl.
HCl is not expected to condense in the superheater, thereby reducing Cl-
deposition. O2, SO2 and HCl are also reactants in the intra-particle sulfation of the
alkali chlorides. Intra-particle sulfation localized in the periphery of the deposits
results in the loss of Cl to the flue gas as HCl [86], even if some Cl can still diffuse
towards the metal.

The concentrations of SO4 and Pb in the aerosol also have negative weights in
the 1st component of the PLS regression model. Having more SO4 in the aerosol
increases the likelihood that (14) and/or (15) take place and the amount of con-
densable Cl is reduced. The presence of Pb in the water-soluble aerosol samples
may indicate the presence of PbCl2 which reduce the amount of condensable Cl in
the superheater region. Zn meanwhile has a low effect on Cl deposition because
the formation of ZnO is more favored than ZnCl2 (see Figure 45). These interpre-
tations agree with Enestam’s estimates that in the superheater region Pb is pre-
dominantly PbCl2(g) while Zn can exist mostly as ZnO(s) and some as ZnCl2(g) [37].
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6. Conclusion

The de novo mechanism is the dominant means of production of PCDD/F in the
multi-fuel fired BFB facility. Aerosol samples suggest that sulfur pellets were able
to convert copper chlorides or oxides to sulfate. On the other hand, during co-firing
of peat, Cu was less volatile and ash loading in the flue gas was high; this led to a
significant increase in PCDD/F. The staged-equilibrium process model indicates
that during peat addition excessive Cu in the fuel mixture favors the formation of
CuO(s),  a  key de novo catalyst. The same modeling approach also showed that
synergistic effects of increasing sludge share and sulfur pellet addition can pro-
mote abatement of PCDD/F production and promote alkali capture. This can be
explained by trace element dilution, alkali capture of Si and Al from the sludge,
and additional S available for sulfation reactions. Furthermore, the modeling ap-
proach also allowed the introduction of the empirical active/passive species ratio
or APR which correlated to the levels of PCDD/F measured at the ESP inlet.

Characterization and chemical analysis of the ESP fly ash reveals that the for-
mation histories of the fly ashes collected in the ESP fields. Coarse fly ashes are
products of attrition and fragmentation of the non-volatilized fuel components and
bed material while fine fly ashes are formed from secondary gas/solid reaction
(e.g. alkali aluminosilicate capture, sulfation) and salts that have been in the gas
phase in the boiler and have condensed and agglomerated while traveling with the
cooling flue gases.

Based on XANES analysis, the presence of more Cu-Cl species in Case 1 led
to a slightly higher PCDD/F concentration, relative to Case 2. This has implications
also in the possible additional chlorination of particle-bound PCDD/Fs of the ESP
fly ashes. The combined presence of Cu-Cl and Cu-O promoted subsequent chlo-
rination of PCDD/F in the ESP fly ash in Case 1.

As for Case 3, linear combination fitting of XANES spectra showed the signifi-
cant presence of Cu-O in the fine ESP fly ashes suggesting that Cu was indeed
the least volatile and that it could have effectively shuttled Cl to the carbon matri-
ces, as is required for the inflight de novo formation of PCDD/F. Moreover, the
mole fraction of the CuSO4 fraction is smallest in Case 3, suggesting poor sul-
fation of Cu. XANES analysis also corrects the limitations of the staged equilibrium
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models at low temperature conditions, as it was able to show that CuSO4 did form,
and it validates the correlation between APR and PCDD/F production.

In the flue gas path, most of the PCDD/F leaving the post combustion zones is
particle bound. Phase redistribution or volatilization occurred in the ESP and re-
sulted in an increase in gaseous PCDD/F leaving the device. This phase redistri-
bution did not however affect the overall decrease of the PCDD/F concentration in
the flue gas traversing the ESP.

There is evidence pointing to some reactions in the ESP fly ash because the
homologue distribution pattern is different from the pattern in the flue gas path and
the ratio of furans and dioxins is different. The trend in the PCDD/F concentration
in the ash has been affected by dilution and the amount of active Cu in the ash.

Based on these results it can be concluded that adding S-pellet to the fuel mix-
ture is more suitable than peat co-firing because it accomplishes the required
extent of Cu sulfation. Furthermore, the increased particle loading in peat co-
combustion may be detrimental in PCDD/F abatement since this can house un-
burned organic carbon matrices – an important ingredient in de novo synthesis. In
addition, keeping the concentration of Cu as low as possible is key to for PCDD/F
abatement. This is because oxychlorination can happen and promote PCDD/F
production if sulfur is unable to fully convert Cu-Cl and Cu-O species to CuSO4.

In this two stage study to assess chlorine-deposition in the superheater during
firing of a fuel mixture containing 50, 60 and 70 e.-% share SRF, it is noted that
the increase in SRF share increase Cl and trace elements in the fuel.

In the assessment stage, sulfur addition and sulfate injection exhibited robust
performance against the agents of active corrosion by partially or fully reducing the
concentration of alkali chlorides. Peat co-firing can also reduce alkali chlorides but
its action is dependent on the quality of the fuel mixture used.

During firing of the target fuel (70 e.-% share of SRF), sulfur addition and sul-
fate injection are able to lower the concentration of alkali chlorides in the aerosol
and in the deposits at the superheater. Sulfate injection ensures however that the
concentration of Cl in the aerosol and in the deposits is minimal. With these ob-
servations it can be conclude that sulfate injection is a robust strategy for combat-
ing Cl-induced corrosion of the superheater.

The quality of the flue gas and the aerosol has a strong impact on the quality of
the deposits. During firing of high e.-% share SRF, Cl content of the aerosol has
the highest positive impact on Cl deposition. Therefore any corrosion mitigating
measure must be able to reduce Cl concentration in the aerosols to as low a level
as is technically and economically possible.

This work showed two problems associated with combustion of high or ad-
vanced energy-share SRF fuel mixture – PCDD/F formation and Cl-induced corro-
sion. Both can be dealt with appropriately by the addition of sulfur based additive
that can induce the sulfation of Cu, for dioxin and furan production, alkalis, and for
Cl-induced corrosion.

Future work should focus on optimizing the treatment levels of the sulfur based
additive to improve cost effectiveness. In addition, sulfate injection should also be
tested (dose and point of injection) for its PCDD/F abatement.
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h i g h l i g h t s

� We have shown that anti-corrosion measures (S-pellet addition and peat co-combustion) can affect PCDD/F production.
� We have reduced the production of PCDD/F in the BFB boiler by up to 53% through S-pellet addition.
� We have established that the ESP can lower PCDD/F concentration in the flue gas by up to 76%.
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a b s t r a c t

Levels of PCDD/F production in a 140 MWth bubbling fluidized bed boiler were measured. The boiler uses
solid recovered fuel, bark and sludge. Homologue distribution patterns suggest the de novo mechanism is
the main pathway for the generation of dioxin and furans in the post combustion zones of the boiler. Two
modes of sulfur addition were tested to induce the deactivation of Cu which has been identified as the
prime catalyst of this mechanism. First, S-pellet promoted Cu sulfation as supported by aerosol sampling
data and resulted in a decrease in PCDD/F levels. The second approach was adding sulfur through peat;
this resulted in an increase in PCDD/F concentration. Factors such as high Cu content in the SRF-
peat-sludge fuel mixture and reduced volatilization of Cu may have contributed to the said increase.
For all test cases, phase redistribution of PCDD/F was observed in the electrostatic precipitator favoring
more gaseous PCDD/F at the outlet. The homologue distribution pattern did not change in the flue gas
path, suggesting that further synthesis and/or chlorination in the stream were minimized. There is however
evidence for subsequent reactions happening in the ESP fly ash. The homologue distribution pattern in the
latter was different from that of the flue gas, and more highly chlorinated PCDD/Fs were present. Further-
more, the ratio of PCDD and PCDF was different from that of the samples in the flue gas path.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

As the world population grows the amount of waste grows as
well; thus waste management continues to be a priority around
the globe. In the European Union (EU), the 2008 Directive onWaste
Management sets the order of priority on waste prevention
and management as follows: prevention, preparing for re-use,

recycling, other recovery, e.g. energy recovery, and disposal [1].
But with increasing cost and environmental issues related to
disposal, energy recovery becomes a strategic choice. In fact in
Finland, the fraction of waste converted to energy rose from 9.6%
in 2001 to 24.9% in 2011; while the fraction of waste sent to landfill
declined from 61.1% to 40.2% during the same period [2].

Waste-to-energy (WtE) reduces landfill waste by up to 20 fold
by volume, leaving only sterile residues. However due to poor
public understanding WtE facilities are still seen as dioxin factories
[3]. This perception remains even with efficient post combustion
cleaning strategies and strict regulations. In EU member states an

http://dx.doi.org/10.1016/j.fuel.2014.05.034
0016-2361/� 2014 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: VTT Technical Research Centre of Finland, Koivur-
annantie 1 PL 1603, 40 101 Jyväskylä, Finland. Tel.: +358 20 722 2574; fax: +358 20
722 2720.

E-mail address: cyril.bajamundi@vtt.fi (C.J.E. Bajamundi).

Fuel 134 (2014) 677–687

Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier .com/locate / fuel

mailto:cyril.bajamundi@vtt.fi
http://dx.doi.org/10.1016/j.fuel.2014.05.034
http://www.elsevier.com/


I/2 I/3

1. Only maintaining a sufficient concentration of SO2 (relative to
HCl) in the flue gas will lower PCDD/F formation. Thus they
proposed a recycling technique for the sulfur to remain in the
system while avoiding excessive use of additives.

2. The ratio of HCl: SO2 (both measured as mg/Nm3) should be 1:1.

In addition, good combustion practices (GCP) have been
adopted to ensure minimization of PCDD/F production. In the EU,
the following GCP are imposed [4]:

1. Total organic carbon, TOC, content of the slag and bottom ashes
should be less than 3%.

2. The combustion gas should be raised, after injection of the com-
bustion air, to a temperature of 850 �C and be maintained there
for at least 2 s.

3. Continuous measurement of CO, total dust, TOC, HCl, HF, NOx
and SO2.

4. At least two measurements per year of heavy metals, dioxins
and furans; or one measurement at least every three months
to be carried out for the first 12 months of the operation.

1.3. Goal of the study

This study aims to examine the levels of PCDD/F production in a
bubbling fluidized bed boiler (BFB) utilizing solid recovered fuel
(SRF), bark, and sludge. The facility is subject to the emissions lim-
its set by the current WID [4]. Since the current WID is focused on
limiting PCDD/F emissions alone, brominated (PBDD/F) and bromi-
nated-chlorinated (PXDD/F) varieties are not considered.

The test plan consisted of three cases. The first test (Case 1) is a
reference case, and the succeeding tests examine the inhibitory
effects to PCDD/F production when sulfur is introduced as sulfur
pellets (Case 2) or sourced from peat (Case 3). These two sulfur
sources are also countermeasures used in combustion systems to
reduce chlorine induced corrosion by converting alkali chlorides
to alkali sulfates [32–35].

To see the effect of S addition to the process, the concentrations
of HCl and SO2 at the post combustion region were monitored
using FTIR. Aerosol sampling was done to examine the behavior
of Cu and major ash forming elements. These behaviors can reveal
the nature of the volatility and possible forms of these elements
during this test.

The homologue distribution (fingerprint) of dioxin and furan
was collected around the electrostatic precipitator to (a) identify
the prevailing production mechanism in the post-combustion
zones, (b) evaluate further production or phase redistribution at
the flue gas path of electrostatic precipitator (ESP), and (c) finger-
print the PCDD/F in the ESP fly ashes and in the flue gas path.

Results presented in this paper will be analyzed further and val-
idated in the succeeding parts of this three part study series. The
ultimate aim of the study series is to propose a suitable combus-
tion strategy focused on mitigating PCDD/F production in the BFB
facility.

2. Materials and methods

2.1. The bubbling fluidized bed boiler and fuels

The study is limited to the boiler and the electrostatic precipita-
tor; therefore the levels reported in this work cannot be considered
as the actual PCDD/F emissions of the facility. The boiler is
described in detail in another article [36], however the boiler has
had a boiler area upgrade allowing operation at a capacity of
140 MWth [37]. During the test campaign the boiler was operating
at a mean load of 90 MWth. Possible hotspots for PCDD/F formation

are the economizers and the preheater. Flue gases enter the econ-
omizer on average at �430 �C and exit at 340 �C, while at the air
preheater the flue gases enter on average at �260 �C and leave at
�185 �C.

The ESP consists of two parallel lines in the flue gas flow
direction, both with two sequential fields being maintained at
approximately 185–190 �C during the test runs, see Fig. 3b. This
temperature setting was fixed to decrease the likelihood of gener-
ating more dioxins and furans in the ESP.

The process data extracted from the boiler’s instrumentation
are shown in Fig. 4. Together with a steady-state detection (SDD)
algorithm developed by Kelly and Hedengren, we used these pro-
cess data to assess whether the BFB was running at steady state.
The SSD algorithm calculates the probability of being steady or at
least stationary over a time interval by performing a residual
Student’s t-test using the estimated mean of the process signal
without any drift and the estimated standard deviation of the
underlying white-noise driving force [38].

The BFB facility uses Scandinavian spruce bark, dried paper mill
sludge and solid recovered fuel (SRF). The bark comes from the
debarking process of the paper mill adjacent to the boiler and
the sludge is from the wastewater treatment facility of the same
mill. This sludge is rich in calcium from paper fillers and coating
used during the paper manufacturing. The wastewater treatment
facility uses around 30–40 kg of iron(III)sulfate per ton of dry
sludge as flocculant and aluminum(III) sulfate for pH control [39].

The SRF used in the study is collected from offices, wholesale
businesses, and small – middle scale industries in southern Finland
[40]. PVC based packaging plastics have been excluded during the
collection and preparation of the SRF. In the SRF plant, materials
are homogenized to 50–100 mm particle size and magnetic mate-
rials are separated, SRF is transported to the BFB in wrapped bales
or fluffs [39].

The proportions, in percentage energy share, of the fuels fired
are given in Table 1. Fuel mixtures containing SRF – Bark for Case
1 and 2, and SRF– Peat for Case 3 are fed to the boiler through the
chutes in the left and right walls. Sludge is fed separately to the
boiler from the thermal drying plant via pneumatic transport lines.

Each test case run lasted for 6 h; however for Case 2 the sulfur
addition started the night before the actual test run to ensure that
the system had been saturated with sulfur prior to the actual data
collection. This is to follow the recommendation that only main-
tained level of S in the boiler is effective to combat dioxin and furan
production [31].

The properties and the composition of the fuels fired in the boi-
ler are found in Table 2. Because SRF has a large energy share, the
majority of the elements found in the fuel mixture can be traced
from it. This is true for example for minor components, sodium,
potassium and chlorine, and for trace components copper, zinc
and lead. Variation in the composition of the fuel mixture can also
be traced directly to the SRF, with possible exceptions of Si and Al,
since these elements are abundant in the peat. For the trace com-
ponents, variability is high for Cr, Cu, Ni and Sb, as clearly seen in
the values in the same table. This variation can be traced to the
sources of these elements in the actual collected waste used to
prepare the SRF. To name a few, Cu can come from brass, plastic
catalyst and colorant, and copper wire, Cr can come from the
impregnating agent found in CCA wood, Sb from fire retardant
additives [39] and Ni can come from discarded electronics and
additives in paint and plastics [41].

The concentration of Br in the fuel is low compared to Cl. Thus
the amount of PBDD/F or PXDD/F that can be produced may be less
compared to PCDD/F. Large PBDD/F formation in thermal treat-
ment processes has been reported in the literature; however these
studies have either used fuels with equal molar amounts of Br and
Cl [42], or fixed proportion of the halogens in the fuel to reach a
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emission limit of 0.1 ng/Nm3 (O2 content 6%) on polychlorinated
dibenzo-p-dioxins (PCDDs) and dibenzofuran (PCDFs) are strictly
imposed by the Waste Incineration Directive (WID) [4]. The limit
is applicable to stationary and mobile technical equipment par-
tially or fully utilizing waste as fuel and converting it to energy
via thermal processes, e.g. combustion, gasification, and pyrolysis.
WID is enacted to avoid trans-boundary emission movements from
states with less stringent environmental standards, and for the
protection of the public and environment.

PCDD/Fs are planar, aromatic, and chlorinated organic com-
pounds. In a dioxin molecule two oxygen atoms bond the two ben-
zene rings while for a furan a single oxygen atom bonds the two
rings (Fig. 1). Dioxins and furans with the same number of chlorine
atoms constitute a homologue group or isomers. Tetra- to octa-
chlorinated homologues are considered in calculating the toxicity
equivalence quantity or TEQ [5]. Common sources of PCDD/Fs are
side reactions from chemical synthesis, thermal processes, photo-
chemical reactions, and naturally occurring enzymatic reactions
under the influence of peroxides [6].

1.1. Formation mechanisms

Theoretical investigations on the synthesis of PCDD/Fs gained
ground in the years following 1982 after an industrial accident
released these compounds in an area over 2.8 km2 [7]. Pyrosynthe-
sis or precursor formation was first suggested as a formation
mechanism; it occurs between 300 and 600 �C. This gas phase
mechanism requires chemically similar intermediates (e.g. chloro-
benzene, chlorophenols and polychlorinated biphenyls [8]) to
undergo self-condensation (coupling of molecules or radical inter-
mediates), cyclization of intermediates [9,10], and chlorination/
dechlorination reactions. The last step is remarkably enhanced on
a Cu(II)O surface either via Eley–Rideal or Langmuir–Hinshelwood
mechanism [11]. Precursor formation commonly yields a signature
ratio of RPCDF/RPCDD < 1 [12].

In parallel a de novo mechanism was also under investigation;
early experiments showed that this happens in the temperature
range of 200 to 400 �C [13], is a heterogeneous reaction, catalyzed
by metals in the incineration fly ash [14,15], is thought to occur in
the post combustion zones of WtE facilities. De novo mechanism
requires carbon molecules contained in fly ashes to react with
oxygen and chlorine, and has a characteristic signature of RPCDF/
RPCDD > 1 [13,16]. The availability of chlorine is important and
can either be sourced from the carbon matrix of partially
combusted fuel such as soot [17], or produced from the metal-
catalyzed Deacon reaction of HCl(g) and O2(g) (see reaction (1)) [18].

2HClðgÞ þ 1=2O2ðgÞ �Cl2ðgÞ þH2OðgÞ ð1Þ

Gullet showed that Cu (as CuO) promoted the increase in the
concentration of tetra- to octachlorinated homologues. It was also
reported that a strong peak of formation occurs at 400 �C for all the
PCDD congeners [18,19]. Copper aids in cleaving the carbon

matrices in the ash and shuttles Cl for the matrix’s chlorination.
Likewise, Cu can be continuously chlorinated and dechlorinated,
converting HCl(g) to Cl2(g) via reaction (1) [20].

In the 1990s studies on the influence of combustion [21–23]
and post-combustion conditions [24,25] reinforced the role that
poor combustion efficiency plays in PCDD/F production. Poor
combustion is conducive for forming chemically similar precursors
that eventually react to form PCDD/Fs. In addition, understanding
of the dioxin’s behavior in the gas cleaning equipment was devel-
oped. Memory effects due to the absorption-desorption of dioxins
and furans were reported [26]; this can increase the concentration
of PCDD/F after the wet scrubber. The effect of corona discharge in
the electrostatic precipitator (ESP) on PCDD formation was
explored. Corona discharge in the ESP can cause an increase of O
and OH which in turn may increase the concentration of chloro-
phenoxyl radicals [27].

1.2. Inhibition by sulfur

Sulfur present as SO2 depletes the Cl2 levels through the homo-
geneous gas phase reaction [28]

Cl2ðgÞ þ SO2ðgÞ þH2OðgÞ �2HClðgÞ þ SO3ðgÞ ð2Þ

Raghunathan et al. noted that during SO2 injection the exit HCl
concentration is considerably higher than during times when
injection was halted. They also proposed that SO2 can heteroge-
neously poison CuCl2 [29], a de novo catalyst, via the reaction

SO2ðgÞ þ CuCl2ðsÞ þH2OðsÞ þ 1=2O2ðgÞ ! CuSO4ðsÞ þ 2HClðgÞ ð3Þ

The Gibbs free energies of these three reactions are shown in
Fig. 2. The negative values suggest the possibility of an inhibition
mechanism at 200–400 �C; however for the Deacon reaction,
kinetic information is also important to assess its occurrence [28].

Ogawa et al. investigated the PCDD/Fs inhibition rates during
addition of gaseous SO2, coal high in sulfur, and coal with a sulfur
agent; they concluded that the mode of addition affects the dioxin
inhibition [30]. Hunsinger et al. performed a pilot plant campaign
to assess the optimum conditions to support PCDD/F inhibition via
S addition in their TAMARA municipal solid waste incinerator [31].
Their results emphasize two important process conditions for suc-
cessful utilization of S as a potential inhibitor:

Fig. 1. Molecular structures of PCDD/F showing the position for chlorination. There
are 75 PCDD and 135 PCDF congeners distinguished by the position and number of
chlorine atoms attached to the benzene ring [9].
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1. Only maintaining a sufficient concentration of SO2 (relative to
HCl) in the flue gas will lower PCDD/F formation. Thus they
proposed a recycling technique for the sulfur to remain in the
system while avoiding excessive use of additives.

2. The ratio of HCl: SO2 (both measured as mg/Nm3) should be 1:1.

In addition, good combustion practices (GCP) have been
adopted to ensure minimization of PCDD/F production. In the EU,
the following GCP are imposed [4]:

1. Total organic carbon, TOC, content of the slag and bottom ashes
should be less than 3%.

2. The combustion gas should be raised, after injection of the com-
bustion air, to a temperature of 850 �C and be maintained there
for at least 2 s.

3. Continuous measurement of CO, total dust, TOC, HCl, HF, NOx
and SO2.

4. At least two measurements per year of heavy metals, dioxins
and furans; or one measurement at least every three months
to be carried out for the first 12 months of the operation.

1.3. Goal of the study

This study aims to examine the levels of PCDD/F production in a
bubbling fluidized bed boiler (BFB) utilizing solid recovered fuel
(SRF), bark, and sludge. The facility is subject to the emissions lim-
its set by the current WID [4]. Since the current WID is focused on
limiting PCDD/F emissions alone, brominated (PBDD/F) and bromi-
nated-chlorinated (PXDD/F) varieties are not considered.

The test plan consisted of three cases. The first test (Case 1) is a
reference case, and the succeeding tests examine the inhibitory
effects to PCDD/F production when sulfur is introduced as sulfur
pellets (Case 2) or sourced from peat (Case 3). These two sulfur
sources are also countermeasures used in combustion systems to
reduce chlorine induced corrosion by converting alkali chlorides
to alkali sulfates [32–35].

To see the effect of S addition to the process, the concentrations
of HCl and SO2 at the post combustion region were monitored
using FTIR. Aerosol sampling was done to examine the behavior
of Cu and major ash forming elements. These behaviors can reveal
the nature of the volatility and possible forms of these elements
during this test.

The homologue distribution (fingerprint) of dioxin and furan
was collected around the electrostatic precipitator to (a) identify
the prevailing production mechanism in the post-combustion
zones, (b) evaluate further production or phase redistribution at
the flue gas path of electrostatic precipitator (ESP), and (c) finger-
print the PCDD/F in the ESP fly ashes and in the flue gas path.

Results presented in this paper will be analyzed further and val-
idated in the succeeding parts of this three part study series. The
ultimate aim of the study series is to propose a suitable combus-
tion strategy focused on mitigating PCDD/F production in the BFB
facility.

2. Materials and methods

2.1. The bubbling fluidized bed boiler and fuels

The study is limited to the boiler and the electrostatic precipita-
tor; therefore the levels reported in this work cannot be considered
as the actual PCDD/F emissions of the facility. The boiler is
described in detail in another article [36], however the boiler has
had a boiler area upgrade allowing operation at a capacity of
140 MWth [37]. During the test campaign the boiler was operating
at a mean load of 90 MWth. Possible hotspots for PCDD/F formation

are the economizers and the preheater. Flue gases enter the econ-
omizer on average at �430 �C and exit at 340 �C, while at the air
preheater the flue gases enter on average at �260 �C and leave at
�185 �C.

The ESP consists of two parallel lines in the flue gas flow
direction, both with two sequential fields being maintained at
approximately 185–190 �C during the test runs, see Fig. 3b. This
temperature setting was fixed to decrease the likelihood of gener-
ating more dioxins and furans in the ESP.

The process data extracted from the boiler’s instrumentation
are shown in Fig. 4. Together with a steady-state detection (SDD)
algorithm developed by Kelly and Hedengren, we used these pro-
cess data to assess whether the BFB was running at steady state.
The SSD algorithm calculates the probability of being steady or at
least stationary over a time interval by performing a residual
Student’s t-test using the estimated mean of the process signal
without any drift and the estimated standard deviation of the
underlying white-noise driving force [38].

The BFB facility uses Scandinavian spruce bark, dried paper mill
sludge and solid recovered fuel (SRF). The bark comes from the
debarking process of the paper mill adjacent to the boiler and
the sludge is from the wastewater treatment facility of the same
mill. This sludge is rich in calcium from paper fillers and coating
used during the paper manufacturing. The wastewater treatment
facility uses around 30–40 kg of iron(III)sulfate per ton of dry
sludge as flocculant and aluminum(III) sulfate for pH control [39].

The SRF used in the study is collected from offices, wholesale
businesses, and small – middle scale industries in southern Finland
[40]. PVC based packaging plastics have been excluded during the
collection and preparation of the SRF. In the SRF plant, materials
are homogenized to 50–100 mm particle size and magnetic mate-
rials are separated, SRF is transported to the BFB in wrapped bales
or fluffs [39].

The proportions, in percentage energy share, of the fuels fired
are given in Table 1. Fuel mixtures containing SRF – Bark for Case
1 and 2, and SRF– Peat for Case 3 are fed to the boiler through the
chutes in the left and right walls. Sludge is fed separately to the
boiler from the thermal drying plant via pneumatic transport lines.

Each test case run lasted for 6 h; however for Case 2 the sulfur
addition started the night before the actual test run to ensure that
the system had been saturated with sulfur prior to the actual data
collection. This is to follow the recommendation that only main-
tained level of S in the boiler is effective to combat dioxin and furan
production [31].

The properties and the composition of the fuels fired in the boi-
ler are found in Table 2. Because SRF has a large energy share, the
majority of the elements found in the fuel mixture can be traced
from it. This is true for example for minor components, sodium,
potassium and chlorine, and for trace components copper, zinc
and lead. Variation in the composition of the fuel mixture can also
be traced directly to the SRF, with possible exceptions of Si and Al,
since these elements are abundant in the peat. For the trace com-
ponents, variability is high for Cr, Cu, Ni and Sb, as clearly seen in
the values in the same table. This variation can be traced to the
sources of these elements in the actual collected waste used to
prepare the SRF. To name a few, Cu can come from brass, plastic
catalyst and colorant, and copper wire, Cr can come from the
impregnating agent found in CCA wood, Sb from fire retardant
additives [39] and Ni can come from discarded electronics and
additives in paint and plastics [41].

The concentration of Br in the fuel is low compared to Cl. Thus
the amount of PBDD/F or PXDD/F that can be produced may be less
compared to PCDD/F. Large PBDD/F formation in thermal treat-
ment processes has been reported in the literature; however these
studies have either used fuels with equal molar amounts of Br and
Cl [42], or fixed proportion of the halogens in the fuel to reach a
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chromatography was used, and for the acid soluble copper
ICP-MS was employed. A detailed discussion on the schematic
and subsequent analysis of aerosol samples was provided earlier
[36]. For this work, the aerosol concentration of Ca, Na, K, Cl, and
S (represented as sulfate) and Br are from the water soluble
fractions while that of Cu is from the acid soluble fraction.

2.3. ESP fly ash sampling and analyses

The fly ash was collected in the pneumatic transport lines below
the fields of the ESP using a tube sampler made up of a steel pipe;
see Fig. 3b and c. For each test case, five sampling periods lasting
for about 4 min, sufficient for the sampler to be filled, were per-
formed. Each sample was cooled before being bagged into a clean
and sealed container. During the experimental runs, the volume
of the fly ash collected in the 1st field of the ESP is four times that
collected in the 2nd field. The composite sample for each test case
was prepared according to the following procedure:

First, for each channel, 4 parts by volume of ashes collected
from the 1st field and 1 part by volume of ashes collected from
the 2nd field were mixed (dubbed as channel-mixture). Then equal
mass portions of channel-mixtures from the left and right channels
were combined (dubbed as sampling-mixture). Finally, five equal
mass portions of sampling-mixtures were then combined to com-
prise the composite fly ash sample for each test case.

Analysis of PCDD/F concentration in the ESP fly ash was done by
Eurofins GfA Lab Service GmbH in Germany. This laboratory uses
an internal method and is accredited to perform this kind of test.
The concentration of Cu and S was analyzed by Labtium Ltd. in
Espoo, Finland using the XRF technique.

2.4. Dioxin/furan measurements in the flue gas path

Sampling and analysis of dioxin and furan in the flue gas path
were done by Pöyry Oy, an accredited laboratory in Finland.
Sample collection, clean up, extraction and measurements are
governed by the CSN EN 1948: Stationary source emissions –
determination mass concentration of PCDDs/PCDFs and dioxin like
PCBs Part 1–3. Sampling locations are situated before and after the
electrostatic precipitator in order to determine the dioxin/furan in-
boiler production and assess if further production takes place in
the ESP. For toxicity purposes only the homologues with four or
more chlorine atoms are considered; thus only these homologues
are reported in this study. All concentrations are based on I-TEQ
at a 6% O2 (101.3 kPa and 273 K) dilution factor.

3. Results

3.1. Boiler condition

Fig. 4 shows the operating conditions of the boiler during the
tests. The probability that the process is running at a steady state
was calculated using the steady-state detection (SDD) developed
by Kelly et al. The term steady state implies that the process is
operating around some stable point or within some stationary
region where it must be assumed that the accumulation or
rate-of-change of material, energy, and momentum is statistically
insignificant [38]. A probability of 0.90 or greater indicates that
the process is at a steady state. The probabilities for the process
data used for this analysis (see Fig. 4) are all within the cut-off indi-
cating that the BFB is running at a steady state or at least stationary
during each test case.

3.2. Levels of SO2 and HCl in the backpass

Sulfur addition increased the SO2 concentration in the flue gas
(Fig. 5) from 23 ± 8 mg/Nm3 for Case 1 to 400 ± 80 mg/Nm3 and

463 ± 100 mg/Nm3 for Cases 2 and 3, respectively. The SO2 concen-
tration was stable for Case 1 and 2, but in Case 3 a slight increase
was noted from 3:00 pm onwards. The latter can be the result of
variations in the S content of the peat. In terms of stability, the
use of sulfur pellets is better as compared to peat. In the long
run, the stability of the SO2 concentration is important for effec-
tively reducing the PCDD/F production [31].

The concentration of HCl in the flue gas likewise increased from
210 ± 22 mg/Nm3 to 302 ± 30 mg/Nm3 for S-pellet addition and to
325 ± 29 mg/Nm3 for peat co-combustion. Such an increase hap-
pened even though the concentration of Cl in the fuel decreased
(Table 2). This observation is similar to what Raghunathan and
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Fig. 5. Levels of SO2 and HCl in the backpass for the three test cases as measured by
the FTIR.

Fig. 4. Process data extracted from the boiler’s instrumentation. Fuel input power
does not include the power input from the sludge. AS indicates when aerosol
sampling was taken. The numbers inside the square bracket indicate the probability
that the process is at steady state using a steady-state detection algorithm [38].
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required gas phase concentration [43], or performed test at pyro-
lytic conditions [44]. None of these proportions or conditions is
applicable in this study.

In addition, chemical fractionation was performed to estimate
the mode of occurrence of Na, K, Al and Si in the pure fuel. Increas-
ingly aggressive solvents were used to leach out these elements, (a)
H2O for alkali sulfates, carbonates, and chlorides, (b) acetic acid
(HOAc) for organically bound fractions, (c) HCl for carbonates
and sulfates of alkaline earth and other metals [34]. The rest are sil-
icates and minerals. The analysis was done by an accredited labo-
ratory. However the advanced role of this procedure in this study is
not emphasized [45] and the results are only used for the purpose
noted above.

2.2. Aerosol sampling

Aerosol samples were collected from the right wall of the back-
packs zone indicated by BP in Fig. 3 using the Dekati Low Pressure
Impactor (DLPI). Each sampling interval runs for 40 min and the
schedule is shown in Fig. 4. The impactor deposits were digested
with water or strong acid for five days and subjected to ultrasonic
mixing prior to extraction. The concentrations of water soluble Na,
K and Ca, were measured using ICP-MS. For Cl, SO4 and Br ion
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Fig. 3. (a) Schematic diagram of the bubbling fluidized bed boiler showing the location of the back pass (BP) where aerosol samplings were taken and the LUVO or air
preheaters. (b) Flow of flue gas in the ESP channels and consequent fields. (c) Schematic for fly ash collection in the pneumatic transport line below the ESP hopper using a
tube sampler.

Table 1
Fuel proportion and S-pellet addition in the study. Note that SRF-Bark or SRF-Peat
comprises the fuel mixture described in Table 2.

Case %Energy share S-pellet added?

SRF Bark Sludge Peat

1 50 44 6 0 No
2 50 44 6 0 Yesa

3 60 0 6 34 No

a Ratio of mass flow rate (kg/s) S-pellet/fuel is around 0.001.

Table 2
Properties of fuel mixture and sludge used in the study. Analyses were carried out
according to the appropriate CEN/Ts, ASTM and ISO methods.

Parameter/Component Fuel mixture Sludge

Case 1 Case 2 Case 3

Gross heating value (MJ/kg, d) 23.02 21.78 19.59 20.2
Net heating value (MJ/kg, d) 21.51 20.35 18.38 18.920
Net heating value (MJ/kg, a.r.) 9.84 8.45 8.99 4.29

Moisture content (wt.%, a.r.) 48.7 52.2 45.1 68.5
Major components (wt.%, d.)
C 52.5 51.2 46.0 49.3
H 7 6.6 5.6 5.9
N 0.63 0.56 0.76 1.81
S 0.12 0.21 0.41 0.5
O (calculated) 36.04 37.26 37.64 38.54

Minor components (mg/kg, d)
Cl 3300 2900 2800 200
Na 1800 1700 3300 2300
K 1500 1700 4600 970
Ca 18,500 18,400 15,100 14,100
Mg 1000 1500 1700 840
P 430 390 290 1800
Al 3900 3000 11,100 5700
Si 4100 8600 47,300 11,400
Fe 1200 1700 6300 830

Trace components (mg/kg, d)
Mn 200 280 120 1100
Zn 200 170 260 82
Br 10 10 20 30
Cr 17 56 340 7.3
Cu 26 26 670 13
Ni 3.8 11 150 1.9
Sb 5.9 4 140 0.5
Cd 0.24 0.24 0.46 0.25
Co 2.7 0.43 4.8 0.5
Pb 43 48 32 3.2
Sn 6.2 18 4.7 0.56
V 2.9 3.5 12 1.8
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chromatography was used, and for the acid soluble copper
ICP-MS was employed. A detailed discussion on the schematic
and subsequent analysis of aerosol samples was provided earlier
[36]. For this work, the aerosol concentration of Ca, Na, K, Cl, and
S (represented as sulfate) and Br are from the water soluble
fractions while that of Cu is from the acid soluble fraction.

2.3. ESP fly ash sampling and analyses

The fly ash was collected in the pneumatic transport lines below
the fields of the ESP using a tube sampler made up of a steel pipe;
see Fig. 3b and c. For each test case, five sampling periods lasting
for about 4 min, sufficient for the sampler to be filled, were per-
formed. Each sample was cooled before being bagged into a clean
and sealed container. During the experimental runs, the volume
of the fly ash collected in the 1st field of the ESP is four times that
collected in the 2nd field. The composite sample for each test case
was prepared according to the following procedure:

First, for each channel, 4 parts by volume of ashes collected
from the 1st field and 1 part by volume of ashes collected from
the 2nd field were mixed (dubbed as channel-mixture). Then equal
mass portions of channel-mixtures from the left and right channels
were combined (dubbed as sampling-mixture). Finally, five equal
mass portions of sampling-mixtures were then combined to com-
prise the composite fly ash sample for each test case.

Analysis of PCDD/F concentration in the ESP fly ash was done by
Eurofins GfA Lab Service GmbH in Germany. This laboratory uses
an internal method and is accredited to perform this kind of test.
The concentration of Cu and S was analyzed by Labtium Ltd. in
Espoo, Finland using the XRF technique.

2.4. Dioxin/furan measurements in the flue gas path

Sampling and analysis of dioxin and furan in the flue gas path
were done by Pöyry Oy, an accredited laboratory in Finland.
Sample collection, clean up, extraction and measurements are
governed by the CSN EN 1948: Stationary source emissions –
determination mass concentration of PCDDs/PCDFs and dioxin like
PCBs Part 1–3. Sampling locations are situated before and after the
electrostatic precipitator in order to determine the dioxin/furan in-
boiler production and assess if further production takes place in
the ESP. For toxicity purposes only the homologues with four or
more chlorine atoms are considered; thus only these homologues
are reported in this study. All concentrations are based on I-TEQ
at a 6% O2 (101.3 kPa and 273 K) dilution factor.

3. Results

3.1. Boiler condition

Fig. 4 shows the operating conditions of the boiler during the
tests. The probability that the process is running at a steady state
was calculated using the steady-state detection (SDD) developed
by Kelly et al. The term steady state implies that the process is
operating around some stable point or within some stationary
region where it must be assumed that the accumulation or
rate-of-change of material, energy, and momentum is statistically
insignificant [38]. A probability of 0.90 or greater indicates that
the process is at a steady state. The probabilities for the process
data used for this analysis (see Fig. 4) are all within the cut-off indi-
cating that the BFB is running at a steady state or at least stationary
during each test case.

3.2. Levels of SO2 and HCl in the backpass

Sulfur addition increased the SO2 concentration in the flue gas
(Fig. 5) from 23 ± 8 mg/Nm3 for Case 1 to 400 ± 80 mg/Nm3 and

463 ± 100 mg/Nm3 for Cases 2 and 3, respectively. The SO2 concen-
tration was stable for Case 1 and 2, but in Case 3 a slight increase
was noted from 3:00 pm onwards. The latter can be the result of
variations in the S content of the peat. In terms of stability, the
use of sulfur pellets is better as compared to peat. In the long
run, the stability of the SO2 concentration is important for effec-
tively reducing the PCDD/F production [31].

The concentration of HCl in the flue gas likewise increased from
210 ± 22 mg/Nm3 to 302 ± 30 mg/Nm3 for S-pellet addition and to
325 ± 29 mg/Nm3 for peat co-combustion. Such an increase hap-
pened even though the concentration of Cl in the fuel decreased
(Table 2). This observation is similar to what Raghunathan and
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Fig. 5. Levels of SO2 and HCl in the backpass for the three test cases as measured by
the FTIR.

Fig. 4. Process data extracted from the boiler’s instrumentation. Fuel input power
does not include the power input from the sludge. AS indicates when aerosol
sampling was taken. The numbers inside the square bracket indicate the probability
that the process is at steady state using a steady-state detection algorithm [38].
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concentrations of 0.036 mmol/Nm3 and 0.041 mmol/Nm3 of Cu
respectively. However, Case 3 exhibits the least amount Cu in the
said range although the concentration of Cu in the fuel is high.
For this case, copper might have been present in a less volatile form
(e.g. metallic copper and solid oxides) and have remained in the
coarse fly ashes or part of the fragments of the fuel being entrained
in the flue gas.

A shift in the peak in the fine particle range from Case 1 to 2
suggests the possibility of CuSO4 formation. Copper existing as

CuCl(g) or CuCl2(s) could be sulfated via reaction (4) and (3) respec-
tively. In addition, free Cl2(g) can react with CuO(s) forming a prod-
uct that can also be sulfated via the two step reaction postulated by
Ryan et al. [52]:

2CuOðsÞ þ Cl2ðgÞ �2CuOClðsÞ ð6Þ

2CuOClðsÞ þ 0:5O2ðgÞ þ 2SO3ðgÞ þH2OðgÞ ! 2CuSO4ðsÞ þ 2HClðgÞ ð7Þ

Takaoka et al. have reported the presence of similar forms of
copper oxychloride species using advanced X-ray techniques
[53]; this supports the possibility of CuO(s) sulfation.

Sulfation is further supported by the increase in the S concen-
tration in the ESP fly ash from 1.44 mg/kg to 2.03 mg/kg for Case
1 and 2 respectively (Table 3). These two values can easily be com-
pared since the dilution effect of having too much ash is not very
significant between these two cases.

Bromine is mostly found in the fine particle fraction and could
have existed possibly as (K, Na)Br(g) and CuBr3(g) [37,39]. When
Br is present it can compete with Cl for available Cu, which reduces
the amount of active de novo catalyst such as CuCl2. With respect to
PCDD/F formation, it is clear that CuCl2 is an important catalyst
either for direct chlorination or as a provider of Cl2 [42]. On the
other hand the catalytic effects of Cu-Br compounds in PCDD/F for-
mation have not been intensively investigated [43].

3.4. PCDD and PCDF production and removal

3.4.1. Total concentrations at different sampling points
The total concentration of PCDD/F, around the ESP, is found in

Fig. 9. At the ESP inlet, the concentration of PCDD/F is 0.786 ng/
Nm3 for Case 1. Adding sulfur pellets (Case 2) reduced the
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Fig. 8. Chemical fractionation of the pure fuels used in the tests – peat(pt),
sludge(sl), SRF (sr) and bark (bk).

Table 3
Concentration of selected elements in the fly ash.

Element Concentration (mg/kg a.r.)

Case 1 Case 2 Case 3

K 2.05 2.05 1.69
Al 10.06 8.26 7.09
Si 17.58 19.73 22.39
Cl 1.61 0.60 0.40
S 1.44 2.03 1.09
Cu 0.26 0.23 0.18
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co-workers observed [28] and suggests of a possible occurrence of
reaction 2 which decreases the amount of Cl2(g) in the flue gas.

The required HCl/SO2 ratio of 1/1 [31] was not reached. However
the ratios for Cases 2 and 3 are near, at 0.745 and 0.703 respectively
(see annotated values in Fig. 5). The ratio suggests over addition of
sulfur to the BFB; this was made to ensure sufficient amount of S is
available for sulfation and saturation of S in boiler deposits.

3.3. Aerosols

For all the impactor results, fine particles found in the region of
dp < 1.6 lm were once in vapor form and due to supersaturation in
the gas phase they had undergone homogeneous nucleation and
coagulation. Particles found in the region of dp > 1.6 lm represent
coarse particles that are mostly non-volatile fragments of the fuel
and/or entrained particles [46,47].

3.3.1. Main aerosol forming elements
For Case 1 the aerosols are mostly Na, K and Cl, with slight

amounts of SO4 (Fig. 6). In the fine particle mode, the molar ratio
Cl/(Na + K) = 0.95 indicates that the alkalis present are mostly
alkali chloride with some alkali sulfate. This is typical of boilers fir-
ing the same fuels [34] without the aid of anti-corrosion additives.
The coarse particle fraction showed a significant amount of water
soluble Ca, possibly as CaSO4. The formation of CaCl2 is minimized
since some Na and K are also present in this fraction.

In Case 2 the fine particle fraction is composed of Na, K, and Cl
with more SO4 present. The molar ratio Cl/(Na + K) = 0.61 indicates
that more of the alkalis present can now be found as alkali sulfates.
The sulfation of the alkalis can proceed via the reaction (M is the
alkali) [32,33,48]:

2MClðgÞ þ SO3ðgÞ þH2OðgÞ ! 2HClðgÞ þM2SO4ðsÞ ð4Þ

The required SO3 in reaction (4) could have come directly
from the oxidation of sulfur from the fuel or from reaction (2).
The latter is possible because of the increase in HCl resulting in
co-production of SO3(see Fig. 5).

Sulfation requires sufficient time and results in particle growth
[32,49]. Kassman and co-worker report growth in fine particle size
from 0.1 lm to 0.4 lm in a reference case test for S- addition [50].
Such growth is seen when Case 1 and 2 are compared, as the peak
concentration shifted from 0.09 to 0.26 lm to 0.26–0.6 lm. The
increase of SO4 and peak shift suggest successful alkali sulfation.

For Case 3, the size distribution is still bi-modal but the peak in
the coarse particle range is now higher than in the fine particle
range. In the coarse particle range, significant amounts of Ca and
Cl are present with few alkalis. This suggests the presence of CaCl2,
CaSO4 and some alkali chlorides or sulfates. In the fine particle
range, the total amount of Na and K (0.91 mmol/Nm3) is almost
half of that in the two other cases (1.56 mmol/Nm3 for Case 1
and 1.72 mmol/Nm3 for Case 2); even though the concentration
of Na and K for Case 3 is almost twice that in the two other cases,
see Table 1. Three probable reasons can explain this observation:
First, the difference in the mode of Na and K in the fuel mixture
used in Case 3 relative to the two other cases. Second, sulfation
via reaction (4) might have occurred because of the presence of
SO4 in the aerosol, with SO3 being sourced again from reaction
(2). Third, chemisorption of alkali aluminosilicates which converts
gaseous alkali chloride to water-insoluble alkali-aluminosilicate
[33] via the reaction

2MClðgÞ þ Al2O3 � xSiO2ðsÞ þH2OðgÞ

! M2O � Al2O3 � xSiO2ðsÞ þ 2HClðgÞ ð5Þ

The chemical fractionation results (Fig. 8) suggest that the
decrease of alkalis in the aerosols for Case 3 is most likely the result

of the mode of occurrence of Na and K in the fuel. With peat substi-
tuting bark in the fuel mixture for Case 3, the total amount of
alkalis increased. However these alkalis are less ‘‘reactive’’ and
are bound to the aluminosilicates in the peat [51] which lowers
the amount of Na and K in the flue gas. The SO4 in the aerosol could
likewise be explained by reaction (4). Through this line of reason-
ing, the contribution of chemisorption is limited.

3.3.2. Copper and Bromine in the aerosol
For all the test cases, copper in the fine particle range suggests

volatilization of this element. Cases 1 and 2 have cumulative
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concentrations of 0.036 mmol/Nm3 and 0.041 mmol/Nm3 of Cu
respectively. However, Case 3 exhibits the least amount Cu in the
said range although the concentration of Cu in the fuel is high.
For this case, copper might have been present in a less volatile form
(e.g. metallic copper and solid oxides) and have remained in the
coarse fly ashes or part of the fragments of the fuel being entrained
in the flue gas.

A shift in the peak in the fine particle range from Case 1 to 2
suggests the possibility of CuSO4 formation. Copper existing as

CuCl(g) or CuCl2(s) could be sulfated via reaction (4) and (3) respec-
tively. In addition, free Cl2(g) can react with CuO(s) forming a prod-
uct that can also be sulfated via the two step reaction postulated by
Ryan et al. [52]:

2CuOðsÞ þ Cl2ðgÞ �2CuOClðsÞ ð6Þ

2CuOClðsÞ þ 0:5O2ðgÞ þ 2SO3ðgÞ þH2OðgÞ ! 2CuSO4ðsÞ þ 2HClðgÞ ð7Þ

Takaoka et al. have reported the presence of similar forms of
copper oxychloride species using advanced X-ray techniques
[53]; this supports the possibility of CuO(s) sulfation.

Sulfation is further supported by the increase in the S concen-
tration in the ESP fly ash from 1.44 mg/kg to 2.03 mg/kg for Case
1 and 2 respectively (Table 3). These two values can easily be com-
pared since the dilution effect of having too much ash is not very
significant between these two cases.

Bromine is mostly found in the fine particle fraction and could
have existed possibly as (K, Na)Br(g) and CuBr3(g) [37,39]. When
Br is present it can compete with Cl for available Cu, which reduces
the amount of active de novo catalyst such as CuCl2. With respect to
PCDD/F formation, it is clear that CuCl2 is an important catalyst
either for direct chlorination or as a provider of Cl2 [42]. On the
other hand the catalytic effects of Cu-Br compounds in PCDD/F for-
mation have not been intensively investigated [43].

3.4. PCDD and PCDF production and removal

3.4.1. Total concentrations at different sampling points
The total concentration of PCDD/F, around the ESP, is found in

Fig. 9. At the ESP inlet, the concentration of PCDD/F is 0.786 ng/
Nm3 for Case 1. Adding sulfur pellets (Case 2) reduced the
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Fig. 7. Concentration of Cu and Br in the aerosols collected at the backpass. Data for
copper are based on acid soluble fraction, while Br comes from water soluble
fraction.

Fig. 8. Chemical fractionation of the pure fuels used in the tests – peat(pt),
sludge(sl), SRF (sr) and bark (bk).

Table 3
Concentration of selected elements in the fly ash.

Element Concentration (mg/kg a.r.)

Case 1 Case 2 Case 3

K 2.05 2.05 1.69
Al 10.06 8.26 7.09
Si 17.58 19.73 22.39
Cl 1.61 0.60 0.40
S 1.44 2.03 1.09
Cu 0.26 0.23 0.18

C.J.E. Bajamundi et al. / Fuel 134 (2014) 677–687 683



I/8 I/9

chlorides or oxides, are not likely to promote the formation of
PCDD/F [52]. In addition, the availability of free Cl2(g), an active
ingredient for PCDD/F formation, may have decreased in Case 2
as discussed in Section 3.2.

The high concentration of PCDD/F for Case 3 is a result of high
ash loading in the flue gas and low Cu volatilization. These two sit-
uations enhanced the possibility for Cu (in the form of oxide and
oxychloride [53]) to remain in the ash and act as catalyst for crack-
ing carbon matrices to form structurally related material [9]. Cu
may also have easily aided in the shuttling of O2(g) and Cl2(g) to
the active fly ash surface, thus adding to its effectiveness as cata-
lyst for chlorination. In addition, particles can serve as effective
and porous support where Cu, Cl, and partially burned or unburned
carbon can adsorb. These observations benefit the in-flight PCDD/F
production via de novo mechanism.

For all the test cases the homologue distribution patterns of
PCDD/F in the outlet of the ESP are almost similar to patterns at
the ESP inlet; dioxin and furan concentration peaks are seen at
the lighter homologues, penta-chlorinated dibenzo-p-dioxins
(5D) and penta-chlorinated dibenzofuran (5F), respectively. This
is an indication that the succeeding reaction or chlorination may
not have occurred in the ESP flue gas path. The ESP was operated
at a temperature 10 �C below the temperature window for de novo

synthesis [13,16,56] preventing subsequent reactions in the flue
gas path.

Also the phase distribution of PCDD/F at the ESP flue gas path
outlet now favors gaseous dioxins and furans. Changes in the
concentrations of PCDD/F homologues between the two phases
are found in Fig. 10c. The gas phase removal is negative, indicating
vaporization or repartitioning of PCDD/F from the particle to the
gas phase [51,54]. Vaporization can be affected by temperature
[59], particle density and size distribution [60,61].

The increase in the gaseous furans is higher than that of dioxins.
Factors affecting these are (a) original amount – there are more
furans than dioxins to begin with, therefore if both are vaporized
the change in furan should be higher, (b) the vapor pressure of
furans is slightly higher than that of dioxins. For instance at
25 �C the vapor pressure of 1,2,3,4-tetrachloro dibenzofuran is
1.223 � 10�4 Pa while that for 2,3,7,8-tetrachloro dibenzo-p-dioxin
is 1.044 � 10�4 Pa [62].

3.4.3. Homologue distribution in the ESP fly ash
In comparison to the homologue distribution in Fig. 10, the

distribution for the ESP fly ash peaks at higher chlorinated dioxins
and furans, see Fig. 11. Heavier homologues, octa-chlorinated
dibenzo-p-dioxins (8D) and hepta-chlorinated dibenzofuran (7F),
are dominant. In addition the RPCDF/RPCDD < 1, indicating subse-
quent chlorination or production in the fly ash. This implies that
particle bound PCDD/F and catalysts such as copper and chlorine
found in carbon matrices are still active. These reactions however
may require longer time and thus have not contributed additional
PCDD/Fs in the flue gas path. Furthermore, aging of the sample may
also have contributed to this shift in the distribution patterns.

The next part of this series will use equilibrium thermodynamic
modeling to explain the behavior of the aerosol samples men-
tioned above and will analyze the speciation of Cu. This will be
used to understand the chemistries governing the test cases. This
understanding may help explain the levels of PCDD/F measured
and presented here.

4. Conclusions

The de novomechanism is the dominant means of production of
PCDD/F in the multi-fuel fired BFB facility. This mechanism is cat-
alyzed by Cu. Aerosol samples showed that sulfur pellets were able
to effectively convert copper chlorides or oxides to sulfates thus
reducing the production of PCDD/F. On the other hand, during
co-firing of peat, Cu was less volatile and ash loading in the flue
gas increased; this led to a significant increase in PCDD/F.

In the flue gas path, most of the PCDD/F leaving the post com-
bustion zones is particle bound. Phase redistribution or volatiliza-
tion occurred in the ESP and resulted in an increase in gaseous
PCDD/F leaving the device. However this phase redistribution did
not affect the overall decrease of the PCDD/F concentration in the
flue gas traversing the ESP.

There is evidence pointing to some reactions in the ESP fly
ash because the homologue distribution pattern is different from
the pattern in the flue gas path and the ratio of furans and diox-
ins is different. The trend in the PCDD/F concentration in the ash
has been affected by dilution and the amount of active Cu in the
ash.

At this point of the study, the addition of sulfur pellets is more
advantageous in PCDD/F production abatement because of the
reasons discussed above. However we are not yet discarding the
possibility of peat as an efficient PCDD/F abatement technique;
for one reason, Cu in Case 3 was way too high. The nature of
SRF is very dynamic, thus the variability in Cu concentration
may be high.
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concentration to 0.363 ng/Nm3 while co-firing of peat (Case 3)
increased the concentration to 1.345 ng/Nm3. The PCDD/F produc-
tion did not follow the concentration of Cl in the fuel.

After the ESP, the concentration of PCDD/F for Case 2 is the low-
est at 0.133 ng/Nm3, while Case 1 and 3 have 0.369 ng/Nm3 and
0.313 ng/Nm3, respectively. These values show that the ESP is
effective in reducing the concentration of these compounds in
the flue gas path. But phase redistribution has occurred along the
flue gas path; PCDD/F are particle bound in the inlet and they leave
the ESP in the gaseous phase (especially furan). This particle to gas
phase redistribution is typical in many ESPs [54–57].

As for the ESP fly ash, the concentration in the Case 1 is highest
compared to the levels for Cases 2 and 3, which are almost compa-
rable. For Case 1, poor sulfation of Cu may have prolonged the exis-
tence of active Cu species and have led to successive chlorination
and/or synthesis. This can happen even if the temperature is below
the optimum temperature window [58]. For Case 2, additional
chlorination may have occurred but because of effective Cu
sulfation, the PCDD/F levels in the fly ash remained low. Mean-
while, the low concentration in Case 3 could simply be the result
of dilution. While we cannot exactly quantify the total amount of
fly ash for each test, the particle loading data from the aerosol sam-
pling may support this dilution hypothesis (see Fig. 12). Case 3 has
the highest particle loading in the coarse size range and indicates
that there is more fly ash during this case. A high tendency of peat
to produce fly ashes when fired has been reported in the literature
[63].

3.4.2. Homologue distribution in the flue gas path
PCDD/F homologue distribution can give information on the

dominant mechanism of PCDD/F formation and help explain the
trends noted above. For all the test cases the ratio RPCDF/RPCDD > 1
(see Fig. 10); this points to the de novomechanism as the dominant
means of production [13,16]. The conditions from the backpass to
the LUVO are conducive for this mechanism; the flue gas is cooling
to the right temperature window, the residence time requirement
is met (order of seconds, 2.9 s at 340 �C [16]) and the deposition of
carbon rich ash can occur.

Dioxin and furan concentrations are highest for the lighter
homologues, penta-chlorinated dibenzo-p-dioxins (5D) and
penta-chlorinated dibenzofuran (5F). The phase distribution favors
species to be bound to particles. This suggests that the key

ingredients for this in-flight de novo synthesis are present in the
active fly ash.

The difference between the levels of production between Cases
1 and 2 can be explained by the deactivation of the key de novo cat-
alyst, Cu. With the introduction of S-pellets, effective conversion of
copper oxides and chlorides to sulfates may have been possible, as
supported by the aerosol data in Fig. 7. Metal sulfates, unlike metal
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chlorides or oxides, are not likely to promote the formation of
PCDD/F [52]. In addition, the availability of free Cl2(g), an active
ingredient for PCDD/F formation, may have decreased in Case 2
as discussed in Section 3.2.

The high concentration of PCDD/F for Case 3 is a result of high
ash loading in the flue gas and low Cu volatilization. These two sit-
uations enhanced the possibility for Cu (in the form of oxide and
oxychloride [53]) to remain in the ash and act as catalyst for crack-
ing carbon matrices to form structurally related material [9]. Cu
may also have easily aided in the shuttling of O2(g) and Cl2(g) to
the active fly ash surface, thus adding to its effectiveness as cata-
lyst for chlorination. In addition, particles can serve as effective
and porous support where Cu, Cl, and partially burned or unburned
carbon can adsorb. These observations benefit the in-flight PCDD/F
production via de novo mechanism.

For all the test cases the homologue distribution patterns of
PCDD/F in the outlet of the ESP are almost similar to patterns at
the ESP inlet; dioxin and furan concentration peaks are seen at
the lighter homologues, penta-chlorinated dibenzo-p-dioxins
(5D) and penta-chlorinated dibenzofuran (5F), respectively. This
is an indication that the succeeding reaction or chlorination may
not have occurred in the ESP flue gas path. The ESP was operated
at a temperature 10 �C below the temperature window for de novo

synthesis [13,16,56] preventing subsequent reactions in the flue
gas path.

Also the phase distribution of PCDD/F at the ESP flue gas path
outlet now favors gaseous dioxins and furans. Changes in the
concentrations of PCDD/F homologues between the two phases
are found in Fig. 10c. The gas phase removal is negative, indicating
vaporization or repartitioning of PCDD/F from the particle to the
gas phase [51,54]. Vaporization can be affected by temperature
[59], particle density and size distribution [60,61].

The increase in the gaseous furans is higher than that of dioxins.
Factors affecting these are (a) original amount – there are more
furans than dioxins to begin with, therefore if both are vaporized
the change in furan should be higher, (b) the vapor pressure of
furans is slightly higher than that of dioxins. For instance at
25 �C the vapor pressure of 1,2,3,4-tetrachloro dibenzofuran is
1.223 � 10�4 Pa while that for 2,3,7,8-tetrachloro dibenzo-p-dioxin
is 1.044 � 10�4 Pa [62].

3.4.3. Homologue distribution in the ESP fly ash
In comparison to the homologue distribution in Fig. 10, the

distribution for the ESP fly ash peaks at higher chlorinated dioxins
and furans, see Fig. 11. Heavier homologues, octa-chlorinated
dibenzo-p-dioxins (8D) and hepta-chlorinated dibenzofuran (7F),
are dominant. In addition the RPCDF/RPCDD < 1, indicating subse-
quent chlorination or production in the fly ash. This implies that
particle bound PCDD/F and catalysts such as copper and chlorine
found in carbon matrices are still active. These reactions however
may require longer time and thus have not contributed additional
PCDD/Fs in the flue gas path. Furthermore, aging of the sample may
also have contributed to this shift in the distribution patterns.

The next part of this series will use equilibrium thermodynamic
modeling to explain the behavior of the aerosol samples men-
tioned above and will analyze the speciation of Cu. This will be
used to understand the chemistries governing the test cases. This
understanding may help explain the levels of PCDD/F measured
and presented here.

4. Conclusions

The de novomechanism is the dominant means of production of
PCDD/F in the multi-fuel fired BFB facility. This mechanism is cat-
alyzed by Cu. Aerosol samples showed that sulfur pellets were able
to effectively convert copper chlorides or oxides to sulfates thus
reducing the production of PCDD/F. On the other hand, during
co-firing of peat, Cu was less volatile and ash loading in the flue
gas increased; this led to a significant increase in PCDD/F.

In the flue gas path, most of the PCDD/F leaving the post com-
bustion zones is particle bound. Phase redistribution or volatiliza-
tion occurred in the ESP and resulted in an increase in gaseous
PCDD/F leaving the device. However this phase redistribution did
not affect the overall decrease of the PCDD/F concentration in the
flue gas traversing the ESP.

There is evidence pointing to some reactions in the ESP fly
ash because the homologue distribution pattern is different from
the pattern in the flue gas path and the ratio of furans and diox-
ins is different. The trend in the PCDD/F concentration in the ash
has been affected by dilution and the amount of active Cu in the
ash.

At this point of the study, the addition of sulfur pellets is more
advantageous in PCDD/F production abatement because of the
reasons discussed above. However we are not yet discarding the
possibility of peat as an efficient PCDD/F abatement technique;
for one reason, Cu in Case 3 was way too high. The nature of
SRF is very dynamic, thus the variability in Cu concentration
may be high.
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h i g h l i g h t s

� We have developed a method to perform thermodynamic modeling for a 140 MWth BFB boiler using Excel and FactSage macros.
� We have demonstrated that the speciation of Cu is correlated to the PCDD/F production.
� We have shown that peat co-firing can aid PCDD/F abatement if Cu content in the fuel mixture is low.
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a b s t r a c t

A staged equilibrium process model was developed for a bubbling fluidized bed boiler firing SRF, bark and
sludge. The model was used to study the influence of sulfur addition strategies (S-pellet additive and peat
co-firing) on the behavior of copper, bromine, and alkalis. Aerosol samples collected from the backpass of
the boiler were used to validate the chemistry predicted by the model. The model revealed that Cu
existed as Cu2S(s3) in the reducing zone, and CuCl(g) (for all test cases) and CuO(s) (during peat co-firing)
in the oxidation zones. CuBr3(g) was also present after the introduction of tertiary air. However the model
failed to predict the formation of CuSO4, an important passive species of Cu necessary for PCDD/F abate-
ment. The modes of occurrence of Cu were classified as either active or passive with respect to de novo
synthesis and an active/passive species molar ratio (APR) was introduced. APR showed high correlation
with the PCDD/F production levels. Sensitivity analysis revealed that excessive Cu in the fuel mixture
decreased the volatility of the element due to the formation of CuO(s). Simulation for peat co-firing with
low Cu content showed that PCDD/F concentration is decreased and is comparable to that of S-pellet
addition. Sensitivity analysis revealed that increasing the energy share of sludge can likewise lower
PCDD/F production.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In the first part of this study series, sulfur addition strategies
influenced the production of dioxin and furan in a bubbling
fluidized bed boiler firing SRF–bark–sludge (Case 1) [1]. Adding
S-pellet to the fuel mixture (Case 2) decreased the PCDD/F produc-
tion, while firing SRF–peat–sludge (Case 3) led to an increase. The
homologue distribution pointed to a de novo mechanism as the
formation pathway of these compounds. Cu is the main catalyst
for this mechanism. Aerosol data showed that the volatility and

speciation of Cu are different for the two cases. When S-pellet
was added, Cu may have been sulfated to form copper sulfate
and been less likely to participate in the de novo formation. During
peat co-firing, Cu has limited volatility and may have remained in
its active form in the fly ash. These observation help explained the
differences in PCDD/F production for the sulfur addition strategies
tested.

For this part of the study series, a thermodynamic equilibrium
calculation and details of the de novo mechanism are used to
explain the results obtained earlier. An empirical model is
developed to determine if the elevated concentration of Cu had sig-
nificant effect on PCDD/F formation when firing SRF–peat–sludge.
In addition, a sensitivity analysis on the variation in energy share
of sludge for Case 2 is tested.
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and the production of PCDD/F [31–33]. At 200 �C, the majority of
copper exists as CuI or Cu0. The rate of chlorination reaction of car-
bon is so slow and few dioxins are formed. At around 300–400 �C
Cu undergoes oxidation and chlorination-forming oxychlorides.
Additional HCl, Cl2, KCl present in the surrounding gas may react
with oxychlorides to form CuCl2 or CuCl2�2H2O. Cupric species
can then chlorinate carbon in the ash and form dioxin/furan or
compounds of similar structures. In parallel, oxychlorides and O2

react to form copper oxide. CuO aides in the cleavage of carbon
matrices in the ash and can enhance carbon gasification [34], a nec-
essary step in PCDD/F formation.

Copper on the other hand is said to be poisoned when it reacts
with SO3(g) forming CuSO4(s), possibly via the reaction [35]:

2CuOClðsÞ þ 0:5O2ðgÞ þ 2SO3ðgÞ þH2OðgÞ ! 2CuSO4ðsÞ þ 2HClðgÞ ð1Þ

or via sulfation of active Cu species in the ash [36]:

2CuClþ SO2 þ 2O2 ! CuSO4ðsÞ þ CuCl2 ð2Þ

These studies show that Cu is an active de novo catalyst when it
is present as chloride (Cu–Cl), oxide (Cu–O) and oxychloride
(Cu–O–Cl), while CuSO4 is inactive or passive. Fig. 2 summarizes
the reactions mention above.

1.3. Objective of the study

The main objective of this study is to examine how the variation
of Cu concentration in the SRF–peat–sludge mixture can affect
PCDD/F production. This is necessary because the amount of Cu
during peat co-firing was high compared to the reference and S-
pellet addition test [1].

To accomplish this, a process model for the bubbling fluidized
bed boiler is developed using staged equilibrium calculation. The
model is qualitatively validated against the results of the aerosol
measurements, to see if it can explain the behavior of the
ash-forming elements established earlier [1].

Then an empirical equation is developed using the speciation of
copper extracted from the model and the detailed mechanism pre-
sented in Section 1.2. This is tested for correlation with the PCDD/F
concentration measured in the ESP inlet. Using this correlation, the

Cu concentration during SRF–peat–bark firing is reduced to predict
PCDD/F production.

In addition, a sensitivity analysis on the effect of varying the
energy share of sludge to PCDD/F production will be made.

2. Experimental methods

2.1. Key locations in the bubbling fluidized bed boiler

The boiler used in this study is described in detail in [37] and in
the first part of this work [1]. The key locations and local prevailing
conditions are found in Fig. 1. The temperature and k are average
values for the three test cases. Each location has a designated
equilibrium stage in the staged equilibrium process model.

2.2. Fuel mix and additives

This facility fires Scandinavian spruce bark from the debarking
process of the adjacent paper mill, dried sludge also from the same
mill and solid recovered fuel collected in Southern Finland. Table 1
summarizes the fuel proportions and additive dosage used in the
three test cases. Additional details are found in [1].

2.3. Aerosol and PCDD/F sampling

Aerosol sampling was done in the backpass (510BP) using a
Dekati Low Pressure Impactor (DLPI). Pertinent discussions on
the method, sample treatments and tests used have been
presented earlier [1].

PCDD/F measurements were made around the electrostatic
precipitator [1]. However this part focuses only on samples
collected at the ESP inlet (Table 3). These are assumed to be the
total production of PCDD/F in the boiler.

3. Model implementation

The process model uses Microsoft Excel and FactSage 6.3.1; and
the structure of data flow is shown in Fig. 3. The Excel worksheet
contains all the local conditions, the mass and composition of the

Fig. 2. Reactions of copper and the production of PCDD/F. Regular arrows represent active pathways towards PCDD/F production, while broken arrows represent poisoning.
The main oxychlorination cycle is adopted from [32] and the poisoning reactions are from [35,36].
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1.1. Chemical equilibrium modeling

Chemical equilibrium calculations have been used to analyze
systems such as combustion [2–4], gasification [5], cement kiln
chemistry [6] and several others [7]. The flexibility of the compu-
tation approach and the rapid growth in computing power enabled
systematic calculation of multi-phase multi-component equilib-
rium systems. Equilibrium calculations give accurate results in
high temperature applications because the assumptions of the
calculation are met. On the other hand, the applicability of thermo-
dynamic equilibriummodeling can be limited by local temperature
gradients, physical processes such as adsorption and capillary
condensation, non-ideal mixing behavior between different ash
forming elements and the mode of occurrence of components in
the fuel which dictates its release or retention rate [20,38].
However, clever and carefully designed methodologies can
produce valuable information about overall stabilities and specia-
tion trends [10].

In the field of combustion, applications include the study of the
behavior of fuel components during combustion [8], multi-fuel
combustion strategies [9,10], alkali chemistry related to combus-
tion [11,12], bed agglomeration [13–15] and the fate of trace ele-
ments [16–19]. However in practice, the role of reaction kinetics
is equally important. This makes simulations of large-scale systems
challenging when using straightforward global equilibrium
calculation alone.

Dividing large processes into simpler subsystems or stages may
add value to the calculation. Sandelin and Backman used this
approach to analyze the behavior of trace elements in a coal-fired
power plant [20]. They concluded that their modeling results agree
with full scale measurements and the overall chemistry was pre-
dicted with satisfaction. Similarly Erikson and Hack used this
approach to study production of metallurgical-grade silicon in an
electric arc furnace. They reasoned that because the flows of two
reacting substances are countercurrent, the local mass balances
need not be identical to the overall mass balances. Also, the tem-
peratures at different levels in the furnace are not controlled from
the outside, but mainly determined by the heat exchange and the
reactions taking place inside [21].

Staged equilibrium calculation can be done on several plat-
forms. For example, ChemSheet combines MS Excel with the
multi-phase multi-component calculation capability of FactSage
[22]. Aspen Plus is also available and has been widely used in the
field of chemical engineering [23,24].

This work uses the macro processing module of FactSage. Since
the macros are already available in the FactSage distribution,

additional software is no longer required. Macro commands enable
the user to run the subprogram Equilib in the background and
execute commands stored in a macro [25]. Although macros are
advanced features of FactSage, little programming background is
required.

The main motivation for the use of this platform is to take
advantage of the integrated database and computing facility in
FactSage, and to develop an Excel-based user interface as a process
model for the boiler used in this study.

In a bubbling fluidized bed boiler (BFB) several key zones can be
identified, each with unique local prevailing conditions (Fig. 1). The
first is the zone above the bed (the splash zone). The atmosphere is
reducing because the air to fuel ratio (k) is less than unity. The fuel
is gasified and volatile fractions are released. Non-volatile
fragments can be retained in the bed and leave the boiler as bottom
ash.

Then, secondary air is injected several meters above the splash
zone. The reason for the staging of air is to minimize excessively
hot zones where NOx formation may occur. At this zone, the
atmosphere is oxidizing with k around the range 1.1–1.3. The
temperature is highest and majority of the fuels are combusted.

Next, tertiary air is introduced below the bullnose for complete
oxidation. Further downstream, the flue gas transfers heat in the
superheaters resulting in a decrease in flue gas temperature. The
flue gas becomes supersaturated with aerosol-forming elements,
such as Na, K, Cl, leading to condensation and deposition. Then
the flue gas travels to the colder post combustion zones, where
other heat exchange devices cool it to around 200 �C.

This illustrates that the mass, prevailing conditions and flue gas
composition are changing at the zones mentioned. These features
can be incorporated to the thermodynamic model using staged
equilibrium calculation.

1.2. Copper – the de novo catalyst

Copper is the most important catalyst responsible for the syn-
thesis of PCDD/F in incineration systems [26–29]. In the BFB, Cu
undergoes several chemical transformations such as sulfidation
in the splash zone, oxidation in the O2-rich stages, and chlorination
in the cold zones of the boiler. The non-volatile fraction of Cu in the
fuel leaves the boiler as part of the bottom ash, mostly as Cu0, CuI

or CuII [30]. The rest of the Cu is volatilized or entrained in flue gas
and, depending on speciation, Cu can be a catalyst for the de novo
reaction.

Using in situ X-ray absorption techniques, Takaoka and co-
worker observed the transformation of Cu from 200 �C to 400 �C

Location Description T gas, [°C] λ Code

1
Just above the bed, 
splash zone 846 ± 4 0.600 846Rd

2
Downstream from the 
secondary air to just 
before the tertiary air.

906 ± 14 1.300 906Ox

3
Downstream from the 
tertiary to just below 
the bullnose

852 ± 4 1.379 852Ox

4 Back Pass 510 ± 9 1.379 510BP

Fig. 1. Key locations in the boiler used for the modeling and the local conditions at these locations. Aerosol sampling was made in the backpass or 4.
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and the production of PCDD/F [31–33]. At 200 �C, the majority of
copper exists as CuI or Cu0. The rate of chlorination reaction of car-
bon is so slow and few dioxins are formed. At around 300–400 �C
Cu undergoes oxidation and chlorination-forming oxychlorides.
Additional HCl, Cl2, KCl present in the surrounding gas may react
with oxychlorides to form CuCl2 or CuCl2�2H2O. Cupric species
can then chlorinate carbon in the ash and form dioxin/furan or
compounds of similar structures. In parallel, oxychlorides and O2

react to form copper oxide. CuO aides in the cleavage of carbon
matrices in the ash and can enhance carbon gasification [34], a nec-
essary step in PCDD/F formation.

Copper on the other hand is said to be poisoned when it reacts
with SO3(g) forming CuSO4(s), possibly via the reaction [35]:

2CuOClðsÞ þ 0:5O2ðgÞ þ 2SO3ðgÞ þH2OðgÞ ! 2CuSO4ðsÞ þ 2HClðgÞ ð1Þ

or via sulfation of active Cu species in the ash [36]:

2CuClþ SO2 þ 2O2 ! CuSO4ðsÞ þ CuCl2 ð2Þ

These studies show that Cu is an active de novo catalyst when it
is present as chloride (Cu–Cl), oxide (Cu–O) and oxychloride
(Cu–O–Cl), while CuSO4 is inactive or passive. Fig. 2 summarizes
the reactions mention above.

1.3. Objective of the study

The main objective of this study is to examine how the variation
of Cu concentration in the SRF–peat–sludge mixture can affect
PCDD/F production. This is necessary because the amount of Cu
during peat co-firing was high compared to the reference and S-
pellet addition test [1].

To accomplish this, a process model for the bubbling fluidized
bed boiler is developed using staged equilibrium calculation. The
model is qualitatively validated against the results of the aerosol
measurements, to see if it can explain the behavior of the
ash-forming elements established earlier [1].

Then an empirical equation is developed using the speciation of
copper extracted from the model and the detailed mechanism pre-
sented in Section 1.2. This is tested for correlation with the PCDD/F
concentration measured in the ESP inlet. Using this correlation, the

Cu concentration during SRF–peat–bark firing is reduced to predict
PCDD/F production.

In addition, a sensitivity analysis on the effect of varying the
energy share of sludge to PCDD/F production will be made.

2. Experimental methods

2.1. Key locations in the bubbling fluidized bed boiler

The boiler used in this study is described in detail in [37] and in
the first part of this work [1]. The key locations and local prevailing
conditions are found in Fig. 1. The temperature and k are average
values for the three test cases. Each location has a designated
equilibrium stage in the staged equilibrium process model.

2.2. Fuel mix and additives

This facility fires Scandinavian spruce bark from the debarking
process of the adjacent paper mill, dried sludge also from the same
mill and solid recovered fuel collected in Southern Finland. Table 1
summarizes the fuel proportions and additive dosage used in the
three test cases. Additional details are found in [1].

2.3. Aerosol and PCDD/F sampling

Aerosol sampling was done in the backpass (510BP) using a
Dekati Low Pressure Impactor (DLPI). Pertinent discussions on
the method, sample treatments and tests used have been
presented earlier [1].

PCDD/F measurements were made around the electrostatic
precipitator [1]. However this part focuses only on samples
collected at the ESP inlet (Table 3). These are assumed to be the
total production of PCDD/F in the boiler.

3. Model implementation

The process model uses Microsoft Excel and FactSage 6.3.1; and
the structure of data flow is shown in Fig. 3. The Excel worksheet
contains all the local conditions, the mass and composition of the

Fig. 2. Reactions of copper and the production of PCDD/F. Regular arrows represent active pathways towards PCDD/F production, while broken arrows represent poisoning.
The main oxychlorination cycle is adopted from [32] and the poisoning reactions are from [35,36].
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The first stage, 846Rd, represents the splash zone. 846Rd takes
in all the fuel mixture (plus the additive for Case 2) and the pri-
mary air. After performing equilibrium calculation, a fraction of
the condensed phase (pure and solid solutions) is entrained
together with the vapor to the next reactor, with the remainder
being drawn out as bottom ash. The amount of entrained-
condensed phase is controlled by the adjustable parameter BAEF
which is applied equally to all the condensed phase constituents
(or species) formed in 846Rd.

The presence of this stage offers an advantage over global equi-
librium calculations. 846Rd allows the removal of some fractions of
elements that are expected to be enriched in the bottom ash. For
example, Lundholm et al. reported that around 40–70% of Cu was
retained in the bottom ash when burning chromate copper arse-
nate (CCA)-preserved wood with and without the addition of peat
[17]. This changed the amount of copper downstream of the boiler.
846Rd meets this expectation and allows the partitioning of the
element to be estimated. In the model, an element can partition
between the bottom ash, fly ash, and flue gas stream.

The next stage, 906Ox, the first oxidation stage, takes in the sec-
ondary air and the vapor plus the entrained condensed phase from
846Rd. After equilibrium has been calculated, all of the vapor and
condensed phase (now called fly ash) are passed to the 3rd stage as
input. 906Ox simulates what happens to the components of the
fuel mixture as they move from a reducing to an oxidizing
atmosphere.

The third stage, 852Ox, the second oxidation stage, takes in the
tertiary air and the results of the calculation in 906Ox. The air to
fuel ratio at this stage is 1.379 and represents the final k for the
boiler during the test cases.

The last stage, 510BP, represents the backpass and accepts all
the masses from 852Ox. This is the coldest among the four and is
assumed to govern the total amount of fly ashes produced for each
test case. This stage has two output streams: flue gas and fly ash.

Once the total amount of fly ash has been calculated, the
bottom/fly ash ratio, BAFAR, is evaluated and compared against
the target value of 0.3/0.7. The macro uses a simple bisection
algorithm to meet the target BAFAR by iterating the adjustable
parameter BAEF. The actual value of BAFAR is not exactly known
because of the difficulty of measuring the flow of the bottom and
fly ash for the test cases. The current value is based on historical
estimates collected from the plant.

The thermodynamic database includes 181 gaseous and 337
pure solid species from the FactPS, FToxid, FTsalt and FTpulp data-
base. Solution species from FToxid and FTsalt are likewise
included. For each case and equilibrium stage, preliminary runs
and post calculations of activities are made to ensure that no pure
species that should be included in the thermodynamic database
are left out in the simulation. Nitrogen is assumed to exist as
N2(g) [38], and the mass and activity limits are 1 nanogram and
1 � 10�3 respectively.

4. Results

4.1. Coarse particle loading

The coarse size fraction measured in the backpass indicates that
Case 3 gave the highest amount of coarse particle loading, while
Case 1 registered the least [1].

The amount of particles entrained in 846Rd follows this trend
(see Table 2). The model estimates that the amount of particles
entrained for Case 1 (17.12 g/kg fuel fed) and Case 2 (18.36 g/kg
fuel fed) are nearly equal. This is expected because the fuel mix-
tures for these two cases are similar. In both cases, the change in
amount of the condensed phase between 846Rd to 510BP is large,

at 35.21% and 42.21% respectively. This suggests that the fly ashes
are not fragments of the original fuel but are formed from the con-
densation of some species in the flue gas.

Case 3 has the highest amount of condensed phase entrained in
846Rd, 60.87 g/kg fuel fed. However it has the lowest change in the
amount of condensed phase between 846Rd to 510BP, 10.58%. This
indicates that majority of the fly ash is from the splash zone. These
observations are consistent with reports on peat co-combustion
combustion [15,39,40]. Peat is rich in aluminosilicates and other
ash forming compounds. Nonvolatile fuel fragments are usually
formed in the lower part of the boiler and are entrained in the
fluidizing air.

4.2. Main aerosol forming elements

Aerosol samples collected from the backpass show that Na and
K have been sulfated when S-pellet is added to the reference fuel
mixture [1]. Sulfation of alkalis usually occurs at a temperature
range of 650–1000 �C [41]. Sulfation is accompanied by an increase
in the peak of the fine particle fraction of the aerosol sampling to a
slightly higher particle size range [42].

The partitioning of aerosol-forming elements calculated for the
subsystem 846Rd–852Ox (SS) and the whole system 846Rd–510BP
(WS) is shown in Fig. 4. For SS, partitioning of Na and K in the fly
ash increased from Case 1 to Case 2. For Case 1, the alkalis are
mostly present in the flue gas as KCl and NaCl; some are present
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Fig. 4. Partitioning of aerosol forming elements in the bottom ash, fly ash and flue
gas at (a) 852Ox and (b) 510BP.
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input/output streams for each stage (or equilibrium reactor). The
worksheet also stores all equilibrium calculation results, and
calculates the mass balance in the reactor network. A command
button in the worksheet can launch a batch file that prompts the
macro facility of FactSage to accept the process information, launch
the Equilib subprogram, initialize and perform equilibrium calcula-
tion, and finally return the calculation results back to the interface.
Data are exchanged from Excel to FactSage and vice versa via
Object Linking and Embedding (OLEn).

The process model is made up of four stages, each representing
a certain region in the BFB, see Fig. 1. Each stage is an adiabatic
system operated at atmospheric pressure.

Table 1
Fuel proportion and S-pellet addition in the study.

Cases % Energy share S-pellet added? Description

SRF Bark Sludge Peat

1 50 44 6 0 No Normal fuel mix
2 50 44 6 0 Yesa Normal fuel mix + addition of S-pellet
3 60 0 6 34 No Fuel substitution from bark to peat. Peat serves as fuel and source of sulfur

a Ratio of mass flow rate (kg/s) S-pellet/fuel is around 0.001.

Table 2
Coarse particle loading measured by DLPI and the entrained condensed phase in 846Rd and 510BP. The coarse particle loading corresponds to aerosols within the size range of
1.6–10 lm.

Cases Coarse particle loading Entrained condensed phase in 846Rd Fly ash in 510BP % Increase in condensed phase between 846Rd to 510BP

(mg/N m3) (g/kg fuel fed) (g/kg fuel fed)

1 87.1 17.12 23.15 35.21
2 142.8 18.36 26.12 42.21
3 168.9 60.87 67.30 10.58

Table 3
APR evaluated at 852Ox and 510BP and the production of PCDD/F in the ESP inlet. R2

is the square of the Pearson product moment correlation coefficient evaluated
through data points PCDD/F at ESP inlet and APR.

Cases PCDD/F at ESP inlet (ng/N m3) APR (unitless)

852Ox 510BP

1 0.786 37.459 8.481
2 0.363 7.764 5.497
3 1.345 80.270 74.151

R2 0.99 0.84
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Excel Worksheet InterfaceFactSage Engine

Fig. 3. Data flow structure between FactSage’s equilibrium calculation engine and the staged equilibrium process model in Excel. The local temperature and air/fuel ratio, k,
are shown in the box inside each equilibrium reactor. (*) Denotes an adjustable parameter while (t) denotes a target parameter.
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The first stage, 846Rd, represents the splash zone. 846Rd takes
in all the fuel mixture (plus the additive for Case 2) and the pri-
mary air. After performing equilibrium calculation, a fraction of
the condensed phase (pure and solid solutions) is entrained
together with the vapor to the next reactor, with the remainder
being drawn out as bottom ash. The amount of entrained-
condensed phase is controlled by the adjustable parameter BAEF
which is applied equally to all the condensed phase constituents
(or species) formed in 846Rd.

The presence of this stage offers an advantage over global equi-
librium calculations. 846Rd allows the removal of some fractions of
elements that are expected to be enriched in the bottom ash. For
example, Lundholm et al. reported that around 40–70% of Cu was
retained in the bottom ash when burning chromate copper arse-
nate (CCA)-preserved wood with and without the addition of peat
[17]. This changed the amount of copper downstream of the boiler.
846Rd meets this expectation and allows the partitioning of the
element to be estimated. In the model, an element can partition
between the bottom ash, fly ash, and flue gas stream.

The next stage, 906Ox, the first oxidation stage, takes in the sec-
ondary air and the vapor plus the entrained condensed phase from
846Rd. After equilibrium has been calculated, all of the vapor and
condensed phase (now called fly ash) are passed to the 3rd stage as
input. 906Ox simulates what happens to the components of the
fuel mixture as they move from a reducing to an oxidizing
atmosphere.

The third stage, 852Ox, the second oxidation stage, takes in the
tertiary air and the results of the calculation in 906Ox. The air to
fuel ratio at this stage is 1.379 and represents the final k for the
boiler during the test cases.

The last stage, 510BP, represents the backpass and accepts all
the masses from 852Ox. This is the coldest among the four and is
assumed to govern the total amount of fly ashes produced for each
test case. This stage has two output streams: flue gas and fly ash.

Once the total amount of fly ash has been calculated, the
bottom/fly ash ratio, BAFAR, is evaluated and compared against
the target value of 0.3/0.7. The macro uses a simple bisection
algorithm to meet the target BAFAR by iterating the adjustable
parameter BAEF. The actual value of BAFAR is not exactly known
because of the difficulty of measuring the flow of the bottom and
fly ash for the test cases. The current value is based on historical
estimates collected from the plant.

The thermodynamic database includes 181 gaseous and 337
pure solid species from the FactPS, FToxid, FTsalt and FTpulp data-
base. Solution species from FToxid and FTsalt are likewise
included. For each case and equilibrium stage, preliminary runs
and post calculations of activities are made to ensure that no pure
species that should be included in the thermodynamic database
are left out in the simulation. Nitrogen is assumed to exist as
N2(g) [38], and the mass and activity limits are 1 nanogram and
1 � 10�3 respectively.

4. Results

4.1. Coarse particle loading

The coarse size fraction measured in the backpass indicates that
Case 3 gave the highest amount of coarse particle loading, while
Case 1 registered the least [1].

The amount of particles entrained in 846Rd follows this trend
(see Table 2). The model estimates that the amount of particles
entrained for Case 1 (17.12 g/kg fuel fed) and Case 2 (18.36 g/kg
fuel fed) are nearly equal. This is expected because the fuel mix-
tures for these two cases are similar. In both cases, the change in
amount of the condensed phase between 846Rd to 510BP is large,

at 35.21% and 42.21% respectively. This suggests that the fly ashes
are not fragments of the original fuel but are formed from the con-
densation of some species in the flue gas.

Case 3 has the highest amount of condensed phase entrained in
846Rd, 60.87 g/kg fuel fed. However it has the lowest change in the
amount of condensed phase between 846Rd to 510BP, 10.58%. This
indicates that majority of the fly ash is from the splash zone. These
observations are consistent with reports on peat co-combustion
combustion [15,39,40]. Peat is rich in aluminosilicates and other
ash forming compounds. Nonvolatile fuel fragments are usually
formed in the lower part of the boiler and are entrained in the
fluidizing air.

4.2. Main aerosol forming elements

Aerosol samples collected from the backpass show that Na and
K have been sulfated when S-pellet is added to the reference fuel
mixture [1]. Sulfation of alkalis usually occurs at a temperature
range of 650–1000 �C [41]. Sulfation is accompanied by an increase
in the peak of the fine particle fraction of the aerosol sampling to a
slightly higher particle size range [42].

The partitioning of aerosol-forming elements calculated for the
subsystem 846Rd–852Ox (SS) and the whole system 846Rd–510BP
(WS) is shown in Fig. 4. For SS, partitioning of Na and K in the fly
ash increased from Case 1 to Case 2. For Case 1, the alkalis are
mostly present in the flue gas as KCl and NaCl; some are present
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Fig. 4. Partitioning of aerosol forming elements in the bottom ash, fly ash and flue
gas at (a) 852Ox and (b) 510BP.
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and Br species for all the test cases. It was also established that Cu
was least volatile for Case 3 [1].

Similar to the main aerosol forming element, the partitioning of
Cu and Br evaluated for WS overestimated condensation (Fig. 4b).
On the other hand, SS shows the expected partitioning of Cu and
Br. In Fig. 4a, the amount of Cu existing in the flue gas fraction is
small in Case 3 as compared to that of Cases 1 and 2, supporting
the findings of the aerosol sampling. Meanwhile, the majority of
the Br partitioned to the flue gas.

Analysis of speciation of these two elements reveals their dom-
inant mode of occurrence at a given stage in the boiler. First, Cu
exists as Cu2S(s3) at the reducing zone and becomes CuCl(g) (for
Cases 1–3) and CuO(s) (for Case 3 alone) as it transitions from
846Rd to 906Ox. The formation of CuO(s) after secondary air
injection is unique to Case 3 and explains the apparent decrease
in volatility of copper as measured by the DLPI.

Most of the bromine exists as KBr(g) and NaBr(g) in the splash
zone for Cases 1 and 2, while HBr(g) for Case 3. The latter is
explained by the poor reactivity of the alkalis in Case 3. At
906Ox and 852Ox the amount of alkali chlorides decreased to favor
formation of other gaseous bromine species: CuBr3 for Case 1,
HBr(g) and CuBr3(g) for Case 2 and Br(g) and CuBr3(g) for Case 3. As
flue gas cools Br competes with Cl for Cu to form CuBr3 (g). In
Fig. 5(a) and (b), the concentration CuCl(g) decreases as CuBr3(g)
are formed in 852Ox.

4.4. CuSO4 formation

Formation CuSO4 was not detected even at 510Ox where the
temperature is lower than the decomposition temperature of
CuSO4 (572–678 �C) [42]. The presence of significant amounts of
Ca in the fuel mixture led to the capture of most of the sulfur in
the system. This is because the formation CaSO4 is more thermody-
namically favorable than CuSO4. At 825 �C the phase stability dia-
gram in Fig. 6(a) indicates that the partial pressure of SO2 should
be greater than 0.1 to support the formation of copper sulfate as
(CuO)(CuSO4)(s). The levels required for this formation may not
be practical or feasible for the current boiler set-up. On the other
hand Fig. 6(b) predicts that at 510 �C formation of CuSO4 is feasible
even at slightly lower concentrations of SO2. Overestimation of
CaSO4 formation using the current modeling approach may explain
why formation of CuSO4 was not detected by the model.

Harriot et al. and Gullet et al. have shown that adsorption of
sulfur compoundon copper surfaces is possible leading to the subse-
quent formation of CuSO4 [42,43]. However their studies also reveal
that the formation of CuSO4 requires longer residence time – in the
order of minutes – and is therefore kinetically governed.

5. Discussions

5.1. Active and passive species of Cu

Since the limitations of the model in predicting the formation of
CuSO4 is recognized, an analysis on the speciation of copper is pre-
sented in this section. In Fig. 2, chlorides, oxide, and oxychlorides
of Cu are active catalysts in the formation of PCDD/F. Their role
can either be as chlorinating agent, as a catalyst in the cleavage
of carbon matrices, or both. Meanwhile, CuSO4 is the deactivated
form of the de novo catalyst. In addition, Section 4.3 showed that
the formation of Cu–Br compounds offers competition to Cl for
available Cu thus reducing the formation of copper chloride.
Compared to Cu–Cl, an accepted mechanism for the catalytic role
of Cu–Br species focused in the formation of PCDD/F alone is not
yet available [44,45].

With these observations, we can define the empirical molar
active/passive species ratio (APR) as:

APR ¼ ðCu—ClÞ þ ðCu—OÞ þ ðCu—O—ClÞ þ Cu
CuSO4 þ ðCu—BrÞ þ Cu

� �
ð3Þ

CuSO4 is still included to indicate that it is part of the passive
form of copper with respect to the de novo reaction. Metallic
copper is present both in the numerator and denominator because
it can be chlorinated to become CuCl (active) or as the left-over
product of the chlorination (passive) of the carbon matrix.

This ratio is evaluated from the results at 852Ox and 510BP. APR
was not evaluated in 846Rd because of the reducing condition at
this stage which is different from the oxygen-rich atmosphere of
the post combustion zone. Similarly APR was not evaluated in
906Ox because this is still far from the post combustion conditions
and the oxidant (air) introduction is not yet complete.

5.2. APR and the PCDD/F production level

The APR evaluated at 852Ox and 510BP is found in Table 3. Both
APRs have correlation with the PCDD/F levels measured in the ESP
inlet [1]. The correlation coefficient is higher for the APR evaluated
at 852Ox. This is explained by the earlier observations that 852Ox
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Fig. 6. Phase stability diagram of Cu–Ca–S–O system at (a) 825 �C and (b) 510 �C at
1 atm pressure, 0 < Ca/(Cu + Ca) < 1. Diagrams are generated in FactSage 6.3.1. The
shaded region corresponds to a concentration favorable for CuSO4 formation.
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as sulfates. For Case 2, Na2SO4 and K2SO4 were formed together
with KAlSi2O6 and NaAlSiO4. This supports the occurrence of sulfa-
tion detected in the experiments. Alkali-aluminosilicate is the
results of the two folds increase in Si content of the fuel mixture
for Case 2. However, the partitioning evaluated for WS failed to
show the experimental observations. The alkalis are mostly pres-
ent as solid compounds (salts and silicates). It is difficult to assess
that sulfation happened at 510BP because the temperature is
below the range of alkali sulfation noted above.

For Case 3 around 30% of the alkalis in the fuel partitioned to the
bottom ash. This was true for SS and WS. For all the stages, 98% of
Na and K was present as KAlSi2O6 and NaAlSi3O8 respectively. This
agrees with the results of (1) chemical fractionation that shows
that majority of the alkalis are ‘‘less reactive’’ and (2) aerosol sam-
ples that suggests alkalis are less volatile during SRF–peat–sludge
combustion [1].

Calcium found in the DLPI was mostly in the coarse particle
fraction [1]. This suggests that few gaseous Ca species formed dur-
ing the tests. In the model, Ca partitioned between the bottom and

fly ash alone. For all cases, gaseous species of calcium were not
detected.

The results above show that the subsystem 846Rd–852Ox (SS)
can more closely predict the results of the aerosol measurements.
On the other hand, 846Rd–510BP (WS) overestimates condensa-
tion of the alkalis in the backpass. The current model cannot
handle the influence of kinetics and other transport limitations at
510 �C (temperature of 510BP). That is the reason for the
overestimation.

In the current model, no attempt was made to account for these
kinetic and transport limitations, we assume that reactions after
the introduction of the tertiary air may have been frozen [41]
due to the phenomena cited above and the properties of such a
‘‘frozen’’ system was reflected in the aerosol samples.

4.3. Copper and bromine

Cu and Br in the aerosols were mostly found in the fine particle
fraction, <0.03–1.6 lm. This indicates the presence of gaseous Cu
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Fig. 5. Top species of Cu (a–c) and Br (d–f) at different stages in the BFB boiler as predicted by the staged equilibrium process model.
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and Br species for all the test cases. It was also established that Cu
was least volatile for Case 3 [1].

Similar to the main aerosol forming element, the partitioning of
Cu and Br evaluated for WS overestimated condensation (Fig. 4b).
On the other hand, SS shows the expected partitioning of Cu and
Br. In Fig. 4a, the amount of Cu existing in the flue gas fraction is
small in Case 3 as compared to that of Cases 1 and 2, supporting
the findings of the aerosol sampling. Meanwhile, the majority of
the Br partitioned to the flue gas.

Analysis of speciation of these two elements reveals their dom-
inant mode of occurrence at a given stage in the boiler. First, Cu
exists as Cu2S(s3) at the reducing zone and becomes CuCl(g) (for
Cases 1–3) and CuO(s) (for Case 3 alone) as it transitions from
846Rd to 906Ox. The formation of CuO(s) after secondary air
injection is unique to Case 3 and explains the apparent decrease
in volatility of copper as measured by the DLPI.

Most of the bromine exists as KBr(g) and NaBr(g) in the splash
zone for Cases 1 and 2, while HBr(g) for Case 3. The latter is
explained by the poor reactivity of the alkalis in Case 3. At
906Ox and 852Ox the amount of alkali chlorides decreased to favor
formation of other gaseous bromine species: CuBr3 for Case 1,
HBr(g) and CuBr3(g) for Case 2 and Br(g) and CuBr3(g) for Case 3. As
flue gas cools Br competes with Cl for Cu to form CuBr3 (g). In
Fig. 5(a) and (b), the concentration CuCl(g) decreases as CuBr3(g)
are formed in 852Ox.

4.4. CuSO4 formation

Formation CuSO4 was not detected even at 510Ox where the
temperature is lower than the decomposition temperature of
CuSO4 (572–678 �C) [42]. The presence of significant amounts of
Ca in the fuel mixture led to the capture of most of the sulfur in
the system. This is because the formation CaSO4 is more thermody-
namically favorable than CuSO4. At 825 �C the phase stability dia-
gram in Fig. 6(a) indicates that the partial pressure of SO2 should
be greater than 0.1 to support the formation of copper sulfate as
(CuO)(CuSO4)(s). The levels required for this formation may not
be practical or feasible for the current boiler set-up. On the other
hand Fig. 6(b) predicts that at 510 �C formation of CuSO4 is feasible
even at slightly lower concentrations of SO2. Overestimation of
CaSO4 formation using the current modeling approach may explain
why formation of CuSO4 was not detected by the model.

Harriot et al. and Gullet et al. have shown that adsorption of
sulfur compoundon copper surfaces is possible leading to the subse-
quent formation of CuSO4 [42,43]. However their studies also reveal
that the formation of CuSO4 requires longer residence time – in the
order of minutes – and is therefore kinetically governed.

5. Discussions

5.1. Active and passive species of Cu

Since the limitations of the model in predicting the formation of
CuSO4 is recognized, an analysis on the speciation of copper is pre-
sented in this section. In Fig. 2, chlorides, oxide, and oxychlorides
of Cu are active catalysts in the formation of PCDD/F. Their role
can either be as chlorinating agent, as a catalyst in the cleavage
of carbon matrices, or both. Meanwhile, CuSO4 is the deactivated
form of the de novo catalyst. In addition, Section 4.3 showed that
the formation of Cu–Br compounds offers competition to Cl for
available Cu thus reducing the formation of copper chloride.
Compared to Cu–Cl, an accepted mechanism for the catalytic role
of Cu–Br species focused in the formation of PCDD/F alone is not
yet available [44,45].

With these observations, we can define the empirical molar
active/passive species ratio (APR) as:

APR ¼ ðCu—ClÞ þ ðCu—OÞ þ ðCu—O—ClÞ þ Cu
CuSO4 þ ðCu—BrÞ þ Cu

� �
ð3Þ

CuSO4 is still included to indicate that it is part of the passive
form of copper with respect to the de novo reaction. Metallic
copper is present both in the numerator and denominator because
it can be chlorinated to become CuCl (active) or as the left-over
product of the chlorination (passive) of the carbon matrix.

This ratio is evaluated from the results at 852Ox and 510BP. APR
was not evaluated in 846Rd because of the reducing condition at
this stage which is different from the oxygen-rich atmosphere of
the post combustion zone. Similarly APR was not evaluated in
906Ox because this is still far from the post combustion conditions
and the oxidant (air) introduction is not yet complete.

5.2. APR and the PCDD/F production level

The APR evaluated at 852Ox and 510BP is found in Table 3. Both
APRs have correlation with the PCDD/F levels measured in the ESP
inlet [1]. The correlation coefficient is higher for the APR evaluated
at 852Ox. This is explained by the earlier observations that 852Ox
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Fig. 6. Phase stability diagram of Cu–Ca–S–O system at (a) 825 �C and (b) 510 �C at
1 atm pressure, 0 < Ca/(Cu + Ca) < 1. Diagrams are generated in FactSage 6.3.1. The
shaded region corresponds to a concentration favorable for CuSO4 formation.
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of available Cl for K, causing this alkali to be slightly more volatile
at the splash zone.

K is captured by Si and Al in the succeeding stages. This could
explain why even if K is volatile in the splash zone for Case 2H,
the fraction of K in the gas phase (flue gas) is slightly smaller. Alkali
capture during sludge co-combustion has been reported in the lit-
erature [46].

The partitioning of Cu did not change with sludge share, though
its concentration has been reduced due to dilution. Also, since Br
concentration is higher in the sludge [1], increasing the sludge
share led to the passivation of Cu because more CuBr3(g) is formed.
These observations led to the decrease of APR and eventually the
PCDD/F concentration – see Fig. 8(b). In actual practice, S in sludge
may also help enhance CuSO4 formation and further reduce PCDD/
F production [47].

This sensitivity analysis presents a possible situation where
both alkali chloride deposition at the superheaters and PCDD/F
production are reduced due to the synergistic effects of low trace
element concentration, alkali capture of Si and Al from the sludge,
and sulfation.

At this point of the study, both S-pellet addition and peat-SRF-
sludge co-firing are seen as possible PCDD/F abatement strategies,
provided that the amount of Cu in the latter strategy is kept as
minimal as possible. In actual practice, peat–SRF–sludge co-firing
may still be inferior with S-pellet addition because of the high
share of SRF and variability of the concentrations of trace elements
in the SRF. In the third and last part of this study, the formation of
CuSO4 will be experimentally investigated using advanced X-ray
absorption techniques to settle which strategy can lead to more
successful sulfation, and decide which of the strategies is superior.

6. Conclusion

By segmenting the BFB boiler into several stages, each repre-
senting a local governing condition, a staged equilibrium process
model has been developed using the macro facility in FactSage plus
an interface in Excel. The main justification for this approach is the
possible existence of local equilibria at different parts of the boiler.
A single global equilibrium calculation may not suffice when local
governing conditions and mass balance vary from one section of
the boiler to another.

The behavior of aerosol-forming elements (Na, K and Ca)
collected at the backpass is better understood by examining the
results of the subsystem 846Rd–852Ox (SS) as compared to
846Rd–510BP (WS). This indicates that after the addition of the
tertiary air succeeding reactions of these elements may have been
‘‘frozen’’.

Furthermore, the behavior of Cu and Br in the aerosol sample
can also be explained by the results of SS. Interactions of Cu–Br
promoted the formation of volatile CuBr3(g) which competes with
chlorine for available Cu. For Case 3 the volatility of Cu is lowest
because of the formation of CuO(s). However, the model failed to
predict the formation of CuSO4(s) which is the passive form of Cu
critical to PCDD/F reduction.

An empirical ratio APR was introduced and correlated to the
levels of PCDD/F measured at the ESP inlet. Correlation was found
to be satisfactory for 852Ox, so it was used in the sensitivity
analysis.

By reducing Cu in the fuel mixture, Case 3* estimates the PCDD/
F level to be 0.303 ± 0.013 ng/N m3. This shows that the abundance
of Cu in Case 3 is contributed to the elevated PCDD/F levels mea-
sured. Furthermore the sensitivity analysis reveals that excessive
Cu in the fuel favors the formation of CuO(s), a key de novo catalyst.

Synergistic effects of increasing sludge share and sulfur pellet
addition can promote abatement of PCDD/F production and alkali

capture. This can be explained by trace element dilution, alkali
capture of Si and Al from the sludge, and additional S available
for sulfation reactions. However the concentration of Ca in the
sludge should be carefully noted. Excessive Ca in the system may
react with the additional S and lead to the undesirable formation
of CaSO4.
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gives a better picture of what is happening in the backpass as com-
pared to 510BP.

APR increases with PCDD/F at the ESP inlet. This agrees with the
nature of the de novo mechanism. More active copper species
should result in increased PCDD/F formation.

5.3. Peat–SRF–sludge with low Cu content

For this sensitivity analysis, the concentration of Cu for the fuel
mixture is reduced from 670 mg/kg to 26 mg/kg dry solids. The lat-
ter is the concentration of Cu in the fuel mixture for Case 1. The
concentration of the rest of elements in the fuel is similar to Case 3.

Fig. 7(a) compares the partitioning of the alkalis, Ca, Cu, and Br
for the scenario being studied (Case 3*) and the two original cases
(Cases 1 and 3). A decrease of Cu concentration in the fuel does not
affect the alkalis, Ca and Br. On the other hand there was a remark-
able increase in volatile Cu for Case 3*. Cu is present as Cu2S(s) in
the reducing zone and becomes CuCl(g) as it transitions to the first
oxidizing zone, as the gas cools CuBr3(g) and (CuO)(Fe2O3)(s2) are
formed. However CuO(s) did not form at 906Ox as it did in Case 3.

For the peat co-firing with low Cu content the APR at 852Ox is
2.195 mol/mol. This APR corresponds to the PCDD/F concentration
estimate of 0.303 ± 0.013 ng/N m3. This level is near the value
reported for Case 2, indicating that the peat addition strategy
may also help in PCDD/F abatement under the strict premise that
the concentration of Cu in the fuel is kept as low as possible.

5.4. SRF–bark–sludge + S-pellet (Case 2) at varying sludge energy
share

Low concentration of several trace elements in the sludge may
produce dilution effects when the portion of sludge in the fuel mix-
ture is increased. For this part, the energy share of sludge is varied
according to the proportions in Table 4; note that the SRF/bark
energy share ratio is maintained.

The partitioning of key elements for this sensitivity analysis is
shown in Fig. 8(a). Variation of sludge energy share did not affect
the partitioning of Cu and Br and Ca; this is because the speciation
of these elements did not vary significantly at the proportions
evaluated. On the other hand Na and K exhibited changes in parti-
tioning. As sludge energy share increases, Al and Si concentration
increase as well, leading to the enrichment of Na in the bottom
ash due to the formation of NaAlSiO4. This resulted in the increase
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Fig. 7. (a) Partitioning of aerosol forming elements in the bottom ash, fly ash and
flue gas at 852Ox showing Cases 1, 3 and 3*. (b) Top species of copper for peat–SRF–
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Table 4
Energy share simulated at varying sludge energy share and constant SRF/bark energy
share ratio.

Cases SRF Bark Sludge S-pellet

2L 51.60 45.40 3 YES
2 50.00 44.00 6 YES
2H 46.81 41.19 12 YES
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of available Cl for K, causing this alkali to be slightly more volatile
at the splash zone.

K is captured by Si and Al in the succeeding stages. This could
explain why even if K is volatile in the splash zone for Case 2H,
the fraction of K in the gas phase (flue gas) is slightly smaller. Alkali
capture during sludge co-combustion has been reported in the lit-
erature [46].

The partitioning of Cu did not change with sludge share, though
its concentration has been reduced due to dilution. Also, since Br
concentration is higher in the sludge [1], increasing the sludge
share led to the passivation of Cu because more CuBr3(g) is formed.
These observations led to the decrease of APR and eventually the
PCDD/F concentration – see Fig. 8(b). In actual practice, S in sludge
may also help enhance CuSO4 formation and further reduce PCDD/
F production [47].

This sensitivity analysis presents a possible situation where
both alkali chloride deposition at the superheaters and PCDD/F
production are reduced due to the synergistic effects of low trace
element concentration, alkali capture of Si and Al from the sludge,
and sulfation.

At this point of the study, both S-pellet addition and peat-SRF-
sludge co-firing are seen as possible PCDD/F abatement strategies,
provided that the amount of Cu in the latter strategy is kept as
minimal as possible. In actual practice, peat–SRF–sludge co-firing
may still be inferior with S-pellet addition because of the high
share of SRF and variability of the concentrations of trace elements
in the SRF. In the third and last part of this study, the formation of
CuSO4 will be experimentally investigated using advanced X-ray
absorption techniques to settle which strategy can lead to more
successful sulfation, and decide which of the strategies is superior.

6. Conclusion

By segmenting the BFB boiler into several stages, each repre-
senting a local governing condition, a staged equilibrium process
model has been developed using the macro facility in FactSage plus
an interface in Excel. The main justification for this approach is the
possible existence of local equilibria at different parts of the boiler.
A single global equilibrium calculation may not suffice when local
governing conditions and mass balance vary from one section of
the boiler to another.

The behavior of aerosol-forming elements (Na, K and Ca)
collected at the backpass is better understood by examining the
results of the subsystem 846Rd–852Ox (SS) as compared to
846Rd–510BP (WS). This indicates that after the addition of the
tertiary air succeeding reactions of these elements may have been
‘‘frozen’’.

Furthermore, the behavior of Cu and Br in the aerosol sample
can also be explained by the results of SS. Interactions of Cu–Br
promoted the formation of volatile CuBr3(g) which competes with
chlorine for available Cu. For Case 3 the volatility of Cu is lowest
because of the formation of CuO(s). However, the model failed to
predict the formation of CuSO4(s) which is the passive form of Cu
critical to PCDD/F reduction.

An empirical ratio APR was introduced and correlated to the
levels of PCDD/F measured at the ESP inlet. Correlation was found
to be satisfactory for 852Ox, so it was used in the sensitivity
analysis.

By reducing Cu in the fuel mixture, Case 3* estimates the PCDD/
F level to be 0.303 ± 0.013 ng/N m3. This shows that the abundance
of Cu in Case 3 is contributed to the elevated PCDD/F levels mea-
sured. Furthermore the sensitivity analysis reveals that excessive
Cu in the fuel favors the formation of CuO(s), a key de novo catalyst.

Synergistic effects of increasing sludge share and sulfur pellet
addition can promote abatement of PCDD/F production and alkali

capture. This can be explained by trace element dilution, alkali
capture of Si and Al from the sludge, and additional S available
for sulfation reactions. However the concentration of Ca in the
sludge should be carefully noted. Excessive Ca in the system may
react with the additional S and lead to the undesirable formation
of CaSO4.
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� We showed that fly ashes in the two ESP fields have different formation history.
� We detected the formation of CuSO4 in the combustion system under study.
� We showed that the active/passive ratio of Cu species affects PCDD/F production.
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a b s t r a c t

PCDD/F abatement strategies – sulfur pellet addition and peat co-combustion – were tested for a BFB boi-
ler facility utilizing SRF-bark-sludge as fuel. In this paper chemical and physical analyses of electrostatic
precipitator (ESP) fly ashes were used to explain the differences in the performance of these strategies.
These analyses revealed a difference between the coarse and fine fly ashes collected in the ESP. Chemical
analysis of the fine fly ashes revealed high concentration of easily volatilized elements while the SEM
micrographs showed that fine ash are composed of clusters of spherical particles, thereby leading to a
conclusion that fine ashes were originally in a gas phase in the high temperature zones of the boiler. Var-
iation in the distribution of active and passive forms of Cu in fly ashes was revealed using X-ray absorp-
tion spectroscopy (XANES mode). It was also found that peat co-combustion led to increased formation of
Cu oxides that may act as active catalysts in de novo synthesis. Furthermore, XANES revealed the forma-
tion of CuSO4 for all the test cases. By applying the empirical ratio between mole fractions of the active
and passive species of Cu, the role of Cu speciation to PCDD/F production was emphasized. It is concluded
that sulfur pellet addition is more effective than peat addition as a PCDD/F abatement strategy for the BFB
facility understudy.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Polychlorinated dibenzo-p-dioxin and dibenzofuran (PCDD/F) is
one of the most highly regulated of emissions in waste-to-energy
plants. The current waste directive of European Parliament sets
an emission ceiling of 0.1 ng/Nm 3 (O2 content 6%) for all stationary
and mobile technical equipment either fully or partially utilizing

waste as a fuel, and converting it to energy via thermal process
[1]. PCDD/F released to the atmosphere can be removed either
via photodegradation or by deposition, but the ultimate sink is
believed to be aquatic sediments and from there PCDD/F can
bioaccumulate in fish and invertebrates [2]. Humans are exposed
to bioaccumulated PCDD/F primarily from food, e.g. seafood, milk
and meat, and some contaminated vegetables. It has also been
found that the degradation of tetra- to octachloro congeners is
minimal in a soil environment perhaps due to the compound’s
poor solubility in water [3]. It is therefore important that produc-
tion and emission of PCDD/Fs is addressed and minimized at its
point sources.
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This research series aims to address the objective above and
examines the possibility of reducing PCDD/F production via sulfur
addition [4,5]. Sulfur has been found to reduce PCDD/F production
by converting active Cu oxide, oxychloride, and chloride species to
CuSO4 -the inactive state of copper in terms of de novo synthesis
[6,7].

1.1. Earlier findings

The key features and findings presented in our previous studies
[4,5] with PCDD/F abatement strategies are briefly summarized in
this section. Addition of S-pellet (Case 2) and S from peat (Case 3)
affect the production levels of PCDD/F in a 140 MWth bubbling flu-
idized bed boiler (operated at a mean load of 90 MWth during the
experimental campaign) burning Scandinavian spruce bark, dried
paper mill sludge and solid recovered fuel (SRF) (see Fig. 5a for
the PCDD/F concentration measured). The behavior of the fine-par-
ticle forming elements collected at the second pass of the boiler
suggests an effective sulfation of Na, K, and Cu when S-pellets were
added to the fuel mixture. The amount of PCDD/F produced in the
post combustions zones of the boiler is significantly reduced. How-
ever for Case 3, high concentration and poor volatilization of Cu
and high particle loading in the flue gas enhanced production of
dioxins and furans [4]. The homologue distribution or fingerprint
of PCDD/F also revealed that the main production is via the de novo
mechanism. This mechanism is dominant at a temperature win-
dow of 200–400 �C and is catalyzed by Cu associated with Cl
and/or O [8]. In the second part of the study series [5], staged equi-
librium process modeling was developed and used to study the
behavior of Cu in the BFB system during the tests. The model
showed the possible presence of a ‘‘frozen equilibrium’’ [9]
wherein gas phase reactions are frozen by kinetic restriction and
other transport phenomena as the flue gas is cooled in the colder
post-combustion zone of the boiler. The model was able to explain
the chemistry governing the behavior of the aerosol samples col-
lected at the backpass of the BFB boiler. However the staged equi-
librium model failed to predict the formation of CuSO4 due to
overestimation of CaSO4 formation and the kinetically governed
nature of Cu sulfation [10]. This limitation prompted the introduc-
tion of an empirical molar active/passive species ratio (APR). The
APR estimates the ratio of the amount of active Cu species that
can participate as a catalyst in de novo synthesis and the amount
of passive Cu species that cannot contribute or offer competition
for active Cu. The active/passive species ratio is defined previously
as [5]:

APR ¼ ðCu� ClÞ þ ðCu� OÞ þ ðCu� O� ClÞ þ Cu
CuSO4 þ ðCu� BrÞ þ Cu

� �
ð1Þ

The numerator contains active species of Cu participating in
oxycholorination reaction pertinent to the production of PCDD/F
via de novo synthesis. The denominator contains the deactivated
species of Cu, CuSO4 and Cu–Br species which can steal Cu from
chlorine and/or oxygen thereby disabling Cu from participating
in the de novo synthesis of chlorinated dioxins and furans. Metallic
copper is present both in the numerator and the denominator
because it can be chlorinated (CuCl; active) or it can be the left-
over product of the chlorination of the carbon matrix by CuCl
which may have reduced catalytic activity (passive). This empirical
ratio, showed a high correlation with the PCDD/F production levels
and was used in the sensitivity analysis part [5].

1.2. Speciation of copper

Several methods are currently available for the speciation of
elements found in fly ashes, but due to the complex mixture of

elements present in these ashes most of these methods are appli-
cable only to specific element constituents and at a given
concentration.

One popular method is sequential chemical leaching or frac-
tionation, where increasingly aggressive solvent are used [11].
Starting with H2O, alkali salts (sulfates, chlorides) are leached, fol-
lowed by ammonium acetate where ion exchangeable fractions
(organically associated elements, carbonates, and chlorides) are
extracted. This is followed by acid leaching, using HCl to leach acid
soluble carbonates and sulfates; the remaining solid residues are
assumed to be silicates and silicate minerals [12]. There is however
a risk that new artificial and stable mineral phases are formed, as
well as sorption phenomena of elements on some stable phases
in the system during successive leaching, causing the elements to
remain in the solid residue [11]. Also leaching does not give defin-
itive results but provides only scope for hypothesizing an element’s
speciation. Therefore this procedure is not applicable for the goals
of this study. Since fractionation may significantly influence the
speciation process, the use of non-destructive technique is
necessary.

One common non-destructive technique is X-ray photoelectron
spectroscopy (XPS). This technique probes the energy distribution
of electrons ejected from solids via irradiation by X-rays and pho-
toelectric effect. The electrons contain information regarding the
chemical oxidation state, electronic structure and atomic composi-
tion of the analyte being studied [13]. For instance, XPS has been
used for the speciation of S and P in coal fly ashes. S was found
to be SO2�

4 and P was PO3�
4 , which explains the difference in their

leaching behavior [14]. XPS can distinguish metallic Cu from CuCl2
(halide), CuO (oxide) and CuSO4 (sulfate). However with the detec-
tion limit of 1 wt.% of Cu, XPS requires a considerable length of
time to accomplish speciation due to the low concentration of Cu
in the fly ash.

To address these issues above, a sensitive element-specific and
non-destructive technique based on X-ray absorption is used in
this work. X-ray absorption spectroscopy (XAS) is a method for
investigating the local structural environment of elements. XAS is
divided into X-ray absorption near edge structure (XANES) analysis
which provides information primarily about the oxidation state of
the absorbing element and its local geometry, and X-ray absorp-
tion fine structure (EXAFS) analysis which provides information
about atomic coordination (type and number of neighboring atoms
and inter-atomic distance). The physical basis of XANES is the elec-
tronic transition from the core level to the valence states, while for
EXAFS it is the scattering of the X-ray exited photoelectron by the
surrounding atom [15]. XAS can be used to study non-crystalline
materials. The method uses an intense and energy-tunable source
of X-ray provided by synchrotrons [16]. XAS has been successfully
used in several studies concerned with the speciation of Cu from
combustion fly ashes [8,17–21]. For example, Fujimori et al. used
XANES data to observe the behavior of CuCl2 during dioxin forma-
tion in the fly ash [20] and showed that chlorination and gasifica-
tion of carbon matrices are important steps for dioxin formation in
fly ashes containing CuCl2. Fujimori and Takaoka [19] used XANES
to examine the formation of organo-Cl compounds by CuCl2 in the
thermal process and explained why the de novomechanism is most
active at the temperature range of 200–400 �C. Moreover, Takaoka
et al. used linear combination fitting analysis of Cu K-edge XANES
spectra to study the oxychlorination cycle of Cu. They were able to
explain how CuO can shuttle Cl to the carbon matrices and form
PCDD/F [8]. Although they were not focused directly on PCDD/F
production, Hsiao and co-worker used XANES with XPS to explain
the high leachability of copper on the ESP fly ash. They suggested
that leaching maybe a result of CuCl2 enriched on the fly ash sur-
faces [22]. Recently, XAS was used to study the behavior of Cu
found in different ashes extracted from a BFB boiler e.g. bottom,
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hopper, cyclone, and filter ashes. Results revealed the transforma-
tion Cu that may be helpful in the development of methods to
recover it from MSW combustion ash [23].

1.3. The objective of the study

The objective of this study is to determine the speciation of Cu
in the fly ash collected from the electrostatic precipitator of the
waste-to-energy facility described earlier [4,5]. The results of the
speciation will be used to validate the active/passive species ratio
(Eq. 1) and its correlation to PCDD/F production. APR was originally
calculated using the results of the equilibrium stage mimicking the
zone after tertiary air addition [5]. In this study the same equation
is applied under the assumption that the remnants of the interac-
tion of Cu with O, Cl, S, and Br are to some extent preserved in the
fine fraction of fly ashes collected at the ESP.

2. Materials and methods

The ESP is composed of 4 fields: two parallel channels with two
consequent fields. Particle-laden flue gas from the air preheaters
(LUVO) is divided into two channels and enters the first fields of
the ESP. The clean flue gas leave the second fields and enters the
scrubber, see Fig. 1a.

Fly ash samples were collected from the pneumatic transport
lines below the fields of the right channel (Case 1) or left channel
(Case 2 and 3) using a simple tube sampler made up of a steel pipe,
see Fig. 1b. For each test case, five sampling periods lasting for
about four minutes were performed. Each sample was cooled
before being bagged into a clean and sealed container. However
unlike in Part I [4] the fly ashes collected in the first and second
fields were not combined. It was anticipated that the chemical
and physical properties of these two ashes may be different [24].
The composite sample was made by combining equal mass por-
tions of ash sample from each sampling period for each field. In
total six composite samples were prepared and analyzed for this
study – 3 samples from the first field, and 3 samples from the sec-
ond field. By visual inspection the first field captures the coarse fly
ashes while the second collects the much finer fly ashes. For all test
runs, the ESP is being maintained at 190 �C.

The concentration of major ash forming and trace elements in
the fly ash were determined using X-ray fluorescence spectroscopy

(XRF) without prior treatment except for size reduction using a
ceramic ball mill. Micrographs were also taken using a scanning
electron microscope (SEM) to examine the morphology of fly ash
samples. X-ray powder diffraction data was measured using PAN-
alytical X́Pert PRO alpha 1 diffractometer in Bragg–Brentano geom-
etry using Johansson monochromator to produce Cu Ka1 radiation
(1.5406 Å; 45 kV, 30 mA). The diffraction intensities were recorded
by an X́Celerator detector using continuous scanning mode in 2-
range of 4–100� with a step size of 0.017� and counting times of
800 s per step. Data processing and semi-quantitative search-
match identification of the crystalline phases were made by X́Pert
HighScore Plus v. 2.2d program using the ICDD-PDF4 + (release
2012) powder diffraction database reference retrieval source. The
semi-quantitative information was acquired by the reference
intensity ratio method (RIR) included in the program.

XANES spectra of the fly ash samples were collected at BL8 of
the Synchrotron Light Research Institute in Thailand [25]. The pho-
ton energy of the synchrotron X-rays was scanned by a Ge(220)
double crystal in the K-edge XANES region of copper. The photon
energy was calibrated against the K-edge of Cu foil at
8979 ± 0.3 eV. Prior to analysis, all samples were finely ground
and deposited in polyimide tape. Due to the low Cu concentration
all fly ash samples were scanned in the fluorescence mode. The
incident photon intensity, IO, was monitored by a 10 cm ion cham-
ber filled with Ar (76 mbar), while the fluorescence signal, IF, was
measured using a 13-element Ge detector. Absorption is given by
IF/IO. On the other hand the K-edge XANES spectra of the pure stan-
dards (Cu foil, Cu2O, CuCl, CuO, CuCl2, CuBr2, and CuSO4) were col-
lected using the transmission mode due to high Cu concentration.
The intensity of the incident X-ray beam, IO, and the transmitted X-
ray beam, It, were monitored by a 10 cm long ion chamber (with Ar
at 76 mbar) and a 40 cm long ion chamber (with Ar at 413 mbar)
respectively. Absorption is defined as ln(IO/It). Each XANES spec-
trum is an average of two or more scans.

Data analysis for the spectra was performed in ATHENA a XAS
data processing software [26]. Spectra were normalized using the
MBACK algorithm developed by Penner-Hahn and co-workers
[27]. Linear combination fitting (LCF) was used to perform a
semi-quantitative compositional analysis of the chemical species
of Cu in the ESP fly ash. LCF assumes that the spectrum of a given
sample is a linear combination of known spectra from ‘‘model
compounds’’ or references. Since the chemical species in real fly
ashes are hardly known very accurately, selecting the proper set

Fig. 1. (a) Flow of flue gas in the ESP channels and consequent fields. (b) Schematic for fly ash collection in the pneumatic transport line below the ESP hopper using a tube
sampler.
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3.2. Crystalline compounds in the ESP fly ash

The relative mass fractions of phases identified by XRD are
found in Table 2. Based on the semi-quantitative search-match
analysis, the samples collected for both fields are composed pri-
marily of SiO2 (quartz), CaSO4 (anhydrite), CaCO3 (calcite), various
alkali and alkaline earth metal containing tectoalumosilicates
(Na,Ca,K)Al(Si,Al)3O8 (e.g. albeite, microcline, anorthite) and
Ca2(Mg,Al)Al(Si,Al)O7 (e.g. gehlenite and melilite). Present in minor
to trace amounts are phases like NaCl (halite), KCl (sylvite),
Ca(OH)2 (portlandite), MgO (periclase), Fe2O3 (hematite), Al (alu-
minum), and TiO2 (rutile). However due to the complexity of the
diffraction patterns, the presence or absence of trace amounts of
K2SO4 (arcanite), Na2SO4 (thenardite) and/or KNaSO4 (aphthitalite)
cannot easily be ruled out.

In the same table, the species detected by the thermodynamic
model are also indicated [5]. Not all phases detected by XRD are
also detected by the model especially albite, gehlenite and micro-
cline for Cases 1 and 2.

For all test cases, the mass fraction of quartz is higher for the
samples from the first field as compared to the second field. The
impact of peat co-firing to the fly ash is clearly demonstrated by

Fig. 2. SEM micrographs of the ESP fly ash. (a) and (b) are for the fly ashes collected at the first field, while (c) and (d) are from the second field. The first row is for the SRF-
Bark-Sludge (Case 1 and 2) firing while the second row is for the case of SRF-Sludge-Peat firing (Case 3) and (e) is from Case 2 fly ash collected at the second field of the ESP.
(a)–(d) are taken at 1000� magnification while (e) is taken at 6000� magnification.
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Fig. 3. Cu K-edge XANES spectra of the model or reference compounds used in LCF.
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of references is key to the robustness and validity of this analysis
[8]. The selection of reference Cu compounds (see Table 3 and
Fig. 3) was based on the thermodynamic modeling results in the
second part of study [5] and similar studies on PCDD/F production
using XAS as a method for Cu speciation [8,18–22]. This selection
strategy limits the number of reference compounds used, so it is
possible that other Cu compounds were present in the sample
but were not accounted for. The fitting space is the normalized
absorption lðEÞ at the range of �20–30 eV around the absorption
edge. The misfit (R – factor) is given by

R� factor ¼
P

½data� fitted�2P
data2

ð2Þ

The coefficients obtained from linear combination fitting of the
XANES spectra indicate mole percentage of the respective refer-
ences used [8].

3. Results and discussions

3.1. Elemental analysis and morphology of the ESP fly ash

The concentration of major and trace elements in the ash sam-
ples are found in Table 1. In general the concentration of main ash
forming elements Si, Ca, Al, and Fe, which are referred to as ash
matrix forming elements [28], is higher in the samples collected
in the first field as compared to the second field of the ESP. The first
field of the ESP is designed to capture the coarse particles which
are usually fragments or inert components of the fuel or fuel mix-
ture being fired in the boiler [24]. This field is also designed to cap-
ture entrained bed materials.

The next group is the salt-forming group consisting of K, Cl, and
S. The definition of ‘‘salt’’ is somewhat inaccurate, but here we refer
to it to as low melting point water soluble fractions in contrast to
the high melting point inert and insoluble oxides [29]. In general
the concentration of the salts is higher in the second field which
collects fine particle fractions of the fly ash entrained in the flue
gas.

The fine ESP fly ash fraction is the end product of the complex
process of aerosol formation and growth. In the post combustion
zone of the BFB boiler, vapor species with a saturation ratio (S1)
exceeding unity start to condense and eventually form particles.
S1 is the partial pressure of the vapor in the flue gas over the sat-
uration vapor pressure. These particles grow further by condensa-
tion on pre-existing particles or via chemical reactions. In addition,
particles can collide with each other and form larger particles or
coagulate [30]. Agglomerates formed from primary particles tend
to partly coalesce together, from fractal-life aggregates to compact

spherical structures, via the process called multiparticle sintering
[31].

In both fields, the concentration of K in Case 1 and 2 are compa-
rable, while Case 3 has the least. This trend is also true for Cl. These
observations agree with earlier findings that the alkalis have poor
‘‘reactivity’’ and volatility during peat co-firing [4]. As a result K
may have partitioned to the bottom ash [5]. Without the alkalis,
the majority of Cl in the fuel formed HCl(g) and remained in the flue
gas.

For the samples collected in the first field, the concentration of S
for Case 2 is 1.84 times that of Case 1; this nearly corresponds to
the increase in S content of the fuel mixture in Case 1 to Case 2
[4]. In the second field, the concentration of S for Case 2 is 1.43
times that of Case 1. These observations indicate the possibility
that (1) S was non-volatile and stayed in the ash, or (2) S volatil-
ized, reacted with Ca, alkalis and perhaps even Cu, and condensed
back as part of the fly ash. The first is less likely to happen because
SO2(g) measured at the backpass for Case 2 is almost 17.5 times that
of Case 1 and the aerosol samples have shown indications that sul-
fation has occurred during S-pellet addition [4]. Meanwhile, in
both fields S concentration for Case 3 is only 4/5 of S concentration
in Case 1 even if the S in the fuel mixture for Case 3 is around 3.42
times that of Case 1 [4].

Lastly the trace element group (Cu, Zn, Cr, and Pb) exhibits a
behavior of the salt-forming group. These elements are enriched
in the fine fly ash particles collected in the second field as com-
pared to the coarse particles of the first field. These elements vol-
atilize and leave the fuel in the reducing zones of the boiler either
as pure element, or sulfide, or chlorides, or oxides [32] and then
condense in the post combustion zones of the boiler [33] and form
fine particles in the fly ash. The presence of Cu in the fine fly ashes
collected in the second field is important in understanding PCDD/
Fs formation.

The morphology of the fly ashes collected in the first field is
much coarser and larger relative to the ones collected in the second
field (see Fig. 2). For the cases with SRF-bark-sludge (Case 1 and 2)
the large particles are combination of spherical and unstructured
morphologies. For SRF-sludge-peat firing (Case 3), large irregular
shaped particles have been found together with some slightly
smaller spherical particles. These irregularly shaped particles
may have been fragments of the peat being used. There are reports
in the literature that inert silicate-rich structures in fuels, though
possibly subject to fragmentation, retain their morphology even
after being subjected to the harsh combustion conditions [34].

On the other hand, the morphology of the fly ashes collected in
the second field of the ESP is more homogeneous and composed of
fine clusters of spherical particles. A higher degree of magnification
reveals the detail of these clusters (Fig. 2e).

Table 1
Major and trace elements in the ESP fly ashes.

Element (mg/kg a.r.) Field 1 Field 2

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

Si 111,000 108,000 164,000 69,000 78,000 101,000
Ca 210,000 224,000 158,000 274,000 249,000 200,000
Al 49,000 37,000 38,000 42,000 35,000 35,000
Fe 21,000 27,000 41,000 19,000 27,000 44,000
K 24,000 24,000 18,000 38,000 31,000 20,000
Cl 30,000 13,000 6000 90,000 23,000 19,000
S 44,000 81,000 36,000 72,000 103,000 61,000
P 6000 5800 3600 6800 7200 4200
Cu 3400 3700 2100 5700 4200 3200
Zn 4100 4300 2500 7700 5700 4400
Cr 380 380 310 480 370 520
Pb 530 510 320 1720 960 790
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3.2. Crystalline compounds in the ESP fly ash

The relative mass fractions of phases identified by XRD are
found in Table 2. Based on the semi-quantitative search-match
analysis, the samples collected for both fields are composed pri-
marily of SiO2 (quartz), CaSO4 (anhydrite), CaCO3 (calcite), various
alkali and alkaline earth metal containing tectoalumosilicates
(Na,Ca,K)Al(Si,Al)3O8 (e.g. albeite, microcline, anorthite) and
Ca2(Mg,Al)Al(Si,Al)O7 (e.g. gehlenite and melilite). Present in minor
to trace amounts are phases like NaCl (halite), KCl (sylvite),
Ca(OH)2 (portlandite), MgO (periclase), Fe2O3 (hematite), Al (alu-
minum), and TiO2 (rutile). However due to the complexity of the
diffraction patterns, the presence or absence of trace amounts of
K2SO4 (arcanite), Na2SO4 (thenardite) and/or KNaSO4 (aphthitalite)
cannot easily be ruled out.

In the same table, the species detected by the thermodynamic
model are also indicated [5]. Not all phases detected by XRD are
also detected by the model especially albite, gehlenite and micro-
cline for Cases 1 and 2.

For all test cases, the mass fraction of quartz is higher for the
samples from the first field as compared to the second field. The
impact of peat co-firing to the fly ash is clearly demonstrated by

Fig. 2. SEM micrographs of the ESP fly ash. (a) and (b) are for the fly ashes collected at the first field, while (c) and (d) are from the second field. The first row is for the SRF-
Bark-Sludge (Case 1 and 2) firing while the second row is for the case of SRF-Sludge-Peat firing (Case 3) and (e) is from Case 2 fly ash collected at the second field of the ESP.
(a)–(d) are taken at 1000� magnification while (e) is taken at 6000� magnification.
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Fig. 3. Cu K-edge XANES spectra of the model or reference compounds used in LCF.
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The fly ash collected at the first and second field for Case 1 reg-
istered high sum of CuCl2 and CuCl mole fractions. Chlorinated
copper is expected to be high in Case 1 because measures to induce
or enhance sulfation have not yet been implemented. Gaseous
CuCl2 and CuCl leaving the furnace can condense in the post com-
bustion zone and be collected in the fine particle fraction of the ESP
fly ash. Eventually, the presence of Cu–Cl together with Cu–O spe-
cies may further increase the degree of chlorination of the PCDD/F
residing in the ESP fly ash. This explains why the degree of chlori-
nation and concentration of PCDD/F in the ESP fly ash is the highest
for Case 1 [4].

Likewise the high value of the combined mole fraction of Cu2O
and CuO in both fields also supports the observation that Cu was
least volatile for Case 3 [4,5]. LCF reveals that the combined mole
fraction of these two compounds in the second field is around
0.331 for Case 3, higher than the 0.300 and 0.309 for Cases 1 and
2 respectively. Cu2O and CuO are nonvolatile species of copper
under typical BFB boiler conditions where the temperature rarely
exceeds 1000 �C.

The values of the APR are found in the last row of Table 3 and
are plotted against the PCDD/F levels measured at the ESP inlet
in Fig. 5a. There is no correlation between the APR evaluated in
the first field and the PCDD/F concentration. On the other hand
APR evaluated in the second level is linearly correlated with the
PCDD/F levels. This observation is expected since the histories of

these two fly ashes are different, as discussed above. The empirical
equation was originally developed to take into account the trans-
formation of Cu species existing in the vapor and in the condensed
phases in the boiler [5]. Since fly ashes in the first field do not pos-
sess this history, the equation’s applicability is limited in contrast
to the fly ashes collected from the second field. It may also be irrel-
evant to evaluate APR in the fly ashes from the first field since large
fly ash particles have been shown to contain less PCDD/F with
respect to the finer ones [38].

In the second part of this study the APR evaluated at the equi-
librium reactor mimicking the region just after tertiary air addition
(T = 852 �C, k = 1.379, coded as 852Ox), was able to explain the
behavior of aerosol-forming elements and correlated with the
PCDD/F levels measured at the ESP inlet [5]. In Fig. 5b the APR
for the second field is plotted against the APR evaluated at
850Ox. The values of APR at 850Ox are higher than that of APR
for the second field; however there still exists some degree of lin-
ear correlation between the two. The difference in magnitude is
due to factors such as the limitation of the thermodynamic equilib-
rium modeling and the fact that the conditions at 852Ox are very
different from those of the ESP. Therefore, while the active/passive
species ratio is highly empirical and might be very specific to the
conditions prevailing in this study, APR highlights the role of the
modes of occurrences of Cu on PCDD/F production.

4. Conclusion

X-ray fluorescence data showed that salt-forming and the trace
elements (including Cu) are abundant in the fine particle fly ash
fractions collected in the second field of the ESP. Conversely ash
matrix forming elements are abundant in the coarse fly ashes from
the first field of the ESP. This observation is further supported by
the results of the XRD and the SEM micrographs taken from the
fly ashes. These dissimilarities are due to the difference in the for-
mation histories of these two ashes. Coarse fly ashes are products
of attrition and fragmentation of the non-volatilized fuel compo-
nents and bed material while fine fly ashes are formed from sec-
ondary gas/solid reaction (e.g. alkali aluminosilicate capture,
sulfation) and salts that have been in the gas phase in the boiler
and have condensed and agglomerated while traveling with the
cooling flue gases.

Based on XANES analysis, the Cu–Cl species were found in the
ESP ash when sulfur was not added. This is key in understanding
the differences in PCDD/F levels in Case 1 and 2. Even though the
amounts of Cu in the fuel in these two cases are practically equal,
the presence of more Cu–Cl species in Case 1 led to a slightly
higher PCDD/F concentration, relative to Case 2. This has implica-
tions also in the possible additional chlorination of particle-bound

Table 3
Result of the linear combination fitting of ESP fly ashes.

Standards First field Second field

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

Cu2O 0.021 ± 0.042 0.057 ± 0.031 0.163 ± 0.039 0.000 ± 0.053 0.000 ± 0.035 0.065 ± 0.036
CuBr2 0.000 ± 0.048 0.000 ± 0.040 0.000 ± 0.052 0.000 ± 0.060 0.000 ± 0.039 0.000 ± 0.041
CuCl2 0.120 ± 0.055 0.000 ± 0.039 0.000 ± 0.050 0.219 ± 0.068 0.037 ± 0.044 0.120 ± 0.046
CuCl 0.118 ± 0.044 0.201 ± 0.046 0.227 ± 0.059 0.040 ± 0.057 0.115 ± 0.037 0.164 ± 0.038
CuO 0.230 ± 0.044 0.307 ± 0.038 0.212 ± 0.048 0.300 ± 0.059 0.309 ± 0.039 0.266 ± 0.040
CuSO4 0.273 ± 0.028 0.216 ± 0.020 0.116 ± 0.025 0.359 ± 0.035 0.359 ± 0.023 0.287 ± 0.023
Cu foil 0.239 ± 0.108 0.218 ± 0.093 0.282 ± 0.117 0.082 ± 0.140 0.181 ± 0.090 0.098 ± 0.096
R – factor 0.0044 0.0019 0.0032 0.0064 0.0030 0.0037
Activea 0.728 ± 0.143 0.783 ± 0.121 0.884 ± 0.153 0.641 ± 0.184 0.642 ± 0.119 0.713 ± 0.125
Passiveb 0.512 ± 0.121 0.434 ± 0.103 0.398 ± 0.130 0.441 ± 0.156 0.540 ± 0.101 0.385 ± 0.107
Active/passive Ratio 1.422 ± 0.437 1.804 ± 0.512 2.221 ± 0.824 1.454 ± 0.663 1.189 ± 0.313 1.852 ± 0.608

a [Cu2O + CuCl2 + CuCl + CuO + Cu].
b [CuSO4 + CuBr2 + Cu].

0 0.5 1 1.5
0.5

1

1.5

2

2.5

PCDD/F levels, [ng/Nm3] 

Ac
tiv

e/
Pa

ss
iv

e 
Sp

ec
ie

s 
R

at
io

, A
PR

Case 2
0.363

↓

Case 1
0.786

↓

Case 3
1.345

↓

(a)
1st Field

2nd Field

0 15 30 45 60 75 90
1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

AP
R

 fr
om

 th
e 

2nd
 F

ie
ld

APR from 852Ox

(b)

Case 2

Case 1

Case 3

Fig. 5. (a) Correlation between the calculated APR vs. PCDD/F levels measured at
the ESP inlet. (b) Comparison between the APR evaluated the 852Ox [5] and second
ESP field.

184 C.J.E. Bajamundi et al. / Fuel 132 (2014) 178–186

the increase of the relative mass fraction of quartz in the
samples collected for Case 3. Furthermore, elevated fractions of
(K,Na)AlSi3O8 (microcline) in samples for Case 3 supports poor
reactivity and volatility of the alkalis during peat co-firing [4,5].
Microcline found in fly ashes are formed during combustion [35]
or present as small fractions of original fuel such as peat [36]. This
led to a decrease of NaCl (halite) and KCl (sylvite) on Case 3
(vs. Case 1) for samples collected at the second field.

Both sulfur addition strategy reduced halite and sylvite in the
sample collected at the second field. For Case 2, this can be
the result of sulfation of alkali chlorides. For Case 3, this can
be the result of the presence of stable microcline in the fuel
mixture which did not allow halite and sylvite to form [4,5]. In
addition, the presence of (Na,Ca,K)Al(Si,Al)3O8 (albite) in the
sample was also detected. Albite is formed from the capture of
Na salts at around 576 �C by aluminosilicates and by subsequent
crystallization [35].

Due to the presence of high amounts of Ca in the fuel mixture,
especially for Cases 1 and 2, formation of CaSO4 (anhydrite) was
possible. In fact anhydrite is always present in appreciable
amounts for all test cases and sampling locations. Anhydrite can
be formed by sulfation of CaO(s) released from the organic fraction
of the fuel [35].

These differences in chemical composition and morphology are
indications that the histories of the fly ashes collected in the ESP
fields are different. Ashes collected in the first field are composed
primarily of large and relatively inert oxides originating from the
fuel or from products of attrition or from fragmentation of bed
material, while those that were collected at the second field can
be traced from the condensation, heterogeneous nucleation or sin-
tering of aerosol-forming elements.

3.3. Cu speciation via Cu K-edge XANES

The purpose of this experiment is twofold. First, to detect the
presence of CuSO4 which is the target compound and the main rea-
son why sulfur was added to the fuel mixture being burned – see
Part 1 of this study [4]. The second objective is the speciation of
Cu and to assess whether the active/passive ratio, APR, defined
above can still correlate with the levels of PCDD/F produced in
the post combustion zones of the boiler. The comparison between
the original and fitted spectra is found in Fig. 4 and the numerical
results of LCF are found in Table 3.

Formation of CuSO4 for all the test cases has been confirmed by
the results of LCF. Even for the case where no S was added CuSO4

formation was detected; this is probably the result of having
sludge in the fuel mixture. In this study the concentration of S is

0.5 wt% d.s. in the sludge [4]. Addition of sludge during combustion
of SRF has been reported to also contribute in the inhibition of
PCDD/F formation as it can also be a sulfur rich source [37]. The
additional S may aid the poisoning of active Cu compounds. In
the second ESP field, adding S-pellet led to a higher CuSO4 mole
fraction relative to peat co-combustion, which exhibited the small-
est fraction. Other studies using the same technique have also
detected CuSO4 in the fine particles collected in a BFB fired with
MSW [23].

Table 2
Relative mass fraction of crystalline compounds identified by XRD and thermodynamic model. x means that the species has been detected in the condensed phase at the 3rd and/
or 4th stage of the staged equilibrium model [5].

Phase First field Second field Thermodynamic model

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

SiO2 (quartz) 22 29 38 8 16 25 x x
CaSO4 (anhydrite) 14 13 4 32 21 11 x x x
CaCO3 (calcite) 7 4 3 24 10 8 x
NaCl (halite) 1 1 1 7 3 2 x x
KCl (sylvite) 1 – – 4 – 1 x x
Ca(OH)2 (portlandite) 1 1 1 2 2 2
MgO (periclase) 1 1 – 2 2 1 x x
Fe2O3 (hematite) 2 1 1 3 2 3 x x
Al (metallic) 3 1 1 1 2 1
(Na,Ca,K)Al(Si,Al)3O8 (albite) 18 23 21 2 24 23 x
Ca2(Mg,Al)Al(Si,Al)O7 (gehlenite) 8 6 4 13 13 9
(K,Na)AlSi3O8 (microcline) 14 14 19 – 1 12 x
K2Ca2(SO4)3 (langbeinite) 6 5 5 – – –
TiO2 (rutile) 2 1 2 2 4 2
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Fig. 4. Fly ash sample spectra and LCF results of Cu K-edge Xanes spectra and the
residual. (a) Is for the samples from the first field and (b) is for the samples from the
second field of the electrostatic precipitator.
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The fly ash collected at the first and second field for Case 1 reg-
istered high sum of CuCl2 and CuCl mole fractions. Chlorinated
copper is expected to be high in Case 1 because measures to induce
or enhance sulfation have not yet been implemented. Gaseous
CuCl2 and CuCl leaving the furnace can condense in the post com-
bustion zone and be collected in the fine particle fraction of the ESP
fly ash. Eventually, the presence of Cu–Cl together with Cu–O spe-
cies may further increase the degree of chlorination of the PCDD/F
residing in the ESP fly ash. This explains why the degree of chlori-
nation and concentration of PCDD/F in the ESP fly ash is the highest
for Case 1 [4].

Likewise the high value of the combined mole fraction of Cu2O
and CuO in both fields also supports the observation that Cu was
least volatile for Case 3 [4,5]. LCF reveals that the combined mole
fraction of these two compounds in the second field is around
0.331 for Case 3, higher than the 0.300 and 0.309 for Cases 1 and
2 respectively. Cu2O and CuO are nonvolatile species of copper
under typical BFB boiler conditions where the temperature rarely
exceeds 1000 �C.

The values of the APR are found in the last row of Table 3 and
are plotted against the PCDD/F levels measured at the ESP inlet
in Fig. 5a. There is no correlation between the APR evaluated in
the first field and the PCDD/F concentration. On the other hand
APR evaluated in the second level is linearly correlated with the
PCDD/F levels. This observation is expected since the histories of

these two fly ashes are different, as discussed above. The empirical
equation was originally developed to take into account the trans-
formation of Cu species existing in the vapor and in the condensed
phases in the boiler [5]. Since fly ashes in the first field do not pos-
sess this history, the equation’s applicability is limited in contrast
to the fly ashes collected from the second field. It may also be irrel-
evant to evaluate APR in the fly ashes from the first field since large
fly ash particles have been shown to contain less PCDD/F with
respect to the finer ones [38].

In the second part of this study the APR evaluated at the equi-
librium reactor mimicking the region just after tertiary air addition
(T = 852 �C, k = 1.379, coded as 852Ox), was able to explain the
behavior of aerosol-forming elements and correlated with the
PCDD/F levels measured at the ESP inlet [5]. In Fig. 5b the APR
for the second field is plotted against the APR evaluated at
850Ox. The values of APR at 850Ox are higher than that of APR
for the second field; however there still exists some degree of lin-
ear correlation between the two. The difference in magnitude is
due to factors such as the limitation of the thermodynamic equilib-
rium modeling and the fact that the conditions at 852Ox are very
different from those of the ESP. Therefore, while the active/passive
species ratio is highly empirical and might be very specific to the
conditions prevailing in this study, APR highlights the role of the
modes of occurrences of Cu on PCDD/F production.

4. Conclusion

X-ray fluorescence data showed that salt-forming and the trace
elements (including Cu) are abundant in the fine particle fly ash
fractions collected in the second field of the ESP. Conversely ash
matrix forming elements are abundant in the coarse fly ashes from
the first field of the ESP. This observation is further supported by
the results of the XRD and the SEM micrographs taken from the
fly ashes. These dissimilarities are due to the difference in the for-
mation histories of these two ashes. Coarse fly ashes are products
of attrition and fragmentation of the non-volatilized fuel compo-
nents and bed material while fine fly ashes are formed from sec-
ondary gas/solid reaction (e.g. alkali aluminosilicate capture,
sulfation) and salts that have been in the gas phase in the boiler
and have condensed and agglomerated while traveling with the
cooling flue gases.

Based on XANES analysis, the Cu–Cl species were found in the
ESP ash when sulfur was not added. This is key in understanding
the differences in PCDD/F levels in Case 1 and 2. Even though the
amounts of Cu in the fuel in these two cases are practically equal,
the presence of more Cu–Cl species in Case 1 led to a slightly
higher PCDD/F concentration, relative to Case 2. This has implica-
tions also in the possible additional chlorination of particle-bound

Table 3
Result of the linear combination fitting of ESP fly ashes.

Standards First field Second field

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

Cu2O 0.021 ± 0.042 0.057 ± 0.031 0.163 ± 0.039 0.000 ± 0.053 0.000 ± 0.035 0.065 ± 0.036
CuBr2 0.000 ± 0.048 0.000 ± 0.040 0.000 ± 0.052 0.000 ± 0.060 0.000 ± 0.039 0.000 ± 0.041
CuCl2 0.120 ± 0.055 0.000 ± 0.039 0.000 ± 0.050 0.219 ± 0.068 0.037 ± 0.044 0.120 ± 0.046
CuCl 0.118 ± 0.044 0.201 ± 0.046 0.227 ± 0.059 0.040 ± 0.057 0.115 ± 0.037 0.164 ± 0.038
CuO 0.230 ± 0.044 0.307 ± 0.038 0.212 ± 0.048 0.300 ± 0.059 0.309 ± 0.039 0.266 ± 0.040
CuSO4 0.273 ± 0.028 0.216 ± 0.020 0.116 ± 0.025 0.359 ± 0.035 0.359 ± 0.023 0.287 ± 0.023
Cu foil 0.239 ± 0.108 0.218 ± 0.093 0.282 ± 0.117 0.082 ± 0.140 0.181 ± 0.090 0.098 ± 0.096
R – factor 0.0044 0.0019 0.0032 0.0064 0.0030 0.0037
Activea 0.728 ± 0.143 0.783 ± 0.121 0.884 ± 0.153 0.641 ± 0.184 0.642 ± 0.119 0.713 ± 0.125
Passiveb 0.512 ± 0.121 0.434 ± 0.103 0.398 ± 0.130 0.441 ± 0.156 0.540 ± 0.101 0.385 ± 0.107
Active/passive Ratio 1.422 ± 0.437 1.804 ± 0.512 2.221 ± 0.824 1.454 ± 0.663 1.189 ± 0.313 1.852 ± 0.608

a [Cu2O + CuCl2 + CuCl + CuO + Cu].
b [CuSO4 + CuBr2 + Cu].
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Fig. 5. (a) Correlation between the calculated APR vs. PCDD/F levels measured at
the ESP inlet. (b) Comparison between the APR evaluated the 852Ox [5] and second
ESP field.
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PCDD/Fs of the ESP fly ashes. The combined presence of Cu–Cl and
Cu–O promoted subsequent chlorination of PCDD/F in the ESP fly
ash in Case 1; the homologue distribution favors octachlorinated
dioxin and pentachlorinated furans, and the concentration of
PCDD/F in the ESP fly ash is highest [4].

As for Case 3, linear combination fitting of XANES spectra
showed the significant presence of Cu–O and in the fine ESP fly
ashes suggesting that Cu was indeed the least volatile and that it
could have effectively shuttled Cl to the carbon matrices which is
required for the inflight de novo formation of PCDD/F. Moreover,
the mole fraction of CuSO4 fraction is smallest in Case 3 suggesting
poor sulfation of Cu. These observations explains why Case 3 yields
the highest PCDD/F level [4].

XANES analysis also corrects the limitations of the staged equi-
librium models at low temperature conditions, as it was able to
show that CuSO4 did form.

These observations from the analysis of XANES spectra can
point to the conclusion that even though the fine ESP fly ashes have
travelled far enough from the furnace of the boiler, where the high
temperatures favor key oxidation, chlorination, and sulfation reac-
tions, remnants of these events are carried over to the ash collected
at the ESP. This is probably because of the rate and transport lim-
itations governing the colder zones of the boiler system.

The active/passive ratio evaluated from the fine ESP fly ashes
highlights the role that the speciation of Cu plays in PCDD/F
production. Having more active species (Cu2O + CuCl2 +
CuCl + CuO + Cu) present in the post combustion zone could result
in enhanced PCDD/F production. Inversely when the presence of
passive forms of Cu (CuSO4 + CuBr2 + Cu) is high the abatement
of PCDD/F is promoted.

Based on the results and objectives of this work it can be con-
cluded that adding S-pellet to the fuel mixture is more suitable
than peat co-firing because it accomplished the required extent
of Cu sulfation. Furthermore, the increased particle loading in peat
co-combustion may also be detrimental in PCDD/F abatement
since this can house unburned organic carbon matrices – an impor-
tant ingredient in de novo synthesis. In addition, keeping the con-
centration of Cu as low as possible is key to for PCDD/F
abatement. This is because oxychlorination can happen and pro-
mote PCDD/F production if sulfur is unable to fully convert Cu–Cl
and Cu–O species to CuSO4.
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Abstract

To meet the increasing volume of waste to be treated via energy recovery, high SRF-energy-share fuel is

being fired in conventional waste-to-energy facilities. In this work, corrosion related risk during firing of 70

e-% share (target fuel) is studied and compared against the base case fuel containing 50 e-% share. Cl and S

concentration is highest in the target fuel as a direct result of increasing the proportion of SRF in the fuel

mixture. Br, Zn and Pb showed the same trend. Meanwhile, the concentration of Na, K, Al and Si are highly

dependent on the type of the SRF fired. The corrosion risk of the base and target fuels are analyzed using the

composition of the fine aerosol fraction and deposit samples measured near the vicinity of the superheater.

Surprisingly aerosols for the target fuel are less risky – having less Cl and more S, than that of the base fuel.

The effects of sulfur based additives – elemental sulfur and sulfate injection, and fuel substitution on

superheater corrosion are likewise analyzed. All these methods can reduce the concentration of Cl in the

aerosols, however it is concluded that sulfate injection is considered as a robust anti-corrosion measure.

Sulfate injection is able to reduce Cl in the aerosols and deposits regardless of the quality of the fuel mixture.

Robust anti-corrosion measures are important in ensuring the boiler performance during high SRF-energy

share firing. An attempt of linking the quality of the deposits and the properties of the flue gas and aerosols

around the superheater using partial least squares regression is also presented.

Keywords: SRF, waste-to-energy, corrosion, anti-corrosion measures

2

Highlights

We have demonstrated firing of 70 e-% SRF fuel mixture in a 140MWth plant.

We showed that sulfate injection is a robust anti-corrosion measure during high SRF e-share

combustion.

We used PLS regression to link the Cl conc. in deposits to the properties of the flue gas and aerosols.
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copper. Studies have shown that Cu is responsible for the production of dioxins and furans (PCDD/F) in the

post combustion zones of waste-to-energy (WtE) systems [11,12]. PCDD/F is one of the organic pollutants

that are strictly monitored in WtE systems, an emission limit of 0.1 ng/Nm3 is set by the current European

Waste Incineration Directive [13].

Co-combustion of waste derived fuels could also result to significant corrosion of heat exchange surfaces,

especially the superheaters (SH). Corrosion follows the active oxidation mechanism  [14], where alkali

chlorides in superheater deposits act as key agents of corrosion  [15–18]. Alkali chlorides may come from

the fuel or be produced during the combustion of the fuel  [19–22]. They react with the protective oxide

scales  e.g.  Fe2O3 and  Cr2O3, and produce Cl2(g). Chlorine can diffuse to the metal/scale interface and react

with the metal to form solid metal chlorides (MeCl2,  Me  =  [Fe,  Cr,  Ni]),  see  S4  in  Fig.  2. There it gets

oxidized and gaseous metal chloride species are released. At typical superheater metal temperature, the vapor

pressure of FeCl2 is high enough to drive the vaporization of FeCl2(g),  see  S6  in  Fig.  2.  Volatile  ferrous

chloride diffuses to regions of high O2 partial pressure and gets oxidized and releases Cl2(g) to begin the cycle

anew. The net reaction for the metal, Me is described in R 1 and with little consumption of chlorides [14,23].

(s) 2(g) 2 3(s)4Me 3O 2Me O R 1

Minute amount of chlorine in the deposit is enough to initiate corrosion at typical superheater temperatures.

For  example  a  mixture  of  alkali  sulfate  and  chloride  containing  0.3  wt.%  Cl  has  been  shown  to  corrode

10CrMo9-10 and T91 steel grade  [24].

Corrosion is further enhanced by the presence of molten phase on the surface of the steel. The rate of

corrosion is faster for this case because (1) liquid phase reactions are faster than solid – solid reactions and

(2) the liquid phase provides a electrolyte or pathway of ionic charge transfer, for the electrochemical attack

[23]. The main source of these molten phases is low meting eutectics such as K2SO4–KCl, see Table 1.

Recently the presence of lead and zinc chlorides have been shown to increase the risk of corrosion at low

metal temperature (230 – 450°C) during combustion of recovered waste wood; this makes the economizers

susceptible to chlorine induced corrosion [25–27].

1.2  Destruction of alkali chlorides

Several methods are available for corrosion mitigation. Making sure that the waste derived fuel such as SRF

is of good quality with low Cl content is the first line of defense. This can be done by ensuring minimal

contamination of chlorinated plastics such as polyvinylchloride (PVC) and salt-containing food residues.

However residual chlorine is always present in the SRF, thus in-situ solutions are still employed in actual

operation.

4

1 Introduction

On April of 2008 the Finnish Government approved the National Waste Plan for 2016 with the main aim of

stabilizing the amount of municipal waste production and ensuring that the trend will be downwards by the

year 2016. The specific target is to arrive at a situation where around 50% of all municipal waste is recycled

as material, 30% is energy recovered and not more than 20% sent to landfilling  [1]. By 2016, at least 70% of

all  construction  and  renovation  waste  will  be  used  as  material  and  energy  sources.  The  plan  estimates  the

required incineration capacity (incineration and co-incineration plants) for energy recovery to be between

700 000 and 750 000 tonnes. This is to be accomplished by increasing and promoting the use of non-

recyclable waste as fuel in co-incineration plans, provided that such capacity is available in a given region or

area (Section 4.3 of  [1]).

The effect  of  this  policy is  clearly reflected in the historical  data  on the treatment  of  municipal  waste  (see

Fig. 1) [2]. In 2012, 67% of the waste is energy-recovered or recycled, while 33% is still being sent to

landfill. In the same year the amount of waste sent for energy recovery is 5.7 times that of 1997 and 1.9

times that of 2008 when the plan was approved.

1.1 Challenges

Co-combustion of waste derived fuels presents several operational challenges. Incompatibility of fuel

components may lead to ash melting, slagging, severe bed agglomeration, and de-fluidization in fluidized

bed boiler  [3–5]. For example, addition of 5% refuse derived fuel (RDF) to coal substantially increased the

deposition rate and the amount of melt found in deposits [4]. Co-firing of 30 wt.% grain waste, an agri-fuel,

with wood fuel in a full-scale bubbling fluidized bed reactor led to heavy furnace-wall slagging due to

increased potassium and phosphorous, which can similarly prevail during waste firing [5]. Formation of low

melting eutectics is often the root cause of ash melting. Table 1 lists some of the common binary salt and

oxide mixtures and their eutectic composition. The eutectic temperature of SiO2 – Na2O, KCl – NaCl and

K2CO3 – KCl systems fall below typical bubbling fluidized bed boiler conditions.

Another issue related to waste co-firing is emission of heavy metals and organic pollutants. The main source

of heavy metals is the commercial and industrial waste (C&IW) used as raw materials for producing the fuel.

Vainikka et al. have studied some of the key trace elements found in the fuel of an 80MW BFB combusting

solid recovered fuel (SRF) [6]. They concluded that these elements came mainly from additives, stabilizers,

dyes, colorants and flame retardants used in the production of paper and plastics – which are the main

components of the SRF [7]. After combustion these elements can end up in the bottom ash, fly ash and flue

gas depending on their speciation and degree of volatilization  [8–10]. One particular element of interest is
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copper. Studies have shown that Cu is responsible for the production of dioxins and furans (PCDD/F) in the

post combustion zones of waste-to-energy (WtE) systems [11,12]. PCDD/F is one of the organic pollutants

that are strictly monitored in WtE systems, an emission limit of 0.1 ng/Nm3 is set by the current European

Waste Incineration Directive [13].

Co-combustion of waste derived fuels could also result to significant corrosion of heat exchange surfaces,

especially the superheaters (SH). Corrosion follows the active oxidation mechanism  [14], where alkali

chlorides in superheater deposits act as key agents of corrosion  [15–18]. Alkali chlorides may come from

the fuel or be produced during the combustion of the fuel  [19–22]. They react with the protective oxide

scales  e.g.  Fe2O3 and  Cr2O3, and produce Cl2(g). Chlorine can diffuse to the metal/scale interface and react

with the metal to form solid metal chlorides (MeCl2,  Me  =  [Fe,  Cr,  Ni]),  see  S4  in  Fig.  2. There it gets

oxidized and gaseous metal chloride species are released. At typical superheater metal temperature, the vapor

pressure of FeCl2 is high enough to drive the vaporization of FeCl2(g),  see  S6  in  Fig.  2.  Volatile  ferrous

chloride diffuses to regions of high O2 partial pressure and gets oxidized and releases Cl2(g) to begin the cycle

anew. The net reaction for the metal, Me is described in R 1 and with little consumption of chlorides [14,23].

(s) 2(g) 2 3(s)4Me 3O 2Me O R 1

Minute amount of chlorine in the deposit is enough to initiate corrosion at typical superheater temperatures.

For  example  a  mixture  of  alkali  sulfate  and  chloride  containing  0.3  wt.%  Cl  has  been  shown  to  corrode

10CrMo9-10 and T91 steel grade  [24].

Corrosion is further enhanced by the presence of molten phase on the surface of the steel. The rate of

corrosion is faster for this case because (1) liquid phase reactions are faster than solid – solid reactions and

(2) the liquid phase provides a electrolyte or pathway of ionic charge transfer, for the electrochemical attack

[23]. The main source of these molten phases is low meting eutectics such as K2SO4–KCl, see Table 1.

Recently the presence of lead and zinc chlorides have been shown to increase the risk of corrosion at low

metal temperature (230 – 450°C) during combustion of recovered waste wood; this makes the economizers

susceptible to chlorine induced corrosion [25–27].

1.2  Destruction of alkali chlorides

Several methods are available for corrosion mitigation. Making sure that the waste derived fuel such as SRF

is of good quality with low Cl content is the first line of defense. This can be done by ensuring minimal

contamination of chlorinated plastics such as polyvinylchloride (PVC) and salt-containing food residues.

However residual chlorine is always present in the SRF, thus in-situ solutions are still employed in actual

operation.
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there will be a remainder that can diffuse to the metal/scale interface or be oxidized to form Cl2(g), see S3 in

Fig. 2. A more problematic scenario occurs when intra-particle sulfation proceeds without H2O and produce

Cl2(g) directly, via S2 in Fig. 2 and governed by the reaction

(s) 2(g) 2 2 4(s) 2(g)2MCl SO O M SO Cl R 5

where M is Na or K. The generated chlorine can very easily push itself through the oxide layer by cracking,

grain boundary grooving and fissuring [14]. Both S1 and S2 therefore increases the proximity of HCl(g)

and/or Cl2(g) to the metal/scale interface ergo increasing the risk of Cl-induced corrosion. After sulfation, the

corrosion mechanism is similar to that of the one described in section 1.1  [23].

Studies on the kinetics of intra-particle alkali sulfation reveal that the progress of this reaction follows

Langmuir adsorption – reaction type and is dependent on flue gas temperature and the partial pressure of SO2

[40,41] and O2 [41]. The heterogeneous nature of intra-particle sulfation also suggests that transport

limitations are also contributing to the actual rate of sulfation. Pyykönen and Jokiniemi examined the

deposition of alkali chlorides in superheaters and concluded that the sulfation is localized in the periphery of

the deposits and the extent of NaCl(s,l) sulfation is fairly low due to limited intra-particle flux of SO2.

However they emphasized that high levels of SO2, even momentarily, can bring about high HCl levels in the

deposits and thus increase the risk of Cl-induced corrosion  [39,42].

Fig. 3 attempts to summarize the key interactions leading to ash melting and chlorine induced corrosion

during  waste  firing/co-firing  in  typical  BFB  boilers.  The  interaction  of  (Na,  K)  –  Cl  and  (Pb,  Zn)  –  Cl

promotes the deposition of risky forms of chlorine in the superheater and economizers. Meanwhile the

interaction of the alkalis with Al and Si, depending on mode of occurrence, may help promote ash melting.

Depending on the relative abundance of these elements, these non-favorable interactions can cause corrosion

in the superheater and ash melting (mostly in the bed) to occur simultaneously or one at a time.

The presence of S can alter the chemistry inside the BFB boiler to favor the formation of alkali and trace-

metal sulfates. This interaction reduces the risk of chlorine induced corrosion provided that the sulfation

takes place in the proper  phase.  Sulfation of  alkali  chlorides allows the interaction H – Cl  to  happen.  In a

typical boiler, the concentration of HCl(g) in the flue gas around the superheater area rarely exceeds 1000

ppmv, thus the risk of severe gas phase corrosion attack is negligible [23]. Sulfation of Pb and Zn chlorides

is also thermodynamically favorable, but due to severe kinetic restrictions the extent of reaction is low  [43].

Meanwhile the presence of Ca in the BFB system may reduce the efficiency of alkali chloride sulfation and

favor the production of CaSO4(s)  [35]. Ca species can be sulfated as follows [44]

6

One method to address Cl-induced corrosion is by alkali capture. The method prevents the formation of

alkali chlorides by trapping the alkalis to the matrix of reactive aluminosilicates and aluminosilicate-

containing additives such as kaolinite and bauxite [28]. The chemisorption process follows R 2,

2 2 3 2 2 2 3 22MCl H O Al O xSiO M O Al O xSiO 2HCl R 2

where M = Na, K [29].

Peat ash addition has also been shown to significantly affect the chlorine content in the aerosols due to the

interaction of K with the peat ash resulting in the reduced volatilization of the alkali  [30]. Co-firing of peat

can also lower the amount of alkali chlorides provided that the aluminosilicates present is “reactive”. Sludge

is also a possible alkali-capture agent [31].

Sulfation of alkali chlorides is another popular method to address chlorine induced corrosion in waste fired

boilers [32,33]. Sulfation can happen in-flight or through intra-particle sulfation – a reaction between SO2

and the alkali chlorides in the deposits. Both of these reactions produce HCl(g) via the reaction

(s) 2(g) 2 2 (g) 2 4(s) (g)

12MCl SO O H O M SO 2HCl
2

R 3

where M is Na or K [34].

R 3 can further be enhanced if the reactant SO2 is substituted with SO3. However in typical boiler conditions

the partial pressure of SO2 is much higher than SO3. To supply the necessary SO3, Aho et al. used ferric

sulfate to carry out alkali sulfation in power plant boilers [32,35]. Thermal decomposition of ferric sulfate is

estimated to produce 1.2 moles of SO3 and 1.8 moles of SO2 [36]. Fe2(SO4)3(aq) can easily be sprayed near the

superheater region which guarantees high local SO3 concentration to allow successful alkali sulfation. SO3

reacts with the alkali chloride as follows:

(s) 3(s) 2 (g) 2 4(s) (g)2MCl SO H O M SO 2HCl R 4

where M is Na or K [32]. The equilibrium constant for R 4 at 800°C is 2.997 × 104, a slight improvement

from that of R 3 which 2.711 × 104.

Inflight sulfation using SO2 and SO3 is kinetically governed and follow a complex chemistry [36,37]. One

manifestation of this condition is the growth in the peak size of the fine aerosol fractions collected during

sulfur addition test  [38].

Sulfation of alkali chlorides in the deposit or intra-particle sulfation is also possible. The mechanism and

perils of this process is reviewed in  [23] and is summarized below.

When all of the gaseous reactants required in R 3 are present the main product is alkali sulfate and HCl(g), see

S1 in Fig. 2. HCl formation is possible especially if S1 happens near the flue gas and deposit interface [14]

where O2 partial pressure is high. A great deal of generated HCl(g) escapes the free gas stream [39], however
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there will be a remainder that can diffuse to the metal/scale interface or be oxidized to form Cl2(g), see S3 in

Fig. 2. A more problematic scenario occurs when intra-particle sulfation proceeds without H2O and produce

Cl2(g) directly, via S2 in Fig. 2 and governed by the reaction

(s) 2(g) 2 2 4(s) 2(g)2MCl SO O M SO Cl R 5

where M is Na or K. The generated chlorine can very easily push itself through the oxide layer by cracking,

grain boundary grooving and fissuring [14]. Both S1 and S2 therefore increases the proximity of HCl(g)

and/or Cl2(g) to the metal/scale interface ergo increasing the risk of Cl-induced corrosion. After sulfation, the

corrosion mechanism is similar to that of the one described in section 1.1  [23].

Studies on the kinetics of intra-particle alkali sulfation reveal that the progress of this reaction follows

Langmuir adsorption – reaction type and is dependent on flue gas temperature and the partial pressure of SO2

[40,41] and O2 [41]. The heterogeneous nature of intra-particle sulfation also suggests that transport

limitations are also contributing to the actual rate of sulfation. Pyykönen and Jokiniemi examined the

deposition of alkali chlorides in superheaters and concluded that the sulfation is localized in the periphery of

the deposits and the extent of NaCl(s,l) sulfation is fairly low due to limited intra-particle flux of SO2.

However they emphasized that high levels of SO2, even momentarily, can bring about high HCl levels in the

deposits and thus increase the risk of Cl-induced corrosion  [39,42].

Fig. 3 attempts to summarize the key interactions leading to ash melting and chlorine induced corrosion

during  waste  firing/co-firing  in  typical  BFB  boilers.  The  interaction  of  (Na,  K)  –  Cl  and  (Pb,  Zn)  –  Cl

promotes the deposition of risky forms of chlorine in the superheater and economizers. Meanwhile the

interaction of the alkalis with Al and Si, depending on mode of occurrence, may help promote ash melting.

Depending on the relative abundance of these elements, these non-favorable interactions can cause corrosion

in the superheater and ash melting (mostly in the bed) to occur simultaneously or one at a time.

The presence of S can alter the chemistry inside the BFB boiler to favor the formation of alkali and trace-

metal sulfates. This interaction reduces the risk of chlorine induced corrosion provided that the sulfation

takes place in the proper  phase.  Sulfation of  alkali  chlorides allows the interaction H – Cl  to  happen.  In a

typical boiler, the concentration of HCl(g) in the flue gas around the superheater area rarely exceeds 1000

ppmv, thus the risk of severe gas phase corrosion attack is negligible [23]. Sulfation of Pb and Zn chlorides

is also thermodynamically favorable, but due to severe kinetic restrictions the extent of reaction is low  [43].

Meanwhile the presence of Ca in the BFB system may reduce the efficiency of alkali chloride sulfation and

favor the production of CaSO4(s)  [35]. Ca species can be sulfated as follows [44]
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2 Experimental Section

2.1 Boiler and Test Scheme

The boiler  in  this  study is  a  140MWth bubbling fluidized bed boiler located in Anjalankoski in South East

Finland, see Fig. 4. The fuel mixture (except for sludge) enters the boiler through the left and right wall

chutes. Sludge arrives to the boiler from the adjacent thermal drying plant via pneumatic transport lines. For

additional boiler details the reader is referred to  [45].

Fig. 5(a) shows the temperature profile of the BFB; all data are from the BFB’s online instrumentation. Each

location has a corresponding boxplot that shows the variation of temperature during the test in the said

location. No outlier temperature was recorded.

Fig. 5(b) shows the boiler load and steam power during the duration of the study. The mean boiler load is 94

±  3  MW  and  steam  power  is  80  ±  2  MW,  giving  a  boiler  efficiency  of  around  85%.  The  wet  gas  O2

concentration is also shown in the figure with a mean of 8.82 ± 0.13% and corresponds to an air/fuel ratio of

around 1.3.

Nine tests constitute this work, test points I to V are assessment phase tests while VI to IX are performance

analysis tests. During the assessment stage we study the associated corrosion risk for firing the base case fuel

of  the  BFB  –  Fuel  1  and  the  effect  of  three  anti-corrosion  measures:  elemental  S-addition  (II),  sulfate

injection (III)  and peat  co-firing (IV).  Elemental  S addition is  accomplished by adding S-pellet  to  the fuel

mixture before being fired to the boiler. Sulfate injection uses aqueous solution of 43-47% diiron tris(sulfate)

and  sprayed  just  below the  bullnose  of  the  boiler,  see  Fig.  4.  During  V  the  amount  of  SRF is  60  e-%,  an

intermediate  value  between  the  base  fuel  and  the  target  fuel.  Promising  anti-corrosion  measures  from  the

assessment  stage  are  applied  to  the  target  fuel  in  the  performance  analysis  test.  The  test  scheme  is

summarized in Fig. 6.

The duration of the test vary from a minimum of 1.3 h (IV) to 8.5 h (V) because other parameters outside the

scope of this study are also measured and required longer test time. There is a period prior to each test point

allotted to allow the BFB to reach steady state condition. All the necessary data gathering presented in this

work have been collected at a relatively constant time span and at steady state operation.

8

9
(s) 2(g) 2(g) 4(s) eq,800 C

1CaO SO O CaSO K 9.031 10
2

R 6

9
3(s) 2(g) 2(g) 4(s) 2(g) eq,800 C

1CaCO SO O CaSO CO K 2.019 10
2

R 7

The equilibrium constant1 at 800°C for R 6 and R 7 is higher than the sulfation of KCl described in R 3.

1.3 Objectives

Among the challenges mentioned above, chlorine induced corrosion is a principal restrictive constraint to the

performance of waste-to-energy systems. This study aims to (1) understand corrosion risk associated from

firing fuel mixtures with SRF e-% of up to 70% and (2) evaluate currently available corrosion mitigation

measures to find a robust solution to counter said constraint. We define a robust solution as a procedure

whose anti-corrosion performance is highly insensitive to the quality of the fuel being fired.

The study seeks to understand the impact of the quality and fuel blending to the quality of the fuel mixture

being fired to the BFB. The work also investigates the relationship between the quality of superheater

deposits and the conditions of the flue gas in the vicinity of the superheater.

1 Estimated using FactSage® Reaction module at standard state conditions.
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2 Experimental Section

2.1 Boiler and Test Scheme

The boiler  in  this  study is  a  140MWth bubbling fluidized bed boiler located in Anjalankoski in South East

Finland, see Fig. 4. The fuel mixture (except for sludge) enters the boiler through the left and right wall

chutes. Sludge arrives to the boiler from the adjacent thermal drying plant via pneumatic transport lines. For

additional boiler details the reader is referred to  [45].

Fig. 5(a) shows the temperature profile of the BFB; all data are from the BFB’s online instrumentation. Each

location has a corresponding boxplot that shows the variation of temperature during the test in the said

location. No outlier temperature was recorded.

Fig. 5(b) shows the boiler load and steam power during the duration of the study. The mean boiler load is 94

±  3  MW  and  steam  power  is  80  ±  2  MW,  giving  a  boiler  efficiency  of  around  85%.  The  wet  gas  O2

concentration is also shown in the figure with a mean of 8.82 ± 0.13% and corresponds to an air/fuel ratio of

around 1.3.

Nine tests constitute this work, test points I to V are assessment phase tests while VI to IX are performance

analysis tests. During the assessment stage we study the associated corrosion risk for firing the base case fuel

of  the  BFB  –  Fuel  1  and  the  effect  of  three  anti-corrosion  measures:  elemental  S-addition  (II),  sulfate

injection (III)  and peat  co-firing (IV).  Elemental  S addition is  accomplished by adding S-pellet  to  the fuel

mixture before being fired to the boiler. Sulfate injection uses aqueous solution of 43-47% diiron tris(sulfate)

and  sprayed  just  below the  bullnose  of  the  boiler,  see  Fig.  4.  During  V  the  amount  of  SRF is  60  e-%,  an

intermediate  value  between  the  base  fuel  and  the  target  fuel.  Promising  anti-corrosion  measures  from  the

assessment  stage  are  applied  to  the  target  fuel  in  the  performance  analysis  test.  The  test  scheme  is

summarized in Fig. 6.

The duration of the test vary from a minimum of 1.3 h (IV) to 8.5 h (V) because other parameters outside the

scope of this study are also measured and required longer test time. There is a period prior to each test point

allotted to allow the BFB to reach steady state condition. All the necessary data gathering presented in this

work have been collected at a relatively constant time span and at steady state operation.
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to  SEM/EDS for  analysis.  Each  sampling  lasted  for  2  h.  Additional  features  of  the  sampling  procedure  is

found in  [5].

2.4 Relating flue gas conditions and risk of corrosion

The quality of the flue gas arriving in the superheater has a significant impact on the risk of corrosion.

Modeling of the arrival of corrosive species to critical heat exchange areas such as the superheater is in

various state of development. Zhou et al. divides the ash deposition models as: empirical indices models,

mechanistic models, and computational fluid dynamics (CFD) models [46]. The objective of these models is

to examine the importance of a given parameter e.g. temperature to a certain response. However, process

data from large scale combustion systems are often plentiful and collinear. Collinearity makes the use of

process data as predictors challenging for classical multiple linear regression (MLR); because MLR requires

a full rank for the matrix of predictor variables [47].

To  solve  the  issue  of  multi-collinearity,  partial  least  squares  (PLS)  regression  is  used  to  relate  flue  gas

conditions and the quality of the SH deposits. PLS regression is a method that generalizes MLR and is

particularly useful in dealing with collinear predictors. The goals of PLS regression and MLR are similar,

that  is  to  predict  the  response, Y given  a  set  of  predictors, X.  We  summarize  below the  properties  of  key

matrices required in PLS regression listed in  [48]. A more detailed and exhaustive explanation on the

method is found in this reference.

PLS  regression  searches  for  a  set  of  “new”  and  fewer  variables  called  x-scores  (T) which are linear

combinations of the original variables,

XWT R 8

where W* are the weights. The weights provide information about the importance of a predictor to a given

score. X-scores are good predictors of Y, such that

FCTY R 9

where C is the matrix of weights of the linear model for Y and F is the residual of the model. Combining R 8
and R 9 yields an equation analogous to MLR.

FXBFCXWY R 10

where B is the “PLS regression coefficient”. C is used to calculate the model of Y or the Y-scores (U), such
that

GCUY R 11
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2.2 Fuel

Table 2 list the recipe of pure fuels used to prepare the fuel mixture. F1 to F3 are for the assessment phase

and F4 is the target mixture for the performance analysis test. The ultimate analysis of the pure fuel used in

the study is in Table 3. Test point V used sludge 1 and SRF 1 because it was performed a week earlier

compared to the rest of the test.

The gross calorific value (mean = 21 ± 0.7 MW/kg, d) and the concentration of C, H, O in the pure fuels do

not vary significantly. Thus a change in the fuel proportion does not significantly impact the calorific value

of the fuel mixture being fired to the BFB.

Variation of minor and trace components is high. The range of the coefficient of variation (standard

deviation/mean) for the concentration of minor element is 0.41 – 1.51 while for the trace element 0.75 –

2.34. For the minor elements, the concentration of Cl, Ca, Mg and Ti is highest in SRF relative to the other

fuels. The concentration of S, Na, Al and Si is comparable for the sludge and SRF. Peat and bark have low

concentrations of minor elements compared to the other two fuels. For the trace elements, the concentration

of  Zn,  Sn,  Sb,  As,  Pb,  Cr,  Co,  Cu,  Ni  and  V  is  highest  in  the  SRF.  In  the  fuel  mixture,  increasing  the

proportion of SRF increases the concentration of these elements.

2.3 Sampling Techniques

To examine the risk of corrosion to the SH we collected flue gas composition and condition, aerosol

composition, and deposits near the vicinity of the secondary superheater, indicated by point 2 in Fig. 4.

During the performance stage, additional aerosol samples were made at the back pass (point 3 in Fig. 4) to

assess for possible risk of corrosion in the economizer and air preheater. Corrosion at these heat exchange

surfaces is associated to lead and zinc chloride deposition.

Gas properties and composition were collected using GASMET Fourier transform infrared spectroscopy.

Aerosol  sampling was made using Dekati  Low Pressure Impactor  (DLPI),  each sampling lasts  for  40 min.

The impactor deposits were digested with water for five days and subjected to ultrasonic mixing prior to

extraction. A detailed discussion on the schematic and subsequent analysis of aerosol samples is found in

[45].

Deposits were collected using an air-cooled probe (38 mm diameter, 1.9 m long with 1.4 m in contact with

the flue gases) and equipped with a detachable metal ring. The temperature of metal ring facing the wind side

is held at around 500°C. Deposits were sampled at three locations along the circumference: on the side

facing the flow (wind), 30 – 40° (side) and 180° (lee). The deposits were placed on copper tape strip and sent
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to  SEM/EDS for  analysis.  Each  sampling  lasted  for  2  h.  Additional  features  of  the  sampling  procedure  is

found in  [5].
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that  is  to  predict  the  response, Y given  a  set  of  predictors, X.  We  summarize  below the  properties  of  key

matrices required in PLS regression listed in  [48]. A more detailed and exhaustive explanation on the
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combinations of the original variables,
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where W* are the weights. The weights provide information about the importance of a predictor to a given
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found in the region of dp > 1.6 micron represent coarse particles that are mostly non-volatile fragments of the

fuel and/or entrained particles  [50,51].

3.2.1 Effect of peat substitution

Aerosol  samples  collected  for  firing  F1  and  F3  are  shown  in  Fig.  8.  Both  exhibits  a  bimodal  particle  size

distribution, though for firing F1, the peak of the fine particle is more pronounced compared to the coarse

particle. For F3, the peak height is almost equal for both size fractions. The peak in the coarse particle may

have come from fragments of the peat used. The presence of Si in the coarse fraction of Fig. 8(b) may

support this claim.

The  elements  comprising  the  fine  aerosol  fraction  are  similar,  namely  K,  Na,  Cl  and  SO4. However, the

concentration of these K, Na and Cl is higher for firing F1. The mode of occurrence of the alkalis may be

“less reactive” during firing of F3 and could have resulted in the decrease of K, Na and Cl.

3.2.2 Assessment of anti-corrosion measures to aerosol quality

To assess the performance of the anti-corrosion measures, we take the sum of the concentration of Na+K, Cl

and SO4 in the fine particle fraction of the DLPI samples and plot them in Fig. 9. We have chosen only these

elements because of their central role in active corrosion and mitigation (see Fig. 3). Pb and Zn were not

included because the measured concentration is low and have low condensation temperature.

The aerosol in I is rich Cl and the proportion of Na+K and Cl is almost near that of the alkali chloride – MCl.

Upon addition of elemental sulfur the fraction of Cl is decreased to more than half (see the dashed arrow

connecting points I and II in Fig. 9) and is accompanied by an increase in the proportion of SO4. Although

not shown here, the peak of the fine particle fraction shifted from 0.09 – 0.26 m to 0.26 – 0.60 m - an

indication of alkali chloride sulfation [38].

When the sulfate solution is injected, III, the aerosol is virtually free of Cl. Na+K and SO4 dominate the fine

aerosol fraction (see the solid arrow connecting points I and III in Fig. 9). The peak of the fine particle is at

0.26 – 0.60 m  and  there  is  enough  SO4 to ensure the formation of (Na, K)2SO4.  The  risk  of  fire  side

corrosion is much lower for III compared to I and II based on the aerosol composition data.

When peat is added in the fuel mixture to partially substitute bark (Fuel 2 and IV), the proportion of the

elements of interest is not very far from those collected during I. When bark is not used in the fuel mixture

(Fuel 3 and V) the proportion of Cl in the aerosol is reduced. However, this decrease is not solely attributable

to the absence of bark but more likely to the difference in the quality of the SRF used. Test point V is using

12

where G is the residual.

In essence x-scores are model of X (R 8) and simultaneously predictors of Y (R 10).  X-scores are  chosen

such that the first x-score (t1) contains the highest covariance with the first y-score (u1), the second x-score

(t2) has the highest covariance with the second y-score (u2) and so on. The number of scores or factors

required to model the response is evaluated using cross validation. The rule of thumb is to only choose

additional  factors  if  the Root  Mean Square Error  of  Cross-Validation (RMSECV) improves by at  least  2%

and to choose as few factors as possible [49]. We implemented PLS regression using the PLS_Toolbox

installed in Matlab 2014a [49].

3 Results

In this chapter we first present the results and implications of the data collected during the assessment stage.

Thereafter the performance stage follows.

3.1 Concentration of key components in the resulting fuel mix

Fig. 7 shows the mean concentration of key fuel components of the fuel mixture fired during the tests. Sulfur

content is lowest for F1; partial and full substitution of bark by peat/SRF increase the S content in F2 & F3.

The target fuel, F4 also has high S concentration. Chlorine concentration is highest in the target fuel, a direct

result of increasing the proportion of the SRF in the fuel mixture.

Na, K, Al and Si registered high concentration in F3 which is probably the result of increased concentration

of these elements in the type of SRF used – SRF 1, see Table 2 and Table 3. Calcium concentration is highest

in F4. As for the Br, Zn and Pb their concentration is highest for F4, this is a result of increasing the energy

share of the SRF.

In general, moving from the base fuel to the target fuel recipe increases the concentration of chlorine and

trace elements in the fuel mixture. There is also an increase in S which may help lessen the risk of corrosion.

But this increase in S may be countered by corresponding increase of Ca concentration in the target fuel.

3.2 Aerosols arriving in the superheater

For all the impactor results, fine particles found in the region of dp < 1.6 micron were once in vapor form and

due to supersaturation in the gas phase have undergone homogeneous nucleation and coagulation. Particles
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found in the region of dp > 1.6 micron represent coarse particles that are mostly non-volatile fragments of the

fuel and/or entrained particles  [50,51].

3.2.1 Effect of peat substitution

Aerosol  samples  collected  for  firing  F1  and  F3  are  shown  in  Fig.  8.  Both  exhibits  a  bimodal  particle  size

distribution, though for firing F1, the peak of the fine particle is more pronounced compared to the coarse

particle. For F3, the peak height is almost equal for both size fractions. The peak in the coarse particle may

have come from fragments of the peat used. The presence of Si in the coarse fraction of Fig. 8(b) may

support this claim.

The  elements  comprising  the  fine  aerosol  fraction  are  similar,  namely  K,  Na,  Cl  and  SO4. However, the

concentration of these K, Na and Cl is higher for firing F1. The mode of occurrence of the alkalis may be

“less reactive” during firing of F3 and could have resulted in the decrease of K, Na and Cl.

3.2.2 Assessment of anti-corrosion measures to aerosol quality

To assess the performance of the anti-corrosion measures, we take the sum of the concentration of Na+K, Cl

and SO4 in the fine particle fraction of the DLPI samples and plot them in Fig. 9. We have chosen only these

elements because of their central role in active corrosion and mitigation (see Fig. 3). Pb and Zn were not

included because the measured concentration is low and have low condensation temperature.

The aerosol in I is rich Cl and the proportion of Na+K and Cl is almost near that of the alkali chloride – MCl.

Upon addition of elemental sulfur the fraction of Cl is decreased to more than half (see the dashed arrow

connecting points I and II in Fig. 9) and is accompanied by an increase in the proportion of SO4. Although

not shown here, the peak of the fine particle fraction shifted from 0.09 – 0.26 m to 0.26 – 0.60 m - an

indication of alkali chloride sulfation [38].

When the sulfate solution is injected, III, the aerosol is virtually free of Cl. Na+K and SO4 dominate the fine

aerosol fraction (see the solid arrow connecting points I and III in Fig. 9). The peak of the fine particle is at

0.26 – 0.60 m  and  there  is  enough  SO4 to ensure the formation of (Na, K)2SO4.  The  risk  of  fire  side

corrosion is much lower for III compared to I and II based on the aerosol composition data.

When peat is added in the fuel mixture to partially substitute bark (Fuel 2 and IV), the proportion of the

elements of interest is not very far from those collected during I. When bark is not used in the fuel mixture

(Fuel 3 and V) the proportion of Cl in the aerosol is reduced. However, this decrease is not solely attributable

to the absence of bark but more likely to the difference in the quality of the SRF used. Test point V is using
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than 0.6; with V having higher conversion than IV. However for III, Clfuel to HCl conversion is below 0.6.

This  supports  the  earlier  claim  that  the  increase  in  HCl  measured  for  III  is  a  result  of  successful  alkali

sulfation via R 3 and more importantly R 4; while HCl measured during V is the result of H – Cl interaction

in the lower part of the BFB.

3.4 Quality of the Deposits

Table 5 shows the concentration of select components of the deposits. Among the components listed Ca and

S registered the highest concentration; this indicates abundance of CaSO4 in the deposits. The concentration

of Cl and Fe (may also be occasionally come from the ring itself) has high variation during the assessment

stage, with coefficient of variation or c.v. of 0.99 and 1.52 respectively. For Na and K the variation is low,

with c.v. of 0.35 for both elements.

The concentration of Cl is consistently lowest during sulfate injection (III), on average 0.1 wt.%. The test for

sulfur  addition  (II)  and  peat  co-firing  (V)  both  registered  an  average  Cl  concentration  of  0.4  wt.%.  These

three tests are all significantly lower than the base case test (I) with an average Cl concentration of 6.1 wt.%.

The average is taken from the concentration of the element in the wind, side and lee positions.

In the fine particle fraction of the aerosols, the Cl content is virtually zero during III but we detect the

presence of Cl in the deposits. This suggests that other size fractions and factors can contribute to chlorine

deposition.

Test point III registered the highest concentration of Fe in the deposit, 5.4 wt.%, six times its concentration

during I. This result is consistent with the decomposition of Fe2(SO4)3(aq) which produces Fe2O3 [36]. Due to

the proximity of sulfate injection to the superheater, the oxide can later be deposited in the superheater

region. The risk associated to ash melting is low even at this condition. Using the composition at the wind

position, thermodynamic equilibrium calculation estimates the molten fraction of the deposit to be below 1%

in the temperature range 500 – 800°C. Risk of ash melting is low because the deposit has plenty of CaSO4

(Tmelt = 1459 °C).

3.5 Assessment Phase Output

The aerosol composition, flue gas condition, and deposit analysis suggest that sulfate injection is able to

significantly reduce the risk of Cl-induced corrosion. With sulfate injection, a strategic location can be

chosen to ensure maximum effect of the additive. Sulfate injection yields the lowest Cl concentration in the

deposit and in the fine particle fraction.
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an SRF with a Cl content of 3700 mg/kg, d., which is almost half of the Cl content of the SRF for the other

tests (see Table 3). For both IV and V, the peak in the fine particle fraction has remained in the 0.09 – 0.26

m range. These observations suggest that peat co-firing is not a robust method to combat Cl-induced

corrosion. The concentration of Cl in the resulting aerosol is more tied to the quality of the SRF than to the

corrosion mitigating power of peat.

3.3 Flue gas

Variation in the fuel mixture and application of corrosion mitigating measures do not significantly vary the

parameters listed in Table 4 except of the SO2, HCl and CO concentration.

Test point I registered the least concentration of SO2 in  the  flue  gas.  Without  the  necessary  SO2 alkali

chlorides persist and are detected in the aerosol samples, see Fig. 8(a). At this condition the risk of corrosion

is high.

Upon the addition of S-pellets (II) a tenfold increase in SO2 concentration is measured, with a corresponding

increase in HCl concentration (~1.2×). These observations and in conjunction with the changes in the quality

of the aerosols noted earlier suggest the progress of R 3 and/or R 4.

Sulfate injection (III) resulted to an increase in SO2 concentration (~3.4×), with an accompanying increase in

HCl concentration comparable to II, ~1.18×. Together with the aerosol results, these observations suggest

that sulfate injection is able to wipe out alkali chloride via R 3 and/or R 4. However, the contribution of R 4

is more significant for III compared to II because sulfate was injected in the strategic position, ensuring high

local concentration of SO3 just below the bullnose, see point 2 in Fig. 4.

When  peat  partially  substituted  bark  (IV)  SO2 concentration  is  similar  to  III,  but  the  increase  in  HCl

concentration is lower than II and III. The Cl concentration is least for F2 - the fuel fired in IV, but this is not

seen as  the primary reason for  a  small  increase measured for  HCl.  Aerosol  data  in  Fig.  9  suggest  that  the

conversion of (Na,K)Cl to (Na,K)2SO4, which produces HCl, did not happen appreciably during IV

compared to II and III.

Total substitution of bark with peat/SRF (V, fuel F3) likewise increased SO2 concentration, by c.a. 6×, with

an increase in HCl concentration (~1.19×). HCl could have been produced via R 3 or at the lower part of the

BFB, i.e. splash zone. The latter is also likely because Na, K might have been bound with the Al, Si in F3

making them less reactive. Without reactive alkalis, Cl preferred to interact with H forming HCl.

We simulated the combustion during III, IV and V in FactSage 6.4 to estimate the fraction of Clfuel that

formed HCl in the splash zone.  In Fig.  10,  test  points  IV and V both have Clfuel to HCl conversion higher
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than 0.6; with V having higher conversion than IV. However for III, Clfuel to HCl conversion is below 0.6.

This  supports  the  earlier  claim  that  the  increase  in  HCl  measured  for  III  is  a  result  of  successful  alkali

sulfation via R 3 and more importantly R 4; while HCl measured during V is the result of H – Cl interaction

in the lower part of the BFB.

3.4 Quality of the Deposits

Table 5 shows the concentration of select components of the deposits. Among the components listed Ca and

S registered the highest concentration; this indicates abundance of CaSO4 in the deposits. The concentration

of Cl and Fe (may also be occasionally come from the ring itself) has high variation during the assessment

stage, with coefficient of variation or c.v. of 0.99 and 1.52 respectively. For Na and K the variation is low,

with c.v. of 0.35 for both elements.

The concentration of Cl is consistently lowest during sulfate injection (III), on average 0.1 wt.%. The test for

sulfur  addition  (II)  and  peat  co-firing  (V)  both  registered  an  average  Cl  concentration  of  0.4  wt.%.  These

three tests are all significantly lower than the base case test (I) with an average Cl concentration of 6.1 wt.%.

The average is taken from the concentration of the element in the wind, side and lee positions.

In the fine particle fraction of the aerosols, the Cl content is virtually zero during III but we detect the

presence of Cl in the deposits. This suggests that other size fractions and factors can contribute to chlorine

deposition.

Test point III registered the highest concentration of Fe in the deposit, 5.4 wt.%, six times its concentration

during I. This result is consistent with the decomposition of Fe2(SO4)3(aq) which produces Fe2O3 [36]. Due to

the proximity of sulfate injection to the superheater, the oxide can later be deposited in the superheater

region. The risk associated to ash melting is low even at this condition. Using the composition at the wind

position, thermodynamic equilibrium calculation estimates the molten fraction of the deposit to be below 1%

in the temperature range 500 – 800°C. Risk of ash melting is low because the deposit has plenty of CaSO4

(Tmelt = 1459 °C).

3.5 Assessment Phase Output

The aerosol composition, flue gas condition, and deposit analysis suggest that sulfate injection is able to

significantly reduce the risk of Cl-induced corrosion. With sulfate injection, a strategic location can be

chosen to ensure maximum effect of the additive. Sulfate injection yields the lowest Cl concentration in the

deposit and in the fine particle fraction.
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aerosol and deposit composition as well as flue gas conditions. However in terms of ensuring that the

superheater deposit is Cl free, the performance of sulfate injection is more superior than sulfur addition.

4 Discussions

The fuel composition and anti-corrosion measures tested are able to affect the composition of the aerosols

and the deposits. However, the concentration of the Cl in the deposit is never totally reduced to zero even if

the concentration of alkali chlorides in the aerosols is virtually negligible. In order to know what other

factors should be considered to effectively understand Cl deposition we examined the relationship of flue gas

and fine aerosol properties and the concentration of Cl in the deposit collected before the superheater (point 2

in Fig. 4).

Partial least squares regression is used to examine the contribution of the 14 variables found in the abscissa

of Fig. 12. We used PLS regression model, because we have no systematic way of including or excluding

variable/s to create a set of non-collinear estimators. The predictive power of this model is not expected to be

high due to the limited number of test point and extrapolation of results is not advised.

fgT% is the percent decrease in flue gas temperature traversing the superheaters; H2O, O2, SO2 and HCl

are  concentration  of  components  of  the  flue  gas  (see  Table  4);  and  the  rest  are  concentration  of  the

components of the aerosol. Since the units of these variables vary we first performed mean centering. The

mean centered data forms the matrix of predictors, X and the wind side Cl-concentration is the response, Y.

MLR  is  not  attempted  because  the  rank  of X is only 7 and several variables have shown significant

collinearity.

Cross validation step suggests the use of three components or x-scores in the PLS regression model. Using a

3-component PLS regression model, the calculated R2 is 0.94. The first component of the regression captures

82.29% of the variance and the weight of the original variables in this component is found in Fig. 12.

The decrease in the temperature of the flue gas traversing the superheaters, and the Cl and Br content in the

aerosol have high positive effects to Cl-deposition. The effect of temperature and Cl is easily understood -

an  increase  in  Cl  in  the  aerosol  plus  high  flue  gas  temperature  decrease  due  to  heat  transfer  result  in

enhanced saturation of Cl species around the superheater which then enhances Cl-deposition. On the other

hand, the effect of Br is still unclear and warrants further investigation. One hypothesis is the formation of

BrCl  [53,54]. Formation of bromine chloride is thermodynamically feasible at typical boiler conditions

however, it is less stable compared to other chloride salts (see Fig. 13).  Na and K also contribute positively

to Cl-deposition via formation of alkali chlorides. Ca and Al are also positively affecting Cl-deposition via
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Peat co-firing and elemental S addition can also able to bring down the concentration of Cl in the aerosol and

in deposits. However, since the performance of peat co-firing is dependent on the nature of the SRF being

combusted, we see this strategy as less robust compared to S-pellet addition.

In the performance analysis stage, elemental S addition and sulfate injection are tested. Test points VI and

VIII fire the target fuel alone, while VII and IX are for S addition and sulfate injection test respectively. VI

serves as reference test for VII, while VIII is the reference for IX.

3.6 Combustion of the target fuel – Performance Stage

The composition of the aerosols before the superheater during firing of the target fuel (F4 and VI) is shown

in Fig. 11(a). Even though Cl is highest in F4, the risk of corrosion when firing this fuel is not enhanced. In

fact in Fig. 9, the fraction of Cl in the Na+K / SO4 / Cl system decreases from the base fuel (I) to the target

fuel (VI and VIII). In addition, the average concentration of Cl in the deposits is 5.1 wt.% for VI and VIII,

lower than the 6.1 wt.% measured for I.

A possible explanation for these measurements is the increase in Sfuel from  F1  to  F4.  The  flue  gas

concentration of SO2 in  VI  and  VIII  are  2.5×  and  4.5×  that  of  I  respectively,  which  may  provide  the

necessary sulfur to achieve alkali sulfation even without the additives. Due to increased Zn and Pb in F4, it is

also  probable  that  some  Cl’s  formed  zinc  and/or  lead  chlorides  [52]  which  partly  lowers  the  amount  of

condensable Cl in the superheater region.

Elemental S addition to the target fuel (VII) improves the quality of the aerosols and deposits. In the

aerosols,  the  fraction  of  Cl  is  lowered  similar  to  II  (see  Fig.  9).  The  flue  gas  registered  the  highest  SO2

concentration (see Table 4) with an accompanying increase in HCl concentration. However the Cl content in

the deposit is on average 1.4 wt.%, c.a. 26% of its reference test (VI).

Sulfate injection during combustion of the target fuel (IX) yields an aerosol with composition similar to III.

The aerosol is virtually free of Cl and the deposit has an average Cl concentration of 0.1 wt.% which is c.a.

2.6% of its reference case (VIII). Similar to III, the deposit is also rich in Fe with mean concentration of 7

wt.%.

For all test in the performance analysis phase, Ca and S have the highest concentration in the deposits.

The aerosol at the back pass (point 3 in Fig. 4) collected during IX is composed mainly of Na, K and SO4.

Trace elements Pb and Zn are present at very low concentration; see Fig. 11(b).

These results suggest that elemental S and sulfate injection are both robust means of reducing the corrosion

risk associated to combustion of high SRF share fuel mixture. Even though there are variations in the quality

of  the  SRF  used  between  I,  II,  III  and  VI-IX,  both  procedures  were  able  to  provide  consistent  trends  in
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aerosol and deposit composition as well as flue gas conditions. However in terms of ensuring that the

superheater deposit is Cl free, the performance of sulfate injection is more superior than sulfur addition.

4 Discussions

The fuel composition and anti-corrosion measures tested are able to affect the composition of the aerosols

and the deposits. However, the concentration of the Cl in the deposit is never totally reduced to zero even if

the concentration of alkali chlorides in the aerosols is virtually negligible. In order to know what other

factors should be considered to effectively understand Cl deposition we examined the relationship of flue gas

and fine aerosol properties and the concentration of Cl in the deposit collected before the superheater (point 2

in Fig. 4).

Partial least squares regression is used to examine the contribution of the 14 variables found in the abscissa

of Fig. 12. We used PLS regression model, because we have no systematic way of including or excluding

variable/s to create a set of non-collinear estimators. The predictive power of this model is not expected to be

high due to the limited number of test point and extrapolation of results is not advised.

fgT% is the percent decrease in flue gas temperature traversing the superheaters; H2O, O2, SO2 and HCl

are  concentration  of  components  of  the  flue  gas  (see  Table  4);  and  the  rest  are  concentration  of  the

components of the aerosol. Since the units of these variables vary we first performed mean centering. The

mean centered data forms the matrix of predictors, X and the wind side Cl-concentration is the response, Y.

MLR  is  not  attempted  because  the  rank  of X is only 7 and several variables have shown significant

collinearity.

Cross validation step suggests the use of three components or x-scores in the PLS regression model. Using a

3-component PLS regression model, the calculated R2 is 0.94. The first component of the regression captures

82.29% of the variance and the weight of the original variables in this component is found in Fig. 12.

The decrease in the temperature of the flue gas traversing the superheaters, and the Cl and Br content in the

aerosol have high positive effects to Cl-deposition. The effect of temperature and Cl is easily understood -

an  increase  in  Cl  in  the  aerosol  plus  high  flue  gas  temperature  decrease  due  to  heat  transfer  result  in

enhanced saturation of Cl species around the superheater which then enhances Cl-deposition. On the other

hand, the effect of Br is still unclear and warrants further investigation. One hypothesis is the formation of

BrCl  [53,54]. Formation of bromine chloride is thermodynamically feasible at typical boiler conditions

however, it is less stable compared to other chloride salts (see Fig. 13).  Na and K also contribute positively

to Cl-deposition via formation of alkali chlorides. Ca and Al are also positively affecting Cl-deposition via
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ensures that the concentration of Cl in the aerosol and deposits is minimal. With these observations we

conclude that sulfate injection is a robust strategy to combat Cl-induced corrosion of the superheater.

The quality of the flue gas and the aerosol has a strong impact on the quality of deposits. During firing of

high e-% share SRF, Cl content of the aerosol has the highest positive impact on Cl deposition. Therefore,

any corrosion mitigating measure must be able to reduce Cl concentration in the aerosols to as minimum as

technically and economically possible.
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formation of chlorides or capturing the sulfates by forming aluminum or calcium sulfate instead of alkali

sulfates.

Meanwhile, O2, SO2 and HCl reduce Cl-deposition through alkali sulfation. O2 and SO2 are reactants to R 3

and R 4 which produces HCl. HCl is not expected to condense in the superheater thus reducing Cl-

deposition. These three species are also reactants in the intra-particle sulfation of the alkali chlorides. Intra-

particle sulfation localized in the periphery of the deposits results in the loss of Cl to the flue gas as HCl [39],

albeit some Cl can still diffuse towards the metal. Integrating the intra-particle sulfation kinetics proposed by

Sengeløv et al. [41] for the time interval of 2 h and with the properties of the flue gas (temp., O2 and SO2) in

Table 4 for VII and IX, we estimate a conversion value of 0.042 and 0.019 for the alkali chloride during

elemental S addition and sulfate injection respectively. This conversion values translate to more HCl

production during VII since its deposit contains more alkali chlorides compared to the deposit in IX (see

Table  5).  Some  of  the  HCl  can  be  oxidized  (Weldon  process)  to  form  Cl2 (see Fig.  2).  If  the  Cl  species

diffuse towards the metal/scale interface active corrosion may be enhanced during VII.

The concentrations of SO4 and Pb in the aerosol also have negative weights in the 1st component of the PLS

regression model. Having more SO4 in the aerosol increases the likelihood that R 3 and/or R 4 took place and

the  amount  of  condensable  Cl  is  reduced.  The  presence  of  Pb  in  the  water-soluble  aerosol  samples  may

indicate the presence of PbCl2 which reduce the amount of condensable Cl in the superheater region. Zn

meanwhile has low effect on Cl deposition because the formation of ZnO is more favored than ZnCl2 (see

Fig.  13).  These  interpretation  agrees  with  Enestam’s  estimates  that  in  the  superheater  region  Pb  is

predominantly PbCl2(g) while Zn can exist mostly as ZnO(s) and some as ZnCl2(g) [52].

5 Conclusion

In this two stage study, we have shown that chlorine-induced corrosion is present during firing of a fuel

mixture containing 50, 60 and 70 e-% share SRF. The quality of the fuel mixture, in terms of its composition,

is affected by the proportion of the pure fuels used. Increase in SRF share increases Cl and trace elements in

the fuel.

In the assessment stage, sulfur addition and sulfate injection exhibited robust performance against the agents

of active corrosion by partially or fully reducing the concentration of alkali chlorides. Peat co-firing can also

reduce alkali chlorides but its action is dependent on the quality of the fuel mixture used.

During firing of the target fuel (70 e-% share of SRF), sulfur addition and sulfate injection are able to lower

the concentration of alkali chlorides in the aerosol and deposits at the superheater. However, sulfate injection
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ensures that the concentration of Cl in the aerosol and deposits is minimal. With these observations we

conclude that sulfate injection is a robust strategy to combat Cl-induced corrosion of the superheater.

The quality of the flue gas and the aerosol has a strong impact on the quality of deposits. During firing of

high e-% share SRF, Cl content of the aerosol has the highest positive impact on Cl deposition. Therefore,

any corrosion mitigating measure must be able to reduce Cl concentration in the aerosols to as minimum as

technically and economically possible.
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Fig. 1 Fifteen year history of treatment of municipal solid waste in Finland and the 2016 target  [2].
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Fig. 1 Fifteen year history of treatment of municipal solid waste in Finland and the 2016 target  [2].
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Fig. 3 Simplified interactions of key ash and aerosol forming and trace elements during waste firing
in a BFB boiler. A nearly similar diagram appears in  [18]. Favorable interactions reduce the

availability of alkali chlorides in the superheater. Non-favorable interaction causes alkali chloride
formation and/or ash melting.

26

Fig. 2 Mechanism of intra-particle sulfation of KCl and the subsequent attack of the metal, adopted
from the discussion in  [23]. S1 and S2 are KCl sulfation described by R 3 and R 4. S3 is the

oxidation of HCl. S4 and S5 is the inward diffusion of HCl and Cl to the metal/scale interface and
subsequent metal chlorination. S6 is the vaporization of the metal chloride. S7 and S8 are the

oxidation of the vaporized metal chloride producing oxide and H2O, HCl and Cl2.
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Fig. 5 (a) Boxplot of temperatures at key locations in the boiler: bed; after superheater, a-SH; after
economizer, a-Eco; after LUVO, a-LUVO; before ESP, b-ESP. Mean temperature is annotated. (b)

Fuel load, steam power and O2 concentration in the wet flue gas.

28

Fig. 4 Sketch of the bubbling fluidized bed boiler. Key locations: (1) Bed; (2) before the
superheater; (3) after the superheater; (4) after the economizer; (5) after the LUVO; (6) before

electrostatic precipitator.
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Fig. 5 (a) Boxplot of temperatures at key locations in the boiler: bed; after superheater, a-SH; after
economizer, a-Eco; after LUVO, a-LUVO; before ESP, b-ESP. Mean temperature is annotated. (b)

Fuel load, steam power and O2 concentration in the wet flue gas.
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Fig. 7 Resulting concentration of key fuel components in the fuel mixture defined in Table 2.
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Fig. 7 Resulting concentration of key fuel components in the fuel mixture defined in Table 2.



IV/32 IV/33

33

Fig. 9 Summary of composition of the fine particle fraction of the aerosols collected before the SH.
Points are labelled according to test points.

32

(a)

(b)

Fig. 8 Particle size distribution of aerosols collected before the SH during (a) Test point I and (b)
Test point V.
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Fig. 9 Summary of composition of the fine particle fraction of the aerosols collected before the SH.
Points are labelled according to test points.
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(a)

(b)

Fig. 11 Particle size distribution of (a) aerosols collected before the SH during firing of the target
fuel (test point VI), and (b) trace elements after the SH during IX.

34

Fig. 10. Conversion of Cl to HCl, alkali chlorides and misc. Cl species estimated using FactSage
6.4 The temperature is 840°C and  = 0.6, these are the average condition at the splash zone in the

boiler.
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(a)

(b)

Fig. 11 Particle size distribution of (a) aerosols collected before the SH during firing of the target
fuel (test point VI), and (b) trace elements after the SH during IX.
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Fig. 13. Stability of chlorine containing compounds and ZnO. Calculated using FactSage 6.4®
Reaction module at standard state conditions

36

Fig. 12. Weights of variables tested to component 1 of the PLS regression model for the wind side
superheater deposits.
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Fig. 13. Stability of chlorine containing compounds and ZnO. Calculated using FactSage 6.4®
Reaction module at standard state conditions
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Table 1 . Eutectic composition and temperature of binary salts and oxide systems estimated using
FactSage 6.4.

System and Composition,
[mol/mol]

Eutectic Temperature,
[°C]

0.957 SiO2 – 0.043 Al2O3 1594
0.613 SiO2 – 0.387 CaO 1437
0.050 Al2O3 – 0.950 Na2O 1132
0.741 SiO2 – 0.259 Na2O 793
0.260 K2SO4 – 0.74 KCl 690
0.506 KCl – 0.494 NaCl 657
0.376 K2CO3 – 0.624 KCl 631
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Table 3 Properties of the pure fuel. Analyses were carried out according to appropriate CEN/Ts,
ASTM and ISO methods.

Sludge
1a,b

Sludge
2a,c SFR 1b SFR 2c  Peatd  Barkd

Gross calorific value MJ/kg, d 20.20 20.19 21.86 22.26 21.56 20.39
Net calorific value MJ/kg, d 18.92 18.91 20.39 20.80 20.34 19.06
Ash content (815°C) wt%, d 7.6 6.7 12.3 10.7 3.1 1.7
Ash content (550°C) wt%, d 8.0 6.9 14.0 12.3 3.2 2.2
Volatile matter wt%, d 73.5 74.8 75.0 75.8 69.6 77.9
Total moisture wt% 68.5 67.9 45.5 45.0 49.8 63.5

Major Components wt%, d
C 49.3 49.3 50.6 50.6 54.3 51.8
H 5.9 5.9 6.8 6.8 5.6 6.1
N 1.81 1.81 0.61 0.74 1.16 <0.3
O (calculated) 34.5 35.6 27.5 29.1 35.6 39.6

Minor Components mg/kg, d
S 5000 4900 4700 4600 1800 200
Cl 200 160 3700 7000 250 90
Br 30 20 50 30 20 <10
Ca 14100 11100 24400 23600 3600 5600
Mg 840 620 2400 2900 830 630
Na 2300 1800 2300 2100 440 400
K 970 820 2100 1800 600 1600
P 1800 1600 440 160 340 430
Mn 1100 1200 110 84 62 260
Fe 830 630 4400 2300 2900 330
Al 5700 5400 7000 5400 2200 420
Si 11400 10400 17500 12300 5600 1500
Ti 91 78 1800 1800 94 32

Trace Elements mg/kg, d
Zn 82 63 180 230 9.6 65
Sn 0.56 0.63 11 26 <0.5 <0.5
Cd 0.25 0.21 0.3 0.76 0.09 0.24
Tl <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hg 0.26 0.49 0.08 0.1 <0.05 <0.05
Sb <0.5 0.57 42 150 <0.5 <0.5
As 0.92 0.78 16 20 1.1 <0.5
Pb 3.2 2.8 42 68 2.9 0.59
Cr 7.3 5 51 53 3.2 3.2
Co <0.5 <0.5 8.7 3.7 0.74 <0.5
Cu 13 9 80 3200 2.5 12
Ni 1.9 0.69 20 12 0.77 <0.5
V 1.8 1.4 13 11 2.7 <0.5

a. Wet sludge collected before the thermal drying plant.
b. Used for test point V.
c. Used for all test points except test point V.
d. Used for all test points.

Properties Units
Fuel

40

Table 2. Fuel mixture showing the pure fuel components used and their corresponding energy share.

F 1  F 2  F 3 F 4

SRF 50 50 60 70
Bark 44 10 - 24
Sludge 6 6 6 6
Peat - 34 34 -

Test point I, II, II, III IV V VI - IX

Fuel Components
Energy Share, [%]



IV/41

41

Table 3 Properties of the pure fuel. Analyses were carried out according to appropriate CEN/Ts,
ASTM and ISO methods.

Sludge
1a,b

Sludge
2a,c SFR 1b SFR 2c  Peatd  Barkd

Gross calorific value MJ/kg, d 20.20 20.19 21.86 22.26 21.56 20.39
Net calorific value MJ/kg, d 18.92 18.91 20.39 20.80 20.34 19.06
Ash content (815°C) wt%, d 7.6 6.7 12.3 10.7 3.1 1.7
Ash content (550°C) wt%, d 8.0 6.9 14.0 12.3 3.2 2.2
Volatile matter wt%, d 73.5 74.8 75.0 75.8 69.6 77.9
Total moisture wt% 68.5 67.9 45.5 45.0 49.8 63.5

Major Components wt%, d
C 49.3 49.3 50.6 50.6 54.3 51.8
H 5.9 5.9 6.8 6.8 5.6 6.1
N 1.81 1.81 0.61 0.74 1.16 <0.3
O (calculated) 34.5 35.6 27.5 29.1 35.6 39.6

Minor Components mg/kg, d
S 5000 4900 4700 4600 1800 200
Cl 200 160 3700 7000 250 90
Br 30 20 50 30 20 <10
Ca 14100 11100 24400 23600 3600 5600
Mg 840 620 2400 2900 830 630
Na 2300 1800 2300 2100 440 400
K 970 820 2100 1800 600 1600
P 1800 1600 440 160 340 430
Mn 1100 1200 110 84 62 260
Fe 830 630 4400 2300 2900 330
Al 5700 5400 7000 5400 2200 420
Si 11400 10400 17500 12300 5600 1500
Ti 91 78 1800 1800 94 32

Trace Elements mg/kg, d
Zn 82 63 180 230 9.6 65
Sn 0.56 0.63 11 26 <0.5 <0.5
Cd 0.25 0.21 0.3 0.76 0.09 0.24
Tl <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hg 0.26 0.49 0.08 0.1 <0.05 <0.05
Sb <0.5 0.57 42 150 <0.5 <0.5
As 0.92 0.78 16 20 1.1 <0.5
Pb 3.2 2.8 42 68 2.9 0.59
Cr 7.3 5 51 53 3.2 3.2
Co <0.5 <0.5 8.7 3.7 0.74 <0.5
Cu 13 9 80 3200 2.5 12
Ni 1.9 0.69 20 12 0.77 <0.5
V 1.8 1.4 13 11 2.7 <0.5

a. Wet sludge collected before the thermal drying plant.
b. Used for test point V.
c. Used for all test points except test point V.
d. Used for all test points.

Properties Units
Fuel



IV/42 IV/43

43

Ta
bl

e 
5 

Se
le

ct
ed

 c
om

po
ne

nt
s 

of
 th

e 
de

po
sit

s.
 N

o 
da

ta
 is

 a
va

ila
bl

e 
fo

r t
es

t p
oi

nt
 IV

.

I
II

II
I

V
V

I
V

II
V

II
I

IX

W
in

d,
 w

t%
C

a
22

.0
18

.7
17

.1
11

.8
26

.2
20

.2
22

.7
13

.4
S

11
.9

11
.3

14
.6

8.
9

12
.4

13
.7

12
.7

15
.5

Fe
1.

0
0.

5
5.

3
3.

1
0.

9
0.

7
1.

2
8.

5
C

l
4.

5
0.

7
0.

2
0.

2
3.

1
1.

9
2.

1
0.

2
N

a
4.

2
3.

9
3.

5
3.

3
2.

0
3.

5
2.

7
3.

0
K

4.
3

3.
8

4.
5

5.
7

1.
9

2.
2

1.
9

4.
5

Si
de

, w
t%

C
a

15
.0

7.
4

11
.6

9.
5

20
.6

10
.5

0.
5

9.
4

S
11

.3
13

.0
16

.4
5.

9
11

.2
6.

8
4.

3
17

.4
Fe

0.
9

0.
4

7.
3

1.
6

1.
1

0.
3

8.
6

9.
8

C
l

6.
8

0.
3

0.
1

0.
5

4.
5

0.
7

6.
6

0.
1

N
a

2.
4

8.
3

5.
2

3.
9

2.
5

4.
8

0.
2

3.
9

K
3.

6
10

.6
7.

0
9.

6
3.

7
8.

8
1.

6
6.

8
Le

e,
 w

t%
C

a
19

.6
12

.8
14

.7
12

.2
15

.0
15

.0
13

.1
10

.1
S

13
.6

13
.6

16
.0

4.
9

11
.1

12
.4

10
.5

14
.7

Fe
0.

6
0.

6
3.

6
1.

6
1.

8
1.

0
1.

4
2.

8
C

l
7.

0
0.

3
0.

1
0.

5
7.

8
1.

5
6.

5
0.

1
N

a
4.

5
6.

9
6.

0
4.

1
6.

2
5.

6
6.

5
4.

9
K

6.
4

9.
1

5.
2

6.
6

7.
0

7.
0

7.
8

4.
7

C
om

po
ne

nt
Te

st
 P

oi
nt

s
A

ss
es

sm
en

t S
ta

ge
Pe

rf
or

m
an

ce
 A

na
ly

sis
 S

ta
ge

42

Ta
bl

e 
4 

Pr
op

er
tie

s o
f t

he
 fl

ue
 g

as
 in

 th
e 

su
pe

rh
ea

te
r r

eg
io

n.
 A

ll 
da

ta
 e

xp
ec

t f
or

 te
m

p 
af

te
r S

H
 is

 fr
om

 th
e 

FT
IR

. T
he

 c
oe

ff
ic

ie
nt

 o
f v

ar
ia

tio
n 

c.
v.

(s
ta

nd
ar

d 
de

vi
at

io
n/

m
ea

n)
 is

 a
lso

 s
ho

w
n.

I
II

II
I

IV
V

c.
v.

(I
-V

)
V

I
V

II
V

II
I

IX
c.

v.
(V

I-
IX

)

T
em

pe
ra

tu
re

 b
ef

or
e 

SH
°C

70
1

70
1

70
1

n.
d.

63
4

0.
05

73
9

73
9

75
1

75
1

0.
01

T
em

pe
ra

tu
re

 a
fte

r S
H

a
°C

44
1

44
9

45
5

43
3

43
8

0.
02

44
0

44
8

45
3

45
1

0.
01

H
2O

vo
l-

%
17

.0
17

.3
17

.5
14

.7
16

.0
0.

07
17

.4
16

.7
17

.5
19

.9
0.

08
O

2
vo

l-
%

 d
ry

8.
1

8.
3

8.
4

8.
8

9.
2

0.
05

8.
0

8.
3

8.
4

8.
1

0.
02

C
O

2
vo

l-
%

 6
%

O
2 d

ry
6.

0
5.

9
5.

8
5.

9
5.

7
0.

02
6.

1
6.

1
6.

1
6.

2
0.

01
C

O
m

g/
N

m
3  6

%
 O

2 d
ry

0.
0

0.
0

0.
0

0.
0

0.
3

2.
24

0.
0

0.
1

0.
2

0.
2

0.
85

SO
2

m
g/

N
m

3  6
%

 O
2 d

ry
54

.8
59

8.
9

18
5.

1
18

5.
0

33
3.

6
0.

77
13

8.
2

75
8.

0
24

7.
0

48
0.

6
0.

68
H

C
l

m
g/

N
m

3  6
%

 O
2 d

ry
17

5.
7

22
5.

8
20

8.
2

18
5.

5
21

0.
1

0.
10

19
8.

5
27

8.
6

22
6.

8
31

3.
0

0.
20

n.
d.

 : n
o 

da
ta

 a
va

ila
bl

e

a.
: F

ro
m

 th
e 

BF
B'

s 
on

lin
e 

in
st

ru
m

en
ta

tio
n

Te
st

 P
oi

nt
s

Pr
op

er
ty

U
ni

t
A

ss
es

sm
en

t S
ta

ge
Pe

rf
or

m
an

ce
 A

na
ly

sis
 S

ta
ge



IV/43

43

Ta
bl

e 
5 

Se
le

ct
ed

 c
om

po
ne

nt
s 

of
 th

e 
de

po
sit

s.
 N

o 
da

ta
 is

 a
va

ila
bl

e 
fo

r t
es

t p
oi

nt
 IV

.

I
II

II
I

V
V

I
V

II
V

II
I

IX

W
in

d,
 w

t%
C

a
22

.0
18

.7
17

.1
11

.8
26

.2
20

.2
22

.7
13

.4
S

11
.9

11
.3

14
.6

8.
9

12
.4

13
.7

12
.7

15
.5

Fe
1.

0
0.

5
5.

3
3.

1
0.

9
0.

7
1.

2
8.

5
C

l
4.

5
0.

7
0.

2
0.

2
3.

1
1.

9
2.

1
0.

2
N

a
4.

2
3.

9
3.

5
3.

3
2.

0
3.

5
2.

7
3.

0
K

4.
3

3.
8

4.
5

5.
7

1.
9

2.
2

1.
9

4.
5

Si
de

, w
t%

C
a

15
.0

7.
4

11
.6

9.
5

20
.6

10
.5

0.
5

9.
4

S
11

.3
13

.0
16

.4
5.

9
11

.2
6.

8
4.

3
17

.4
Fe

0.
9

0.
4

7.
3

1.
6

1.
1

0.
3

8.
6

9.
8

C
l

6.
8

0.
3

0.
1

0.
5

4.
5

0.
7

6.
6

0.
1

N
a

2.
4

8.
3

5.
2

3.
9

2.
5

4.
8

0.
2

3.
9

K
3.

6
10

.6
7.

0
9.

6
3.

7
8.

8
1.

6
6.

8
Le

e,
 w

t%
C

a
19

.6
12

.8
14

.7
12

.2
15

.0
15

.0
13

.1
10

.1
S

13
.6

13
.6

16
.0

4.
9

11
.1

12
.4

10
.5

14
.7

Fe
0.

6
0.

6
3.

6
1.

6
1.

8
1.

0
1.

4
2.

8
C

l
7.

0
0.

3
0.

1
0.

5
7.

8
1.

5
6.

5
0.

1
N

a
4.

5
6.

9
6.

0
4.

1
6.

2
5.

6
6.

5
4.

9
K

6.
4

9.
1

5.
2

6.
6

7.
0

7.
0

7.
8

4.
7

C
om

po
ne

nt
Te

st
 P

oi
nt

s
A

ss
es

sm
en

t S
ta

ge
Pe

rf
or

m
an

ce
 A

na
ly

sis
 S

ta
ge



Paper V

Physical properties of aerosols measured
from a bubbling fluidized bed boiler

In: Fuel 139, pp. 144- 153
Copyright 2014 Elsevier

Reprinted with permission from publisher



V/1

Physical properties of aerosol particles measured from a bubbling
fluidized bed boiler

Heino Kuuluvainen a,⇑, Panu Karjalainen a, Cyril J.E. Bajamundi b,c, Joni Maunula d,
Pasi Vainikka c, Juha Roppo d, Jorma Keskinen a, Topi Rönkkö a

aDepartment of Physics, Tampere University of Technology, Tampere, Finland
bDepartment of Chemistry, University of Jyväskylä, Jyväskylä, Finland
cVTT Technical Research Center of Finland, Jyväskylä, Finland
dValmet Power Oy, Tampere, Finland

h i g h l i g h t s

� The combustion process was studied by sampling the aerosol particles from the boiler.
� In the boiler, the particle size distribution was unimodal in the measurement range.
� Gas phase species formed a second smaller particle mode in the dilution.
� The larger mode particles were more dense.
� Ferric sulfate additive decreased the number and mass of the smaller mode particles.
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a b s t r a c t

Increased use of biomass and waste fuels, and the consequent corrosion problem have led to an increased
need to study and monitor the combustion processes. This study presents an extensive physical charac-
terization of aerosol particles measured from a bubbling fluidized bed boiler with different fuel mixtures
and optional ferric sulfate feeding. The fuel mixtures included bark, sludge, peat and solid recovered fuel.
Previously, the characterization of the particles analyzed from a fluidized bed reactor has mainly focused
on chemical off-line analysis of collected impactor samples, large coarse mode particles or laboratory-
scale reactors. In this study, the focus is in the particle size range from 3 to 500 nm, where mobility size
distributions, effective density, morphology and electric net charge of particles were measured and ana-
lyzed. In the boiler, the particle size distribution in the measurement range was unimodal. Gas phase spe-
cies formed a second smaller particle mode in the dilution. The number concentration of the smaller
mode, peaking around 20 nm, was mostly dominating but variations were seen with respect to measure-
ment location, fuel mixture and additive feeding. The effective density of these particles was approxi-
mately 1.4 g/cm3. The larger mode, peaking around 80 nm, was found to be more stable and the
effective density of these particles decreased as a function of particle size, being 3–4 g/cm3 at the max-
imum. The results of this work suggest that the cores of these particles already exist in the boiler and
partly consist of heavier lead and zinc compounds. The ferric sulfate feeding decreased the number
and mass concentration of the smaller mode particles, which are formed in the sampling and dilution
processes mainly from the gas phase alkali chlorides. These condensable species were also linked to
the negative net charge of particles. This study deepens the understanding of the combustion process
and the sampling of aerosol particles with an aspect of on-line monitoring.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The utilization of biomass and waste in energy production has
significantly increased in recent years. The main reasons for this

development are global warming concerns and the need to reduce
fossil fuel burning. In addition, new manners are being sought to
treat different waste products cost-effectively and to avoid dump-
ing them at landfill sites. Unfortunately, burning of biomass and
waste incineration lead to various ash related problems in power
plants [5,28,4,9,13]. So far, the most well-known problem is the
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except sludge are introduced through fuel openings in the left and
right walls of the boiler. Meanwhile the sludge is transported via
pneumatic transport line from the thermal drying plant. In addition
to the normal operation of the plant, also peat was used in the
experiments of this work. It was typical Finnish peat with a sulfur
content of 0.2%. The peat was introduced to the boiler together with
the bark.

In this study, the fuel is a mixture of SRF, bark, sludge and peat.
The proportions of individual fuels are shown in Table 1. The
amount of SRF varied from 50% to 70% and the amount of bark from
0% to 44%. The peat was used in two fuel mixtures having a peat
share of 34%. Furthermore, all the mixtures included 6% of sludge.
The properties of the fuel mixtures are seen in Table 2. Analyses
were carried out according to standardized CEN/TS, ASTM and
ISO methods for biomass and SRF.

As fuel additive, aqueous solution of ferric sulfate was used. The
solution of 43–47% diiron tris (sulfate) was sprayed just below the
bullnose in the front, right and left walls of the boiler. In addition,
also the effect of solid sulfur pellets mixed to the fuel was tested,
but practically no difference compared to reference was seen. Thus,
this study focuses on the ferric sulfate feeding. The effect of sulfate
additive feeding on the properties of fuel mixtures and ash forming
compounds is seen in Table 2 as an example for Fuel 2.

The measurement campaign included 18 steady point
experiments. A single steady point experiment means a certain

combination of fuel mixture and additive feeding including the ref-
erence with no additive feeding. During a steady point experiment
these factors were kept constant and the burning process in the
boiler was relatively stable. The elapsed time of the steady point
experiments varied from one and a half hours up to nine hours
depending on the measurements. The parameters of the combus-
tion are seen in Table 2 for steady point experiments with different
fuel mixtures. Unfortunately, the SO2 concentration for the steady
point with additive feeding is not available. At this point, it should
be pointed out that the SO2 concentrations are measured in the
boiler and, after the wet scrubber, they are close to zero.

2.3. Sampling system and measurement setup

Fig. 2 shows a schematic diagram of the sampling system and
the measurement setup. The sampling system, which has been
used in several previous studies [2,34,35], is marked with a dashed
line. A detailed description of the system is provided by Vainikka
et al. [35]. In short, the system consists of an air-cooled sampling
probe, two ejector diluters and two cyclones with a 10 lm cut-size.
With respect to the results and discussion of this study, it is impor-
tant to describe the dilution process in the sample flow. At first, the
sample is sucked in the probe and immediately diluted within a
200 mm long gas permeable tube diluter with an inner diameter
of 8.8 mm. At this stage, the sample is cooled by 250 �C in less than
0.2 s mainly due to the cooling effect of the diluting nitrogen gas.
The target dilution ratio in this first stage of dilution is 8. The sec-
ond stage of dilution is after the probe an ejector diluter with a
dilution ratio 3. After this, the sample flow is divided into two
parts. One part of the sample flows to a Dekati low pressure impac-
tor (DLPI), which is a part of the previously used setup and it is
used to collect impactor samples for the chemical analysis and
weighing. The other part continues through another ejector diluter,
i.e. the third stage of dilution with a dilution ratio 11, to all the aer-
osol instruments.

In Fig. 2, the part outside the dashed line describes the measure-
ment setup used to characterize the physical properties of parti-
cles. It consists of two parallel scanning mobility particle sizers
(SMPS), a TEM collector and an ELPI, with which the sample can
be led straight to the inlet or through a differential particle sizer
(DMA). The latter case enables a measurement of monodisperse
aerosol and different particle sizes with the ELPI.

In general, the primary dilution conducted by the permeable
tube diluter is to be expected to affect particle population due to
the nucleation and condensation of initially gaseous compounds.
Instead, based on the study of Giechaskiel et al. [10], the ejector
diluters can be assumed to affect only the particle concentration,
not other parameters or characteristics of particle population. For
instance, ejector type diluters have been used in several studies
focused on electric charge of combustion originated particles
[25,21,22].

2.4. Aerosol measurements and data processing

Two parallel SMPS’s with different size ranges measured the
particle mobility size distributions. The Nano-SMPS consisted of a
Nano-DMA (TSI Model 3085) and a CPC (TSI Model 3025) having
a size range of 3–65 nm, and the Long-SMPS of a Long-DMA (TSI
Model 3071) and a CPC (TSI Model 3775) having a size range of
10–422 nm. In general, the SMPS [38] enables the measurement
of an aerosol size distribution with a high size resolution. If the
SMPS is compared to the ELPI, it measures smaller particles and
is also more accurate with particle sizes below 20 nm.With respect
to time resolution, the SMPS is slower. In these measurements, the
time resolution of both the SMPS’s, i.e. the time between two con-
secutive size distributions, was 150 s. Compared to the duration of

1

2

3 4

Fig. 1. Schematic of the BFB boiler at the co-incineration plant of Anjala Paper Mill:
(1) secondary air feed, (2) tertiary air feed, (3) superheater and (4) 2nd pass. The
schematic is reprinted with the permission of Valmet Corporation.

Table 1
The compositions of the fuel mixtures used in the experiments.

SRF (%) Bark (%) Sludge (%) Peat (%)

Fuel 1 50 44 6 –
Fuel 2 70 24 6 –
Fuel 3 50 10 6 34
Fuel 4 60 – 6 34

146 H. Kuuluvainen et al. / Fuel 139 (2015) 144–153

high temperature corrosion of the superheaters in a boiler, induced
by alkali chloride deposition [30]. Also other elements found in
fuels, such as bromine, have been indicated to have similar effects
[34]. Altogether, the increased utilization of biomass fuels and dif-
ferent waste fuels has led to an increased need to study the com-
bustion process and to develop fuel additives against corrosion.

The corrosion problem is based on the fact that most biomass
fuels and waste fuels have a relatively high content of alkali metals
and chlorine, but they contain clearly less sulfur than fossil fuels. In
a boiler, alkali chlorides are found to be in the gas phase. They tend
to condense on the boiler heat transfer surfaces and form complex
alkali salts with iron and other elements in the heat transfer com-
ponents. These salts are highly corrosive. However, it has been
showed that, by spraying sulfate containing compound into the
flue gas after the combustion is completed, the corrosion can effec-
tively be reduced [11]. Consequently, before the flue gas reaches
the superheater, alkali chlorides are effectively converted to alkali
sulfates. These compounds are more stable and much less corro-
sive than alkali chlorides. Several reagents have been protected
for the application with patents [3]. These compounds are
ðNH4Þ2SO4;NH4HSO4;H2SO4 and FeSO4. Also co-combustion with
peat has been shown to reduce corrosion [18].

To study the effects of fuel additives and fuel components on
corrosion, the instrumentation of the in situ measurements of gas-
eous alkali chlorides has been developed. Several methods capable
of on-line analysis of metal species in industrial processes are
extensively reviewed by Monkhouse [29]. A few applications have
recently been developed to define the amount of KCl and NaCl in
the hot flue gas channel, i.e. the in situ alkali chloride monitor,
IACM, based on the differential optical absorption spectroscopy
[8] and the CPFAAS (collinear photofragmentation and atomic
absorption spectroscopy) method presented by Sorvajärvi et al.
[33]. The advantages of these methods are that no gas preparation
system is needed and measurements are performed in situ. How-
ever, the calibration of the instruments is not trivial and it should
be performed in similar temperature conditions as the measure-
ment. These sort of optical instruments are also fairly expensive.

In addition to the reagents mentioned earliettr, Aho et al. [2]
showed that also aluminium sulfate and ferric sulfate, i.e.
Al2ðSO4Þ3 and Fe2ðSO4Þ3 respectively, have similar tendency to pre-
vent corrosion. In studying these alternatetive reagents, aerosol
particle and fly ash measurements have had an important role. A
specific sampling system enables the measurement of aerosol par-
ticles from the flue gas. After an air-cooled sampling probe and a
two-step dilution, particles can be collected with a low pressure
cascade impactor or led through an additional dilution to other
aerosol measuring devices. Most of the studies based on this sam-
pling system rely on the chemical off-line analysis of the collected
impactor samples [2,34,35]. An electrical low pressure impactor,
ELPI [19], has been used in these measurements to provide an
aspect of on-line monitoring, but the instrument data has not been
analyzed further.

In general, the physical properties of aerosol particles measured
from flue gas and the formation processes of these aerosols have
been widely studied since 1990s. In straw-fired boilers, the variety
of experimental methods have been extensive, including low pres-
sure impactors (LPI), scanning mobility particle sizers (SMPS) and
electron microscopy [6,7,40]. The focus has been in sub-micron
particles and understanding the formation of the particles [12].
In fluidized bed reactors burning waste and biomass, the research
has focused on low pressure impactor measurements and electron
microscopy of particles larger than one micron [23,36,13]. More
recently, Lind et al. [24] and Sippula et al. [32] have been investi-
gated the composition and the formation mechanisms of the aero-
sol particles measured from a laboratory scale fluidized bed
reactor.

The main purpose of this study is to broaden the analysis of aer-
osol particles measured with the previously presented sampling
system [2]. So far, the chemical composition of the flue gas parti-
cles measured from a full scale fluidized bed reactor has been stud-
ied in many different cases, but the physical properties, especially
in the size range below 500 nm, have not been characterized at all.
In this study, aerosol size distributions, the physical structure and
the electric net charge of the particles are considered. The analysis
is based on the measurements at a bubbling fluidized bed (BFB)
boiler. An important aspect is how the ferric sulfate feeding affects
the properties of aerosol particles. The final goal in that sense is the
on-line monitoring of additive feeding processes. In addition to this
possibility, this study aims at more profound understanding of the
combustion process and the sampling of aerosol particles. To sup-
port the physical characterization and to connect the results to
previous studies, also chemical off-line analysis of collected impac-
tor samples is presented.

2. Experimental

2.1. BFB boiler and measurement locations

The experiments were carried out at the co-incineration plant of
Anjala Paper Mill located in southern Finland during a two-week
campaign. Detailed information on the plant and its history is
given by Vainikka et al. [34]. Briefly, the plant started as a pulver-
ized coal boiler but was converted to BFB boiler in 1995. The
change enabled the utilization of solid recovered fuel (SRF) as a fuel
component, and after 2006, the SRF share from all fuels was
increased to 60%. The flue gas cleaning system includes an electro-
static precipitator (ESP) and a wet scrubber, from which the latter
was installed in 1995. The ESP is designed to remove particulate
emissions and the wet scrubber gaseous components. With this
system, the plant could meet the EU Waste Incineration Directive
(WID) emission limits [34].

The schematic of the BFB boiler is presented in Fig. 1. The fur-
nace size is approximately 8 � 8 � 30 m. Fuel is introduced to the
furnace at the height of 3.5 m from the grate. The secondary air
feeding takes place at 5.5 m and tertiary air feeding at 15 m from
the grate. After the tertiary air addition, the air to fuel ratio is
approximately 1.37. The flue gas temperature is at its highest
950 �C downstream from the secondary air feeding. In between
the superheater tube blanks it is 740 �C and in the second pass
under 400 �C. The economizers and air pre-heaters are located in
the second pass.

In this study, the flue gas sample was taken either from the
superheater area or from the second pass of the boiler. The temper-
atures at these locations in the boiler are 740 �C and 400 �C, respec-
tively. The measurement locations were chosen in order to study
the flue gas composition in the superheater and reveal the possible
changes of the composition while moving downstream to the sec-
ond pass. These objectives are directly connected to the corrosion
problem caused by the wall deposition of different compounds.

2.2. Fuels, fuel mixtures and fuel additives

The boiler is designed to handle firing fuel mixtures of SRF, Scan-
dinavian spruce bark, and dried paper mill sludge. The SRF origi-
nates from southern Finland and has undergone homogenization
to 50–100 mm particle size and magnetic separation. In addition,
PVC based packaging plastics have been excluded during the collec-
tion and preparation. SRF is delivered to the facility in wrapped
bales or fluffs. The bark comes from the debarking processes of
the adjacent paper mill while the sludge comes from the waste
water treatment facility of the same mill [34]. The fuel mixtures
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except sludge are introduced through fuel openings in the left and
right walls of the boiler. Meanwhile the sludge is transported via
pneumatic transport line from the thermal drying plant. In addition
to the normal operation of the plant, also peat was used in the
experiments of this work. It was typical Finnish peat with a sulfur
content of 0.2%. The peat was introduced to the boiler together with
the bark.

In this study, the fuel is a mixture of SRF, bark, sludge and peat.
The proportions of individual fuels are shown in Table 1. The
amount of SRF varied from 50% to 70% and the amount of bark from
0% to 44%. The peat was used in two fuel mixtures having a peat
share of 34%. Furthermore, all the mixtures included 6% of sludge.
The properties of the fuel mixtures are seen in Table 2. Analyses
were carried out according to standardized CEN/TS, ASTM and
ISO methods for biomass and SRF.

As fuel additive, aqueous solution of ferric sulfate was used. The
solution of 43–47% diiron tris (sulfate) was sprayed just below the
bullnose in the front, right and left walls of the boiler. In addition,
also the effect of solid sulfur pellets mixed to the fuel was tested,
but practically no difference compared to reference was seen. Thus,
this study focuses on the ferric sulfate feeding. The effect of sulfate
additive feeding on the properties of fuel mixtures and ash forming
compounds is seen in Table 2 as an example for Fuel 2.

The measurement campaign included 18 steady point
experiments. A single steady point experiment means a certain

combination of fuel mixture and additive feeding including the ref-
erence with no additive feeding. During a steady point experiment
these factors were kept constant and the burning process in the
boiler was relatively stable. The elapsed time of the steady point
experiments varied from one and a half hours up to nine hours
depending on the measurements. The parameters of the combus-
tion are seen in Table 2 for steady point experiments with different
fuel mixtures. Unfortunately, the SO2 concentration for the steady
point with additive feeding is not available. At this point, it should
be pointed out that the SO2 concentrations are measured in the
boiler and, after the wet scrubber, they are close to zero.

2.3. Sampling system and measurement setup

Fig. 2 shows a schematic diagram of the sampling system and
the measurement setup. The sampling system, which has been
used in several previous studies [2,34,35], is marked with a dashed
line. A detailed description of the system is provided by Vainikka
et al. [35]. In short, the system consists of an air-cooled sampling
probe, two ejector diluters and two cyclones with a 10 lm cut-size.
With respect to the results and discussion of this study, it is impor-
tant to describe the dilution process in the sample flow. At first, the
sample is sucked in the probe and immediately diluted within a
200 mm long gas permeable tube diluter with an inner diameter
of 8.8 mm. At this stage, the sample is cooled by 250 �C in less than
0.2 s mainly due to the cooling effect of the diluting nitrogen gas.
The target dilution ratio in this first stage of dilution is 8. The sec-
ond stage of dilution is after the probe an ejector diluter with a
dilution ratio 3. After this, the sample flow is divided into two
parts. One part of the sample flows to a Dekati low pressure impac-
tor (DLPI), which is a part of the previously used setup and it is
used to collect impactor samples for the chemical analysis and
weighing. The other part continues through another ejector diluter,
i.e. the third stage of dilution with a dilution ratio 11, to all the aer-
osol instruments.

In Fig. 2, the part outside the dashed line describes the measure-
ment setup used to characterize the physical properties of parti-
cles. It consists of two parallel scanning mobility particle sizers
(SMPS), a TEM collector and an ELPI, with which the sample can
be led straight to the inlet or through a differential particle sizer
(DMA). The latter case enables a measurement of monodisperse
aerosol and different particle sizes with the ELPI.

In general, the primary dilution conducted by the permeable
tube diluter is to be expected to affect particle population due to
the nucleation and condensation of initially gaseous compounds.
Instead, based on the study of Giechaskiel et al. [10], the ejector
diluters can be assumed to affect only the particle concentration,
not other parameters or characteristics of particle population. For
instance, ejector type diluters have been used in several studies
focused on electric charge of combustion originated particles
[25,21,22].

2.4. Aerosol measurements and data processing

Two parallel SMPS’s with different size ranges measured the
particle mobility size distributions. The Nano-SMPS consisted of a
Nano-DMA (TSI Model 3085) and a CPC (TSI Model 3025) having
a size range of 3–65 nm, and the Long-SMPS of a Long-DMA (TSI
Model 3071) and a CPC (TSI Model 3775) having a size range of
10–422 nm. In general, the SMPS [38] enables the measurement
of an aerosol size distribution with a high size resolution. If the
SMPS is compared to the ELPI, it measures smaller particles and
is also more accurate with particle sizes below 20 nm.With respect
to time resolution, the SMPS is slower. In these measurements, the
time resolution of both the SMPS’s, i.e. the time between two con-
secutive size distributions, was 150 s. Compared to the duration of

1

2

3 4

Fig. 1. Schematic of the BFB boiler at the co-incineration plant of Anjala Paper Mill:
(1) secondary air feed, (2) tertiary air feed, (3) superheater and (4) 2nd pass. The
schematic is reprinted with the permission of Valmet Corporation.

Table 1
The compositions of the fuel mixtures used in the experiments.

SRF (%) Bark (%) Sludge (%) Peat (%)

Fuel 1 50 44 6 –
Fuel 2 70 24 6 –
Fuel 3 50 10 6 34
Fuel 4 60 – 6 34

146 H. Kuuluvainen et al. / Fuel 139 (2015) 144–153



V/4 V/5

function of aerodynamic size as it is in the ELPI. Finally, the differ-
ences between these mass size distributions were minimized and
the density values defined. To distinguish this procedure from
the effective density analysis, the term density parameter q is used
here. It means the average density over the whole size distribution
while assuming spherical particles.

The measurement indicating the net charge of the particles was
carried out with the ELPI by setting off the corona charger of the
instrument and comparing it to the reference signal measured with
the charger. In the case without the charger, a polydisperse aerosol
sample was measured straight from the sample line. Because the
charger was set off, only the naturally charged particles in the sam-
ple were measured with the ELPI electrometers. By comparing this
current distribution to the reference measured with the charger,
the particle net charge distribution as a function of aerodynamic
particle size was obtained. If half of the particles in a certain size
range are negative and half of them positive, the net charge is zero
and no signal is detected. However, if the balance is on either neg-
ative or positive side, a current signal is measured at the corre-
sponding impactor stage.

Particle samples for the transmission electron microscope
(TEM) analysis were collected on holey carbon coated copper grids.
During the collection, the flow through the grid was one liter per
minute, and the collection times varied between 10 and 750 s.
The collection efficiency of the holey grids is not constant as a func-
tion of particle size. Different physical collection mechanisms
dominating at different particle sizes lead to uneven collection of
particles at wide size range but, however, all the particle sizes rel-
evant to this study are represented. In addition to the TEM image
analysis, also Energy-dispersive X-ray spectroscopy (EDS) analysis
was conducted for the collected particles.

3. Results and discussion

3.1. Aerosol size distributions

In general, aerosol particles formed a two-modal size distribu-
tion in the covered mobility size range of 3–422 nm. Fig. 3 shows
an example of a size distribution measured at the superheater.
The distribution represents a single steady point and it is calcu-
lated as an average of several tens of measurements. Also the stan-
dard deviation of the data set is shown as a metric for the variation
in the particle concentration. The smaller particle mode, referred as
Mode 1, reaches its peak at around 20 nm. The variation in the con-
centration of this mode is notable. In contrast, the standard

deviation is much smaller in the larger mode, referred as Mode
2. The peak of Mode 2 is slightly under 100 nm. The approximate
positions of the peaks and the characteristics of the stabilities
can be generalized to different steady points and both the mea-
surement locations.

Particle size distributions with respect to fuel mixture are
shown in Fig. 4a measured at the superheater and in Fig. 4b mea-
sured at the 2nd pass. At first, it is reasonable to look at some gen-
eral features of the distributions between the two measurement
locations. Mode 2, or at least the right hand side of it, which is
not affected by the overlapping of Mode 1, seems to remain
unchanged in the boiler while moving from the superheater to
the 2nd pass. At the same time, changes of magnitude can be seen
in the concentration of Mode 1. Also the mean particle size changes
dramatically for some of the fuel mixtures. Consequently, the
hypothesis would be that the particles of Mode 2 exist already in
the boiler and the particles of Mode 1 are formed in the dilution
from the condensable species existing in the boiler. In this respect,
condensable species refer to the molecules having a relative low
saturation vapor pressure and being able to either condense on
existing particles in the dilution or form new particles through
nucleation. The presented hypothesis can also be supported by sev-
eral other facts later on.

According to the size distribution data (Fig. 4), the fuel mixtures
can be divided into two groups: the fuel mixtures including peat
and the fuel mixtures not including peat. The first group consists
of Fuels 3 and 4, both having a peat share of 34%. The size distribu-
tions measured at the superheater are very similar for these two
fuel mixtures. The only difference is seen at very small particle
sizes where also the standard deviation is high. However, the dif-
ference to the other fuel mixtures is notable. The fuel mixtures
including peat seem to have lower concentration in Mode 1 and
smaller particle size in Mode 2 compared to other fuel mixtures
measured at the superheater. At the 2nd pass, the difference in
the concentration of Mode 1 is vice versa and Mode 2 remains
unchanged. Unfortunately, there are no data available for Fuel 3
measured at the 2nd pass.

The other group, i.e. the fuel mixtures not including peat, con-
sists of Fuels 1 and 2. The size distributions of these fuel mixtures
show very high concentrations in Mode 1 at the superheater, but
there is a huge decrease while moving to the 2nd pass. Also the
mean particle size of these modes decreases. These results suggest
a possible decrease in concentration of condensable species pres-
ent in the flue gas around the superheater and the 2nd pass. Of
course, the initial temperature in the boiler may affect to some
extent the formation of Mode 1 particles in the dilution and thus
the measured size distributions.

The loss of Mode 1 particles between the superheater and the
2nd pass can be explained by the presence or absence of alkali
chloride salts, e.g. KCl and NaCl. Being in the gas phase in the boiler
these salts often populate the lower particle size range of sample
collected by the ELPI or DLPI. The temperature around the super-
heater surface in contact with the gas is enough to reach the dew
point of these salts. The dew point of these salts is shown to be
within the temperature range of the superheater environment
[34].

For the fuel mixtures without peat, the flue gas arriving at the
superheater is enriched with these alkali chloride species. The tem-
perature around the superheater surface in contact with the gas is
enough to reach the melting point of these salts. The melting
points for KCl and NaCl are 770 �C and 801 �C, respectively. This
phenomenon may help to explain why with Fuels 1 and 2, a huge
loss of Mode 1 particles is seen while moving from the superheater
to the 2nd pass.

Meanwhile for peat containing fuel mixtures, the loss of Mode
1 particles is minimal. To begin with, the flue gases from peat
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Fig. 3. An example of the particle size distributions measured at the superheater.
The distribution is calculated as an average of several measurements and the gray
area represents the standard deviation.
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the steady point experimets, this time resolution is very good. The
first step in the data analysis performed for all the data was to
combine two size distributions with different size ranges to a sin-
gle size distribution. This was carried out by calculating a linearly
weighted average for the size range 10–65 nm, so that the weight
of the Nano-SMPS was 100% at the lower end and the weight of the
Long-SMPS was 100% at the higher end. In addition, all the size dis-
tributions presented here are multiplied by the total dilution ratio.
With this procedure, the distribution concentrations represent the
number of particles existing in the boiler per standard cubic centi-
meter and the similarly understood potential of the flue gas to
form particles in the dilution.

The ELPI was used in the experiments for two different pur-
poses, i.e. the effective density measurement and the net charge
measurement. The ELPI is an aerosol instrument that classifies par-
ticles in a cascade impactor according to their aerodynamic size.
Particles are charged in a corona charger before entering the
impactor and measured electrically with sensitive electrometers
connected to the impactor stages. In these experiments, the ELPI
was equipped with a filter stage [27] and an extra stage [39]. In
addition, standard steel substrates were placed by porous

substrates at the impactor stages in order to prevent particle
bouncing in the case of different solid particle materials [20].
Impactor collection efficiency curves for this setup have been mea-
sured in the laboratory.

In the effective density measurement, the sample was led
through an aerosol neutralizer and a Vienna-type DMA to the ELPI.
By changing the voltage of the DMA, different particle electrical
mobilities could be chosen from the sample aerosol. In this config-
uration, a single electrical mobilitymay not directly correspond to a
single particle mobility size because of multiply charged particles.
However, the probability of multiply charge particles with the
same electrical mobility is very small for small particles, and, for
larger particles, there are very few multiply charged particles with
the same electrical mobility because of the clearly declining shape
of the particle distribution over 100 nm. Consequently, the mea-
surement and the data analysis could be performed by taking
account only singly charge particles. The effective densitymeasure-
ment and calculation is based on the relation between the mobility
diameter dp and the aerodynamic diameter da of the particle [31]:

qeffCCðdpÞd2
p ¼ q0CCðdaÞd2

a ; ð1Þ

where CC is the slip correction factor, q0 is the unit density and qeff

the effective density. With the help of the known collection effi-
ciency curves of the ELPI impactor and this relation, it is possible
to calculate a theoretical ELPI current distribution for a certain
mobility size and for a certain effective density. By setting the effec-
tive density as a free parameter and minimizing the difference
between the theoretical currents and the measured currents, the
effective density can be defined. Similar method has previously
been used, for instance, in diesel exhaust measurements [37] and
in the measurement of atmospheric aerosols [15].

To support the effective density analysis, the DLPI total mass
size distributions were compared to the number size distributions
measured with the SMPS. In this procedure, the density of the par-
ticles was set to be as a free parameter but constant as a function of
particle size. The mass size distributions as a function of particle
mobility size were then calculated from the number size distribu-
tions by assuming spherical particles and using the density param-
eter. At the same time, the DLPI mass size distributions could be
converted to mass size distributions as a function of mobility size
by using the same density parameter. The output of the DLPI is as a

Table 2
The properties of the fuel mixtures and the parameters of the combustion process for chosen steady point experiments defined by the fuel mixture and possible sulfate additive
feeding.

Fuel 1 Fuel 2 Fuel 3 Fuel 4 Fuel 2 + sulfate

Moisture (wt%) 47.3 46.4 42.2 44.0 43.2
Ash (wt%) 6.8 7.8 6.8 18.4 10.2

In dry solids (wt%)
C 52.3 50.9 56.0 18.4 10.2
H 6.9 6.5 7.3 5.6 6.1
N 0.70 0.75 0.80 0.81 0.84
O 32.8 33.0 33.9 28.3 33.7
S 0.14 0.39 0.28 0.41 0.37
Cl 0.31 0.66 0.18 0.27 0.30

Ash forming compounds (mg/kg)
Na 1826 1866 1075 3191 2207
K 1475 1530 1112 4379 2089
Ca 18312 19754 13360 14962 20552

Combustion parameters
O2 (%) 7.2 7.0 7.5 7.7 6.5
H2O (%) 18.2 17.5 14.7 16 19.9
CO2 (%) 8.4 8.5 8.3 8.0 8.7
CO (%) 0.6 0.2 0 0.3 0.3
SO2 (ppm) 16.9 118 88.4 159.4 –
NOx (ppm) 138.7 152.1 180.9 169.5 156.4
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function of aerodynamic size as it is in the ELPI. Finally, the differ-
ences between these mass size distributions were minimized and
the density values defined. To distinguish this procedure from
the effective density analysis, the term density parameter q is used
here. It means the average density over the whole size distribution
while assuming spherical particles.

The measurement indicating the net charge of the particles was
carried out with the ELPI by setting off the corona charger of the
instrument and comparing it to the reference signal measured with
the charger. In the case without the charger, a polydisperse aerosol
sample was measured straight from the sample line. Because the
charger was set off, only the naturally charged particles in the sam-
ple were measured with the ELPI electrometers. By comparing this
current distribution to the reference measured with the charger,
the particle net charge distribution as a function of aerodynamic
particle size was obtained. If half of the particles in a certain size
range are negative and half of them positive, the net charge is zero
and no signal is detected. However, if the balance is on either neg-
ative or positive side, a current signal is measured at the corre-
sponding impactor stage.

Particle samples for the transmission electron microscope
(TEM) analysis were collected on holey carbon coated copper grids.
During the collection, the flow through the grid was one liter per
minute, and the collection times varied between 10 and 750 s.
The collection efficiency of the holey grids is not constant as a func-
tion of particle size. Different physical collection mechanisms
dominating at different particle sizes lead to uneven collection of
particles at wide size range but, however, all the particle sizes rel-
evant to this study are represented. In addition to the TEM image
analysis, also Energy-dispersive X-ray spectroscopy (EDS) analysis
was conducted for the collected particles.

3. Results and discussion

3.1. Aerosol size distributions

In general, aerosol particles formed a two-modal size distribu-
tion in the covered mobility size range of 3–422 nm. Fig. 3 shows
an example of a size distribution measured at the superheater.
The distribution represents a single steady point and it is calcu-
lated as an average of several tens of measurements. Also the stan-
dard deviation of the data set is shown as a metric for the variation
in the particle concentration. The smaller particle mode, referred as
Mode 1, reaches its peak at around 20 nm. The variation in the con-
centration of this mode is notable. In contrast, the standard

deviation is much smaller in the larger mode, referred as Mode
2. The peak of Mode 2 is slightly under 100 nm. The approximate
positions of the peaks and the characteristics of the stabilities
can be generalized to different steady points and both the mea-
surement locations.

Particle size distributions with respect to fuel mixture are
shown in Fig. 4a measured at the superheater and in Fig. 4b mea-
sured at the 2nd pass. At first, it is reasonable to look at some gen-
eral features of the distributions between the two measurement
locations. Mode 2, or at least the right hand side of it, which is
not affected by the overlapping of Mode 1, seems to remain
unchanged in the boiler while moving from the superheater to
the 2nd pass. At the same time, changes of magnitude can be seen
in the concentration of Mode 1. Also the mean particle size changes
dramatically for some of the fuel mixtures. Consequently, the
hypothesis would be that the particles of Mode 2 exist already in
the boiler and the particles of Mode 1 are formed in the dilution
from the condensable species existing in the boiler. In this respect,
condensable species refer to the molecules having a relative low
saturation vapor pressure and being able to either condense on
existing particles in the dilution or form new particles through
nucleation. The presented hypothesis can also be supported by sev-
eral other facts later on.

According to the size distribution data (Fig. 4), the fuel mixtures
can be divided into two groups: the fuel mixtures including peat
and the fuel mixtures not including peat. The first group consists
of Fuels 3 and 4, both having a peat share of 34%. The size distribu-
tions measured at the superheater are very similar for these two
fuel mixtures. The only difference is seen at very small particle
sizes where also the standard deviation is high. However, the dif-
ference to the other fuel mixtures is notable. The fuel mixtures
including peat seem to have lower concentration in Mode 1 and
smaller particle size in Mode 2 compared to other fuel mixtures
measured at the superheater. At the 2nd pass, the difference in
the concentration of Mode 1 is vice versa and Mode 2 remains
unchanged. Unfortunately, there are no data available for Fuel 3
measured at the 2nd pass.

The other group, i.e. the fuel mixtures not including peat, con-
sists of Fuels 1 and 2. The size distributions of these fuel mixtures
show very high concentrations in Mode 1 at the superheater, but
there is a huge decrease while moving to the 2nd pass. Also the
mean particle size of these modes decreases. These results suggest
a possible decrease in concentration of condensable species pres-
ent in the flue gas around the superheater and the 2nd pass. Of
course, the initial temperature in the boiler may affect to some
extent the formation of Mode 1 particles in the dilution and thus
the measured size distributions.

The loss of Mode 1 particles between the superheater and the
2nd pass can be explained by the presence or absence of alkali
chloride salts, e.g. KCl and NaCl. Being in the gas phase in the boiler
these salts often populate the lower particle size range of sample
collected by the ELPI or DLPI. The temperature around the super-
heater surface in contact with the gas is enough to reach the dew
point of these salts. The dew point of these salts is shown to be
within the temperature range of the superheater environment
[34].

For the fuel mixtures without peat, the flue gas arriving at the
superheater is enriched with these alkali chloride species. The tem-
perature around the superheater surface in contact with the gas is
enough to reach the melting point of these salts. The melting
points for KCl and NaCl are 770 �C and 801 �C, respectively. This
phenomenon may help to explain why with Fuels 1 and 2, a huge
loss of Mode 1 particles is seen while moving from the superheater
to the 2nd pass.

Meanwhile for peat containing fuel mixtures, the loss of Mode
1 particles is minimal. To begin with, the flue gases from peat
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Fig. 3. An example of the particle size distributions measured at the superheater.
The distribution is calculated as an average of several measurements and the gray
area represents the standard deviation.

148 H. Kuuluvainen et al. / Fuel 139 (2015) 144–153



V/6 V/7

the particles presumably existing in the boiler and not by the den-
sity of condensable species. The relatively high density up to 4 g/
cm3 of Mode 2 particles or, at least, the core density of those par-
ticles cannot be explained by alkali chlorides and alkali sulfates.
There should be some compounds with higher density present as
heavy metal compounds, e.g. PbCl2, PbSO4 and ZnSO4 with bulk
densities 5.85, 6.29 and 3.54 g/cm3, respectively. The effect of the
solid sulfur feeding is not distinguished from the reference in any
of the particle density results.

While the effective density of Mode 1 is affected by the additive
feeding, the density of Mode 2 is mostly affected by the fuel mix-
ture. This can be seen in Fig. 7b. For Fuels 1 and 4, the density val-
ues clearly decrease as a function of particle size and the
measurement location seems to have very little effect on them.
One possible reason for the decreasing density as a function of par-
ticle size is the morphology of the particles. If smaller particles are
more spherical than larger particles, the larger particles also have
lower effective density. Another possible explanation is the change
in the chemical composition of the particles as a function of parti-
cle size. This could be caused by the condensation of condensable
species and the coagulation of Mode 1 particles on the larger par-
ticles. The fact that the measurement location does not effect on
the density of Mode 2 also supports the size distribution data, in
which Mode 2 was observed to be independent on the measure-
ment location (see Fig. 4). The densities of Mode 2 for Fuel 2 differ
from the other fuel mixtures in the deviation of the data set. This

can be explained by the very high SRF content in this fuel mixture
and the realtive high amount of various heavy metal compounds in
the fuel compared to other fuels used in these experiments.

The results of the DLPI–SMPS mass size distribution analysis
strongly support the effective density analysis. The average densi-
ties for each fuel mixture are seen in Fig. 7b as a function of the
mass size distribution GMD. Although these values are averaged
over all the steady points with and without additive feeding, the
standard deviations are below 0.4 for all the densities and these
are in good agreement with other data points. Because in the mass
size distribution analysis Mode 2 is dominating, also the densities
and the GMDs are mostly representing the particles of Mode 2.
Fig. 8 shows two examples of fitted mass size distributions for Fuel
1 without and with sulfate additive feeding. Note that the DLPI also
measures the coarse particle mode which is seen approximately in
the size range of 0.5–10 lm. However, this is excluded from the fit-
ting analysis as well as the largest particle sizes measured by the
SMPS. Comparing the mass size distributions without and with
additive feeding, it is seen that the total mass is greater in the latter
and Mode 2 strongly dominates in the mass size distribution. The
main reason for this is the growth in particle size of Mode 2 parti-
cles. The mass median diameter of Mode 2 is 109 nmwithout addi-
tive and 128 nm with additive. In the mass size distribution
without additive feeding (Fig. 8a), also Mode 1 is clearly seen. Evi-
dently, this leads to a lower density value compared to the case of
additive feeding because the particles of Mode 1 are less dense.
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Fig. 6. Molar composition of collected particles as a function of particle aerodynamic size for Fuel 2 (a) without and (b) with ferric sulfate additive.

Mode 2

Mode 1

10 20 50 100 200
0

1

2

3

4

5

dp (nm)

ρ
ef

f
(g

/
cm

3
)

SH 2nd pass DLPI–SMPS

Mode 2

Mode 1

10 20 50 100 200
0

1

2

3

4

5

dp (nm)

None Sulfate Sulfur Fuel 1 Fuel 2 Fuel 4

(a) (b)

Fig. 7. Effective density of particles as a function of particle mobility size with respect to (a) additive feeding and (b) fuel mixture. Both the subfigures include the whole
effective density data measured from the superheater and 2nd pass. Supporting data calculated from the DLPI–SMPS mass distribution comparison is also shown.

150 H. Kuuluvainen et al. / Fuel 139 (2015) 144–153

containing fuel mixtures may have less alkali chloride salts as they
arrive in the superheater region, thus, minimizing the condensa-
tion and loss of Mode 1 particles. The alkali capture ability and
the sulfur in peat are possible reasons why alkali chloride content
in the flue gas arriving at the superheater is lower. The recent study
by Kassman et al. [18] reported similar results.

The sulfur in peat may be released as SO2 or SO3 and attack
alkali chlorides to form alkali sulfates and HCl via the following
reactions:

2MClðgÞ þ SO2ðgÞ þH2Oþ 1
2
O2 ! M2SO4ðsÞ þ 2HClðgÞ ð2Þ

2MClðgÞ þ SO3ðgÞ þH2OðgÞ ! M2SO4ðsÞ þ 2HClðgÞ ð3Þ

where M is the alkali [17]. In addition the alkali capture ability of
peat will also produce HCl. Hydrogen chloride has lower dew point
temperature thus is not expected to condense between the super-
heater and the 2nd pass.

Particle size distributions with respect to additive feeding are
shown in Fig. 5. These distributions were measured for Fuel 2 at
the superheater. It can be seen that additive feeding affects the con-
centration of both the distribution modes. Especially, the concen-
tration of Mode 1 decreases with more than a magnitude. Similar
effects were also seen with other fuel mixtures at the superheater.
Thermal decomposition of ferric sulfate produces SO3 according to
the equation below [1].

Fe2ðSO4Þ3ðsÞ ! 3SO3ðgÞ þ Fe2O3ðsÞ ð4Þ

When SO3 meets alkali chlorides the reaction in Eq. (3) may then
commence. SO3 is more aggressive than SO2 in destroying alkali

chlorides and, as a result, the formation of alkali sulfate is almost
warranted. This is exhibited by the composition of the aerosols
shown in Fig. 6. The fraction of Cl in Mode 1 and 2 particles are
almost eradicated during the sulfate addition. However, the reac-
tion in Eq. (3) requires time for completion and particle growth is
expected [14,16]. The reason for that is probably the longer resi-
dence time for particle growth in the sulfur case, as K2SO4 nucleates
at a higher temperature than KCl [16]. This could explain the shift in
the peak of Mode 1 and 2 particles shown in Fig. 5.

3.2. Physical structure of particles

The effective density measurements together with the TEM
image analysis play an important role in understanding the phys-
ical structure of the particles. Fig. 7a shows the results of the den-
sity analysis with respect to additive feeding and Fig. 7b with
respect to fuel mixture. Altogether, Mode 1 has a constant density
1.5 � 0.3 g/cm3 (standard deviation as error limits) and the density
of Mode 2 particles is clearly higher but decreases as a function of
particle size. These results support the idea of some condensable
species forming new particles in the dilution and subsequent aer-
osol processes as coagulation affecting the composition and mor-
phology of Mode 2 particles. According to the chemical analysis
of DLPI samples, Mode 1 particles are found to be rich in K, Na,
Cl and/or S depending on whether an appropriate additive and
dose is introduced. The bulk densities of most probable compounds
KCl, NaCl, K2SO4 and Na2SO4 are 1.99, 2.16, 2.66 and 2.66 g/cm3,
respectively. The measured effective density of Mode 1 particles
is not far from these but still lower than any of the mentioned bulk
densities. An explanation for this difference could be the porous-
ness of the particle material or other additional chemical com-
pounds. Because the total mass of Mode 1 particles is rather
small, there may be some chemical compounds slightly affecting
the density of the particles but not seen in the chemical analysis.

As seen in Fig. 7a, the ferric sulfate feeding results in slightly
lower effective density values for the particles of Mode 1. With
the sulfate feeding the density is on average only 1.24 � 0.05 g/
cm3, while without any additive feeding it is 1.6 � 0.3 g/cm3. This
result is contradictory to the assumption that the sulfate feeding
would decrease the amount of alkali chlorides and increase the
amount of more dense alkali sulfates in the particles. However, it
should be remembered that the sulfate feeding significantly
decreases the number concentration of Mode 1 particles and, thus,
the role of trace elements and other possible chemical compounds
may increase. In Mode 2, the effect of the additive feeding on the
effective density is not seen. At the current size range below
200 nm, the density of Mode 2 is dominated by the density of
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the particles presumably existing in the boiler and not by the den-
sity of condensable species. The relatively high density up to 4 g/
cm3 of Mode 2 particles or, at least, the core density of those par-
ticles cannot be explained by alkali chlorides and alkali sulfates.
There should be some compounds with higher density present as
heavy metal compounds, e.g. PbCl2, PbSO4 and ZnSO4 with bulk
densities 5.85, 6.29 and 3.54 g/cm3, respectively. The effect of the
solid sulfur feeding is not distinguished from the reference in any
of the particle density results.

While the effective density of Mode 1 is affected by the additive
feeding, the density of Mode 2 is mostly affected by the fuel mix-
ture. This can be seen in Fig. 7b. For Fuels 1 and 4, the density val-
ues clearly decrease as a function of particle size and the
measurement location seems to have very little effect on them.
One possible reason for the decreasing density as a function of par-
ticle size is the morphology of the particles. If smaller particles are
more spherical than larger particles, the larger particles also have
lower effective density. Another possible explanation is the change
in the chemical composition of the particles as a function of parti-
cle size. This could be caused by the condensation of condensable
species and the coagulation of Mode 1 particles on the larger par-
ticles. The fact that the measurement location does not effect on
the density of Mode 2 also supports the size distribution data, in
which Mode 2 was observed to be independent on the measure-
ment location (see Fig. 4). The densities of Mode 2 for Fuel 2 differ
from the other fuel mixtures in the deviation of the data set. This

can be explained by the very high SRF content in this fuel mixture
and the realtive high amount of various heavy metal compounds in
the fuel compared to other fuels used in these experiments.

The results of the DLPI–SMPS mass size distribution analysis
strongly support the effective density analysis. The average densi-
ties for each fuel mixture are seen in Fig. 7b as a function of the
mass size distribution GMD. Although these values are averaged
over all the steady points with and without additive feeding, the
standard deviations are below 0.4 for all the densities and these
are in good agreement with other data points. Because in the mass
size distribution analysis Mode 2 is dominating, also the densities
and the GMDs are mostly representing the particles of Mode 2.
Fig. 8 shows two examples of fitted mass size distributions for Fuel
1 without and with sulfate additive feeding. Note that the DLPI also
measures the coarse particle mode which is seen approximately in
the size range of 0.5–10 lm. However, this is excluded from the fit-
ting analysis as well as the largest particle sizes measured by the
SMPS. Comparing the mass size distributions without and with
additive feeding, it is seen that the total mass is greater in the latter
and Mode 2 strongly dominates in the mass size distribution. The
main reason for this is the growth in particle size of Mode 2 parti-
cles. The mass median diameter of Mode 2 is 109 nmwithout addi-
tive and 128 nm with additive. In the mass size distribution
without additive feeding (Fig. 8a), also Mode 1 is clearly seen. Evi-
dently, this leads to a lower density value compared to the case of
additive feeding because the particles of Mode 1 are less dense.
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charge. This can evidently be connected to the size distribution
data and Mode 1 particles. At the aerodynamic size range from
50 to 200 nm, the net charge is positive and above 200 nm it
clearly drops again to the negative side. In this respect, the parti-
cles of Mode 2 mainly seem to have positive net charge. However,
when the relatively high density of these particles and the differ-
ence of mobility size and aerodynamic size are taken into account,
it can be said that the larger particles in Mode 2 probably have neg-
ative net charge. Altogether, the conclusion is that the condensa-
tion and formation of new particles in the dilution produce
negative charge to the aerosol phase while the particles presum-
ably existing in the boiler have positive net charge.

The main role of these net charge measurements and the pre-
sented results is to show that the particles are clearly charged
and, thus, a lot of information can be obtained by investigating
the electric charge. To give an example from another field of com-
bustion, i.e. heavy duty diesel engines, Lähde et al. [21] observed
that the charge of the emission particles is linked to driving param-
eters and exhaust gas after treatment. Measurements of the elec-
tric charge of flue gas particles have not been reported before. In
this study, the changes in the net charge as a function particle size
could be preliminary linked to the size distribution data, but this
definitely is a field that should be studied more carefully in the
future. The fractions of positively charged, negatively charged
and neutral particles should be measured separately as a function
of particle size. In addition, the effect of different fuels and fuel
additives on these should be studied. The more detailed informa-
tion on particle charge could lead to more profound understanding
of the particle formation and growth in the boiler and in the dilu-
tion system. Charging might be affected by different nucleation
mechanisms, temperature conditions and the chemistry of the con-
densable and gaseous species. All in all, extensive measurements
and analysis are needed to fully understand the electrical

properties of the particles measured from the boiler and, finally,
to exploit the high possibilities of on-line monitoring of the com-
bustion process by relatively simple electrical measurement
devices and sampling.

4. Summary and conclusions

This study provides an extensive physical characterization of
aerosol particles measured from a bubbling fluidized bed boiler.
Previous studies have shown that, by collecting the particles sam-
pled from the flue gas and analyzing their chemical composition,
the effect of different fuels and fuel additives on the combustion
process can be studied. This is important because of the corrosion
problem caused by the increased use of biomass burning and waste
fuels in energy production. The results of this work include infor-
mation on the particle size distributions, morphology and effective
density, and observations of the net charge of the particles.

In the boiler, the particle size distribution in the size range
below 500 nm was unimodal. Gas phase species formed a second
smaller particle mode in the dilution. The smaller mode, referred
as Mode 1, dominated the number concentration size distribution
measured at the superheater. The effective density occurred to be
around 1.4 g/cm3 and the shape of the particles was nearly spher-
ical. The number size distribution and the effective density of the
larger mode, referred as Mode 2, was found to be independent
on the measurement location. The effective density values were
rather high, from 3 to 4 g/cm3 at the maximum, but clearly
decreased as a function of particle size. This decrease can partly
be explained by the irregular morphology of the particles, but also
changes in the chemical composition are likely. The results indicate
the presence of heavier lead and zinc compounds in the core of
these particles. Combining all the information about these two
modes, it can be concluded that Mode 1 is formed in the dilution,
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Another important aspect supporting the effective density analysis
is the shape of the DLPI mass size distributions. In spite of the rel-
ative small size resolution, the right hand side of Mode 2 is very
steep. This can be explained by the decrease in effective density
as a function of particle mobility size. Larger particles are less
dense and thus aerodynamically smaller.

An example TEM image of the collected particles is seen in
Fig. 9. These particles were collected from the superheater during
an experiment with Fuel 3. Considering only the general features
of the TEM images, some of the findings presented in the size dis-
tribution analysis and in the effective density analysis can be sup-
ported. At first, there can be seen particles in the size range of both
the particle modes. The distribution of the collected particles on
the TEM grid may not match with the size distribution measure-
ment because of the irregularities in the TEM sampling but both
the modes are still represented. The smallest particles seem to be
homogeneous and near-spherical. This is consistent with the fact
that these particles would be formed in the dilution. Looking at
the larger particles in Fig. 9, more heterogeneous structures are
seen. Some agglomerates are seen, but the fractal structuring is

not so prevailing that it would totally explain the decrease in the
density of Mode 2 particles. Hovever, there are also seen lighter
material or smaller particles attached on some larger and darker
Mode 2 particles. Thus, the change in the chemical composition
would partly explain the decrease in the effective density.

Common for all the analyses performed in the electron micro-
scope was that particles tend to evaporate in the vacuum condi-
tions required by the microscope. This was especially seen when
the energetic electron beam was focused on the particles. Several
different elements were found in the EDS spectra including e.g. sul-
fur, sodium, potassium, silicon, calcium, oxygen and chlorine. Even
if there are lots of uncertainties in the amount of these elements
given by the analysis, some conclusion can be highlighted. For
instance, chlorine was clearly seen in the samples taken without
additive feeding but totally absent when sulfate additive feeding
was on. The most common elements analyzed nearly from all the
samples were potassium, sulfur and sodium. These observations
are in line with the chemical analysis of the DLPI samples. Also lead
and zinc were found in the larger particles. This supports the idea
of Mode 2 particles consisting partly of more dense lead and zinc
compounds. Unfortunately, the EDS analysis cannot be exploited
quantitatively because of the beam sensitivity and evaporation of
the samples.

3.3. Electric net charge of particles

An example of the electric net charge measurement with the
ELPI as a function of particle size is seen in Fig. 10. The current dis-
tributions with and without the charger represent the instrument
output. In normal operation, when the corona charger is turned
on, the net charge of particles is defined by the charging efficiency
of the ELPI [26]. This is called here as reference charge qref and is
illustrated in Fig. 10c. The net charge of particles qnet measured
straight from the sampling line is now presented in relation to this
reference charge (Fig. 10d). Although this is only one example, it
represents the general features of all the measurements. The cur-
rent distribution measured without the charger is in the order of
100 fA per stage and, thus, clearly measurable. The relative net
charge is in the order of 1% compared to the reference charge
and it is changing as a function of particle size. Practically, the
net charge is strongly dependent on particle size but the relation
to the reference charge remains in the same order of magnitude
in spite of the changing polarity. For example, the net charge at
134 nm is 0.11 elementary charges per particle and at 809 nm it
is �1.16.

According to the results, the smallest fraction of particles, i.e.
the particles under 50 nm in aerodynamic size, have negative net
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Fig. 9. A TEM image of the collected particles. The picture is taken before the
electron beam has remarkably affected the particles and led to the evaporation of
particle material.
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charge. This can evidently be connected to the size distribution
data and Mode 1 particles. At the aerodynamic size range from
50 to 200 nm, the net charge is positive and above 200 nm it
clearly drops again to the negative side. In this respect, the parti-
cles of Mode 2 mainly seem to have positive net charge. However,
when the relatively high density of these particles and the differ-
ence of mobility size and aerodynamic size are taken into account,
it can be said that the larger particles in Mode 2 probably have neg-
ative net charge. Altogether, the conclusion is that the condensa-
tion and formation of new particles in the dilution produce
negative charge to the aerosol phase while the particles presum-
ably existing in the boiler have positive net charge.

The main role of these net charge measurements and the pre-
sented results is to show that the particles are clearly charged
and, thus, a lot of information can be obtained by investigating
the electric charge. To give an example from another field of com-
bustion, i.e. heavy duty diesel engines, Lähde et al. [21] observed
that the charge of the emission particles is linked to driving param-
eters and exhaust gas after treatment. Measurements of the elec-
tric charge of flue gas particles have not been reported before. In
this study, the changes in the net charge as a function particle size
could be preliminary linked to the size distribution data, but this
definitely is a field that should be studied more carefully in the
future. The fractions of positively charged, negatively charged
and neutral particles should be measured separately as a function
of particle size. In addition, the effect of different fuels and fuel
additives on these should be studied. The more detailed informa-
tion on particle charge could lead to more profound understanding
of the particle formation and growth in the boiler and in the dilu-
tion system. Charging might be affected by different nucleation
mechanisms, temperature conditions and the chemistry of the con-
densable and gaseous species. All in all, extensive measurements
and analysis are needed to fully understand the electrical

properties of the particles measured from the boiler and, finally,
to exploit the high possibilities of on-line monitoring of the com-
bustion process by relatively simple electrical measurement
devices and sampling.

4. Summary and conclusions

This study provides an extensive physical characterization of
aerosol particles measured from a bubbling fluidized bed boiler.
Previous studies have shown that, by collecting the particles sam-
pled from the flue gas and analyzing their chemical composition,
the effect of different fuels and fuel additives on the combustion
process can be studied. This is important because of the corrosion
problem caused by the increased use of biomass burning and waste
fuels in energy production. The results of this work include infor-
mation on the particle size distributions, morphology and effective
density, and observations of the net charge of the particles.

In the boiler, the particle size distribution in the size range
below 500 nm was unimodal. Gas phase species formed a second
smaller particle mode in the dilution. The smaller mode, referred
as Mode 1, dominated the number concentration size distribution
measured at the superheater. The effective density occurred to be
around 1.4 g/cm3 and the shape of the particles was nearly spher-
ical. The number size distribution and the effective density of the
larger mode, referred as Mode 2, was found to be independent
on the measurement location. The effective density values were
rather high, from 3 to 4 g/cm3 at the maximum, but clearly
decreased as a function of particle size. This decrease can partly
be explained by the irregular morphology of the particles, but also
changes in the chemical composition are likely. The results indicate
the presence of heavier lead and zinc compounds in the core of
these particles. Combining all the information about these two
modes, it can be concluded that Mode 1 is formed in the dilution,
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shown. The reference charge (c) qref produced by the charger is known and the net charge of the particles measured straight from the sampling line (d) qnet is obtained from
the measurement. The latter is presented in relation to qref .
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and Mode 2, or at least the core of Mode 2, already exists in the
boiler.

The use of ferric sulfate as fuel additive significantly decreased
the number concentration of Mode 1 particles and, on the other
hand, increased the mean particle size and the total mass of Mode
2 particles. This observation is consistent with the chemical off-
line analysis of collected impactor samples and the previous
knowledge [2]. When the amount of alkali chlorides decreases
through sulfation in the flue gas, the formation of new particles
in the dilution is not as aggressive, and the sulfates tend to form
larger particles or condense on existing particles.

The particles were observed to have clearly measurable net
charge. As a function of particle size, both polarities were seen,
and most likely the negative net charge was related to the con-
densable species and particle formation in the dilution. The mea-
surement of electrically charged particles is generally simple and
fast. In this respect, the aerosol particles naturally charged in the
combustion process, or formed as charged particles in the dilution,
may be valuable. Together with the extensive information on the
physical properties of the particles and understanding of the parti-
cle dynamics in the sampling system, this may lead to simple
applications for on-line monitoring of combustion processes.
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(PCDD/F) sekä alkalikloridin muodostumista 140 MWth kerrosleijukattilassa 
käytettäessä polttoaineseoksia, joissa kiinteän kierrätyspolttoaineen 
energiaosuudet ovat korkeita (50–70 %). 
Polttoaineseos, jossa oli 50 % kiinteää kierrätyspolttoainetta, 44 % puun kuorta ja 
6 % lietettä, tuotti savukaasuun PCDD/F- yhdisteitä noin 0,7 ng/Nm3. Rikkipitoisten 
pellettien lisääminen alensi tuon pitoisuuden tasolle 0,3 ng/Nm3, ja yhteispoltto 
turpeen kanssa nosti sen tasolle 1,3 ng/Nm3. Savukaasulinjastosta mitattujen 
aerosolipitoisuuksien, sähkösuodattimelta kerätyn lentotuhkan röntgen 
absorptioanalyysin ja termodynaamisen mallinnuksen avulla havaittiin, että 
rikkipellettien lisääminen saattaa aiheuttaa kuparin sulfatoitumista. Kupari katalysoi 
voimakkaasti de novo-mekamismia ( joka muodostaa PCDD/F-yhdisteita 
savukakavassa). Poltettaessa kierrätyspolttoainetta turpeen kanssa suuri osuus 
lähinnä kierrätyspolttoaineesta peräisin olevaa kuparia pysyy tuhkassa ja saattaa 
voimistaa PCDD/F:n heterogeenista muodostumista kattilan tulipesän jälkeisissä 
osissa (de novo). Sähkösuodattimen (ESP) avulla voidaan alentaa PCDD/F:n 
pitoisuuksia savukaasulinjan kiintofaasissa. On kuitenkin mahdollista, että 
PCDD/F:n yhdisteitä voi siirtyä kaasufaasiin, jolloin ne läpäisevät suodattimet. 
Sulfaatin injektio osoittautui parhaaksi tulistinkorroosiota ehkäiseväksi 
menetelmäksi. Kloorin kerrostuminen tulistimille saatiin hallintaan jopa 70 % 
kierrätyspolttoaineen, 24 % puunkuoren ja 6 % lietteen seoksella. Sulfaatti-injektio 
estää kloorikorroosion tietyillä tulipesän alueilla. Muut tutkitut vaihtoehdot kloorin 
kerrostumisen rajoittamiseksi ovat sekapoltto turpeen kanssa sekä rikkipellettien 
lisäys. Seospoltto turpeen kanssa voi vähentää sekä savukaasun aerosolien että 
tulistimen kerrostumien klooripitoisuutta, mutta alenema riippuu voimakkaasti 
kierrätyspolttoaineen laadusta. Rikkipellettien lisäys voi myös alentaa aerosolien ja 
tulistimen kerrostumien klooripitoisuutta mutta vähemmän tehokkaasti kuin 
sulfaatti-injektio. 
Rikkipohjaisten lisäaineiden käytöllä voidaan heikentää PCDD/F:n ja alkalikloridien 
muodostumista jätteenpolton yhteydessä ja samalla tehostaa jätteiden 
hyödyntämistä energiantuotannossa. 
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Energy recovery from waste is one viable option for ensuring 
efficient waste management. It can reduce landfill waste by up to 
20 fold by volume leaving only sterile residues. However, there are 
several issues that are against the realization of this potential. 
Waste-to-energy facilities are considered by some as "dioxin 
factories", and Cl in the waste could cause significant profit loss 
due to corrosion. 
This work presents the production and abatement of 
polychlorinated dibenzo-p-dioxins/ dibenzofuran (PCDD/F) and 
alkali chlorides in a 140 MWth bubbling fluidized boiler fired with 
fuel mixtures containing a high energy-share of solid recovered 
fuel. Sulfur based additives induce sulfation of Cu and alkali salts. 
These additives can readily be applied in similar fluidized bed 
combustion and can therefore be a practicable solution to the 
issues discussed. 
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