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1. Introduction

Biomass boilers issues regarding slagging, fouling and corrosion are related to alkali species
present in fuel. During combustion these alkali species are released as gaseous alkali chlo-
rides, sulfates and/or hydroxides. Alkali chlorides/sulfates later condense on cold boiler sur-
faces enhancing fouling and corrosion. Subsequent interaction of alkali species with silicon
then forms low melting alkali-silicates. This low melting alkali silicates facilitates the formation
of compact and strong glassy deposit by dissolving other incoming ash components. Con-
densing chlorides/sulfates and low melting silicates both reduce boiler performance and its
availability. Using aluminosilicate based additive is widely discussed an attractive solution to
mitigate both slagging and fouling problems. Additives are expected to reduce formation of
molten deposit as well as condensation of alkali chloride/sulfates on cool boiler surfaces.
Alumino-silicate based additive are also expected to react with gaseous potassium chloride
releasing chlorine as HCI. Releasing chlorine as HCI decreases the risk of condensation of

corrosive alkali chlorides.

2. Aim

The aim of this work is to evaluate the influence of aluminium-silicate based on the formation
of molten deposit and condensation of alkali salts on cool boiler surfaces. Two biomass fuels
(Torrified Straw/Wood pellets) mixed with varying amount of alumina-silicate based additive
will be used in Fact Sage simulation. The influence of varying amount of additive will also be
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evaluated experimentally. The experimental work will be focused on evaluating the behaviour
of chlorine.

3. Approach

1. Detail literature review (Form of in-organics in biomass, behaviour of in-organics dur-
ing biomass combustion, Slagging and Fouling issues during biomass combustion,
Use of aluminium-silicate additives)

2. Thermodynamic equilibrium calculation using Software FACT Sage (Biomass and Bi-
omass + Varying amount of additives)

3. Experimental test to evaluate the influence of varying amount of additive.
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Kurzfassung

In der vorliegenden Studie, wurden die thermodynamischen Gleichgewichtsberechnungen
unter Verwendung des thermo Software- und Datenbank 'Factsage 6.3' durchgefuihrt, um die
Neigung zu Verschlackung und Ascheverhalten von Gebraten Stroh und Holzpellets und die
Wirkung von Aluminiumoxid-Silikat-basierte Additive zu simulieren. Dariliber hinaus, nahmen
die Experimente Platz im 20kWth Atmospharenfallrohrofen der IFK Einrichtung, um die
Auswirkungen der unterschiedlichen Menge an Zusatzstoffen in dem Verhalten der
Biomasse CI untersuchen zu kénnen. Die Gleichgewichts Ergebnisse zeigen, dass das
Verschlackungverhalten von Biomasse wird vor allem durch sein hohe K-Gehalt gefihrt.
Biomasse Slackeverhdltnis sich mit steigenden Temperaturen und niedrige Luft-Kraftstoff
Verhaltnisse erhoht. Die Steigung ist sehr scharf bei Temperaturen grof3er als die
Fluidtemperatur von Asche. Kaolinit zeigte, dass mit der Bildung von Schlacke gut umgeht
und ClI von KCI austragen kann. Die experimentellen Ergebnisse zeigen, dass die
Verwendung von variierenden Menge an Aluminiumoxid-Silikat-enthaltenden Additiven eine
schnelle Wirkung hat, die durch die schnellen Anderungen von HCI-Konzentrationen im
Rauchgas wahrgenommen wird. Als Additiv Futterung zunimmt, nimmt auch die Menge an
Chlor, das aus KCI erhalt und damit werden die HCI-Konzentrationen auch erhoht.
Zusatzlich, wurde es gezeigt, dass das molare Verhaltnis von K/ (Al + Si), die Menge an Cl,
die in HCI bildet, beeinflusst. Die Verwendung von Additiven, Cl zu KCI zu gehen zurtick und
folglich wird auch von Asche verhindert. Die Gleichgewichts und die experimentellen

Ergebnisse sind vergleichbar, speziell fir h6here Additiven Eingang in das System.



Abstract V

Abstract

In the present study, thermodynamic equilibrium calculations were performed using the
thermochemical software and database ‘FactSage 6.3’ in order to simulate the slagging ten-
dency and ash behaviour of Torrefied Straw and Wood Pellets and the effect of alumina-
silicate based additives. Moreover, experiments took place in the 20kWy, atmospheric drop
tube furnace of the IFK facility, in order to investigate the impact of varying amount of addi-
tives in the behaviour of biomass Cl. The equilibrium results show that the slagging behav-
iour of biomass is led primarily by its high K content. Biomass slag ratio increases with in-
creasing temperatures and low air to fuel ratios. The increase is very sharp for temperatures
over the fluid temperature of biomass ash. Kaolinite was shown to reduce the formation of
slag and lead Cl out of KCI. The experimental results show that the use of varying amount of
alumina-silicate based additives does have a fast impact which is perceived through the
quick changes of HCI concentrations in the flue gas. As the additive feeding increases, so
does the amount of chlorine that gets out of KCI and thus the HCI concentrations increase as
well. In addition, the molar ratio of K/(Al+Si) is shown to influence the amount of Cl that forms
into HCI. The use of additive restrained Cl from going to KCI and consequently was also pre-
vented from ash. The equilibrium and experimental results are close, especially for higher

additive input into the system.
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1 Introduction
1.1 Background & Motivation

One of the most important greenhouse gases (GHG) is CO, which greatly influences mean
global surface warming [1]. The biggest part of greenhouse gases comes from the production
of energy through the burning of fossil fuels in power plants [2]. Global energy demand is
expected to grow by 37% by 2040 [3] which would lead to greater greenhouse emissions and
severe impacts for people and ecosystems [1]. However, renewable energy sources with
their low-carbon emissions are gaining ground, mostly in OECD countries, while their share
in power generation is expected to be the one-third by 2040 [3]. In 2012 the share of tradi-
tional Biomass was 9% of the global energy consumption (Figure 1.1), while in the end of
2013 the Bio-power share of global electricity production was 1.8% [4]. Like the modern re-
newables, bio-power can provide significant shares of total electricity in areas where they are
cost competitive and good resources are available [4].

Estimated Renewable Energy Share of Global Final Energy Consumption, 2012

Biomass/
Modern Renewables geothermal/
10% solar heat
° 42%

]
1.2% 0.8%

Wind/solar/ Biofuels
biomass/

- geothermal
power
2.6%

Nuclear power

Fossil fuels

78.4%

RENZ21. 2014. Renewables 2014 Global Status Report (Paris: REN21 Secretariat).

Figure 1.1: Estimated Renewable Energy Share of Global Final Energy Consumption, 2012.
Source: Adapted from [4].



However, biomass fuels, that are regarded CO; neutral, have different composition from the
fossil fuels. They have high amounts of alkali and chlorine which changes the behavior of
ash forming elements and thus the deposit characteristics, often causing serious ash related
operational problems such as slagging, fouling and high temperature corrosion inside the
heat and power production plants [5]. The most important ash-forming elements in biomass
are Si, Al, Fe, Ca, Mg, Mn, K, Na, P, S and CI [6]. Silicon (Si), alkali earth metals (Ca,Mg),
Alkali metals (K,Na), sulphur (S) and chlorine (Cl) play a crucial role regarding slagging, foul-
ing and corrosion as concerning woody biomass. In a different path phosphorous (P) in agri-

cultural biomass has a leading role on the ash transformation reactions [6].

Potassium (K) is mainly responsible for the deposit formation inside a furnace. In pulverized
fuel boilers where temperatures are high, around 1300°C, potassium is expected to be re-
leased in gaseous phase as hydroxides (KOH), chlorides (KCI) and/or sulfates (K2.SQ.). The
amount of chlorine inside the fuel limits the creation of KCI and the remaining potassium is
transformed into KOH, while K>SO, is more stable in condensed phase (solid, liquid) [7]. Al-
kali chlorides and sulfates then condense on cool boiler surfaces promoting fouling and cor-
rosion. The following interaction of alkali species with silicon forms low melting alkali-silicates
which then facilitates the creation of compact and strong glassy deposit by dissolving other
incoming ash components [7]. These condensed chlorides/sulfates along with the low melt-
ing alkali-silicates reduce the boiler performance and its availability [7].

An efficient solution to these biomass ash problems is the addition of aluminosilicate miner-
als (e.g. kalolinite) during the biomass combustion [7]. Previous studies have proven the
benefits of aluminosilicate based additives, and their ability to capture gas potassium species
[7-9]. The mechanism that takes place is, initially the formation of the amorphous aluminosil-
icate called meta-kaolin (Al,03.2Si0O2) during the thermal decomposition of kaolinite [10]. Me-
ta-kaolin then captures the gaseous alkali species (KOH, KCI and less effectively K2S04)
creating higher melting temperature components [7]. This way formation of molten deposit as
well as condensation of alkali chloride/sulfates on cool boiler surfaces are expected to be
reduced. Also the additive reacts with gaseous potassium chloride (KCI) releasing chlorine

as HCI which, in turn, decreases the risk of condensation of corrosive alkali chlorides.

1.2 Objectives

The objective of this work is to evaluate the influence of aluminium-silicate based additives
on the formation of molten deposit and condensation of alkali salts on cool boiler surfaces.
This objective will be approached in two different steps. One step is the simulation in Fact

Sage of the ash behavior of two biomass fuels (Torrefied Straw/Wood pellets) mixed with
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varying amount of aluminosilicate based additive. The other step is the experimental evalua-
tion of the influence of varying amount of additives for Torrefied Straw and Wood Pellets. The
experimental work will be focused on evaluating the behavior of chlorine by the measure-
ment of HCI.






2 Literature review

In order to evaluate the combustion performance of biomass, the slagging, fouling and corro-
sion behavior of biomass and the effect of aluminosilicate additives, it is necessary to have
an understanding of the fundamentals of combustion process, the fuel characteristics of bio-
mass, the different ash species formations mechanisms and the aluminosilicate additive in-
tervention procedure. In this chapter procedures that contribute in deposit formation inside
boilers are explained, technical issues that come as a consequence and the advantages of
aluminosilicate additive use are discussed and also similar case studies that have already

taken place and can be taken into consideration are referred.
2.1 Fuel characterization and analytical techniques

Biomass is the fuel that is of interest in this study and more specifically Wood Pellets and
Torrefied Straw. In the following sections, the general differences in fuel properties are pre-
sented as well as a small description of the techniques used to characterize various proper-
ties of biomass fuel.

Fuel Properties

The combustion of biomass has many emission factors that depend on the type and quality
of the used fuel, on the combustion technologies and on the operating conditions. In turn the
fuel quality hinges upon its own chemical composition, including its water content. Further-
more the ash content varies according to the inorganic species inside the biomass, taking
values in general from 0.5 to 3% dry weight (dw) [11]. In these species can be included sig-
nificant amounts of alkali metals, e.g., potassium and sodium, and alkaline earth metals, e.g.,
calcium and magnesium. Consequently they are rapidly released into the gas phase and
interact with other elements and can result in problems with fouling, slagging and corrosion.
Most significantly potassium and sodium tend to be most problematic and they can contribute
to the formation of inorganic phases that have lower melting points and lead to the formation
of “sticky” molten phases that result in clinkering, fouling, or slagging [12]. Also the potential

of chlorine content is high [13].

As regards to wood and also wood pellets, the major constituents are carbon C, oxygen O,
hydrogen H and nitrogen N. As for major ash-forming elements in descending order are cal-
cium (Ca), potassium (K), sodium (Na), magnesium (Mg), manganese (Mn), iron (Fe) and
aluminium (Al). Minor ash-forming elements include cadmium (Cd), chromium (Cr), copper
(Cu), nickel (Ni), zinc (Zn), arsenic (As), mercury (Hg) and lead (Pb) (1). However combus-
tion of wood contaminated for example with lead (Pb) poses potential environmental prob-

lems related to particulate emissions and ash disposal. The emissions mainly depend upon
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the combustion appliance and condition [10]. Some standards have been established in

some European countries and some United States (U.S) for wood pellets [11].

Torrefaction is a thermal method for the conversion of biomass operating in the low tempera-
ture range of 200-300 °C. It is carried out under atmospheric conditions in absence of oxygen
and used is for energy purposes. The thermal treatment not only destructs the fibrous struc-
ture and tenacity of biomass, but is also known to increase the calorific value. Also after tor-
refaction the biomass has more hydrophobic characteristics that make storage of torrefied
biomass more attractive above non-torrefied biomass, because of the rotting behavior. Dur-
ing the process of torrefaction the biomass partly devolatilizes leading to a decrease in mass,
but the initial energy content of the torrefied biomass is mainly preserved in the solid product
so the energy density of the biomass becomes higher than the original biomass which makes
it more attractive for i.e. transportation [14]. During torrefaction biomass loses more oxygen
and hydrogen in comparison to carbon which leads to increase of the calorific value [15] .

For torrefied straw the major constituents are carbon C, oxygen O, hydrogen H and nitrogen
N [16].

2.1.1 Analytical techniques

In order to analyze the fuel and the ash chemistry and examine their properties various

methods exist.

Scanning Electron Microscopy (SEM)

The SEM is one of the most versatile and widely used tools that allow the study of the sur-
face morphology of both biological and non-biological materials. High-resolution images of
the topography of a specimen over a wide range of magnifications (as high as 200,000x) and
with great depth of field can be obtained. Characterization of fine particulate matter in terms
of size, shape may be performed. Biological samples like biomass for scanning electron mi-
croscopy analysis are usually coated with a thin layer of electron dense material, such as

carbon or atomized gold [17].

Simultaneous Thermal Analysis (STA)

Thermal analysis is used in combustion research for the examination of various properties
and behavior of different fuels under a wide range of scenarios. STA is usually the simulta-
neous measurement of both heat flow, with Differential Scanning Calorimetry and weight
changes, with thermogravimetric analysis in order to provide estimation regarding the ash-

melting characteristics of various coal and biomass samples [18],[19].



Viscosity measurements

In order to measure the viscosity of biomass ash a high-temperature rotating viscometer can
be used. The dynamic viscosity (n) is determined through measurement of the torque or the
rotation speed of a rotor immersed in the molten mass which shows Newtonian behavior
[20],[21].

Chemical fractionation analysis (CFA)

CFA is an advanced method for characterizing biomass and is based on an element’s vary-
ing solubility as a result of its existence in a fuel. The procedure consists of 3 steps and each
step results in a liquid and a solid residue sample, which are both analyzed for their major
and minor elements. The first, water step leaches easily soluble salts, the second, buffer step
leaches metal ions and the third, acid step leaches acid-soluble salts and minerals. Insoluble

silicates are left in the remaining fraction [12], [22].

2.2 Release of ash species

Biomass fuels contain a significant percentage of potassium and other inorganic elements.
The most significant ash-forming elements can be grouped into four types: (1) water soluble
salts, (2) elements associated with inorganic materials of the biomass, (3) minerals included
in the fuel structure, (4) inorganic material added to biomass from extraneous sources [6].
These mainly are Si, Ca, Mg, K, Na, P, S, CI, Al, Fe and Mn. A relatively extended study [23—
27]exists that has to do with the behavior of the fraction of ash-forming matter in biomass
that is volatile during thermochemical energy conversion. For example, several mechanisms
are examined for the release of alkali, S,Cl [6]. During combustion ash is formed from these
materials through a combination of complex chemical and physical processes and its release
leads to different ash related problems. Potassium (K) is the main component that leads to
troublesome species which along with high chlorine (Cl) content, as well as with low sulphur
(S) concentrations, make the deposition of ash in biomass-fired boilers a severe issue [28].
Some important general conditions have major influence on the ash transformation process:
(i) the relative concentrations of the ash —forming elements along with the total amount of
ash forming matter, (ii) the relative mutual stability as well as the kinetic properties and the
aggregation states of the ash-forming elements, intermediates and final products [6].

Ash transformation takes part in two stages where primary and secondary reactions take
place. This is to some extend hypothetical but serves the practical purpose of organizing the
properties of the ash-forming elements into a conceptual model [6]. Primary reactions are
mainly used to define and denote the affinity between the ash-forming elements and oxygen
in relation to the oxygen affinity of the carbon-hydrogen matrix of the fuel, isolated from any

further reaction [6]. Because of this relation mainly component oxides are formed, except for



alkali metals and chlorine that form less stable oxides and will initially readily react with the
present water vapor to more stable and relatively volatile hydroxides for alkali and HCI for
chlorine [6]. In order to move to the secondary reaction stage, the primary products of these
ash-forming elements from the initial stages of combustion could be divided into two catego-
ries, basic and acidic compounds (Table 2-1).

Table 2-1: Basic and acidic components of primary products of ash forming elements. Source:
Adapted from [6].

Basic compounds Acidic compounds

KOH (l,9), (K20) P205 ()
NaOH (1,9), (Na20) S0O2 (g)/SO3 (9)

CaO (s) SiO2 (s)
MgO (s) HCI (9), (CI2)
H20 (g) CO2 (9)

H20 (g)

The compounds are arranged according to their reactivity which descends as we move from
top downwards the list. This order is not absolute and might be different for example, for var-
ying temperatures. It is based on thermodynamic considerations regarding pure equilibrium
condition and is a helpful tool for organizing these complex ash transformation reactions [6].
In a normal scenario K-species are expected to be successively formed in the order of phos-
phates, sulfates, chlorides, silicates and carbonates depending on the relative concentration
of the ash elements.

Initially, phosphates are molten and rather volatile. When encountered with alkali earth ox-
ides, solid ternary phosphates are formed [6]. The sulfates are condensed under lower tem-
peratures (I,s), when at higher temperatures are volatized (g) and released in the flue gas [6].
Chlorides are released in the flue gas and precipitated at lower temperatures [6]. Preferably
molten K-silicate particles are formed due to high KOH availability leading to high K-silicate
particle density [6]. The presence of Ca and Mg in the melt drives out K, with evaporation of
K as a result and also increases the melting temperature, which is possible to reduce the
slagging tendency [6]. Furthermore, in case that woody biomass is contaminated with sand
and/or clay (that often contain Al) a chance for formation of alkali aluminosilicates (e.g.
KAISi»Os leucite, KAISIO, Kalsilite) exists. These compounds have high temperature stability
and high melting temperatures and as a result contribute to lower slagging tendencies [6].

Carbonates will more rarely form if there is a surplus of basic oxides over the acidic compo-
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nents [6]. All the above give us an overview over the main secondary ash-forming reactions
taking place in the combustion of biomass, which can schematically be seen below (
Table 2-2) [6].

Table 2-2: Survey of Major Secondary Ash-Forming Reactions (Schematic). Source: Adapted
from [6].

reaction comments

P,05(g) + 2KOH(g) « 2KPO05(l,g) + H,0(g) (2-1) fast reaction,® product molten and partially volatile in residual ash®
S05(g) + 2KOH(g) < K,50,(1, g) + H,0(g) (2-2) fast reaction, product molten or not

HCl(g) + KOH(g) < HCI(l,g) + H,0(g) (2-3) fastreaction, product not stable in residual ash

Si0,(s) + 2KOH(g) < K,Si0;(1) + H,0(g) (2-4)  medium fast reaction, product stable and molten in residual ash
C0,(g) + 2KOH(g) « K,CO05(l,g) + H,0(g) (2-5) fastreaction, product not stable in residual ash

P,0s(g) + 3Ca0(s) & CazP,04(s) (2-6) medium fast reaction, product stable and solid in residual ash
S05(g) + Ca0(s) « CaS0,(s,) (2-7)  medium fast reaction, product (not) stable and solid in residual ash
2HCIl(g) + CaO(s) & CaCly(g,l) + H,0(g) (2-8) medium fast reaction, product not stable in residual ash

Si0,(s) + Ca0(s) © CaSiOs(s) (2-9)  slowreaction,® product stable and solid in residual ash

C0,(g) + Ca0(s) © CaS05(s) (2-10)  medium fast reaction, product not stable in residual ash®

K;Si05(1) + Ca0(s) & K — Ca — silicate(l) (2-11) rather slow reaction,® product stable and molten in residual ash

2 The reaction rates are classified into four categories on an arbitrarily scale. ® The stability in residual ash varies according to
the thermal condition of the
specific appliance. « These reaction rates are also highly dependent upon the dispersion of fuel and reactant particles.

For potassium the combination of all mechanisms results in a fractionation inside the bailer.
K might be converted in volatile compounds, mostly KOH and KCI at temperatures greater
than 800 °C or non-volatile ash compounds, mainly solid slilicates, that remain inside the
boiler and on surfaces depending on the temperature and chemical composition of the parti-
cles [28]. As the temperatures decreases, and along with the presence of SO, in the flue gas,
the chloride may convert to sulphate by the following sulfation mechanisms [5],[28,29]:

2KCL+ 50, + 1/, 0, + H,0 > K,S0, + 2HC!I (2-12)
2KCl+ S0, + 0, - K,50, + Cl, (2-13)

Equilibrium conversion to K>SOs is not always possible and only a part of K(g) is converted to
K>S04, when the rest is converted to KCl or K,COs. Also with the passing of time solid KCI
and K,COj3 might react with SO2(g) and produce K2S04(s) [28].



2.3 Formation of residual ash and aerosols in thermal fuel conversion systems

As we stated before, ash after going under different physical processes, including fragmenta-
tion, shedding and coalescence during char burnout, the external inorganic materials are
converted either in volatile or non-volatile compounds [28].

The non-volatile ash compounds remaining in the char may melt and coalesce inside and on
the surface of the char, depending on the composition of the particles and the temperature.
These results in the formation of residual ash, with a wide range of compositions, shapes
and sizes of the particles, related to the parent mineral particles’ characteristics. Depending
on factors as the density and size of the residual ash particles, the combustion technology
and the flue gas velocity, a part of the residual ash will be constrained and joined with the
flue gas to form the coarse part of fly ash, while the other part will stay at the lower zone and
form bottom ash. In comparison to the fine-mode fly-ash particles from volatized ash com-
pounds, coarse fly-ash particles are larger, usually exceeding 5um [30].

Upon cooling of the flue gas in the convective heat exchanger section, vapors of volatized
compounds condense or react on the surface of pre-existing ash particles in the flue gas.
Because of the much larger specific surface of the fine-mode particles compared to the
coarse fly-ash particles, the concentrations of condensing or reacting ash-forming elements
increase with decreasing particle size [30].

If the concentration of inorganic vapors in the flue gas and the cooling rate in the heat ex-
changer are both high, super saturation of these vapors takes place, leading to formation of
new particles by nucleation [30]. Nucleation and condensation are two competing processes,
and if enough surfaces for condensation are available, then nucleation partly or totally gets
suppressed. In other case, very small aerosol particles, in the size range below 1um, are
formed [28]. When these particles are formed, they start to coagulate with other aerosols or
with coarse fly ashes [31].

Due to different formation pathways of coarse fly ashes and aerosols as well as due to differ-
ent chemical composition and behavior, these two fly ash fractions must always be treated
separately [32]. Nevertheless, since the presence of coarse fly ashes influences the for-
mation and behavior of aerosols, the interactions between these two have to be taken into
account. The different mechanism for particle formation are shown schematically below
(Figure 2.1) [32].
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Figure 2.1: Mechanisms involved in ash formation in biomass combustion. Source: Adapted
from [23].

2.4 Transport of ash species (including quantification of ash transport and adhesion
of ash species)

In general there are various mechanisms for ash deposition on heat transfer surfaces. The
main mechanisms are, diffusion, condensation of vaporized inorganic compounds , inertial

impaction, thermophoresis and chemical reactions [28,33,34].

2.4.1 Diffusion and Condensation

Diffusion is the transport of particles and gas molecules from an area with high concentration
to the surrounding areas with lower concentrations by Brownian motion. The concentration of
the depositing and condensing particles is decreased near an obstacle, such as a heat ex-
changer, which is acting like a sink. Condensation of volatile inorganic species is the primary
mechanism for the formation of convective pass fouling, for example on heat transfer surfac-

es, especially when biomass fuels contain high levels of volatile species [28,34,35].

2.4.2 Inertial Impaction

Inertial impaction starts with gas flowing towards a surface. As the flow of the gas changes
direction in order to bypass the obstacle, coarse patrticles that are considerably large, are not

able to follow the flow because of their inertia, so they might continue their course towards
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the surface. Also in turbulent eddy impaction, the particles are driven towards surfaces by
turbulent eddies and to become deposited they need to have enough inertia in order to pene-
trate through the laminar boundary layer surrounding the target. So the impaction on the heat
exchangers in the flue gas ducts is a combination of these two mechanisms [28,33].

2.4.3 Thermophoresis

An aerosol particle experiences collisions with gas molecules. A net forced is applied on a
particle which is positioned inside a temperature gradient. This happens due to the fact that
the gas molecules on the hot side of the particle have averagely higher kinetic energy than
those on the cold side. This way they push the particle towards the cold region when the
molecules on the cold side cannot withstand. This process is called thermophoresis and its
effect is higher on clean tube surfaces where the temperature gradient between the surface
and the flue gas is then the steepest. On the contrary, while the thermal insulating deposit
layer gets thicker, then the outer-surface temperature increases and so the temperature gra-
dient decreases [28,35].

2.4.4 Chemical reactions

Chemical reactions like oxidation, sulfation and chlorination processes can occur within the
deposit layer and between gaseous and solid compounds under the combustion conditions.
For example, silica along with alkali and alkaline earth minerals, especially with the readily
volatized forms of potassium in biomass, can lead to the formation of low melting point com-
pounds which readily slag and foul at normal biomass boiler temperatures (800-900 °C) [28].
The produced alkali silicates and/or mixed alkali and /or calcium chlorides/sulphates tend to
deposit on the reactor wall or the heat-exchanger surface causing fouling/corrosion at low
fusion temperature (typically <700 °C) [28].
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Figure 2.2: Schematic of mechanisms of ash formation and deposition on a superheater tube
surface. Source: Adapted from [22].

2.5 Deposit build-up, consolidation, and shedding (including heat transfer in depos-

its, sintering of deposits)

2.5.1 Slagging

Slagging is dominant in the radiant heat transfer area and the initial layers of slagging consist
greatly of small, lightly sintered particles and less from fewer larger, impacted and deformed
upon impact, particles [36]. The composition of these layers for biomass combustion is most-
ly alkali oxides together with glassy silicate phases, but this depends from the fuel composi-
tion [36].

As the deposit grows, the temperature of the outside surface gets rises and at some point
gets higher than the melting temperature of the deposited low melting material, at least as
regarding the outer layers. While the deposit surface becomes molten, the majority of the
arriving particles tend to stick on it and so, the composition of the outer layer becomes very
much alike to the chemical composition of the bulk fly ash [35]. Furthermore, low excess air

and inappropriate air/fuel ratio might lead to the continuous increase of slagging deposits and
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reducing conditions, and the excessive slagging may lead to the extension of the flame in the

convective part of the boiler, possibly causing slagging there also [35,36].

Flue gas

AN

Figure 2.3: Slagging in the high temperature region. Source: Adapted from [28].

2.5.2 Fouling

Fouling deposits are formed in the convective parts of the boiler and are made up of fly ash
particles and condensed volatile species not so strongly bonded as the slags. At the begin-
ning the outer layer of the fouling deposit is porous but subsequently sintering strength de-
velops in the deposit, depending on time and temperature [35]. High temperature fouling
takes place in sections where temperature overcomes the stability of the sulfates/chlorides
and consists of fly ash particles that are mainly bonded with alkaline silicate liquids [35]. Low
temperature fouling takes place in the colder sections of the convective pass where the tem-
perature ranges from 650 to about 975 °C and the sulfate phase dominates the bonding
mechanism between the particles [28,35]. There is a variety of common problems related to
the exaggerated formation of ash fouling deposits in the convective sections of the boilers,
which apply to all boilers fired with biomass fuels. Generation of higher flue gas velocities in
the open gas channels results in increased gas-side erosion wear of the tube surfaces. Addi-
tionaly, high convective pass fouling which leads in the blockage of a significant number of
flue gas passes in the tube banks, has as a result the increase of the tube temperature in the
flues gas passes that remain open [35]. Consequently metal wastage due to gas side corro-

sion takes place [35].
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Ash related problems inevitably prevent with the smooth operation of the boiler. They inter-
fere with the biomass combustion processes, reduce energy conversion efficiencies and sig-
nificantly deflect the further application of biomass materials as fuel for heat and electricity
production [9].

2.5.3 Deposit Build-up

High deposit strengths create the problem of deposit removal from heat exchange surfaces
[35]. The main reason for strengthening of the deposits is the increase in the area of contact
between the particles of the deposit, which happens because of sintering and chemical reac-
tions [37]. Furthermore, passage of time is followed by hardening of the deposits and it be-
comes more difficult to remove. In addition high gas temperatures and straws with high po-
tassium content lead to the same effect, cause of partial melting of the deposit or its genera-
tion to a high degree by direct condensation on a surface [38].

Ash deposits on heat transfer surfaces cause harsh problems for efficient heat transfer and
excessive ash deposition might even lead to plugging of the flue channels [35].

2.5.4 Shedding of deposits

In order to decrease the effect of the problems caused by ash deposits different techniques
are put into use, e.g. use of additives that can convert the inorganic species into less harmful
forms, which is going to be the main goal of this study, pretreatment of fuels by leaching out
alkali, co-firing with clean fuels, inhibition of sintering and the use of different deposit shed-
ding methods [35].

Effective deposit shedding techniques are considered cost efficient for the matter of deposit
removal from the heat transfer surfaces [35], while these processes can be caused naturally,
without any operational or mechanical influence, or artificially as a part of the boiler operation

[35,39]. The important methods of ash shedding are presented below.

Erosion

Erosion takes place when rather large and sharp edged fly ash particles, often rich in SiO»,
collide with non-gluey areas on the surface of the deposit, deforming and cutting the present
material. The rate of erosion is related to the shape of the incoming particles. Hard, pointy
SiO, grains cause erosion creating cuts, while glass spheres first create a surface defor-
mation [35]. Furthermore the size of the particles that impact the surface influences erosion.
Smaller particles get carried around the object with the gas flow because of their small iner-
tial momentum, while the erosion rate increases along with the increase of the size of the

particles, until it reaches a constant value for large particles (45um) [35,39].



15

Flue gas fMow
Particles l Particles
v v

8 ¥

Deposit (ty) P Deposit
; (t+A0)

Tube | A <> [ / Eroded

PRARISBY M P e 2 pieces
| ‘777‘\.\-.‘ ’.’/- === \_ a0
7/ N | RO N
/ \ ! / \ n
AT 1\ [ | \

Figure 2.4: Deposit erosion mechanism, a) Initial deposits on the tube, b) deposits after shed-
ding through erosion. Source: Adapted from [32].

Gravity shedding
Gravity shedding is the process of deposit removal when the gravity force of the deposit ex-

ceeds the tube adhesion strength and also the deposit shedding through surface melting is
included. The first kind is possible when the gravity upon the deposit becomes larger than
the strength of which the deposit is attached on the tube or the internal strength of the depos-
it. An attachment is initiated when the stresses forced by the soot blower are greater than the
tube-deposit adhesive bond at some point on the tube deposit surface. On the other hand,
the gravity shedding by melting can take place, especially in the furnace region. In this case,
molten deposits may flow down the boiler walls when the combustion conditions are suitable
for low viscosity slag deposits. The temperature gradient through such a deposit, will lead the
slag coating close to the wall surface to be solid, when the outer deposit coating will be mol-
ten [35,39].

Thermal shock induced shedding
Thermal changes and differences in the thermal expansion coefficients of the tube and de-

posit can also cause shedding. Furthermore soot blowing or load variations/fluctuations
might cause local temperature changes. The mechanism behind this thermal shock induced
shedding is that a sudden temperature gradient may cause an uneven expansion of the de-
posit and the tube, or between separated , bordering layers, leading to deposit fractures. All
and all the sudden temperature gradients are caused either by flue gas or steam temperature
fluctuations or artificially, by changing the thermal load. Finally ash deposits can be removed
from heat transfer surfaces by applying mechanical or thermal stress inside them by using

high pressure steam, air and water [35,39].
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Figure 2.5: Mechanism of thermal shock a) deposit placed on a tube, b) shrinkage of the depos-
it, due to sudden cooling. Source: Adapted from [32].

Mechanically induced shedding

Mechanically induced tension in the deposit usually caused by vibrations or momentum
transfer from sootblowing. Sootblowing is currently the most typical deposit shedding tech-
nigue used in coal, biomass and Kraft recovery boilers [39]. Removal of deposit from the
heat transfer surfaces occurs indirectly, because of mechanical and thermal stresses applied
by water, high pressure air or steam, that are forced through nozzles in the deposit. Different
sootblowing mediums are used for dealing with different deposits. For example, water is the
most effective medium for removing heavily sintered or slagged deposits. During sootblowing
process, a high pressure steam (jet) form the sootblower hits the deposit ash presented be-
low in Figure 2.6. When the jet impacts the deposit two main forces are applied on it. A long-
tidutial (drag) force and a lateral (lift) force. For more information on the properties influenc-

ing sootblowing, consult [39].
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Figure 2.6: Longitudinal and lateral component of a force, caused by the interaction between a
sootblower jet and a deposit. Source: Adapted form [32].

2.5.5 Heat transfer in deposits

The thermal properties of the deposit, i.e. its thermal conductivity and the surface emissivity,
define the heat transfer between the flue gas and the steam inside the heat exchanger tubes.
Deposit’s physical structure which means the particle size distribution, the porosity and the
sintering conditions influence these thermal properties significantly. While the radiative prop-
erties depend on the surface conditions, the conductivity properties depend on the properties
inside the deposit [39].

The effective thermal conductivity of porous ash deposits depends on the thermal conductivi-
ty of solid phase ks, the thermal conductivity of gas phase kg, the porosity, the size distribu-
tion of pores or particles and the deposit sintering state. The properties ks and kq are influ-
enced by temperature and the chemical composition. Because the thermal conductivity of
solid phase is two or three orders of magnitude higher than that of the gas phase, heat con-
duction through the deposit will mainly take place through the solid phase. The overall ther-
mal conductivity is thus strongly dependent on the material porosity. The emissivity is affect-
ed by the deposit surface conditions (i.e. whether it is fused or particulate), the particle size

and the chemical composition [39].
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Figure 2.7: Effect of temperature on the thermal conductivity of a coal ash shample (the arrows
indicate heating and cooling of the sample) [39].
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In general as the temperature rises, the thermal conductivity of deposits increases. Above in
Figure 2.7 the experimental data for the temperature dependency of a coal ash deposit on
thermal conductivity is shown. Below the sintering point the thermal conductivity is not
strongly influenced by the temperature change. The thermal conductivity of the deposit in this
case follows the change in the thermal conductivity of the gas phase. Also it is shown that
the thermal conductivity of an ash deposit during cooling is higher that the case of heating,
where also the trend does not follow the same path. This is because irreversible changes
have taken place in the physical structure and the porosity of the samples. In a similar way,
the emissivity is affected by the temperature increase due to surface structural changes, i.e.
through a particle size due to sintering. Furthermore, below the sintering temperature, for
increase of temperature the emissivity of coal ash decreases, while at higher temperatures
as sintering and fusion of ash takes place, it increases strongly.

In conclusion, the effective thermal conductivity varies significantly with the type of the de-
posit. A fused deposit (consisting of a continuous solid phase, with discontinuous gas voids)
has a higher thermal conductivity than a particulate structured deposit (consisting of a con-
tinuous gas phase, with discontinuous solid particles). The first stages of sintering are fol-
lowed by an increase in the deposit thermal conductivity. Successive sintering increases the

density of the deposit, but does not change considerably the deposit thermal conductivity.
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Finally, a slag structure has a significantly higher thermal conductivity than of a particulate

structure, especially in the porosity range 0.2-0.8 [39].

2.5.6 Deposit sintering

Sintering is the process of compacting and forming a solid mass from the particles without
melting it to the point of liquefaction. The force that is driving particles to sintering is their
surface energy. The energy change due to densification is connected with a decrease in sur-
face area and a decrease of the surface energy by elimination of solid-vapor interfaces and
creation of new lower energy solid-solid interfaces. Sintering can take place by many mech-
anisms as shown schematically in Figure 2.8. Viscous flow sintering is a liquid state sintering
involving a viscous liquid [35]. When a reaction between the particles leads to the formation
of a third component, then chemical sintering takes place. Especially in the low temperature
part of the flue gas channel, chemical sintering can be important for fouling [35]. Solid state
sintering takes place because of diffusion along the particle surface, through the interior of
the particles and through the surrounding gas by vaporization and successive condensation
[35]. Liquid or viscous phase appears mainly to be the dominant sintering mechanism [35].

Viscous flow sintering Chemical reaction sintering:
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Figure 2.8: Graphical representation of different types of deposit sintering. Source: Adapted
from [28].
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2.6 Use of additives to minimize deposit formation and corrosion

In order to deal with and minimize the different operational problems that are mentioned

above there is a variety of techniques can be used. One of these techniques is the use of
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additives [40]. Additives refer to a group of minerals or chemicals that have the ability to
change the ash chemistry, decrease the concentration of problematic species and raise ash-
es melting temperatures. The feeding of additive into the furnace can be done (i) either with
pelletization of the substance together with the fuel or some other way of premixing them and
then entering the furnace, or (ii) spraying the additive as powder or solution apart of the fuel
and entering the furnace separately. The second method is better in the case we want to
change the additive/fuel ratio while the burning process is still running, almost instantly [9].

Different additive mechanics to deal with biomass ash related problems have been intro-

duced: Chemical reaction, where the low melting temperature elements in biomass fuels can

be converted into high temperature melting ones. Physical absorption, in which case porous

additive particles with large surface areas capture condensable vapours, melted ashes as
fine particles, i.e. aerosols and transport them out of the combustion system. Enhancement

of ash melting temperatures by the introduction of more inert materials and elements (i.e.

SiO; and Al;O3) into ash residues. Dilution of ash and thus restriction of ash melt formation
and accumulation [9].

Furthermore the effectiveness of an additive depends on certain factors: (i) Additive particle
size distribution, which means that, the smaller the additive’s particle size is, the more sur-
face area is available for reaction. (ii) Reaction temperature and time. (ii) Composition (ac-
tive compounds in the additive). (iv) Stoichiometry (i.e. sufficient amounts of additive) [40].
The chemical binding of an additive is a desired attribute in order to lighten ash related prob-
lems during combustion. The most problematic specie formed during biomass combustion is
KCl),() and can initiate and boost various operational problems [9], among them, high tem-
perature corrosion [5]. For this reason most of additives are used in order to capture and
transform KCI into high temperature melting species through a series of solid/gas or sol-
id/liquid, chemical reactions, after it has normally volatized from fuel particles as vapor.
Complementary, some additives may also react with melted potassium silicates and phos-
phates and change their ash chemistry in order to create other chemicals and reduce the
amount of ash melts [9].

Considering their reactive components, additives can be categorized into: (1) Aluminium sili-
cate based additives, (2) Sulphur based additives, (3) Calcium based additives, (4) Phospho-

rus rich additives [9].

Aluminium silicate based additives

Aluminium silicate based additives, when reacting with potassium chloride produce potassi-
um aluminum silicates. The related reactions are shown below in Table 2-3. One representa-
tive of aluminum silicate additive is kaolin, which is rich in kaolinite with the chemical formula
Al>Si>Os(0OH)4. Kalcilite (KAISIO4) and leucite (KAISi>Os) are two main products identified
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from the reaction between kaolinite and KClg and have comparatively high melting tempera-
tures, 1500 and 1600 °C respectively [7,9,41]. Also other aluminium additives, i.e. bentonite,
when used, they capture KCl and give more complex potassium aluminium silicates, such as
KAIS;0s. Furthermore, SiO; and Al,O3 can react with KCI on high temperatures, but with not
the same efficiency and capacity compared to kaolinite [9]. During the reaction of aluminosili-
cate with KCI, gaseous HCI is formed [29]. For temperatures at 900°C or below, the capture

efficiency of kaolinite is similar for KCl and KOH, but less effective for K,SO4 [7].

Table 2-3: Key reactions involved between aluminium silicate based additives and potassium
chloride. Source: Adapted from [9].

Al,05.x8i0, + 2KCl + H,0 - K,0.Al,05.x5i0, + 2HCl(g) (2-14)
2KCl + H,0(g) + Al,05 — 2KAlO, + HCl(g) (2-15)
2KCl + Si0, + H,0 - K,0.5i0, + 2HCl(g) (2-16)
Sulfation

Gas phase sulfation

The reduction of sticky and corrosive chlorides in flue gas can take place also by sulfation.
Gaseous alkali chlorides are converted into less harmful alkali sulfates by the sulfur existing
inside the fuel or different sulfur containing additives. The reactions taking place are ( 2-12)
and ( 2-13) [5,28]. Sulfation of KCI(g) in the gas phase is usually fast and the oxidation of
SO, to SOs in the reaction mechanism is rate limiting for the sulfation reaction [29].

The availability of sulfur for reactions of sulfation is important for deposition and corrosion
rates. Experiences from combustion of biomass and coal in industrial scale, conclude to the
fact that with S/CI>4 in the fuel, chlorine-related corrosion problems were rare, while with
S/CI<2 the problems occurred often [29].

Solid phase sulfation

At lower temperatures where chlorides as solids are found, the oxidation reactions of SO, are
considered as too slow for efficient sulfation. Solid phase KCI sulfation is not fast enough to
play its role into creation of sulfates in fly ashes. Nevertheless, solid state sulfation is im-
portant in deposits, over longer periods of time. It is considered as one of the mechanisms

involved in the aging of deposits [5].

The challenge when it comes to the use of additive, is to choose the most optimal for the
scenario that it is needed. That means that the additive should be effective, cheap and not
give rise to materials handling or environmental problems. There is no additive with all these

gualities so the selection of additive is a compromise between performance and price [40].
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2.7 Case studies (use of additives)

Several studies [7,8,41,42] through the last decades have been conducted for researching
how additives can reduce biomass ash related problems.

In the experimental work [41] Steenari et.al. investigated the effect of kaolin and limestone
powder, on the ash deposition behavior of various types of biomass. This work showed that
slag formation and ash fouling can be restricted. Almost all of the biomass fuels had ash sin-
tering and melting temperatures lower than 1000 °C, due to potassium salts in combination
with silica and phosphates with high K/Ca ratio. However with the use of the additives in
amounts corresponding to 2-10% of the weight fuel, calcium/magnesium phosphates and
potassium aluminium silicates with higher melting points where formed.

In a former study of 2004 [8], Ivarsson et.al. studied the effect of kaolin and limestone on the
slagging behavior of two different kind of wood pellets. One problem-free and one severely
slagging. The results of this study come in agreement with the one’s previously mentioned.
The results show that for the use of limestone in a solution, the severe slagging tendency of
the problematic wood-pellets could be totally eliminated. This is achieved because the com-
position of the slag changes from relatively low temperature melting silicates to higher tem-
perature melting silicates and oxides. Adding a kaolin suspension to the problematic material
has as a result a minor decrease in slagging tendency of the material, because the additive
eliminates the Ca-Mg silicates in favor of K-Al silicates which also have relatively low tem-
peratures. On the other hand, when adding kaolin to the problem free wood-pellets, there is
an increase in the slagging tendency of the material, because high-temperature melting Ca-
Mg oxides react to form more low-temperature melting Ca-Al-K silicates.

In another case [43], Wu et.al. used spent bleaching earth (SBE) and kaolinite as additives
during straw dust-firing inside an entrained flow reactor (EFR), which was designed to simu-
late the combustion conditions of a suspension fired boiler. For the straw, the Cl was almost
totally present in the fly ash. Also about 70% of the K in fly ash was water-soluble and KCI
was estimated to contain more than 40% of the water-soluble K. The deposition and corro-
sion potential of fly ash from straw dust-firing was found to be high. The results showed that
SBE could react with gaseous alkali, reducing the CI retention in fly ash and so decreasing
alkali chloride greatly. At the same time SO, emissions increased and formation of water
soluble salts decreased. Furthermore, through dilution and chemical reactions the Cl content
in the deposit was reduced as well. With similar molar ratio of K/(Al+Si) in the fuel mixture,
the effect of kaolinite on alkali chloride formation was slightly higher. Overall the corrosion
potential in the super heaters could be greatly decreased by the use of additives in straw

dust-firing.
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Xiong et.al. [42] examined the effect of kaolinite on ash related problems of corn stover pel-
lets. The study took place in 2007, in a small-scale under-fed burner (Eco Tec 50kW). While
combusting corn stover raw material with the addition of 3% kaolin, the severe slagging ten-
dency of fuel was considerably reduced. The reduction of slagging can be attributed to the
change from relatively low melting temperature silicates to higher melting temperature sili-
cates [42]. For the fuel without additive co-firing, the low melting fractions of the slag consist-
ed mainly of potassium calcium silicate. When kaolin was added, because of extensive for-
mation of leucite (KAISi;Os), a reduction of potassium was observed and the glass became
dominated by calcium, aluminium and silicon. Furthermore, the process was followed by sig-
nificant reduction of glass amount [42].

In the experimental study [7], Paneru et.al. studied the influence of aluminosilicate base addi-
tives on deposit formation of wood pellets combustion. The study took place inside an at-
mospheric drop tube furnace (BTS). Potassium in wood pellets together with silica are re-
sponsible for formation of deposit, where potassium silicates play a leading role. When using
aluminosilicate additives, K-Al-silicates are formed instead which have a very high melting
point, and also aluminosilicates react with KClg releasing HClg). This way high temperature
deposit growth (slagging) and condensation of potassium salts (K.SO4 and KCI) (fouling) is
decreased. Sulfation also in lower temperatures (<950°C) plays its role to reduce the risk of
KCI condensation. The additive amount necessary to minimize deposition problems depends
on the composition and form of the additive, the composition of the fuel and the temperature
of the application.

The conclusion made from these studies is that, aluminium silicate based additives, indeed
deal effectively with the ash related problems of biomass by decreasing their slagging ten-
dency and their corrosion potential. Nevertheless, the choice of an additive for a real indus-
trial application is not simple. Its technical as well as its economical characteristics must be

taken into consideration.

2.8 Modelling of deposit formation (FactSage, Others)

There are various tools available to model the various aspect of deposit formation and to

have better understanding of the ash chemistry. Some of them are discussed below.

FactSage
FactSage is a thermochemical simulation software and database that made its appearance

in 2001 as the combination of two distinguished software packages in the area of computa-
tional thermochemistry: F*A*C*T/FACT-Win and ChemSage[44,45].
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The FACT databases are a very large set of evaluated and optimized thermodynamic data-
bases for inorganic systems. There are two types of thermochemical databases that
FactSage can access: compound (pure substances) databases and solution databases. The
former contain the properties of stoichiometric compounds, either obtained from phase dia-
gram optimizations or taken from standard compilations. The latter contain the optimized
parameters for solution phases[44,45].

The user can work with the software and databases in different manners and calculate and
display thermochemical equilibria and phase diagrams in a plentiness of formats. The Equilib
module is the Gibbs energy minimization tool of FactSage. For a given set of constrains
(temperature, total pressure, total mass of each element etc.) the software calculates the
equilibrium conditions by minimizing the total Gibbs energy of the system. This is mathemati-
cally equivalent to solving all the equilibrium constant equations simultaneously. All the
needed data is automatically extracted from the databases[44,45].

The main limitation attributed to thermodynamic modelling of the combustion process is the
lack of consistent and accurate databases. This makes difficult a proper assessment of all
possible formed phases in an ash system [46)].

The FacSage software has been used in order to predict the ash behavior and ash fusion
temperature at high temperature under reducing atmosphere conditions. Also for the same
study, the ash transformation results by FactSage come to agreement with the XRD results
[47]. In another case the thermal analysis via FactSage modeling confirmed the determina-
tion of the detailed mineral composition of 4 different biomass ashes [48]. Furthermore there
have been several studies in which the phase equilibrium calculations were used to investi-

gate the ash deposition tendencies in solid fuel combustion systems[49-51].

2.9 Experiences on deposit probe measurements in full-scale boilers

In order to examine ash formation mechanisms and ash related problems in pilot-scale but
also in full-scale boilers, often deposition probes are used. These probes may be cooled by
water or air, or non-cooled, may consist of different materials and are planted at places in-

side the boiler that are considered to have high deposition potential.

Munksund and Umea, Sweden

In the study [5] sampling processes using various probes in different facilities in Munksund
and Umea, Sweden are described [29,52-54]. Measurements is full scale industrial boiler

were performed in order to understand and decrease chlorine related high temperature cor-
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rosion problems in biomass fired boilers. Corrosion problems were evaluated with the help of
corrosion probes with different alloys. SEM/EDS analysis gave information for the corrosion
products and deposits. A laboratory study [54] was performed inside an electrically heated
tube furnace to increase the fundamental understanding of deposit formation, which focused
on the resulting phase composition when mixtures of potassium and sodium chlorides were
condensed. WRD was used to determine the phase composition of the deposited salts.

In chlorinating environments no positive effect on corrosion resistance was seen from non- or
low- alloy steels. High alloy, austenitic steels containing also nickel, corroded much less.
Condensation on NaCl and KCI on cooled surface, showed that even though the two salts

were mixed in the gas phase, most of the deposited salt was present as separate phases.

Denmark

Several measuring campaigns with focus on deposition behaviour have taken place at full-
scale power plants firing biomass in Denmark. The study [55] includes a summary of the ap-
plied experimental probe techniques and an overview of the data collected, when biomass
alone was combusted in suspension and grate fired boilers. The probe deposits examined,
were focused on the rate of deposit formation, chemistry of ash and deposits and in a few
cases corrosion studies and shedding observations. The probes used where simple air-
cooled, as well as more advanced for in-situ deposit measurements.

A general conclusion is that temperature of flue gas influences the deposit behaviour of bio-
mass fired boilers, meaning that the increased flue gas temperature leads to increase in
deposition rates and altered chemical composition of the deposits formed. For the two com-
bustion technologies, grate- and suspension-firing, the rates of deposit formation were found
comparable, while the chemical composition of the fly ashes are quite different, even for the
same type of fuel. The chemistry of deposits also varied with variation of firing technology
and fuel type. However, the deposits structure and chemistry had some general features.
Furthermore the temperatures of probe surface and flue gas and the deposits chemistry in-

fluenced the shedding behavior.



26

3 Experimental Set-up & Method

The experimental set-up, methods, combustion parameters and equipment that were used
are described in the following sections.

3.1 Experimental facility

All the experimental procedure took place in the atmospheric drop tube furnace (BTS-VR),
with 20kw thermal power, of the IFK facility. The combustion reactor has an electrically
heated ceramic tube of 2500 mm length and 200 mm diameter. In the tube a certain temper-
ature profile can be achieved, by heating in five different locations (2 x 12 and 3 x 8 SiC —
heating elements). The residence time of the patrticles inside the chamber is 5-6 s. Fuels
were inserted in a conical silo above the furnace and from there fed by a screw conveyor
inside a tube that led to the top of the furnace. The additive feeder was located next to the
. fetions fuel feeder. The detailed decription of the
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the emissions of the flue gas were meas-
Figure 3.1: Atmospheric drop tube furnace

(BTS) ured. NO [ppm] and NOx [ppm] were meas-

ured with the help of a Chemiluminescence analyser, O vol.-% with the help of a paramag-
netic analyser SOz, CO; vol.-% CO vol.-% by NDIR (Nondispersive infrared analyser) and
O2 [ppm] and SO2 [ppm] were measured by NDIR. HCI [ppm] was measured by an FTIR
Analyzer (Fourier Transform InfraRed) with the sampling taking place in the gas pipe, before
the filter (205~365°C). As HCI measurement was the focus measurement during this work

the principle of FTIR measurements and the device will be briefly discussed below.
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3.1.1 Gasmet™ FTIR

FTIR are the initials of Fourier Transform Infrared Spectroscopy. An FTIR analyzer has the
ability to detect gaseous compounds by their absorbance of infrared radiation. Each com-
pound produces a unigue infrared spectrum because each molecular structure has a unique
combination of atoms, something that enables the identification (Qualitative analysis) and
analysis (Quantitative measurement) of gaseous compounds. The FTIR analyzer can detect
virtually all gas-phase species (both organic and inorganic) and thus at the same time meas-
ure multiple analytes in a complex gas matrix [56].

The device used in this study is a Gasmet DX4000 portable FTIR gas analyzer. The whole
set of components consists of the measuring device Gasmet DX4000, a portable sampling
system, a portable sampling probe, heated lines and a laptop equipped with the Calcmet
software [56].

Figure 3.2: FTIR system parts. Source: Adapted from [48].

Fourier Transform Infrared (FT-IR) spectrometry was developed in order to overcome the
limitations that dispersive instruments came upon. A simple optical device called interferome-
ter was deployed as a solution to slow scanning processes and can measure all of the infra-
red frequencies simultaneously. This results in a signal measurement in order of seconds.

Most interferometers employ a beamsplitter which takes the incoming infrared beam and
divides it into two optical beams. One reflects off of a flat mirrored fixed in place and the oth-
er reflects off of a mirror which is on a mechanism that enable the mirror to move slightly.

The two beams meet again at the beamsplitter and recombine and because the path of the
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first beam has fixed length, while the path of the second one changes together with the sec-
ond mirror, the two beams “interfere” with each other. Thus the resulting signal is the inter-

ferogram (Figure 3.3).
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Figure 3.3: Simple spectrometer layout. Source. Adapted from [49].

The normal instrumental process starts with infrared energy emitted, in the form of a beam,
from a glowing black-body energy source and passes through an aperture which controls the
amount of energy presented to the sample (and finally to the detector). Then the beam en-
ters the interferometer where the “spectral encoding” takes place and consecutively the pro-
duced interferogram signal exits the interferometer. After that, the beam enters the sample
compartment where it is transmitted through or reflected off of a surface of the sample, de-
pending on the type of analysis taking place. This is where specific frequencies of energy,
which are unique every sample species, are absorbed. Finally, the beam passes to the de-
tector for the last measurement. The detectors are specifically designed to measure the spe-
cial interferogram signal. The measured signal after digitization is sent to the computer where

the Fourier transformation takes place and the final infrared spectrum is then presented to
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the user for interpretation and any further manipulation [57]. The process is displayed in

Figure 3.4.
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Figure 3.4 : Sample analysis process. Source: Adapted from [49].

Beer-Lambert’s absorption law (Gases concentration calculation)
When the infrared radiation passes through a material, some intensity passes through

without interacting with the molecules, while the rest is beig absorbed by them. The
proportion of absorbed intensity that enters the material is in direct relation to the
concentration of absorbing molecules [58].

The principle of Beer-Lambert’s lawis descripted by the following equation:

Ay = XbxC (3-1)
Where:
Ay is the measured absorbance of a material at a specific wavelength (A)
& is the absorption coefficient of the material at that wavelength

is the path length through the sample
C Is the concentration of the absorbing material

In the case of constant path length b in a particular application and for the constant absorp-
tion coefficient ¢, of a given material at a particular wavelength, these two variables combine

into a single constant K;. And thus he have:

A/1=CXK/1 (3-2)
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By measuring the absorbance of an unknown sample at the appropriate wavelength, the
concentration of the sample is predicted by:
Ay

=% (33)

Reliability of the results and analysis

Measurements can be made continuously and results are shown and updated on the screen
after each measurement.

To correctly analyze the sample, a good quality background must be measured, an analysis
library must be specified and set and the sample itself must be measured. When all these
three operations are from the beginning correctly done, reliable analysis results can be ob-
tained.

The application library has to be supplied with reference spectra for all gas components that
the gas contains and all these components must be used in the analysis in order to gain op-
timal accuracy. For each gas component, at least one reference spectrum must be included.
However, in the case that the concentration-absorbance curve of some reference is not line-
ar and the measurement of a wide range of concentrations is needed, it might be necessary
to include more reference spectra of different concentrations. The Calcmet software picks the
references closest to the calculated concentration for the analysis automatically. Conse-
quently the results will be unreliable if the gas contains an important amount of any gas com-
ponent that is not in the analysis library.

In order to optimize the performance, it is necessary to use different spectral ranges for dif-
ferent components and each range can consist of one to three spectral areas. In each of
these ranges, modifications that follow certain rules should be made, i.e. leave out range
parts with absorbance peaks or limit the absorbance taken into consideration so that only
parts with linearity are available. This way the concentration of a component is avoided to be
calculated very high. Furthermore, between all these ranges from the different components
some interfere with each other. So for an analyte the other components that happen to inter-
fere with it have to be defined as interfering components.

The reliability of the analysis can be verified with the use of the Residual spectrum, which is
the residual between the measured spectrum and the calculated spectrum when using the
analysis settings made before. If the residual is very small, a linear combination spectrum
using the reference spectra and the current analysis settings was successfully formed. On
the other hand, when residual between the two spectrums is clearly high, it indicates that
either the measurement was bad, or the current analysis library is not suitable to analyse the

sample accurately [59].
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Figure 3.5: Residual spectrum that shows an unsuccessful analysis. Source: Adapted from
[51].

The major advantages of FT-IR consist of speed (most measurements in are made in a mat-
ter of seconds), sensitivity (detectors are much more sensitive, optical throughput is much
higher resulting in lower measurement noise levels), mechanical simplicity (moving mirror the
only moving part in the instrument and internal calibration (no calibration by the user need-
ed). Along with several other benefits, these advantages make measurements made with FT-
IR extremely reliable for positive identification of virtually any sample, an invaluable tool for

quality control and increase the practical use of infrared for quantitative analysis [57].

3.1.2 Additive feeder TOPAS SAG 410

The device used for supplying the additive into our system is a dust disperser (SAG-Solid
Aerosol Generator) with the help of a control unit Figure 3.6. The procedure for the disper-
sion of dry dust and powder comprises of two steps, the supply of material to the disperser

and the dispersal of the material as aerosol [60].
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Figure 3.6: Disperser and control unit.

More analytical the feeding technique and the equipment function are as follows. First the
additive is inserted inside the cylindrical reservoir on the top of the disperser. This reservoir is
equipped with a rotating stirring part, moved with the help of a small motor. This way the ma-
terial inside tends to be distributed evenly and doesn'’t stay still on the sides. Then from a
small hole at the bottom of the container, the additive falls on the moving toothed belt under
the main base surface of the feeder, which is moved through drive wheels with the help of
another small motor. The well-defined spaces between the teeth make the constant and re-
producible supply of powder possible. Then the small amount of powder inside each teeth
gap is sucked and removed from the belt by an ejector nozzle. From there on the additive is
finally transported in the form of aerosol by the carrier air, which passes through the nozzle,
inside the tube that leads to the furnace [60]. While entering the tube, the carrier air, the addi-

tive and the fuel are met and enter the furnace from the top together (Figure 3.7).
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Figure 3.7: Flow chart of fuel, carrier air and additive.

Figure 3.8: Disperser-Side view.
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Figure 3.9: Disperser-Side section. Source: Modified from [53].

The device has easy control and operation. With the help of the switches on the front surface
of the yellow box, the user is able to change the 1) moving speed of the belt (0-100%) and 2)
the rotating speed of the stirring part (0-6 scales) in the reservoir (so the reason we have two
motors is to change the belt the stirring speeds separately). Primarily by adjusting the speed
of the belt, the operator can change the feeding rate in a wide range, because also the pow-
der amount transferred to the nozzle changes. Secondly, the stirring part’s rotating speed
influences the feeding rate, because the better the distribution inside the reservoir, the more
additive falls on the belt. Another small detail that plays an important part on the feeding rate
is the right adjustment of the nozzle. The nozzle can be adjusted higher or lower above the
belt, so that it captures the material properly. So depending on the belt speed as well as the
particle size, the optimal adjustment of the nozzle position has to be made, in order to have
higher suction efficiency. Additionally another important factor that influences the additive
feeding rates is the powder nature, i.e. the particle size, moisture, volume. For example ben-
tonite that has bigger volume than aurora reached lower feeding rates from the two, calculat-
ed in g/h. On the other hand, dry aurora because of its higher density reached the highest
feeding rates observed. Finally, the disperser needs to be dismantled after some operating
time (depending on the used additive) so that agglomerated material can be removed and

cleaned from tight spots, in order to have a smooth function.
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Scaling and isolation

Through the whole experimental process the additive feeder was placed inside a heavy cubic
metallic construction and when inside, on top of an electronic scale.

The scale was reset every time a change was made to the feeder’s operation, or additive
was supplied inside the feeder, and used to measure the loss of the feeder’s weight through
the passing of time, from zero to negative values. Its precession was in amounts of 5 centi-
grams. This way it was possible to calculate the feeding rates of every smaller additive feed-

ing session using the simple equation:

Afr = (Aw; — Aw,) * 3600/At (3-4)
Where:
Afr is the calculated feeding rate for a certain operation setting
Aw; — Aw, is the difference between the initial and the final additive weight for a
period of time At

At a period of time in s

The values of every measurement where saved automatically to the computer at which the
scale was connected.

The aim of the metal cube was to isolate the feeder and the scaling process from external
forces and noise and also provided higher stability.

3.1.3 Fuels & Additives

The fuels and additives used in this study are listed in Table 3-1. The proximate, the ele-
mental and the oxide analysis of the fuels are presented in Table 3-2, Table 3-3 and Table
3-5 accordingly. The ash fusion temperatures of the fuels are presented in Table 3-4: Ash
fusion temperatures of biomass fuels.. Notable information is that TS has about the double ClI
content compared to WP. For the fuel WP+KCI two samples were taken and the lab analysis
was similar for both of them. For this reason the components presented here as results are
averages of the components of the two samples. The idea and preparation procedure for the
WP+KCI fuel is presented in section 3.2.2. Additionally, the achieved CI content of WP+KCI

was 5.3 times the initial Cl content of WP. The initial try was to increase it at levels as high as
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6 times the initial wood pellets chloride content. Furthermore we see that the K content in TS

is about ten times the K content of WP (

Table 3-5), which is really important to remember when it is known that potassium is the most
troublemaking species as for deposition problems. Important ash forming elements of the
fuels are presented also in Figure 3.10. The additive oxide analysis as received from the lab
in presented in Table 3-6: Additive oxide analysis.

Table 3-1: Fuels and Additives.

Fuels Additives
Torrefied Straw Aurora
Wood Pellets Bentonite
Wood Pellets + 0.25%KCI

Table 3-2 : Fuel proximate analysis

Proximate analysis [wt%]

Moisture Volatile Ash Fix C
Fuel (ar) (waf) (wf) (waf)
TS 7.89 76.2 4.4 23.84
WP 7.95 79.5 1.38 20.49
WP+KCI 7.35 79.1 1.52 20.82

Table 3-3: Fuel elemental analysis

Elemental analysis [wt%)] [waf] [MJ/kg]
Fuel C H N S Cl LHV (ar)
TS 53.13| 4.90| 0.52 0.085 | 0.057 17.49
WP 51.11 | 4.79| 0.63 0.066 | 0.026 17.42
WP+KCI 51.67 | 5.11| 0.64 0.083 | 0.141 17.42

Table 3-4: Ash fusion temperatures of biomass fuels.

Sintering (°C) | DT (°C) | ST (°C) | HT (°C) FL (°C)

TS 720 840 1130 1150 1160
WP 960 1170 1175 1180 1190
WP+KCI 950 1180 1185 1190 1230
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Weight (%)

Table 3-5: Fuel oxide analysis

[wt%] (wf)
Fuel Ash Oxides TS WP WP+0.25%KClI
Al203 1.65 5.61 5.46
CaO 19.52 19.56 17.86
Fe203 3.26 12.76 10.45
K20 24.90 7.59 18.15
MgO 2.94 5.83 511
Na20 0.45 1.24 1.44
P205 2.65 2.50 2.42
Sio2 39.59 37.53 31.67
SO3 4.26 4,90 5.36
TiO2 0.14 1.49 1.21
Major ash forming elements
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Figure 3.10 : Important ash forming elements of the different fuels.
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Table 3-6: Additive oxide analysis

[wt%] (ar)

Additive oxides Aurora Bentonite
Al203 (wt%) 24.5 27.6
BaO (wt%) 0.021 0.017
CaO (wt%) 0.064 0.155
Fe203 (wt%) 0.992 0.733
K20 (wt%) 1.73 1.06
MgO (wt%) 0.21 0.213
MnO2 (wt%) 0.008 0.004
Na20 (wt%) 0.044 0.037
P205 (wt%) 0.1 0.035
SO3 (Wt%) 0.024 0.142
SiO2 (wt%) 37.2 49.3
SrO (wt%) 0.017 0.01
TiO2 (Wt%) 0.074 0.37
Moist 105°C (wt%) 12.56 0.85
Combine water

950°C (wt%) 10.28 11.44

3.2 Experimental method

In this section the experimental method followed is described in detail. The general purpose
of this study is to investigate the effects of aluminosilicate additives on chlorine chemistry.
Aluminosilicates react with the main troublemaking element of biomass, which is potassium
(K), forming K-Al-silicates. One way to observe that is the production and increase of gase-
ous HCI, because CI from KCl is released after the K capture.

3.2.1 Conditions

The combustion conditions were constant with temperature of 1300°C at the top of the fur-
nace, 1200°C at the middle and 1100°C at the bottom, while the pressure inside was latm.
The feeding rate of the fuels was kept around 1.5 kg/h and the excess oxygen at the end of
the furnace around 3% in order to achieve a stoichiometric air ratio A=1.15. Also the CO.
levels were kept around 16.5%. O, and CO levels were taken into account and changes were
made in the feeding rate of the fuel or the amounts of air inserted inside the furnace when

disturbances in their values were observed. The total flue gas volume was 11.5 Nm?/h.
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3.2.2 Experimental procedure

The experimental campaign was carried out over the duration of two weeks. The first week
Torrefied Straw (TS) was used as fuel. While the second week the fuels were Wood Pellets
(WP) and WP+0.25%KCIl (WP+KCI). The aim was to examine how the HCI levels were
changing with the use of additive, so separate experimental sessions were conducted for
each fuel with varying amount of different additives. A list with the experimental sessions
that took place is presented inTable 3-7. The table has one column for the fuel used in each
session, one column for the variation of additive in g/h and one column for the kind of meas-

urements that took place.

Table 3-7: List of experimental sessions.

Fuel Additive Measurement

TS Aurora varied (0-167 g/h) HCIl in the flue gas
TS Bentonite varied (0-92 g/h) HCl in the flue gas
WP Bentonite varied (0-76 g/h) HCl in the flue gas
WP+KCI Aurora varied (0-120 g/h) HCIl in the flue gas
WP+KCI Bentonite varied (0-61 g/h) HCl in the flue gas
WP+KCI Aurora dry varied (0-223 g/h) HCl in the flue gas
WP+KCI No additive HCI, Deposit and Ash
WP+KCI Bentonite fixed (87 g/h) HCI, Deposit and Ash

The measurements from the measuring equipment were continuously made every 10 or 20
s, depending on the equipment settings, and mainly the amounts of HCI in ppm, but also CO
in ppm and O in % were observed. Each session started with pure fuel combustion. When
HCI concentrations increased and then stabilized for pure fuel, additive started to get insert-
ed into the system. Increases of the belt speed by 5, 10, or 20% (depending on how big the
change from the previous measurement was) were made successively every time HCI values
were observed to start rising from the previous values and then stabilized again. The rotating
speed of the stirring part was kept at scale (3). If an increase in belt speed was followed by
no change or a decrease in HCI, which meant that the additive feeding rate went down, then
the rotating speed of the stirring part was increased over (3). If again there was no increase
in HCI then that meant that it couldn’t get managed to feed more additive into the system, or
that maximum HCI levels were achieved. Then the feeding of the additive was stopped and
the rate of how fast HCI numbers decreased was observed, for a period of time from 5 to 10

minutes.
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As said above, when the feeding of the additive was increased, it took time for the HCI val-
ues to increase and then finally stabilize (about 3-4 minutes from new disperser setting to
HCI stabilization). The same happened when the additive feeding was stopped. This phe-
nomenon might be because of the memorial behaviour of the measuring instruments or/and

because of the remaining effect of the additive inside the furnace after some time.

Finally, there were times that the function of the system was not smooth so the experimental
session had to be stopped and that the problems that appeared could be dealt with, i.e.
changes in the facility, cleaning of certain crucial parts, fuel/ additive feeding, reset of the

additive disperser. When the issues were dealt with the procedure continued or started over.
Ash sampling

One of the objectives of this study was to examine the fly ash behavior and chlorine chemis-
try. For this reason two experimental sessions at stable conditions were conducted. In the
first one WP+0.25%KCI was burned and in the second one WP+0.25%KCI+5.8%Bentonite
was burned. For both cases probe sampling took place for about 2 and 1 hour respectively.
The ceramic sampling probes were weighted before the session and then placed on top of
the vertically adjustable ceramic tube at the centerline of the furnace, at 1.5 m from the bot-
tom. After the sampling period ended, the probes were carefully extracted, let to cool and
weighted again. The difference between the final and the initial weight of the ceramic probes
in respect to the sampling time, gave the deposition rate. For the first case, after the ash
deposition, ash sampling took place also through the vertically adjustable tube for 1.5 and
2.5 m form the bottom, each for a period of half an hour. The wet ash sample was gathered
at the lowest part of the tube, which is one floor lower than the facility and collected for anal-

ysis. Moreover filter ash samples for both cases were collected for analysis.
The idea of WP + KCI fuel

In the case of torrefied straw, because of its high Cl content, the minimum (when combusting
pure fuel) and the maximum HCI values were high enough for examining and also their dif-
ference was great, for both aurora and bentonite as additives. On the other hand, in the case
of wood pellets, because of its lower Cl content, both minimum and maximum HCI values
were low, so the effect of additive couldn’t be examined properly. This led to the idea of mix-
ing WP with KCI and increasing its Cl content as high as 6 times the initial one. This way the
highest HCI levels among all the experimental sessions were expected and finally achieved.
The mixing procedure is described below. Enough batches of 2 or 2.5 kg WP+KCI were
made in order to last the experimental needs. For each batch the necessary amount of KCI
was calculated, and then KCI in fine salt form was diluted inside distilled water. The water

amount was also calculated so that the solution created was not saturated and then the solu-
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tion was put into a spray bottle. Next, an amount of WP was laid on a surface, spayed with a
share of the solution and then mixed sufficiently. The same procedure was repeated until the
fuel on the surface had the weight of 2 or 2.5 kg plus the weight of calculated water + KCI
solution. When every batch was ready, a sample was taken in order to get analyzed later.

The mean ClWP’fKCl/ClWP ratios achieved from the two samples can be seen in Table 3-3.

The ratios are not 6 as it was planned to be, and this might be because some of the solution
evaporated during the process. But it is shown that the mixing was good enough for the ex-
perimental needs, that were to greatly increase the Cl content for WP.

The idea of Aurora dry

For both Aurora and Bentonite the feeding rates did not increase after 60-80% belt speed of
the disperser. This is partly because of the moisture and thus the high volume of the additive
particles that limits their transfer potential. For this reason the thought of drying and this way
condensing the Aurora additive came up, which also had much more moisture than Bentonite
(Table 3-6) and could be evaporated with low temperature drying (105°C). The product was
an Aurora additive with much more condensed, less agglomerating behavior inside the feed-

er and of course greater feeding potential.

Thermochemical simulation

Part of this study is also the theoretical examination of the effect of additives by the means of
thermochemical simulation and to see how these results match the experimental ones. For
this reason thermochemical software and database ‘FactSage software 6.3’ was used in or-
der to process calculations for equilibrium conditions in the temperature range that prevail in
the combustion chamber.

FactPS, FToxide, FTsalt and FTpulp databases were chosen for gas, liquid and solid pure
components. FT Oxide-SLAGA and FT salt-SALTF has been chosen to define the liquid so-
lution phase. The first solution represents the silicate slag system while the second repre-
sents the salt eutectics. The temperatures set for the calculation were in the range of 500 to
1500 °C, when pressure was 1 atm and the amount of combustion air was set for 1.15 air
ratio. The fuel components inserted as input were H,O (moisture), C, H, N, S, Cl, O, air (O
and N.) and the oxides SiO,, Al,Os, Fe;03;, CaO, MgO, Nax0, K;O and P,0s, all in grams.
After the calculations were complete, data were extracted to excel software, properly formed
and corresponding diagrams showing results of our interest were created.

Same kind of simulation took place also for the case of additive use, in order to see if the HCI
values measured by FTIR came in agreement with the thermochemical calculations. The
same component species were used with the difference that the common fuel and additive

input components were a sum from both.
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4 Results and Discussion

In this section of the thesis the results from the experimental as well the simulation part of the
study are presented separately and in the order they were conducted. Description, discus-
sion and comments are included in order to give the best explanation and have an under-

standing of what is shown.

4.1 Equilibrium results

Calculations were made for a wide range of temperatures from 500 to 1500 °C and mainly for
the temperatures inside the furnace (1100-1300°C). Also other parameters were varied in a

range of interest in order to examine their effect on ash species and deposit formation.
4.1.1 Slag Ratio

The slag ratio here is defined as:

B liquids (4-1)
~ liquids + solids

Where liquids are the sum of all liquid components and solids the sum of all the solid compo-
nents produced in these temperatures. All the components are measured in grams. The slag
ratio is used to examine the slagging tendency of the two biomass fuels and see at which
temperatures it is more critical. A first calculation and comparison between the slag ratios of
the two fuels, for A=1.15 and a wide temperature range (500-1500°C) is shown below (Figure
4.1, Figure 4.2).
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Figure 4.1: Slag ratio of Wood Pellets for varying temperature and A=1.15.
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Figure 4.2: Slag ratio of Torrefied Straw for varying temperature and A=1.15.

Initially the above equilibrium results show that as the temperature increases so do the slag
ratios. This happens because with the increase of temperature the solid components de-
crease while the slag components increase. The comparison between the two biomass cas-
es shows that TS has higher slag ratios in the biggest part of the examined temperature
range. This happens because the ash initial deformation temperature for TS is at 840 °C,
which is much lower that the ash initial deformation temperature of WP, which is at 1170 °C
(Table 3-4). So the ash components of TS start melting earlier than those of WP. However in
both diagrams (Figure 4.1, Figure 4.2) it can be seen that the ash fluid temperatures of TS
and WP are very close, at 1160 °C and 1190 °C respectively. After these crucial tempera-
tures, almost all the ash components go into liquid phase. So the slag ratios increase sharply
over 1200 °C and at 1400 °C the slag ratios for both fuels are already over 0.9. This trans-
lates to very high risks of deposition and corrosion inside the combustion chamber because
these temperatures are found there. The simulation of biomass ash behavior with the help of
FactSage has been examined by various authors [61,62]. The increase of slag amount with

the increase of temperature is a common finding.

The slag ratio was also calculated for different lambda (air to fuel ratio) values. Calculations
for the temperature range 500-1500 °C and also for the range of air-fuel ratios A=0.7-1.15

were made, and the results are shown below.
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Figure 4.3: Slag ratio of Wood Pellets for varying temperature and lambda.
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Figure 4.4: Slag ratio of Torrefied straw for varying temperature and lambda.

A first look shows that the lambda is a factor that influences the slag ratios. In the case of
WP (Figure 4.3), two temperature zones where the slag formation behavior changes can be
distinguished. For lower temperatures (600-900°C), as the A increases, the slag ratio also
increases. But for higher temperatures (1000-1300°C), as the A increases, the slag ratio de-
creases. Also this behavior can be separated in respect to A into 3 groups. One for lower
than stoichiometric air to fuel ratio (A<1), one for stoichiometric (A=1) and one for higher than
stoichiometric (A>1).
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In the case of TS (Figure 4.4), everywhere between 700 and 1300 °C the slag ratio behavior
is similar, i.e. as the A increases then the slag ratio decreases. In respect to A we can sepa-
rate this behavior into 2 groups. One for A<1 add one for A=1.

Consequently, in high temperatures where combustion takes place, like inside our furnace, it
is preferred to have higher air to fuel ratios than 1 so that the slag ratio is significantly de-

creased, as shown in Figure 4.3 and Figure 4.4.

4.1.2 Component production in respect to A

As shown above the slag ratio tends to go down as the air-fuel ratio increases in high tem-
peratures. The changes in the produced species for the temperature of 1200 °C and the var-
iation of A are shown here in detail and the slag ratio behavior is explained. This temperature

was selected as representative for the conditions in the middle of the furnace.
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Figure 4.5: Combustion products’ fluctuation of Wood Pellets for A variation, 1200 °C.
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Figure 4.6: Combustion products’ fluctuation of Torrefied Straw for A variation, 1200 °C.

For both WP (Figure 4.5) and TS (Figure 4.6) the behavior of the produced species is similar.
For lower A values (0.7-0.95) slag components are mostly formed, while solid components
are lower or don't exist at all. For 0.95<A<1.05 there is an area where phases and amounts of
components change. So while A increases in this area, slag decreases when solids increase.
Finally for higher A (1.05-1.15) slag components are lower, while solid components are high-
er or start to form. In general 0.95<A<1.05 is a transition range but for A<0.95 and A>1.05,
components tend to be more stable.

For example, it can be seen in Figure 4.6 that for lower A, Ca is found mostly as CaO in slag.
But while A increases and we move into the transition range 0.95<A<1.05, CaO (slag) de-
creases and Ca-Mg-silicates in solid form increase or start to get formed. Near A=1.15 the
CaO in slag is really small while Ca exists only in solids.

Here needs to be mentioned the difference in amount (g) of products that can be seen be-
tween the two fuels (Figure 4.5, Figure 4.6). In the case of TS, especially for K found inside
the slag, the amount of products formed is 3 times higher than in the WP case. This is pri-

marily due to the much higher K but also the Si content of TS.
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4.1.3 Potassium in WP and TS products in respect to temperature

The high slag ratios observed in 4.1.1 are caused mainly by the different potassium species.
Therefore this part of equilibrium results is focused on the K behavior of the combustion
products. In Figure 4.7 and Figure 4.8 it is shown how the potassium (K) moves between

different products depending on a wide range of temperatures, for air-fuel ratio of 1.15.

Mol-K(g) =—K-as KCl (g) == K-as K2504 (g)
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Figure 4.7: Molar ratio of potassium inside different K products of Wood Pellets, A=1.15.
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Figure 4.8: Molar ratio of potassium inside different K products of Torrefied Straw, A=1.15.
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For both fuels it is shown that there is a general tendency of potassium to exist, in the big-
gest part of this temperature range, primarily inside slag. The potassium in slag is represent-
ed as K20 in the FACT Sage solution database.

Starting form the highest temperature, it can be seen that K exists mainly as gaseous com-
pounds, i.e. KOH(g) and KCI(g) (plus a small percentage of K(g)) and less in slag. As the
temperature decreases, the percentage of K inside the slag increases while the great availa-
bility of KOH leads towards the formation of K-silicates and K-Al-silicates [6]. Furthermore the
presence of SO, combined with the existing chlorides and hydroxides leads to the production
of sulfates. Still, because K2SO4 has a very low vapor pressure, thermodynamically it is
more stable in condensed phase (solid or liquid) [7]. Additionally it can be seen that for TS
the same percentage of KCI(g) converts directly to KCI(s). This means that the amount of
KCI depends exclusively on the Cl content of the fuel.. Also, as temperature decreases, this
potassium molar amount does not go through liquid phase because if it was captured in slag
then, Cl would get released as HCI which is an irreversible reaction and then KCI(s) wouldn’t
form again. However for WP, as time proceeds, the gaseous KClI reacts again with SO, and
K2S0au4(s) is produced, as seen in [28]. Liquid K,SO4 is seen only in the TS case, for 1100 °C,
in salt. These findings are close to the studies of Nutalapati et al. (2007) [49], Shao (2011)
[63] and Paneru et al. (2014) [7].

Another important observation is that in the TS case, K in slag stays in high levels, even at
the highest and the lowest temperature of our range, because the K content of the fuel is so
high that not all of it can be captured by other helpful components, i.e. Si, Al or SO4 (sul-
fation).

Both cases help towards understanding that, because slag appears already at the lower
temperature range, means to raise the melting temperature of potassium ash species need
to be used, in order to reduce deposition problems at the operational temperatures relevant

to pulverized fuel combustion.

41.4 Kaolinite Variation

At this point, the simulation of Kaolinite addition and its influence on the potassium species
behavior is presented in Figure 4.9. The choice of Kaolinite was made because this is the
main component of the alumunium silicate based additives, which are able to raise the melt-
ing temperatures of ash species. It was varied from 0 to 6.17 grams or 0 to 100% respective-
ly and this amount was chosen after a plentiness of calculations in order to have best results,

in terms of K in slag avoidance. Air to fuel ratio was set to 1.15 and temperature to 1200 °C,
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because it can be found inside the combustion chamber and because, as seen in 4.1.1, after

this temperature the slag ratios increase sharply.
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Figure 4.9: Influence of Kaolinite variation on potassium distribution. Torrefied Straw 1200 °C,

A=1.15.

For 0-10% variation, as the additive increases, Kaolinite reacts with the rest of K in gas

(KOH, K;S0.) and almost all of potassium goes into slag. With even more insertion of kaolin-

ite into the system, it reacts with what is left from the rest of K in gas, with KCI and mostly

with K in slag and as a result potassium aluminosilicates start to form and increase accord-

ingly [7]. Finallly for 80-100% variation, most of K exists inside potassium aluminosilicates. It

is important to be observed that KCI reacts slightly for low Kaolinite variation and its reaction

starts to become significant around 50% variation, after the additive has reacted with almost

all of K in slag. So it seems that the reaction of aluminosilicates with KCl is not prioritized.

Next step is to examine how Cl behaves when additive is fed into the system. The simulation

took place under the same temperature, air to fuel ratio and Kaolinite variation range. The

results are presented in
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Figure 4.10: Influence of Kaolinite variation on potassium distribution. Torrefied Straw 1200 °C,
A=1.15

A first look shows that ClI exists entirely inside two components, KCl and HCI. Their behavior
is opposite as the additive insertion into the system increases, because the reactions ( 2-14),(
2-15) and ( 2-16) take place. For low Kaolinite variation, as said before, the reaction with KCI
is very small (because the additive reacts first with the other K components), which also
leads to small increase of HCI. With more input of Kaolinite the reaction rate with KCI in-
creases because the additive starts reacting more with KClI, thus the HCI formation rate also
increases. Especially after about 50% of variation, Kaolinite reacts mostly with KCI, and for
maximum Kaolinite insertion into the system KCI amounts are insignificant and all the CI con-
tent exists as gaseous HCI.

At this point, an important observation is made from both Figure 4.9 and Figure 4.10. When
HCl is high, it means that the additive has reacted with KCI, but before it has reacted with K
in slag so it is low. Thus high HCI concentrations might imply that potassium in slag has been
deal with.

4.2 Experimental results

Combustion performance

For all experimental sessions, the exit excess O, and the CO: in flue gas were maintained
around 3 vol.-% and 16.5 vol.-% respectively. Furthermore, the CO concentration is an indi-
cator for the efficiency of the combustion process, because higher CO levels indicate incom-
plete combustion while high CO fluctuations can reveal some combustion instability. In our

cases CO values were relatively low, mostly below 20 ppm. The emission measurements
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were made in flue gas at the end of the furnace (bottom) or later in the gas pipe with the
FTIR.

In Figure 4.11, the case of WP+KCI as fuel is given as an example, showing the obtained
emission measurements before and after the use of additive. It is clear that for the long com-
bustion time of only the fuel, all the different emission components are inside limits and fluc-
tuations are not important. Also when additive is inserted into the system, the range of the
emission of the different components is not changing. This means that not only each individ-
ual session was stable, but also the act of feeding additive did not influence the combustion

behavior. All the other cases show a similar stability and combustion quality.

e 02 (%) e CO2(%) @Bentoniteinput = CO (ppm) xSO2 (ppm) x NOx
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Figure 4.11: Combustion emissions for the case of WP+0.25%KCI with and without Bentonite
addition.

4.2.1 Impact of additive feeding on HCI emission

The maximum theoretical HCI concentration in emission that could be achieved if all of the CI

content of the fuel reacted towards the formation of HCI is calculated with the help of the
formula:

Ya My %106

MCl Vmol

(V_5+V_C YN +0-79(V_5+V_C+ YH

M; T M, T 2My T 021

CHClmax = 21 (4'2)

Yo ))
MS MC 4‘MH ZMO 21—y02
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Where:

CHClpg, is the maximum theoretical HCI concentration in emission that could be achieved

if all of the Cl content of the fuel reacted towards the formation of HCI, in mg/m?

Vi is the mass share of the element i in the fuel in (%)

M; is the molar mass of the element in g/mol

Vot is the molar volume of ideal gas in 1 atm pressure, 22.414 L/mol
Yo, is the volume share of excess oxygen in flues gas in %

In order to compare this value with our measurements, (4-2) is converted so that the results
are in ppm, in the new formula:

Vmol
*
My,

HClmax = Cycy,,,,, (4-3)

Whole experimental sessions

The whole experimental sessions for TS and WP+KCI and the additives used are displayed
in Figure 4.12, Figure 4.13, Figure 4.14, Figure 4.15 and Figure 4.16. In each diagram, the
effect of the additive used, on the corresponding fuel’'s behavior is presented, as every single
HCI concentration measurement is shown through the course of time. The numbers above
the diagram indicate the feeding rates of the additive in g/h, which were adjusted in the ses-
sion at that time point. Also the theoretical maximum HCI concentration value is displayed as
the upper limit for each fuel.

From here one when referring to HCI concentration values, the word concentration might be

skipped for ease.
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Figure 4.12: Whole Torrefied Straw Aurora session.

In Figure 4.12, the whole experimental session of TS combustion with Aurora addition in dis-
played. The maximum theoretical HCI value for Torrefied Straw is calculated to 67 ppm. An
overall view of this image shows that the HCI emissions of pure TS begin with low values and
they go up as the feeding of Aurora begins and then increases. It starts from 32.34 ppm
which means that for pure fuel, 48% of Cl exists in HCI(g). Then the additive is fed into the
system following the consecutive process described in 3.2.2. Finally the HCI reaches maxi-
mum values around 57.15 ppm which is close to the theoretical maximum one (66.88 ppm),
when also the maximum Aurora feeding at 166.5 g/h is achieved. At this point about 85% of

chlorine is released as gaseous HCI.
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Figure 4.13: Whole Torrefied Straw Bentonite session.

In Figure 4.13, the whole experimental session of TS combustion with Bentonite addition in
displayed. Similarly to the aurora case, the general impression that this images gives is that
for pure fuel the HCI emissions are low and they increase with the insertion of Bentonite into
the system. In this session the initial HCI levels for pure fuel where about 25.7 ppm (~38% of
Cl as HCI for pure fuel). The highest measured HCI values were close to 47.5 ppm (~71% of
Cl as HCI), when also having the highest Bentonite feeding rate, at 91.6 g/h. These values
are close enough to the theoretical maximum HCI value of TS, but not so close as when us-

ing Aurora. This big difference will be discussed below (Figure 4.18).
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Figure 4.14: Whole Wood Pellets+KCIl Aurora session.

In Figure 4.14, the whole experimental session of WP+0.25%KCI| combustion with Aurora
addition in displayed. Similar to the previous cases, it is clear that as the additive feeding
rates change, so do also the HCl emissions. The HCI concentrations for pure fuel were
around 62 ppm (~37% of Cl into HCI) and the highest HCI values were about 116.3 ppm
(~70% of Cl in HCI) for 93.5 g/h aurora feeding. The highest HCI values are not close to the
theoretical maximum HCI value for WP+0.25%KCI, which is 166.04 ppm.

In general the behaviour of WP+KCI with the co-feeding of Aurora case seems similar to the
TS-Aurora case. Nevertheless the highest HCI values are not close to the theoretical maxi-

mum HCI value for WP+0.25%KCI, which is 166.04 ppm.
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Figure 4.15: Whole Wood Pellets+KCl Bentonite session.

In Figure 4.15 the whole session of WP+KCI with Bentonite as additive is shown. A first look
shows that in general the fuel responded to the use of additive and the HCI levels increased
accordingly. The HCI values for pure fuel were around 75.2 ppm (~44% of Cl content in HCI).
The highest HCI values were measured to be around 118.5 ppm (~71% of Cl content in HCI),
for the bentonite feeding of 61 g/h. The results show that the highest HCI values measured

were not very close to the theoretical maximum HCI value, which is 166.04 ppm for

WP+0.25%KClI.
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Figure 4.16: Whole Wood Pellets+KCI Aurora dry addition

Additionally, in order to feed more additive into the system and achieve higher HCI
concentrations from the WP+KCI fuel combustion, the procedure described in 3.2.2 for drying
Aurora took place and the attempt was succesful. As seen in Figure 4.16, as soon as it was
dried, Aurora had a great impact in the system. The additive achieved higher feeding rates,
and had a faster response, maybe because of its fine and dry nature which leads to larger
specific surface area and less transport limitations [43], [40]. The highest HCI values
observed were around 148.77 ppm (~90% of Cl content in HCI) for the additive feeding of
131.4 g/h. These values are close to the theoretical maximum HCI value for WP+0.25%KClI
(166.04 ppm) and also are the highest HCI concentrations observed between all sessions.

Furthermore the experimental session for pure Wood Pellets combustion with the addition of
Bentonite took place. The maximum theoretical HCI value for WP is 33 ppm. For pure fuel
HCI was measured at 12.28 ppm (~37% of Cl content in HCI), while with the maximum addi-
tion of Bentonite at 77.48g/h, the increase in HCI concentrations was small. The highest val-
ue observed was around 17.5 ppm (~53% of CI content in HCI). The whole experimental

session of WP can be seen in Figure 7.26.

As we would expect, Wood Pellets flue gases seem to have lower HCI concentrations in
general compared to Torrefied Straw, because of their lower Cl content, something also
shown by Nordgren et al. (2010) [64]. The same way, the flue gases of Wood Pellets+KCl

have the highest HCI levels between all cases, because of their much higher Cl content.
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In some of the above cases, it was not possible to increase the feeding of the additive after a
certain point, so the possibility of achieving higher HCI values with these fuels and additives
exists. In some other cases, the measured HCI concentrations did not increase, even after
the additive feeding rates seemed to keep increasing. This might mean that the additive’s
effect is limited after some rate of insertion into the system, or that the residence time of the
particles inside the chamber (5-6 s) is not enough for the reaction to happen for the entire
amount of KCI(g) [40], or that some additive feedings measured in high belt speeds were not

very precise. The matter could be further investigated.

After the all the cases were presented, it can be stated that the course of the sessions went
as expected. No important fluctuations were observed and both Aurora’s and Bentonite’s
response were fast, when thinking about long hours combustion sessions. Furthermore, it
was possible to show that the use of additives, when combusting biomass, has an impact on
HCI concentrations. The effect of additives was high, since for both TS and WP+KCI the
highest measured HCI values reached close to the maximum theoretical one for each fuel.

This happened normally when the highest additive feeding rate was achieved.

The high HCI concentrations translate into dealing with potassium in slag and also prevention
of ClI from going into ash. These experimental data come in agreement with the equilibrium
calculation presented before since the input of additive into the system increases the HCI
concentrations. Also these findings come to verify the assumptions concluded in the previous
studies of Jensen et al. (2013) [35], Wu et al. (2011) [43] and Aho (2001) [65], which say that
Cl must have been released as gaseous HCI, because after the addition of aluminosilicates,

the CI content found in biomass ashes was found much lower compared to no addition.

HCI mean values for the corresponding dry additive feeding rates

In Figure 4.17 the results from four different sessions are presented. Torrefied Straw and
Wood Pelltes+0.25%KCI with the addition of Aurora (A) and Bentonite (B) each. This image
is a summary of their whole experimental sessions. The HCI concentration values (ppm) are
grouped here together in HCI mean concentration values (ppm). The HCI mean values (ppm)
is an average of a range of data. This range was selected manually for HCI values (ppm) that
seem to have stabilized after an additive feeding rate was set (g/h), and before it was
changed to a new additive feeding rate (g/h). Every HCI mean concentration value (ppm)
corresponds to the former additive feeding rate (g/h). The additive feeding rate values are
presented here after being dried from their initial values. So the comparison between the

additives is without moisture and only their useful part is taken under consideration. HCI
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mean values until the highest one calculated are presented only. Also the theoretical maxi-

mum HCI value is displayed as the upper limit for each fuel.
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Figure 4.17: HCI mean values for their corresponding additive feeding rates — TS and WP+KCl
cases.

This image makes easier to see how the variation of additives influences the HCI concentra-
tions. As the additive feeding rates are increased successively, so do the HCI concentrations,
in all cases. So different results can be achieved with different input of additive into the sys-
tem.

Furthermore, it can be seen that the areas with HCI values for the two fuels (and their A, B
cases) do not meet. The initial HCI values, for pure fuel (additive 0 g/h) and the highest HCI
values, between the two fuels have big differences. This is of course because of the different
Cl content of the fuels (chlorine in WP+0.25%KCI is more than 2 times higher than in TS).
Both additives’ effect seems to be similar on both fuels regarding HCI. However there are
some small differences. Initially it is shown that Aurora was managed to be fed until higher
feeding rates than Bentonite (Ad stands for dried Aurora and is the extension of the
WP+KCI_A case). The feeding of higher additive amounts gave an advantage and led into
higher effect and HClI values. In the TS case, the two series of HCI values seem to follow the
same line. But in the WP+KCI case, for the same additive feeding rates, the HCI increase

seems to be happening more sharply with Bentonite than with Aurora. These differences
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between the additives’s effect might be linked to their physical characteristics and the surface

reaction kinetics, as suggested by Wu et al. (2011) [43].

However, it seems that there is a fluctuation in the measurements of FTIR. The measure-
ments for pure fuels, between the two additive sessions for each fuel, do not give the same
mean HCI values. One the one hand, in the case of TS, the HCI value of pure fuel is higher in
the session for Aurora. On the other hand, in the WP+KCI cases, the first measurements, for
pure fuel give different mean HCI values as well, but this time, they are higher for the dried
Aurora case (which is not presented above but in the annex). The fluctuation range of meas-
urements observed for FTIR is presented in Figure 4.18. The mixing of WP with KCI might be
responsible for the bigger differences in the cases of WP+KCI, since the homogeneity of it is
not known. It is considered possible that this difference range in HCI values for pure fuel
might be the same also for the next HCI values, between the two additive cases, for the
same additive feeding rates. The fact that these measurement ranges exist is important and

they will be used later on.
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Figure 4.18: Fluctuation range for FTIR measurements.
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4.2.2 Chlorine as HCI in respect to K/(Si+Al)

The components that react with the potassium of the fuel and lead to the release of HCI, are
silicon and aluminum, which exist in the incoming additive, but also to a certain amount in-
side the fuel. For this reason the molar ratio of potassium into the fuel to the aluminum and
silicate inside both the fuel and the additive is of great interest. The K/(Si+Al) molar ratios for
the dried components mentioned above were calculated for dry additive feeding rates (dried
at 105°C) and are presented in Figure 4.19 (the * symbol in WP+KCI_A* means that both
Aurora and dried Aurora data were fused for the results presented). This image exists in or-
der to show how the ratio behaves for different additive amounts, but also for the comparison
of the two additives.

It is shown that as the additive feeding increases, the K/(Si+Al) molar ratio is decreasing.
Furthermore, it is clear that for each different fuel case, Aurora and Bentonite have the same
K/(Si+Al) molar ratios for the same rates of additive feeding, which is due to their similar
dried composition. This could mean that the potassium related problems of the fuel may be

dealt similarly by Aurora and Bentonite.
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Figure 4.19: K/(Si+Al) ratios for different additive feeding rates. TS and WP+KCI cases.

It is of interest to examine what part of the total fuel chlorine content goes to the formation of
HCI when additives are fed. This can also be translated to, the ratio of actual HC| formed to

the theoretical maximum HCI value than can be achieved.
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Figure 4.20: Percentage of fuel Cl that transforms into HCI in respect to K/(Si+Al) ratios, for TS.
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Figure 4.21: Fixed percentage of fuel Cl that transforms into HCl in respect to K/(Si+Al) ratios,
for TS.

For the TS cases the HCI/HCImax (Cl as HCI) ratios were calculated for the corresponding
K/(Si+Al) molar ratios presented in Figure 4.19 and the results are displayed in Figure 4.20. It
is reminded that for TS the HCIlmax is 66.88 ppm. It is shown that for the same K/(Si+Al) rati-
os the existence of Cl in HCI is similar for both additives. But this comparison cannot be
completely accurate since the initial pure fuel HCI levels for the two cases, as seen inFigure
4.18, are different.

For this reason, also Figure 4.21 was created, which displays the same diagrams as the pre-
vious one, but this time in the Bentonite case all the calculated HCI are increased by the dif-
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ference range of pure fuel displayed in Figure 4.18 (referred as fixed). This way, the compar-

ison between the two additives starts from the same base.
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Figure 4.22: Fixed percentage of fuel Cl that transforms into HCl in respect to K/(Si+Al) ratios,
for Wood Pellets+KCl.

For the WP+KCI cases the HCI/HCImax ratios were calculated for the corresponding
K/(Si+Al) ratios presented in and the results are displayed in Figure 7.29. The comparison
from this image cannot be completely accurate since the initial pure fuel HCI levels for the
two cases are different, as shown inFigure 4.18.

Thus, for WP+KCI cases altered diagrams were created also, presented in Figure 4.22. This
time the data of the Bentonite and dried Aurora sessions were changed so that all their cal-
culated HCI values were decreased by the difference range of pure fuel displayed in Figure
4.18 (referred as fixed). Also the data of both Aurora cases were fused together, since the
result representation here is for dry fuels.

After taking into consideration the FTIR measurement fluctuations and observing Figure 4.21
and Figure 4.22, the comparison between Aurora and Bentonite becomes easier. From these
images it is observed that for both fuels, the effect of the two additives end their differences
are similar. The use of Bentonite, leads more Cl content towards the formation of HCI than
the use of Aurora, for the biggest part of K/(Si+Al) range that Aurora and Bentonite share in
common. However, because Aurora was managed to be fed more, for the lowest potassium
to aluminosilicate ratios, Aurora manages to lead more chlorine towards the formation of HCI.
This is because the Bentonite-cases points seem to follow a more straight line, when the

Aurora-cases follow a curved line (seen better in Figure 7.30, Figure 7.31). Differences in the
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effect of additives and also their comparison in respect to K/(Si+Al) molar ratios, were also
examined by WU et al. (2011) [43].
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Figure 4.23: Percentage of fuel Cl that transforms into HCI in respect to K/(Si+Al) ratios, for TS
and WP+KCI.

In Figure 4.23 are presented the results of Cl as HCI in relation to K/(Si+Al) molar ratios for
all TS and WP+KCI cases. It is obvious that overall as K/(Si+Al) decreases, the Cl as HCI
increases. This means that the more additive enters the system, the more CI goes towards
the formation of HCI and for the lowest K/(Si+Al) molar ratios, most of Cl is released as gas-
eous HCI.

Furthermore, when overlooking the small differences, the additives seem to have a similar
effect which follows a general trend. This trend is displayed here with a line going through the
result points.

From literature as mentioned before, the reaction that takes place between aluminosilicates
and KCI in order to release HCI is: 2KCI(g) + Al,Si,0, + H,0 = 2KAISi0,(s) + 2HCI [7]. This
means that for the reaction to take place, the molar ratio K/(Si+Al) has to be less than 0.5
[40]. When looking in Figure 4.23, for K/(Si+Al) just below 0.5, the increase in HCI/HClmax
(Cl as HCI) is very small. This is probably because, as seen in the equilibrium calculations in
4.1.4, the additive is not available to react with KCI, but first seems to react with the rest of K
in gas and K in slag. The reaction with KCI at lower than 0.5 is very small and after all the K
in slag has been dealt with, then the reaction with KCI becomes dominant. The increase of Cl
to HCI becomes sharper, around the K/(Si+Al) ratio of 0.3 and is dominant around the ratio of

0.2. So it could be said that, for K/(Si+Al) molar ratios greater than 0.5, the additive reacts
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mostly with the rest of K in gas (KOH, K>SO.), for ratios between 0.5 and 0.3 it reacts mostly
with K in slag and for ratios lower than 0.3 it reacts mostly with KCI(g).
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Figure 4.24: Percentage of fuel Cl that transforms into HCI in respect to K/(Si+Al) ratios, com-
parison of TS experimental and FactSage results for 1200°C

The Figure 4.24 presents the comparison of Cl as HCI [%] for the experimental results of TS
and the equilibrium calculation of TS. It should be noted that the measurements took place at
200 °C temperature, when the FactSage results are equilibrium output at 1200 °C. For high
K/(Si+Al) molar ratios, the trends are comparable but still the differences between experi-
mental and equilibrium results are big. This happens probably because as the temperature of
measurement location is 200 °C, the impact of sulfation mechanism on HCI ( 2-12) is ac-
counted. On the other hand, the equilibrium calculation at 1200 °C does not take this mecha-
nism under consideration, since it is happening at lower temperatures (2.6). However, the
interaction between the alkali species and the aluminosilicates is expected to take place in
temperatures as inside the combustion chamber. So 1200 °C for the equilibrium calculations
is used. At K/(Si+Al) molar ratios lower than 0.3, much more additive is entering the system
and it starts reacting more with KCl as stated before. So Cl as HCI [%] increases. At this ar-
ea, the measured and equilibrium results come closer, probably because the increase in HCI

is mostly influenced by the additive increase.
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4.2.3 Chlorine content in ash

The filter ash samples obtained from the sampling experimental sessions for pure WP+KClI
and WP+KCI+Bentonite, were given to the lab for analysis. In Figure 4.25 are shown, the ClI
content of the filter ash samples presented from the analysis, as well as the maximum theo-
retical Cl content, that would exist in ash if all of the chlorine of the fuel stayed there.

In the case, that no additive was fed into the system, it can be seen that 88% of the total Cl
content ends up in ash, while only the rest 12% is missing. This absent part of chlorine is
most probably going towards the formation of HCI. On the other hand, in the case of benton-
ite feeding, the chlorine content in ash is decreased to only 9% of the total Cl content ex-
pected in the pure WP+KCI case. This means that the biggest part of Cl was released as
HCI, something proposed in various studies [29,35,65]. To talk in other terms, the Cl content
of ash in the case without additive is as high as 10 times the chlorine content in the case with
additive. The obvious conclusion made from this comparison is that additive use is very ef-
fective into leading chlorine towards the formation of HCI, through the reaction of aluminosili-
cates with KCI. This way the chlorine content of ash gets vastly reduced and the risk of alkali
related corrosion is decreased.

However, the mean HCI value of the whole pure WP+0.25%KCI session was 57.59 ppm and
the theoretical maximum HCI value for WP+0.25%KCI is 166.04ppm. This translates into
that, 35% of Cl appears to react into HCI, much more than it was expected from the filter ash
sample analysis. One possible explanation for this big deviation is that, the HCI measure-
ments took place before the filter, which might give as a result higher HCI values. Another
reason is maybe because some other components, that were expected to be found in ash,
left the furnace in gaseous form. So this increases the Cl content. Furthermore, another pos-
sible reason is that, some CI species might tend to stay inside the filter and so filter ash has

increased CI content. Further investigation on the matter is advised.
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Figure 4.25: Cl content found in filter ash in comparison with maximum theoretical content that
could exist, for Wood Pellets+KCI.

4.2.4 Ash deposition rates

The ash deposition tests on the ceramic probes took place for WP+0.25%KCI, with and with-
out the feeding of Bentonite additive and lasted 70 and 123 minutes respectively. The ash
deposition rates were calculated as the weight difference of the probes, after and before the
tests, divided by the period of time that the deposition lasted. The rates are presented in
Figure 4.26.

The deposition rate in the case additive was used is higher than the case without additive.
With a first look, these results do not meet with the theory which says that, alumino-silicate
additives increase the ash melting temperatures and lead towards the formation of less sticky
ash components (K-Al-silicates instead of K-silicates) and thus decrease the slagging and
deposition tendency. However, in the case of additive use, the input of additional ash com-
ponents in big amounts has to be taken into serious consideration. Compared to the pure
fuel case, much more ash creation potential exists during combustion. This is the reason of
the higher ash deposition rate in the plus additive session. Similar findings were shown by
Tobiasen et al. (2007) [40] and Wu et al. (2011) [43].

Analysis of the deposit needs to be done in order to examine its nature and properties. In any
case, this was an experimental session of secondary importance, so the details can be fur-
ther investigated later. The aim was to see how the combustion under stable conditions be-

haves, with and without additive and also to confirm the deposit tendency of the biomass.
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Figure 4.26: Ash deposition rates for Wood Pellets+KClI, with and without bentonite feeding.
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5 Conclusion

The aim of this study was to evaluate the influence of aluminium-silicate based additives on
the formation of molten deposit and condensation of alkali salts on cool boiler surfaces. The
ash behaviour of two biomass fuels (Torrefied Straw and Wood pellets) was simulated in the
thermochemical software and database ‘FactSage 6.3’, with and without the variation of addi-
tive. Combustion experiments were carried out in 20kW atmospheric drop tube furnace BTS
of the IFK facility, with the combustion of Torrefied Straw, Wood Pellets and chlorine en-
riched Wood Pellets (by premixing KCI) and the variation of Aurora and Bentonite as addi-

tives. The experiments were focused on evaluating the behaviour of chlorine.

Equilibrium calculation results show that for both biomass fuels slag ratio increases with the
increase in temperature. This increase is very sharp for temperatures over the fluid tempera-
ture of ash, as obtained from ash fusion tests. Additionally, the slag ratio is also influenced by
the air to fuel ratio. In general as A increases the slag ratios decrease. Moreover, the results
showed that biomass slag formation is led primarily by its high potassium content. Potassium
exists in gaseous species in very high temperatures and moves towards solid species in low
temperatures, but most of the potassium content exists always in slag. In addition, it was
observed that the amounts of KCI formed depend exclusively on the Cl content of the fuel.
The highest the K content, primarily, and also the Si content of the fuel are, the biggest
amounts of slag are produced. Therefore the amounts of slag for TS were higher than for WP
and also TS has much higher slagging potential than WP. Finally kaolinite was shown to re-
duce the slag and also lead Cl out of KCI.

The experimental results showed that the input of additive does not disturb the stable condi-
tions of the combustion. It was clear that the additive does have an influence on Cl behav-
iour, which can be seen in the changes of HCI concentrations. The response on the HCI con-
centrations was fast when the additive was varied or when it was stopped. As the additive
entering the system increased, so did HCI, until it reached a certain level close to the maxi-
mum theoretical value. This consequently meant that also the respective amount of Cl got
out of KCI. Furthermore, it was shown that the molar ratio of K/(Al+Si) influences the per-
centage of total Cl content that forms into HCI, This molar ratio has to be less than 0.5 in
order to have positive results. In addition, the effects of the two additives seem follow a simi-
lar trend. However, bentonite showed to have slightly higher effect for lower feeding rates.
Finally, the ash sampling tests confirmed that with the presence of additive, chlorine is re-

strained from KCI and thus is restricted from going to ash.
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The equilibrium and experimental results are comparable in the entire range of additive varia-
tion, but converge more with increased additive input, where the reaction mechanism be-
tween the aluminosilicates and the KCI is more dominant. Both conclude that the use of addi-
tive takes Cl out of KCl and forms it into gaseous HCI.

In order to understand more clearly the interaction of additives with KCI, the investigation of
the HCI and additive relation with the help of HClI measurements inside the furnace is pro-
posed, since at temperatures over 1000 °C, the sulfation mechanism does not have an im-

pact on HCI formation.
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7 Appendix

7.1 Fact Sage

7.1.1 Torrefied straw product species in respectto A

The diagrams in paragraph 4.1.2 show the changes of products for A variation, but in order to
make them more distinguishable and also to show how the molar ratios of different important
species in products change with A, we created species-A diagrams for K, Ca, Fe and Si for
the case of TS, at 1200 °C. With molar ratios of a species in products we mean the ratio of

mole of a species inside one product to the whole molar amount of this species inside all the
products.
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Figure 7.1: Molar ratio of K in respect to air-fuel ratio for Torrefied Straw at 1200 °C.

Above Figure 7.1 is observed that potassium species go under only small changes. With the
increase of A, the molar ratio of potassium in K-oxides (slag) and K(g) slightly decreases,
while in KOH(g) and K>SO4(s) slightly increases. Interesting is the fact that the molar ratio of

potassium in KCI(g) stays stable, which confirms the fact that potassium chloride formation is
limited by CI content.
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Figure 7.2: Molar ratio of Cain respect to air-fuel ratio for Torrefied Straw at 1200 °C.

In Figure 7.2 is shown that the changes in the components’ Ca molar ratios are greater.

While the air-fuel ratio increases, the Ca leaves the slag and helps the formation or increase

of solid species, like Ca-silicates, Ca-Fe-silicates and Ca-Mg-silicates. We also see here that

phosphate formation is limited by P content.
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Figure 7.3: Molar ratio of Fe in respect to air-fuel ratio for Torrefied Straw at 1200 °C.

For the case of iron, from Figure 7.3 we see that, while A increases, all the Fe leaves the slag

sharply and contributes into forming solids. Only for A=1 Fe3O. is formed and for greater air-

fuel ratios Fe exists only in Ca-Fe-silicates.
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Figure 7.4: Molar ratio of Si in respect to air-fuel ratio for Torrefied Straw at 1200 °C.

Finally we see the changes in the silicon species in Figure 7.4. Silicon, as we see in all our
results until now, plays a leading role in slag and solid formation, as it forms silicates with K,
Ca, Fe and other components. Similarly to Ca, as the A increases, silicon leaves the slag
form and helps in the creation or increase of solid species like Ca-silicates, Ca-Mg-silicates
and Ca-Fe-silicates.

All the above diagrams lead to the same conclusion, that it is preferable to have air-fuel ratio
A>1 because this way the formation of slag is reduced and instead we have more solids that
are easier to handle.

7.1.2 Comparison between FT oxide-SLAGA and FT oxide-SLAGC databases.

FactSage gives the products of an equilibrium thermochemical calculation depending on the
databases chosen to be used in this process. In this study FT Oxide-SLAGA and FT salt-
SALTF have been used for defining the liquid phase. Instead of FT Oxide-SLAGA, another
database could have been chosen that would give us similar results, but in the end the for-
mer databases were considered more suitable because of the previous existing experience
from their use. Below (Figure 7.5, Figure 7.6) the differences in the results between the use
of FT Oxide-SLAGA and FT Oxide-SLAGC in the presentation of the molar ratios of potassi-

um inside different K products of TS, is shown. The air-fuel ratio is 1.15.
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Figure 7.5: Molar ratio of potassium inside different K products of Torrefied Straw, FT oxide-

SLAGA case.
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Figure 7.6: Molar ratio of potassium inside different K products of Torrefied Straw, FT oxide-

SLAGC

Comparing the two diagrams it is shown that K, KOH, KCI, K,SO4 have similar behavior.

What makes the difference of the databases obvious is that in the first case, molten potassi-

um species appear as K;O inside the slag, while in the second one they appear as K-
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silicates inside the slag. Furthermore in the second case, some K is left for the production of
K-Al-silicates.

7.1.3 Effect of variance of fuel components on K-species formation.

Investigation on how the variance of different fuel components influences the formation of the
K-species was also of interest. For this reason calculations were made while varying SiOx,
CaO and Fe;03 from zero to their maximum content. The variation took place while combust-
ing torrefied straw, in the theoretical case that each one of these compounds could be ex-
tracted from the fuel and then fed together with the new “limp” fuel at will. The A was set to
1.15 and three temperatures were chosen 900, 1100 and 1300 °C. This selection was made

because each temperature seems to represent a different slagging behavior in Figure 4.2.

SiO, variation

The results calculated for SiO» variation in its full range 0-1.486 g, for the three temperatures
are presented below in Figure 7.7 for 900°C, Figure 7.8 for 1100°C and Figure 7.9 for
1300°C.
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Figure 7.7: K distribution for SiO, variation at 900°C, Torrefied Straw.
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Figure 7.8: K distribution for SiO2 variation at 1100°C, Torrefied Straw.
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Figure 7.9: K distribution for SiO2 variation at 1300°C, Torrefied Straw.

From these diagrams some observations can be made:
¢ While SiO; increases, the K-gas species decrease but the K-species in slag phase
increase
e In high temperatures there is no K.SO4 and when the temperature goes down first
some K2S04(g,l) form
e KClis constant, which again confirms that KCI formation depends only on Cl levels
e Slag formation is higher for the lower temperatures of our case

e For 900 °C and low SiO; content there is some K available for K-carbonates for-
mation
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In Figure 7.10 below is presented where Si goes when SiO: is introduced together with the
fuel. Also the major K-species behavior is presented in order to enable a possible relation.

It is clearly shown that as long as Si starts being inserted into the system, silicates are start-
ing to form, i.e. Ca-silicates, K-silicates (not shown here because of chosen database). This
means that almost all the Si content will exist into slag. Furthermore available KOH(g) starts
quite early to react with SiO; in order to form different K-silicates with their own melting tem-

perature (K20.nSiO). The reactions responsible for that have the general equation:
2KOH(g) + nSi02(s) = K20.nSi02(l) + H20 (7-1)
which has lower AG than the general equation:

Ca0(s) + Si02(s) = mCa0.nSi02(s) (7-2)

So ( 7-1) has priority to take place before ( 7-2). Also a reaction with its reactants and prod-
ucts like (g)+(s)—(l) is more probable than one with reactants and products like (s)+(s)—(s).

=4=Si02 (slag) == Mol-Ca2SiO4(s2)  ==h=Mol-Ca3SiO5(s)
== Mol-Ca2MgSi207(s) == Mol-Ca3MgSi208(s) =@=K-as KOH (g)
K-as K20 in Slag (l)
100%

80% "\\ /
60%

40% ‘\0§

20%

0% Eae Tty IM

0% 20% 40% 60% 80% 100%
Percentage of SiO2 max

Si distribution [mol.-%]

Figure 7.10: Si distribution and major K-species behavior for SiO2 variation at 1300°C, Torre-
fied Straw.
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CaO variation

The results calculated for CaO variation in its full range 0-0.7331 g, for the three tempera-
tures are presented below in Figure 7.11 for 900°C, Figure 7.12 for 1100°C and Figure 7.13
for 1300°C.

=@—K-as KCl (g) ===K-as KOH (g) ==¢=K-as K20 inSlag(l) =—=K-asK2S04 (s)
__100%
x
= 80%
g e
= 60%
.0
§ 40%
B 20% r
©
0% 20% 40% 60% 80% 100%
Percentage of CaO max
Figure 7.11: K distribution for CaO variation at 900°C, Torrefied Straw.
=—K-as KCl (g) == K-as K2504 (g) == K-as KOH (g)
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Figure 7.12: K distribution for CaO variation at 1100°C, Torrefied Straw.
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=@=K-as KCl (g) =s=K-as KOH (g) ==4=K-as K20 in Slag (l)
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Figure 7.13: K distribution for CaO variation at 1300°C, Torrefied Straw.

From these diagrams can be seen that, while the temperature rises, K20 in slag decreases

and KOH(g) increases.

In Figure 7.10 below is presented where Si goes when SiO; is introduced together with the
fuel. Also the major K-species behavior is presented in order to enable a possible relation.
What is shown here is that while Ca content increases, K in slag decreases. This happens
because Si not reacting exclusively with K to form K-silicates but also with Ca to form Ca-

silicates. So obviously Ca content is slag increases as well.

=@=Ca0 (slag) == Mol-Ca2MgSi207(s) === Mol-Ca3(P04)2(s2)
== K-as KOH (g) == K-as K20 in Slag (l)
_100%
N
< 80% .
£ ' ' ' l :
e 60%
2
3 40% =,
]
T 20% A———
0% 5= m—r .
0% 20% 40% 60% 80% 100%

Percentage of CaO max

Figure 7.14: Ca distribution and major K-species behavior for CaO variation at 1300°C, Torre-
fied Straw.
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Fe.Os variation

The results calculated for Fe>Os variation in its full range 0-0.1226 g, for the three tempera-
tures are presented below in Figure 7.15 for 900°C,Figure 7.16 for 1100°C and Figure 7.17
for 1300°C.

=—0—K-as KCl (g) == K-as K2504 (g) == K-as KOH (g)
=>=K-as K20 in Slag () ===K-as K2504 (s)
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Figure 7.15: K distribution for Fe203 variation at 900°C, Torrefied Straw.
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Figure 7.16: K distribution for Fe203 variation at 1100°C, Torrefied Straw.
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—9—K-as KCl (g) =#—K-asKOH (g) =>=K-as K20 in Slag (l)
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Figure 7.17: K distribution for Fe203 variation at 1300°C, Torrefied Straw.

The above diagrams do not show any important changes, except for a small one when start-
ing to introduce Fe;0Os into the system at 1300 °C. There are no significant differences prob-
ably because the variation of Fe;Os is small. So we decided to follow the same procedure
again for Fe>Os3 but this time with the variation range of SiO, i.e. 0-1.486 g. The new results
calculated for the new Fe;O3 variation range, for the three temperatures are presented below
in Figure 7.18 for 900°C, Figure 7.19 for 1100°C and Figure 7.20 for 1300°C.

=—9—K-as KCl (g) =#=—K-as KOH (g) ==>¢=K-as K20 in Slag () =——K-as K2S04 (s)
— 100%
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Percentage of new Fe203 max

K distribution [mol.-%

Figure 7.18: K distribution for new Fe203 variation at 900°C, Torrefied Straw.
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=@=[K-as KCI (g) == K-as K2S04 (g) === K-as KOH (g)
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Figure 7.19: K distribution for new Fe203 variation at 1100°C, Torrefied Straw.
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Figure 7.20: K distribution for new Fe203 variation at 1300°C, Torrefied Straw.

Once again in this case we don’t see any important changes apart from small differences
when starting to introduce Fe,Os into the system for 1100 and 1300 °C.
After seeing also these diagrams, the conclusion is that iron plays a minor role in K-species

formation when combusting TS.

Below in Figure 7.21, it is shown where iron goes when it is introduced into the system. It is
obvious that all of it goes to iron slag species formation but it seems that there is no relation

with K-species.
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Figure 7.21: Fe distribution and major K-species behavior for CaO variation at 1300°C, Torre-
fied Straw.

After receiving and examining all these results there is one significant observation. With the
used database FT oxide-SLAGA we get K-species in slag but in K,O form and not as potas-
sium silicates that would be more convenient for us. So a repetition of the important process-
es with FT oxide-SLAGC as a database would be of interest, in order to make clear which

database is more suitable for this study.

7.2 Experimental results

7.2.1 Additive feeding

In Figure 7.22 the feeding rates of the additives, for different belt speeds (rotating speed 3),
are presented. The image includes the additive feeding rates for the important sessions of
the study. In Figure 7.23 and Figure 7.24 the range of feeding of the disperser for different
belt speed (rotating speed 3) is presented. Big fluctuations are observed, probably because
of small differences in the ejector nozzle adjustment. In Figure 7.25 the influence that of the
rotating speed, of the stirring part inside the reservoir of the disperser, on the additive feeding
rates is presented. Sometimes increasing the R.S. increases the feeding, some other times it
decreases it.

From these diagrams and the experience obtained from the use of the disperser during the
experimental campaign, occurs the conclusion that the feeding through this device depends
on different factors. The nature of the additive, the usual cleaning of the device, the right
choice of operational settings and an experienced operator, are all necessary for achieving

the optimum feeding process.
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Figure 7.22: Additive feeding rates calculated for different cases.
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Figure 7.23: The feeding capability of the disperser for Aurora, for different belt speeds.
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Figure 7.24: The feeding capability of the disperser for Bentonite, for different belt speeds.
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Figure 7.25: Influence of the stirring part’s rotating speed of the disperser in feeding.

7.2.2 Whole experimental sessions
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Figure 7.26: Whole WP - Bentonite session.
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Figure 7.27: Whole WP+KCI - dried Aurora sub-session

7.2.3 HCI-feeding rate for WP+KCI-Aurora dry case
In Figure 7.28 the mean HCI values for WP+KCI fuel and the feeding of dried Aurora is pre-
sented. It is shown also in this diagram that for this case the highest HCI values were
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achieved and the highest additive feeding rates. Nevertheless after some certain point, the
HCl values did not move higher, even for more additive input into the system.
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Figure 7.28: HCl mean values for their corresponding additive feeding rates. WP+KCl and Auro-
radry case.

7.2.4 Chlorine as HCl in respect to K/(Si+Al)
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Figure 7.29: Percentage of fuel Cl that transforms into HCl in respect to K/(Si+Al) ratios, for
WP+KCI.



93

Cl as HCI [%]

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

¢TS_A BWP+KCl_A+Ad

K/(Si+Al) [mol/mol]

°

= ®e +
=
L | *
] *
[ ] hd &
]
" u

0 0.2 0.4 0.6 0.8

Figure 7.30: Effect of Aurora for Torrefied Straw and Wood Pellets+KClI.
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Figure 7.31: Effect of Bentonite for Torefied Straw and Wood Pellets+KCI.
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Figure 7.32: Relation of K in KCI with the formation of Cl into HCI. All cases.

7.2.5 HClincrease all cases

A different kind comparison is shown in Figure 7.33 and Figure 7.34. The values in these

diagrams were calculated with the help of the formula:

HCli — HCl -
HClincrease(%) = Wfﬁf (7-3)
Where HClIi is the calculated HCI value for the current additive feeding rate and HCIpf is the
HCI value which was calculated for pure fuel for the corresponding additive. Again though,
this comparison is not absolutely accurate since the HClpf values are different between the

the different cases.
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Figure 7.33: HCl increase in % for different additive feeding rates, for Torrefied Straw.



95

©WP+KCl_A BWP+KCI_Ad A WP+KCI_B
100%
< 80% =
)
8 60% .A,
[J]
£ 40% A ¢
(@) A L 4
T 20% &
L 4
0% . T T T T T 1
0 25 50 75 100 125 150
Additive [g/h]

Figure 7.34: HCl increase in % for different additive feeding rates, for WP+KCI.

Stable cases
In some of the experimental sessions, the goal was not to see how the variation of additives

influences the HCI emissions, but how the each HCI measurements vary for stable conditions
and also if changes in oxygen influence HCI.

The fluctuation of HCI measurements is presented in Figure 7.35. This image’s fluctuation
ranges contain every single measurement for a continues period of time and differ from Er-
or! Reference source not found. that takes into account as fluctuation range the mean HCI

values of different sessions.

EWP ®mTS ®TS+11.1%A = WP+0.25%KCl ® WP+0.25%KCl+5.8%Bnt
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HCI [ppm]

40
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Figure 7.35: Fluctuation of HCI for stable conditions.

The mean, maximum, minimum and most frequent HCI values measured for these sessions
are also presented in Figure 7.36, Figure 7.37, Figure 7.38 and Figure 7.39.
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Figure 7.36: HCI measurement information about Wood Pellets.
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Figure 7.37: HCl measurement information about Torrefied Straw.
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Figure 7.38: HCl measurement information about WP+0.25%KCI.
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Figure 7.39: HCI measurement information about WP+0.25%KCIl+5.8%Bentonite.

The relation of excess O with HCI levels is presented in Figure 7.40, Figure 7.41 and Figure
7.42 for the pure TS, pure WP+KCI and WP+KCl+Bentonite. From these diagrams, changes

in excess oxygen do not seem to influence the HCI emissions.
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Figure 7.40: Relation between excess oxygen and HCI concentrations, in stable Torrefied Straw

case.
B HCl (ppm) dry A HCl (ppm)dry B HCI (ppm) dry

100

80

£ 60
=2

o 40
I

20

0

0 1 2 3 4 5 6 7
02 [%]

Figure 7.41: Relation between excess oxygen and HCI concentrations, in stable WP+0.25%KClI

case.
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Figure 7.42: Relation between excess oxygen and HCI concentrations, in stable
WP+0.25%K CI+5.8%Bentonite case.






99

8 EAANvIK6 Tpnpa

lwdvvng NMNoAudwng

OepOdUVAMIKOG UTTOAOYIOHOG O€ KATAOTAON 1I00PPOTTIAG YIO TNV
agloAdynon Tng emidpaong Twv TpoéocBeTwv MupiTikou ApyiAiou

oTNnV TAon TTPOog dnuioupyia emiKaBicewv ka1l 0pouBwong TnG

Bropadag
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8.1 Eicaywyn

‘Eva a1tdé Ta TMO OnUAVTIKA aépla Tou @aivopévou Bepuokntriou gival To CO2 To OTT0i0
ETTNPEACel onNPavTIKG Tn péon B€pPavon Tn ETMIQAVEING TNG YNG. To PEYOAUTEPO PEPOG TWV
agpiwv Tou BepPOKNTTIOU TTPOEPXETAlI OTTO TNV TTapaywyr evépyeliag JEow TNG Kauong
OTEPEWV KAUTIMWY Ot €pyooTdola Trapaywynsg nNAEKTPIKAG evépyelag. H  traykéopia
evepyeloky ¢ATnon avapéverar va augndei katd 37% péxpr 10 2040, KATI TO OTToi0 Ba
odnyouoe o€ PEYAAUTEPEG OXETIKEG EKTTOUTTEG AEpiwv Kal o€ goBapd QVTIKTUTIO yia TOUG
avlpwTToug Kal To oikoouoTnua. MNap' 6Aa autd, ol avavewoIheg TINYEG EVEPYEIAG WE TIG
XOMNAEG eKTTOUTTEG AvOpaka Kepdifouv £6a@OG, evw TO HEPISIO TOUG OTNV TTAPAYWYN
evépyelag avauévetal va eival o éva Tpito péxpl To 2040. Evidg tou 2012 10 pepidio TG
TTapadooiakng Biopdlag frav 1o 9% TnG TTayKOOUIAG eVEPYEIOKAG KaTavaAwong (Figure 1.1),
VW MEXP! TOo TEAOG Tou 2013 1O peEPIdIO TNG PBiopdlag oTnv TTapaywyn TNG TTayKOOUIOG
NAEKTPIKAG evépyelag RTav 1.8%. Opoiwg PE TIG OUYXPOVEG AVAVEWOIPEG, N Blopdla pTTopeEi
va TTapéxel afidAoyo HepPIdIoO TNG CUVOAIKNG NAEKPIKAG EVEPYEIQG OE TTEPIOXEC OTTOU €ival
OIKOVOUIKA avTaywVIOTIKF KAl CNPAvTIKOi TNG TTOPOI gival SlaBEaiol.

Map' 6Aa autd, Ta Kauoiya Biopdlag, Ta OTToia BewpoUvTal TTWG EXOUV OUDETEPO avBPaKIKG
ATTOTUTTWHA, £XOUV JIAPOPETIKY) oUOoTaon atmd Ta OPUKTA Kauaiua. ‘Exouv ugwnAd tmooooTd
aAKaAiWV Kal xAwpiou KA&TI TO oTT0i0 AAAACEl TNV CUUTTEPIPOPA TWV OTOIXEIWV dnuIoupyiag
TEQPPAG KI WG €K TOUTOU KAl TA XAPAKTNPIOTIKG dnuioupyiag ammobéccwyv. Mg autd Tov TpoTTO
TTpokaAoUvTal ouyxvd cofapd TTpoBARPaTa AsIToupyiag OXETICOUMEVA PE TNV TEQPPQ, OTTWG N
onuioupyia emkaBioewyv, n Bpoupwon kai n dIGBpwon uwnAwyv Beppokpaciwyv. Ta Tmo
onuavTikd oToixeia dnuioupyiag T€@pag otnv Biopdda cival Ta Si, Al, Fe, Ca, Mg, Mn, K, Na,
P, S ka1 Cl. Ocov agopd Tnv uAwdN Biopdda, To TTUpiTIo (Si), Ta HETAAAG AAKAAIKWY YaIWV
(Ca, Mg), Ta aAkaAika pétalda (K, Na), 1o B¢gio (S) kai To xAwpio (Cl) Taifouv KaBopioTIKO
pOAo Tnv dnuioupyia emmkabiccwyv, TNV Bpdupwon kai Tnv diGBpwon. Ocov agopd Tnv
aypoTikn Blopdla, o ewoopog (P) €xel TTpwTelov pOAO OTIG avTIOPACEIG YETAOXNUATIOUOU
TEQPAG.

To k&AIo gival To Kupiwg uTTEUBUVO yia TV dnuioupyia atroBEéoewy eviog evog KAIBAvou. €
AEBNTEG KOVIOPTOTTOINKEVOU KAuTiyou OTTou o1 Bepuokpacies gival upnAég, yupw otoug 1300
°C, 10 KGAIO avapéveTal va atreAeuBepwBei oe agpia @don wg udpoteidia, xAwpidia kai/f
Beukd. To T006 Tou XAwpiou péoa oTo Kauoiuo Badel 6pia otnv dnuioupyia XAwpioUuxou
KaAiou kal 1o Aoimmé k&Aoo petatpémeral o€ KOH, evw to K,SOs eivar o otaBepd o€
OUpPTTUKVWHEVN @don (oTepen, uypn). Eteara, ta xAwpiouxa aAkdAia kal Ta Beukd aAkdAia
CUMTTUKVWVOVTAI OTIG WUXPEG ETTIQPAVIEG Tou AEBNTa TTpowbwvTag Tnv BpduBwon kalr Tnv

O1GBpwon. H emepxouevn aAANAeTTIOpaon TwWV AAKAAIKWY €1I0WV HPE TO TTUPITIO dnuIoupyEi
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TTUPITIKA OAKGAIQ pE XauNnASG onueio TAENG, Ta otroia UoTepa BIEUKOAUVOUV Tnv dnuioupyia
oupTTayoUG  Kal I0XUPHG KPUOTAAAIVNG aTrdéBeong HECW TNG PEUCTOTTOINONG  GAAWV
OIEPXOUEVWYV OTOIXEIWV TEQPPAG. AUTA TA CUMTTUKVWHEVA XAWPIdIa/BeKG padi he Ta TTUPITIKA
AAKAAIO XORNARG TASNG MEILOVOUV TNV AaTTOdoon Kal TNV dIaBecIuoTNTA TOU AEBNTA.

Mia atroteAeoparikry AUon o€ autd Ta TTPoBAAPaTa TEPPAS TNG BIOPAdag gival n TTPOoBKN
APYIAOTTUPITIKWY HETAANIKWY OToIXEiwV (TT.X. KAOAIVITNG) KaATd Tnv Kauon Tng Piopddag.
MponyoUueveg €peuveg €Xouv aTTOdEIEEl Ta TTAEOVEKTAMOTA Twv TIPOCOETWY PE BAon TO
TTUPITIKO apyiAlo Kal TRV IKavoeTnTa TOoug va aiXdoAwTiouv Ta oToixeia agpiou kaAiou. O
pNxaviouég 1ou AapPdvel xwpa eival, apxikd O OXNUATIONOG €vOG AUOPQOU TTUPITIKOU
apylhiou pe 1O Ovopa peta-kaoAivn (Al0s.2Si02) katd Tnv BepuiKA ammoouvOeon Tou
KAOAIVITN. ZTNV OUVEXEIQ, N META-KAOAIVN aixuaAwTilel Ta aépia aToixeia aAkaAiou (KOH, KCI
Kal Alyotepo amoteAeouatikd 1o K:SO4) dnuioupywvtag ouoTatikG e uwnAdTEPN
Bepuokpaacia TMENS. Me autd Tov TPOTIO O OXNUATIOPOG TNYMEVWY aTTOBECEWY, OTTWG Kal N
uypoTroinon Twv XAwPIoUXWV/BekwyY oAKOoAiwy, OTIC WUXPEG ETIPAVIEG Tou AERNTa
avapéveTal va peiwbouv. ETtriong, 1o TpocBeTo avTidpd pe TO aépio xAwpiouxo KAAIo Kal
Méow auToU atreAeuBepwveTal UBPOXAWPIKG 00, KATI TTOU HPE TNV OEIPA TOU MEIWVEI TOV
KivOUvo GUPTTUKVWONG TWV SIGBPWTIKWY XAWPIOUXWV aAKOAIWY.

O oT16X0G QUTAG TNG £pyaoiag gival va agloAoyAoEl TNV TTidpacn Twv TTPOCOeTWY Pe BAon TO
TTUPITIKO apyiNio 0TOV OXNHOTIONS TNYMEVWY ATTOBECEWVY KAl CUUTTUKVWONG TWV OAKOAIKWV
OAATWV OTIC WUXPEG €TIPAVEIEG TOU AEBNTA. AUTOG 0 OTOXOG Ba TTpoceyyioTel pe dUo
cexwploTd BAuara. To TpwTto eival n TTpoocoptciwon pe TN PonBeia Tou Fact Sage Tng
CUMTTEPIPOPAS TNG TEPPAG OUO Kauoidwv Blopdalag (Enpauévo axupo Kal TTEANETEG EUAOU)
QVEUIYUEVA PE KUMAIVOUEVN TTOCOTNTA TTPOCBETWY PE BAon 1o TTUPITIKO apyilio. To deUTEPO
Bripa gival n TEIPAPATIKI agIOAOYNON TNG ETTIOPACNG KUPAIVOUEVWV TTOCWYV TTPOCBETWV YIa TO
Enpapévo axupo Kkai TIG TTEANETEG EUAOU. H TTeIpapaTikn epyadia eoTiaoe atnv agloAdynon Tng

OUMTTEPIPOPAG TOU XAwpiou péow TNG HETPNONG TOU UBPOXAWPIKOU OEEWG.

8.2 MNepapariki Eykardotaon & Mef6d0g

8.2.1 MNeipapartikf EykardaoTaon

OAn n reipapartikry diadikacia EAae xwpa Péoa oTov aTuoo@aipikéd KAiBavo KaBetng eAdyag
(BTS-VR) Bepuikng 1oxuog 20kW oTig eykataoTtaoelg tou IFK (lvomitouto Kauong kai
Texvoloyiog AeBrtwv) (Figure 3.1). O kauoTipag armroTeAeital amd €va  nNAEKTPIKA
BepuaIvouevo Kepapikdé cwAiva (BaAapo), yrikoug 2500 mm kai diapétpou 200 mm. Méoa
oT0 OwAAva ptropei va emTeUXOei €va OUYKEKPIUEVO OEPUOKPATIAKO TTPOGIA, PEOW

Bépuavong oe 5 dlapopeTIkEG ToTTOBETieG. O XPOVOG BIAPOVAG TwV CwUATIdiWV PECT OTO
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BdaAapo eival 5-6 s. Ta Kauolpa €I0AywvTav g€ £va KWVIKO OIAG TTavw aTTd TOV KAuoTAPA Kal
ato ekél Tpw@odoTouvVTaV PECW £VOG aTépPova KoxAia péoa o€ éva cwAiva TTou odnyouos
oTnNV Kopuen Tou kKauoTthipa. H ocuokeury Tpo@oddtnong Twv TTpooBeTwy BpIoKOTaV dITTAd
oTnv Tpoodooia Kauoipyou. H ekTévng Trepiypa@ry Twv OUO0 CUCTNUATWY TPOPOdOOTiag
TTapouciadetal otnv evotnta 3.1.2. O KOPIOTAG aépag TTEpvVOUCE dIANECW TNG OUOCKEUNG
TPo@odoaiag TTPOCBETOU KAl EI0EPXWTAV OTOV idl0 CWARva Pe TO0 Kauolipgo. Mg autd Tov
TPOTTO TO KAUCIMO, O KOMIOTAG A€pAg Kal TO TTPOCOETO (OTavV XPNOIMOTIOIEITO) EI0EPYXWVTAV
oT1o BdAapo Tautoxpova (Figure 3.7). O aépag kauong (TTpwTelwVY Kal dEUTEPEUOV) E1I0aYOTAV
kateuBeiav oTov KauoThpa. 210 TEAOG Tou KAIBAvou, ota 2.5 m amd TOov KAuoThpa,
METPOUVTAV 01 EKTTOUTTEG TOU Kauaagpiou. To NO [ppm] kai To NOX [ppm] peTpABnkav Pe Tn
BonBeia evog Chemiluminescence analyser, 1o O, peTpnOnke pe Tn PBonbeia evog paramag-
netic analyser, Ta SO, CO; vol.-% kai CO vol.-% pe NDIR (Nondispersive infrared analyser)
kal To Oz [ppm] ka1 SO2 [ppm] pe NDIR. To HCI [ppm] petpnOnke ue Tn Bonbeia evog FTIR
Analyzer (Fourier Transform Infrared), ye tn dciyyatoAnwia va Tépvel Xwpa GToV aywyo

Kauoagpiwyv, TTPIv To QiATpo (205-365 °C).

Gasmet™ FTIR

H ouvtopoypagia FTIR cupaivel Fourier Transform Infrared Spectroscopy. 'Evag avaAuTig
FTIR £xel Tn dUvaTOTATA VO AVIXVEUEl QPIO CUOTATIKA ATTO TNV ATTOPPOPNTIKOTNTA TOUG OF
uTTEPUBPN akTivoBoAia. Kd&Be cuoTaTikd TTapdyel éva puovadikd uttEpuBpo @Aoua eTTEIdN N
KGOe popiakry Ooury €xel €va Povadikd ouvluaoud OaTOPwWY, KATI TTOU ETTITPETTEI TNV
avayvwpnon (MoioTikp avadAnon) kai v avéAnon (MocoTiky péTpnon) Tou aépiou
ouoTtaTikoU. O avaAutig FTIR ptropei va avixveuoel oxeddv OAa Ta oToixeia o€ aépia @daon
(opyaviké kal pgn opyavikd) Kal €101 TAUTOXPova va PeTPRoel TTOAATTAG avaAudueva o€ éva
oUVvOETO TTAEYHA aEPiWV.

H ouokeur) TTou XpnOoIYOTIOIEITAI O€ AQUTA TN JEAETN €ival évag @opnTog avaAuTAg agpiwv FTIR
TUTTOU Gasmet DX4000. OAOKANpo TOo OeT €EapTNUATWY aTTOTEAEITAI OTTO TN METPNTIKN
ouokeurp Gasmet DX4000, éva @opntd ouoTtnua OeiypuaTtoAnyiag (CUuoKeur, KaBeTAPAG)

Bepuaivopevol aywyoi kal éva AGTTToTT eEOTTAIGHEVO UE TO Aoyiopiké Calcmet.

2UOKeUN TPo@PodoTNONG TTPooBeTwy TOPAS SAG 410

H ouokeuny TToU XpnoIPoTTOINONKE yia Tov £@odlacud TTPOOBETOU OTO CUOTNUA €IVl €vag
d1a0KOPTTNOTAG OKOVNG (SAG-Solid Aerosol Generator) ue mn BorBeia piag Jovadog eAEyXOu.
H diadikacia diaokopTmopou okévng atmoTeAeital ammd dUo BripaTa, Tov £QOodIGTHO TOU UAIKOU
Kol TO OIQ0OKOPTTIONO Tou oav agpoloA. Na eKTEVEOTEPN TTEPIYPAPN TNG OUOKEUNG KAl TNG

Aeiroupyiag TnG BA. evotnTa 3.1.2.
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Kauoipa & MpoéobeTa

Ta kKauoiya Kal TTPOCBETA TTOU XPNOIUOTIoINBnNKav o€ auTr Tn YEAETN QaivovTal OTov TTivaka
Table 3-1. H avdAuon katd TTpooéyyion, N oToIXelwwdng avaAuon Kal n avaAucn ogeIdiwy Twv
KQuOoigwv @aivetal otoug Trivakeg Table 3-2, Table 3-3 kai Table 3-5 avrioTtoixa. Ol
Bepuokpacicg ouvTngn TEPPAG TWV KAPOidwy Qaivetal oTov Trivaka Table 3-4. MNa 1o kauoiyo
WP+KCI duo deiyuara Tépbnkav Kal n epyaoTnpiakni avaAuon ftav ouoia Kai yia Ta dUo.
‘ETo1 €dw TTapoucIdleTal 0 JECOG OPOG TWV ATTOTEAETUATWY TWV OUOo deyudtwy. H 16€a kal n
dladikacia TrpoeToiyaciag yia 1o WP+KCI (TTeANETEG EUAOU TTPOAVEUIYUEVES WE XAWPIOUXO
KAAI0) TTapoucidletal otnv evotnTa 3.2.2. EmmAéov, To emiTeUyPEVO TTEPIEXOUEVO XAwpiou
Tou WP+KCI fAtav 5.3 @opég 10 apxIko Trepiexouevo XAwpiou tou WP. H avdAuon oeidiwv

Twv TTPOCOeTWY TTapouaialetal oTov Trivaka Table 3-6.

8.2.2 MNeipapaTtikn péBodog

ZuvOnkeg

O1 ouvBnikeg kauong ATav oTtabepég ue Beppokpaaia 1300 °C  oTnv kopn@r Tou KAIBAvou,
1200 °C otn péon kar 1100 °C otov TuBpéva, evw n Tieon péoa Arav 1 atm. O puBudg
TPoPodOTNONG Kauaiuou Kpatnénke yupw ota 1.5 kg/h kai n mmepicoeia ofuydvou oTo TEAOG
TOU KAIBAvou yupw oTo 3%, €101 WOTE va emTEUXOEi AOyog aépa kauaipyou A=1.15. Emiong Ta
emimeda CO, kpatABnkav yupw oT1o 16.5 %. O ouvoAkOG Oykog kauoaepiwv ATav 11.5
Nm?/h.

Meipapariki diadikaoia

H treipauatiky kautravia O1e€nx0n oe Oidpkeia dUo eBdouddwv. Tnv mpwTtn €Rdoudada
xpnoipotroinénke =npauévo Axupo (TS) cav Kauoiyo evw Tn OeuTepn €BdoPGda MeAAETEG
=UAou kai MeAAéTeG =UAou (WP) tTpoavepiypéveg pe XAwplouxo kdAio (WP+0.25%KCl). O
oTOX0G ATAV va e¢eTaoTel TTwG AAalav Ta emmitreda HCI pe Tn xprion TTpdoBeTwy, £101 EAafav
XWPA  LEXWPIOTEG TTEIPAUATIKEG ouvedpie¢ yia KABe KAUCINO HE KOIUEVOPEVA TTOOA
TTPocOETWY. Mia NioTa pE TIG TTEIPAUATIKEG OuvEDPIEg TTOU EAaBav XWpPa GAivETAl OTOV TTivaKa
Table 3-7. Z1ov Tivaka @aivovtal Kauoiua TTou XpNnoldoTroinénkav o€ kaBe ouvedpia, KabBwg
Kal N dIakUPavon Tou TTPOcOeTOU aAAG Kal TO €i00G TWV PETPAOEWY TToU EAaav Xwpa.

KdaBe pétpnon péow Tou PETPNTIKOU £COTTAICHOU YIVOTAV CUVEXOUEVO KOl ETTAVAAQUBavoueva
KaBe 10 ] 20 deutepdAeTiTa, avdAloya e TIG puBuicelg Tou e€otTAiIopol. Kupiwg n moodtnTa
Tou HCI og ppm, aAAd kai Twv CO oe ppm kai Oz o¢ vol.-% Atav Ta avTKEipeva
TTapakoAouBnong. Kdabe ouvedpia ekivouoe pe Tnv kauon kabBapou kauaiyou. Otav ol

ouykevTpwoelg HCI au&dvovTtav kai UoTepa oTaBepOTTOIOUVTAV Yia TO KOBapd Kauaiuo, apxide
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N €I0aywyr] Tou TPooBeTOU OTO oUCTNA. AUEAOEIG OTNV TaXUTNTA TNG WvNng TNG CUCKEUNG
TPo®oddTNONG Tou TTPdoBeTou Kata 5, 10, N 20% (avdAoya pe 1O TTOCO PeYAAn ATAV N
dlapopd atrd TIG TTPONYOUUEVEG PETPNOEIG) YivovTav dIadoxIKd, KABe gopd TTou ol TIUEG Tou
HCI mraparnpouvtav 611 augavav atrd TIG TTPONYOUEVES TIMEG KAl UOTEPA OTABEPOTTOIOUVTAV
¢avd. H TtaxutnTa avdadeuong Tou TIPOoOeTOU péoa OTO pPeCepPoOuUdp TNG OUOKEUAG
TPOPOJdOTNOCEWS ATAV OTABEPN Kal aUéave n PEIWvVOTAV OTTOU autd KPIVOTOV OKOTTIMO Kal
€EUTINPETOUCE TTPOG KAUTEPN TPOPODATNON TOU UAIKOU. Av UETA atmd aAAayEg OTIG pubuioelg
TIG ouokeung Ta etTireda HCI e€akoAouBouoav va pnv audvovtal, TOTE autd orjuaive Ot Ogv
ATav duvartr] n €miTEUEN PHeyaAUTEPOU puBPOU TPOPOSOTNONG TIPOCOETOU GTO CUCTNMHA HAG, i
om 1a péyiota emieda HCI eixav emrteuxBei. ZTn ouvéxela n 1po@odoTnon TTPOCOETOU
TEpMaTICOTAV KaI TTAPATNPEITO 0 PUBPOG Peiwong TNG cuykévipwaong Tou HCI, yia pia Tepiodo

5 €w¢g 10 AeTTTWV.

H 16éa twv meAdetwv EUAou mpoaveuyuévwy e xAwpiouxo kaAio (WP+KCI)

TNV TTEPITITWON Tou Enpauévou axupou (TS), Adyw TnG uwnAng Tou TTeplekTikOTATAG o€ Cl, 01
XOUNAOTEPEG (OTNV TTEPITITWON KAUONG KaBapoU KAuaidou) Kal UYPnAOGTEPEG CUYKEVTPWOEIG
HCI ATav apkeTd uPnAEG WOTE va PTTOPOUV va e6eTacBoUV Kal £TTioNg N dlapopd HETAEU TOUG
ATav peydAn. To idlo ouvéBel kal yia Tnv Aurora Kal To Bentonite wg TpdoBeTa. AvTIBETWG,
oTnNV TEPITITWON TWV TTEAAETWV EUAOU (WP), AOyw TNG XaUNASTEPNG TTEPIEKTIKOTATAG TOU OF
Cl, o1 xapunAoTepeG Kal ol uynAoTePEG ouykevTpwoelg HCI Atav xaunAég, €101 n eTTidpaon Twv
TTPOCOeTWY Ot PTTPOpoUCE va €LeTaoTel IKavoTTOINTIKA. AUTO 00rlynoe oTtnv 10€a TnG
avaungng WP pe KCl wote va augnBei n mepiekTikdTNTa Cl Twv TTEAAETWY 0€ 6 QOpPES TNV
apxikr. Me autd Tov TPOTTO emiTeUXONKav Ta UWnASTEPa eTTiTreda HCI petagu OAwv Twv
TTEIPaUATIKWY ouvedpiwy. H diadikaoia avaungng Tou kauaiyou pe 1o KCI mTepiypd@etal otnv

evotnTa 3.2.2.

OcpuoxnuUIKn TTPOTOUOIWaN

MéEpog auTtrg TNG £peuvag gival €TTiong n BewpnTikA €€€TA0N TNG €TTIdPACNG TWV TTPOCOETWV
MEOW TNG BEPUOXNMIKAG TTPOCOUOIWONG KAl N OUYKPION AUTWVY TWV ATTOTEAEOUATWY JE Ta
TTIPAYMATIKA TTEIPAMATIKA attoTeAéopaTa. ' autd To OKOTTO XPNOIMOTIOINBNKE TO BEPUOXNMIKO
Aoyiopiké kai o1 Baoeig dedopévwy 'FactSage software 6.3, WOTE va TTIPAYUATOTIOINCEI
UTTOAOYIOUOUG O OUVBNKEG 100p0TTIAG, OTO OePUOKPACIAKO €UPOG TTOU CUVAVTATAI OTO

BaAauo kauong.
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8.3 AmoreAéopara

2€ AUt TNV evoTNTA TTOPOUCIACOVTAlI TA OTTOTEAEOPATA TWV TTEIPAPNATWY KOBWG KAl TNG
TIPOCOMEIWONG, EEXWPIOTA KAl PE Tn OEIPA TTOU JIEKTTAIPEWONKAY. ZUPTTEPIAAUBAvovTal
TEQIYPAPL, OUlATNON KAl OXOAEId yio  KOAUTEPN ETTEENYNON KAl KATAVONON Twv

ATTOTEAEOPATWV.

8.3.1 ATtroteAéopaTa TTPOOUOIWONG OE OCUVBNKEG ICOPPOTTIOG

O1 utrohoyiopoi éyivav yia €va peydho e0pog Bepuokpaciwy atré 500 £wg 1500 °C kal Kupiwg
yia Beppokpaacieg péoa otov KAiBavo (1100-1300 °C). Ettiong dAAol TTapaueTpol Kupdvenkav
o€ éva €mBuuNTS €UPOG WOTE Va digpeuvnBei N £TTIOPACN TOUG TTAVW OTA €idN TEPPAG KAl OTN

dnuIoupyia atroBEcewy.

AOyOg peucTOU PiyHOTOG

O A6yog peuoTou piypatog SR (Slag Ratio) opiCetal edw wg:

B liquids (8-1)
~ liquids + solids

Otou 1a uypd (liquids) ival To @BpoioPa AWV TwWV UYPWVY CUCTATIKWY TNG TEPPAG Kal
oTeped (solids) To GBpoIoua OAWY TWV OTEPEWYV CUOTATIKWY TNG TEPPAG TTOU TTAPAYOVTaAl OE
autég TIG Bepuokpacies. OAa Ta cuoTatik& PeTpouvTal O ypaupdpia. O Adyog peucTou
MiyHOTOG XpnoldoTrolEiTal yia va €EeTaoBei n Tdon TTPog dnuioupyia emKkaBioswyv Twv dUO
Kauoigwv Biopdlag kai va deixBei oe ToId Begppokpacia eival o Kpioiun. ‘Evag mpwTtog
UTTOAOYICHOG KAl JIa TTPWTN oUyKpIon PETOEU Twv AOYywv dUo Kauaipwy, yia A=1.15 kai éva

peyaAo Beppokpaaiakd eupog (500-1500°) eaiveral TTapakdtw (Figure 8.1, Figure 8.2).



106

1
0.9
0.8

= 0.7

% 0.6

'g 0.5

o 0.4
©

» 0.3

0.2

0.1

0

a===|/(I+s), A=1.15

¥ ~o—e
/
/
/
/
/
: E#
/ * IDT
500 600 700 800 900 1000 1100 1200 1300 1400 1500

Temperature [°C]

Figure 8.1: Adyog peuoToU piyparog MeAAeTwyv Z0Aou yia e0pog Bepuokpaciwyv Kal A=1.15
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Figure 8.2: Adyog pgucToU HiypaTog ¢ =npauévou AXupou yia eupog Beppokpaoiwyv Kail A=1.15

ApXIKG Ta TTapattdvw aTroTeAéopaTa deixvouv 0TI, KaBwg n Bepuokpacia augdveTal To idlo

OUMPBaIveEl Kal e TOUG AOYOUG peUCTOU MiyHoTOoG. AUuTO cupfaivel €TTeidr) Me TNV adg¢non Tng

BepuoKpaciag Ta OTEPEA OUCTATIKA MEIWVOVTAI €VW Ta uypd oucotamikd augdvovtal. H

ouykpion PeTagu Twv dUO Kauoiywyv PBioyadag deixvel 0TI To TS €xel uwnAdTEPOUG Adyoug

PEUOTOU WiyMaTOG OTO PEYAAUTEPO €UPOG TWV €EETAlOMEVWY BEpUOKPaATIwyY. AUTO GUUBAIVEI
eTTEIdN N apxIkh Bepuokpacia TTapapdpewaon NG TEPPag Tou TS eival 840 °C n oTroia givai
APKETA XapnAOTEPN aTTd TNV avTioToixn Beppokpacia Tou WP trou gival 1170 °C (Table 3-4).

‘ETO1I T OUCTATIKA TNG TEPPOAG TOU TS EeKIVAVE va TAKWVTAI VWPIiTEPa atmd autd tou WP.

MapdéAa autd kail ota duo diaypauuara (Figure 8.1, Figure 8.2) @aivetal 0TI 01 BEpUOKPATiEg
uypoTtroinong Tng TéPpag Twv TS kar WP givar oAU kovtd, otoug 1160 kai 1190 °C
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avrioToixa. Metd amd autég TIG Kpiolueg Beppokpaaieg, oxeddv OAa Ta CuoTaTIKA TEQPAG
peTaBaivouv oTnv uyph @daon. ‘ETol ol Adyol peuoTou PiyhdaTog augdvouv paydaia TTavw atro
Toug 1200 °C, kai otoug 1400 °C o1 Adyol Kal yia Ta dUo Kauolpa Bpiokovtal Adn TTavw atrd
10 0.9. AUuTO peTa@pdaletal oe TTOAU uwnAd kivduvo atmoBéocewv kal dlIafpwong Péoa OTo
BaAapo kauong, OToU UTTAPYXOoUV TOOO UWnAég Bepuokpacies. H Trpooopoiwon Tng
CUNTTEPIPOPAG TNG TEPPAG e T PonrBeia Tou FactSage €xel €getaoBei amd TTOAAOUG
ouyypo@eic. H augnon tng moodTtnTag emKkabicewv Pe TNV avénon g Beppokpaaiag eival

éva Koivo supnua.

O Ab6yog peucToU piyuatog uttoAoyioTnke €TTiong yia OIQopPeTIKA A (AOyog aépa Kauaiuou).
YTtroAoyiopoi yia 1o Beppokpaciakd eupog 500-1500 °C kai yia A=0.7-1.15 AGBav Xwpa Kal Ta

ATTOTEAEOUATA PAiVOVTAl TTAPOKATW.

=@=|/(l+s), A=0.7 ==l=|/(l+s), A=0.8 ==he=1/(l+s), A=0.9 ==é=|/(l+s), A=0.95
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Figure 8.3: Adyog peucToU piypatog Twv MNMeAAETWV =UAOU yia KUpaivouevn Beppokpacia Kai A.
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Figure 8.4: A6yog peucToU HiyHATOG TOU SUpaMéVOU AXUPOU YIO KUMAIVOMEVT BgppoKpaTia Kal
A

Mia TTpwTn paTid deixvel 6T TO A gival évag TTapAyovTag TTou TTNPEACEI TOU AOYOUG PEUCTOU
MiygaTtog. Zmnv  mepimtwon tou WP (Figure 8.3), umopouv va &iakpiBoluv  duo
BepuoKPaCIOKES CWVEG OTTOU N CUMTIEPIPOPA OXNMOTIOMOU emmikaBioewv aAAdlel. MNa Tig
XauNAOTEPEG Bepuokpaaieg (600-900 °C), kaBwg To A auidvel, 0 AOyoG peucToU HiyuaTog
augavel emions. Opwg yia uwnAdTepeg Bepuokpaoics (1000-1300 °C), kabwg 1o A auédvel, o
AOYOG pEUOTOU HiyHATOG HEIWVETAL. AKOPO QUTA N CUUTTEPIPOPA PTTOPEI va XWPIOTEI o€ oxéon
ME TO A o€ 3 ouddes. Mia yia uTTooTOIXEIOUETPIKA Kauon (A<1), pia yia oToIXEIOPETPIKA (A=1)
KAl JIa YA UTTEPOTOIXEIOMETPIKN (A>1).

2tnv Trepitrtwon Tou TS (Figure 8.4), ravtou petagy 700 kai 1300 °C n CUPTTEPIPOPA TWV
AOYywv peucToU piyuatog cival TTapdpola, dnAadn kabwg 10 A augdvel o Adyog peucTou
MiYHOTOG WEIWVETAL. 2€ OXEON WE TO A PUTTOPOUME VA XWPEICOUUE AUTH TN CUUTTEPIPOPA O€ 2
opddeg. Mia yia A<1 kai pia yia A21. ZuveTtwg, o€ UWPnAéG Bepuokpaaieg OTToU n KAuon
AapBéver xwpa, 0TTwg péoa otov KAiBavo, gival TTPOTIHETEPO va UTTAPXElI AOYOG aépa Kauong
MEYAAUTEPOG TOU 1 WOTE O AOYOG PEUCTOU HiYHATOG VA PEIWVETAI ONUAVTIKA, OTTWG QaiveTal

oTig Figure 8.3 kai Figure 8.4.

ZXNUATIONOG OCUCTATIKWY O€ OXEOT ME TO A

O1wg Qaivetal TTapatmmavw, o AOyog peuaToU PiypaTtog Teivel va eAattwBei étav o Adyog aépa
KQUGIHOU PEIWVETAI 0 UWNAEG Bepuokpaaieg. ESw trapouaidlovTtal AETTTOPEPWS O aAAayEG
oTa TTapayoueva CucoTaTikKa yia Tn Bepuokpacia Twv 1200 °C kal yia diakUuavan Tou A,
KaBwg emmiong emegnyeital Twg emmnPedleTal o Adyog peucTou piypatog. H Bepuokpaaia

EMAEXONKE 0AV AVTITIPOCWTTEUTIKN] YIA OUVONKESG OTO HECO TOu AEBNTA.
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=fl=K20 (slag) === Al203 (slag) =¢=S5j02 (slag) =@=Ca0 (slag)
=== FeQ (slag) e—Fe203 (slag) e Mg O (slag) === g-KAISi206(s2)
={—g-CaMgSi206(s) g-Ca2MgSi207(s) =>¢=g-Fe203(s) =i=g-Ca3Fe2Si3012(s)
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Figure 8.5: AlakUpgavon Twv TTPoIovTwy Kauong MeAAeTwyv Z0Aou yia kOpavon Tou A, 1200 °C.
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Figure 8.6: AlakUpOavVON TWV TTPOIOVTWY KaUoNg =npapévou Axupou yia Kopavon Tou A, 1200
°C.

MNa 1o WP (Figure 8.5) kai TS (Figure 8.6) n cuutrepIiopd Twv TTAPAYOUEVWY CTOIXEIWV gival
TTapopola. MNa xaunAétepeg Tiwég A (0.7-0.95) oxnuaridetal Kupiwg peuoTo piypa (slag), evw
Ta oTeped civanl Aiyotepa rp dev uttdpyxouv kaBoAou. Ma 0.95<A<1.05 umrdpxel Mo TTEPIOXN
OTTOU 01 PACEIG KAl Ol TTOOOTNTEG TWV CUOTATIKWY aAAdlouv. 'ETol, KaBwg To A augdvel o’auTh
TNV TTEPIOXN, TO PEUCTO HiyUA PEIWVETAI VW Ta oTEPEd augdvovtal. TEAOG, yia uwnAdTEPA A
(1.5-1.15), Ta peuoTd civar Aiyétepa, evw Ta OTEPEd cival uywnAdTeEpa A apyifouv va
oxnuarti¢ovTal. evik& 10 €Upog 0.95<A<1.05 cival pia petaparikn TepIoxn, evw yia A<0.95 kai

A>1.05, Ta cuoTaTIKG TEivOouv va gival o oTaBepd.

KdaAio oTa mpoidévra Twv WP kai TS o€ oxéon He Tn Ogpuokpacia

O1 uynAoi Adyol peucTtol WiyhaTtog TTou Trapartnpndnkav otig Figure 8.1 kai Figure 8.2,
TTPoKaAoUVTAl KUpiwg atmd Ta did@opa €idn kaAiou. MNautdé 10 AGyo AUTO TO KOUMATI Twv
ATTOTEAEOPATWY £0TIALEI KUPIWG OTN CUMTTEPIPOPE Tou K TWV TTPOIOVTWY TNG KAUONG. ZTIG
elkoveg Figure 8.7 kai Figure 8.8 Tapouoiadetal TTwg 10 KAAIO (K) Kiveitar peTagu
OIaPOPETIKWV TTPOIOVTWY £EQPTOUEVO aTTO éva PeYAAO Beppokpaaiakd UPOG, yia AGyo aépa
Kauagiuou 1.15.
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Mol-K(g) == K-as KCI (g) == K-as K2504 (g)
=== K-as KOH (g) === K-as K20 in Slag (l) ====K-as KAISi206 (s)
K-as KAISi308 (s) ==#==K-as K2S04 (s)
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Figure 8.7: Mopiak6g Adyog Tou KaAiou oTa did@opa gidn kaAiou Tou WP, A=1.15.

Mol-K(g) =¢—K-as KCI (g) == K-as K2504 (g)
=fe=K-as KOH (g) =>¢=K-as K20 in Slag () =@=K-as K2504 in Salt (I)
e K-a5 K2Si205 (s) K-askK2S04 (s) === K-as KCl (s)
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Figure 8.8: Mopiak6g Adyog Tou kKaAiou oTa did@opa &idn kaAiou Tou TS, A=1.15.

ZTIG TTEPITITWOEIG KAl TwV OU0 KAUGIMWY QAivVETAI JIa YEVIKA TAON TOU KOAIOU va UTTAPXEl, OTO
MEYOAUTEPO PEPOG AUTOU TOU BEPUOKPATIOKOU EUPOUG, KUPIWG HECO O€ PEUOTO Jiyua.

ZEKIVWVTAG atrod TNV uwnAoTepn Bepuokpaaia, gival @avepd 0TI TO KAAIO UTTAPYXElI KUPIWG o€
aépia ocuoTatikd, ommwg 1o KOH(g) kai To KCI(g) (ouv éva uikpd TTo000T10 K(Q)) Kai Aiyotepo
o€ peuaTd piyua. Kabuwg n Bepuokpacia peiwveral, To TooooTd Tou K Héoa 0 peUcTO Miypa
augdvetal, evwy N PeEYAAn diaBeoipdtnta Tou KOH odnyei TTpog To OXNMOTIONSO TTUPITIKWYV

KaAiwv Kol TTUPITIKWY dpyINioKaAiwy. EmmmmAéov, n Utmrapén SO, oe cuocduacud pe Ta
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uttdpxovta XAwpidia kal udpoeidia odnyei oTnv TTapaywyr Ocikwy. AKOUa, gival Qavepod
TTWG yia 10 TS, 10 id10 TTo000TO agpiou KCI petarpémeral ameubeiog oe oteped KCI. Autd
onuaivel 61 n moodtnNTa KCl e€apTdTtal atroKEANIOTIKA attd TO TTEpIEXOUEVO TTooooTd Cl Tou
Kaugoigou. ETTiong, kaBwg n Bepuokpaoia YEIWVETAIL, N AVTIOTOIXN POPIOKY TTOoOTNTA KAAiou,
O¢ Trepvdel atrd TNV Uypr eAacn, €TTEIBN av AIXHOAWTICOTAV OTO PEUCTO Wiyua, TOTE TO XAWPIO
Ba atreAeuBepwvoTtav cav aépio HCI, kd&m TToU €ival gia P avaoTpéWiun avtidpaon Kai
votepa 10 KCI(s) &€ Ba oxoipatifotav. MNapdAa autd, yia 1o WP, kabwg o xpovog TTepvdel, To
aépio KCl avridopd avd pe 10 SO, kai mrapayetal KaSOu(s). Yypd Ki:SO. @aivetal va
oxnuartiCetal yévo oTtnv TTEpiTTTwon Tou TS, yia 1100°C.

AAAN oupavTIKN TTOPATAENCN TNV TTEPITITWON Tou TS, €ival 6TI TO KAAIO TTOU UTTAPXEl HECQ
OTO PEUCTO Hiyua, pEVEl 0€ UYNAG eTTiTTeda AKOPA KAl OTIG UYPNAOTEPEG KAl OTIG XAUNAOTEPEG
Bepuokpaacieg Tou elpoug. To TTEPIEXOUEVO KAAIO OTO KaUaIWo gival TOOO TTOAU TTou &€ PTTOPEI
va aiXaAwTIoTEN 6A0 aTTd dAAa cuoTaTikd, OTTwg Ta Si, Al i SO4 (BeiwTToinon).

Kal o1 800 TrepImTWwoelg Kauoiywy Bonbolv TTpog TNV Katavonon Tou OTI, €TTEION PEUCTO
Miypa ep@avideTal AdN OTIC XauNAEC Bepuokpacoies, xpeldleTal va Xpnolpotroinbouv Yéoa yia
TNV AUgnon TNG Bepuokpaciag TAENG TWV OTOIXEIWV KaAIOU TNG TEPPAG, WOTE VA UEIWBOUV Ta
TTpoBAAUaTa  aTTOBé0EWwYV O Bepuokpacieg  AsiToupyiag  OXETIKEG HE TNV KAUon

KOVIOPTOTTOINUEVOU KAUTIUOU.

AlakOpavon KaoAivitn

2¢ autoé 1O OTAdIO TTapoudIAdeTal oTnv €lkOva Figure 8.9 n TTpooBikn KaoAwvitn kai n
ETTIOPACN TOU OTN CUMTTEPIPOPE TwV €10WV KaAiou. H emmAoyr) Tou KaoAvitn €yive €TTeIdn
auTo €ival To Bacikd ouoTaTIKO TwV TTPOCBETWY YE BdAon TO TTUPITIKG apyiAio, Ta OTToia £XOUV
TNV IKavoTnTa va aveBddouv Tn Beppokpacia TAENG Twv €1dwv TG TEPpPag. H diakuuavon
éyive ammd 0 éwg 6.17 ypappdpia i amd 0 €wg 100% avTioToiXWG, KAl QUTO TO TTO0O
EMAEXONKE WETA aTTd pIa TTANBwpPa UTTOASYICUWY £TOI WOTE va €MITEUXOOUV Ta KAAUTEPQ
QATTOTEAECUATA, EVVOWVTOG TOV TTEPIOPIONO Tou K 0T0 peuaTod piyua. O Adyog aépa Kauaiuou
opioTnke o€ A=1.15 ka1 n Bepuokpacia atoug 1200 °C, emreidn Ptmopei va Bpedei péoa ato
BaAapo kauong kai €1TEIdN, oTTWG GAETTOUME OTNnV Figure 8.2, yetd atrd autr| Tn Beppokpaaia

o1 Adyol peucTOU PiypaTog augdvovTal paydéwg.



113

=@=Mol-KCl(g)
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Figure 8.9: Emidpaon tng diakupavong KaoAivitn otnv karavoun kaAiou. Enpapévo Axupo,
1200 °C, A=1.15

MNa 0-10% dlakupavon, Kabwg o TPooBeTo augdvetal, o KaoAlvitng avtidpd e 10 AoITTo
KAAIo o1o aépio (KOH, K2SO.) kal oxeddv 6Ao 10 K&AIO TTnyaivel TTpog 10 peuoTo pivua. Me
akoua peyaAutepn eicaywyr] KaoAlvitn oto cuoTtnua, avtidopd pe OTI TTeEpiceye atrd TO AOITTO
KdAio o1o aéplo, pe 1o KCI kal Kupiwg e 70 K 0To peucTd Wiyha Kal WG aTTOTEAETHA apyifouv
va oxnuari¢ovial TTUpITIKA apyIAIOKGAIa Kal auédvovtal avaAdywg. TéAog, yia 80-100%
dlakupavon, To PeyaAuTepo pépog Tou K uttdpxel péoa oTa TTUPITIKA apylAlokdAia. Eival
onuavtikd va TapatnenBsei 61 To KCI avTidpd eAa®pwg yia pikpr diakuuavon KaoAivitn, evw
auTh N avTidpaaon yiverar onuavTikr] Kovid o1o 50% Tng diakUiuavong, a@ou To TTPOCHETO £XEl
avTidpdoel ye oxeddv 6ho 10 K o1o peuaTd piypa. Paivetar Aoimmév 611 n avtidpaon Twv

TTUPITIKWYV apylAiwv pe To KCI dgv rponyeital.

To emopevo BApa civar va eEeTaoBél TTwg ouptrepipépeTal To Cl étav 1o TTpdobeTO eI0dyeTal
oT0 ouoTnua. H TTpocouoiwaon TTpayhaToTToinenke yia Tig idlEg CUVONKES KAl TTAPAPETPOUG

Ta ammoteAéapata @aivovta oTnv €ikéva Figure 8.10.
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Figure 8.10: Emidpaon tng diakupavong KaoAivitn otnv Kartavoun xAwpiou. =Enpapévo Axupo,
1200 °C, A=1.15

Mia TTpwTn 6wn d¢ixvel 6T To Cl uttdpxel aTTOKAEIOTIKA péaa oTa duo ocuoTaTikd, KCI kal HCI.
O1 ouputrepipopd Toug cival avTiBeTn KABWG n €lodywyn Tou TIPOOBETOU OTO CUCTHUA
augavetal, €1TeIdr o1 avTIdpdoElg ( 2-14), ( 2-15) kai ( 2-16) AauBdavouv xwpa. MNa xaunAn
OlakUpavon KaoAvitn, 6TTwg emmwbnke Trponyoupévwg, n avridpacn pe 10 KCl €ival
TTeplopIopEVn (€TTEIOA TO TTPOCBETO avTIOPG TTPWTA PE Ta AGAAQ CUGCTATIKG KaAiou), TTpAyHa
TTou odnyei oe pikprp avénon tou HCIL. Me peyaAitepn eicaywyry KaoAwvitn, o puBudg
avtidpaong pe 10 KCI au&averal emreidf 10 TpOOBETO EKIVG va avTIOPA TTEPIOCCOTEPO UE TO
KCI, kai €101 augaveTal €mmiong o pubudg oxnuatiopou Tou HCI. Eidikd petd atmd diakupavon
50%, o KaoAwvitng avmidpd kupiwg pe 10 KCI, Kol yia pé€yiotn €icaywyrny KaoAivitn oto
ouoTtnua Ta mood KCl gival apeAnTéa kai 6Ao 1o Tepiexduevo Cl utrdpyel oav aépio HCI.

2¢& autd TOo onueio TTapouaIAdeTal hIo ONUAVTIKA TTapaTipnon yia Tig Figure 8.9 kai Figure
8.10. Otav 10 HCI €ival upnAd onpaivel Twg 10 TPOCOeTO £X€l avTidpdoel pe 1o KCl, aAAG
TTPONYOUHEVWG €XEl avTIOpAoel e TO K OTO peuoTOd WiyHa, €TOI €Kel gival XapnAd. ETTopévwg
ol UYnAég ouykevipwoelg HCI ptropei va ouvettdyovTal 0Tl TO KGAIO OTO PEUCTO Wiyda €XeEl

QVTIMETWTTIOOEI.

8.3.2 MeipapaTikd AtroTeAéopaTA

ZUPTTEPIPOPA TNG KAUONG

MNa 0Aeg TIg TTeipapatikég ouvedpieg n epicoeia ofuyodvou (O2) €¢6dou kal To dloeidlo Tou
avbpaka (COz) diatnpndnkav Trepi 10 3 vol.-% kai 16.5 vol.-% avrioToixa. Akéua, n

OUYKEVTPWON TOu povogeidiou Tou avBpaka (CO) eival evOEIKTIKN yia Tnv amodoon Tng
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dIdIkaciag kauong, €mmeldr] uwnAoTepa eTTireda CO degixvouv aTteAr] KaAuor, evw PEYAAES
augopeiwoelg CO ptTopei va onuaivouv acTtdBela oTnv KAUor. ZTa TTapouca TrEIpduaTa ol
TINEG CO ATaV OXETIKA XAPNAEG, KUpiwg KATW atrd 20 ppm.

21NV gikova Figure 8.11, divetal oav mapddeiyua n mepitrrwon tou WP+KCI, étrou gaivovTal
Ol JETPAOEIG TWV EKTTOUTTWV TTPIV KAl JETA TN Xpron TTpdoBeTou. Eival gavepd TTwg yia Kauon
OlapKeiag POVO TOU KAUGidou, OAa Ta CUCTOTIKA TWV EKTTOPTIWV gival p€oa o€ Opla Kal ol
Olakupdvoelg dev gival onuavtikéG. AKOPa, OTav TO TTPOCOETO €ICEPXETAI OTO GUOTNMA, TO
€UPOG TWV EKTTOUTTWY dev aAAAlel. AuTo onuaivel Ox1 povo TTwg KABe cuvedpia EexwploTd
ATav oTaBepr), aAAd akoua OTI n eicaywyr] TTPOoBeTou dev eTTNPEALEl TNV CUUTTEPIPOPE TNG
kauong. OAeg o1 uttdAoiTTeg TTepITTTWOEIG Ocixvouv pia duola oTabepdtnTa Kal TToI0TNTA
Kauong.

e 02(%) eCO2(%) ®Bentoniteinput = CO (ppm) x SO2 (ppm) x NOx

20 , Bentonite input 1000

9 900
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Figure 8.11: Ekmroptrég kauong yia WP+0.25%KCl pe kail Xwpig TpooBikn Bevrovitn.

Emidpaon Tng xpriong mpoéclsTou otnv ektroutry HCI

H péyiotn BewpnTik ouykévipwaon HCI OTIG EKTTOPTIEG TTOU PTTOPET va eTTITEUXOET av OAo TO
mepiexopevo Cl Tou kauoipyou avtidpouoe Tpog To oxnuatiopd HCI utroAoyiletal pe TN
BorBeia Tou TUTTOU:

m * MHCl * 106
MCl Vmol (8-2)
( Vc+ Yn +079(V5+Vc+ Yu _ Yo )) 21
2My T 021\M; T M; T dMy T 2My)’ 21—y,

CHClmax =

o€ mg/m?® 6TTWG QaiveTal aTnNV evoTnTa 4.2.1.
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Mo va ouykpivouue auTr TNV TIUA PE TIG UETPAOEIG YAG, N (4-2) PETATPETTETAI £TO1 WOTE TA

atroTeAECPATA VA £IvVal O€ ppm, OTOV KaIvoUpylo TUTTO:

|2
HClmax = Cycy,,,, * MTZZIZ (8-3)

MARpeIg TTEIpApATIKEG OUVEDPIEG

O1 TTAfpeIg TTelpapaTikéG ouvedpieg yia Ta TS kar WP+KCI kai Ta TTpdcBeTa TTapouciaderal
oTIg €IkOveg Figure 8.12, Figure 8.13, Figure 8.14, Figure 8.15 kai Figure 8.16. & kGBe
dldypappa @aivetal n €midpacn Tou TTPOCOETOU TTOU XPNOCIUOTIOIEITAI, PME TNV TTapoudiaon
KABe povadikng ouykevipwong HCI otnv mopeia tou xpdévou. O1 apiBuoi madvw amo Ta
dlaypdupara uttodelkvUouv Toug pubuolg Tpo@oddTnong Tou TTpoéaBetou o€ gr/h, ol otroiol
TTPOCAPUOCTNKAY KATA T GUuvedPIa €KEIVN TN XPOVIKN OTIyWA. AKOUA, oI PEYIOTN BewpnTIKn
ouykévtpwon HCI eikovileTal wg 1o Avw OpIo yIa KGBE KaUoIuo.

A6 dw Kal aTo €€AG, OTaV avaPePOPaoTe o€ TIMEG auykEvTpwong HCI, n AéEn ouykévipwon

MTTOPEN va TTOPAAEITTETAI VIO XAPIV EUKOAIOG.

—npauévo Axupo

T30 137 #l 67ppm

143 ? Stopged additive

O T T T T T
0 1000 2000 3000 4000 5000 6000

time (s)

Figure 8.12: NMAApng ouvedpia =npapévou Axupou pe Apdpa
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2tnv eikéva Figure 8.12, Tmapoucidlstal n  TTAAPNG TTEIPOUATIKA  Oouvedpia Kauong
=npapévoou Axupou (TS) pe TTpooBikn Apdpag (Aurora). H péyiotn BswpnTikr Tiud HCI yia
T0 TS utroAoyioTnke ota 67 ppm. Mia yevikr] dyn Tng €IKOvVAG deixvel TTwG ol eKTTouTTéG HCI
yia KaBapd TS gekIvouv pe XAPNAEG TIMEG Kal aveRaivouv KaBwg n TpoeoddTtnon ¢ Aurora
EeKIVA Kal UoTepa augdvetal. =ekivouv atrdé 32 ppm, TO OTToi0 onuaivel TTwg yia KaBapd
Kauoigo, 10 48% Ttou Cl uttdpxel oto HCI(g). "YoTepa 10 TTPOCBETO €l0dyeTAl OTO OUCTNUA
akoAouBwvTag Tn diadoxikn dladikaoia TTou TeplypdgeTal oTo 8.2.2. TeAikad 1o HCI @1dvel Tn
MeEyaAUTEPN TIUA TOU yUpw oTa 57 ppm T1Tou €ival Kovid oTn PEyioTn BewpnTikn (67 ppm),
OTTOU £TTIONG ETMITUYXAVETAI KOl O MEYAAUTEPOG pUBUGS TPpoPodOTNONG Aurora ota 166.5 g/h.

2 auTo TO onueio Trepitrou 85% NG XAwpivng armeAeuBepwveTal oav aépio HCI.

70
L A 67ppm
60 855 Stopped-additive
91.688.9
'E' 50 cq .__‘68.7 87.5 &
o 49.4
Z 24.3
o Y
T 40 Temp. turn off ad

No additive 15.6 g/h

30
20
10
0 T T T T
0 1000 2000 3000 4000 5000 6000
time [s]

Figure 8.13: MAApNg ouvedpia =npapévou Axupou pe Bevrovitn

21nv €ikOva Figure 8.13 TTapouaiadertal n TTAAPNG TTEIPAUATIKA ouvedpia Tou TS pe TTPOOBNKN
Bevrovitn (Bentonite). Opoia pe Tnv TePITITwon TnG Apopa, N YEVIKN eviUTTwon TTou Oivel n
eIkéva gival TTwg yia kabapd kauoipo, ol ekropttég HCI gival xapunAég kal audvovtal Pe tTnv
eiocaywyn Bevrovitn oto cuoTtnua. e auth Tn ouvedpia Ta apxiké etritreda HCI yia 1o KaBapod
Kauoiho Arav mepitrou 26 ppm (~38% Tou Cl wg HCI). H peyaAitepn petpnuévn Tipn HCI
Atav kovta ota 48 ppm (~71% Ttou Cl wg HCI), étav emiong Trapatnprénke kKai o
MeEYaAUTEPOG pUBUOG TPpo@oddTNoNng Bevtovitn, ota 91.6 g/h. Autég o1 TIEG ciavi €pKeETA
Kovid oTtn Méyiotn Bewpnmiki Tyl HCI Tou TS, aAAd Ox1 1600 KOvid OTTWG OTaV

xpnoiuotroiénke Apopa. Autr n diagopd Ba culnTnOei TTaPAKATW.
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Figure 8.14: NMAARpng ouvedpia MeAAeTwv ZUAou+KCl pe Apépa

21nv eikova Figure 8.14, rapouacialeral n TTARPNG TTEIpaPaTIK ouvedpia kauang MeAAeTwv
ZUAou Trpoavepiypévwy pe XAwpiouxo Kdahio (WP+0.25%KCI) pe tnv mmpoadnkn Apdpag
(Aurora). Opoila e TIG TTPONYOUPEVEG TTEPITITWOEIG, €ival QavePO TTWG KABWG aAAdlel o
puUBPOG TPOPOdATNONG Tou TTPOCBETOU, TO iBI0 cupBaivel Kai pe TG ekTTouTréG HCL. MNa 1o
KaBapd kauaiho ol ouykevipwoelg HCI Atav trepitrou 62 ppm (~37% Tou Cl wg HCI) kai ol
peyaAuTpeg TiHEG HCI Trepitrou 116 ppm (~70% Tou Cl wg HCI), yia tpopoddtnon 93.5 g/h
Apobpag.

levik& n oupTtrepipopd Tou WP+KCI pe Tn ouvtpo@oddtnon Tng Aurora @aivetal opola Je Tn
epiTrTwon TS-Aurora. MapdAa autd ol péyioteg TINEG HCI dev gival Kovtd oTn HEYIOTN

BewpnTikd yia To WP+0.25%KCI, TTou gival 166 ppm.
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Figure 8.15: NMAARpng ouvedpia MeAAeTwv ZUAou+KCl pe Bevrovitn

2tmv ekova Figure 8.15 @aivetar n TAApPNg ouvedpia Tou WP+KCl pe Bevrovitn wg
TTPocBeTo. Mia TpwTtn Own Ocixvel TTWG YEVIKA TO KAUCIPO QVTATTOKPIONKE oTnV XpPrRon
TpoaBeTou Kal Ta emmimeda HCl augnbnkav oxetikd. O1 Tiuég HCI yia kaBapd kauoiyo ATav
yUpw ota 75 ppm (~44% Ttou Cl wg HCI). O1 upnAoTepeg TiuéG HCI petpABnkav yupw oTa
119 ppm (~71% Tou Cl wg HCI) yia Tnv TpooBbnkn Bevrovitn ota 61 g/h. Ta amroteAéouarta
Ocixyvouv TTwg ol uwnAotepeg TINEG HCI trou peTprBnkav dev ATAvV KOVTA OTn HEYIOTN

BewpnTikA TR HCI, TTou €ivanl 166 ppm yia To WP+0.25%KCI.
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Figure 8.16: MAARpng ouvedpia MeAAeTwv ZUAou pe Enpapévn Apdpa

EmmAéov, yia va Tpo@odotnBei TTepIocdTEPO TTPOCOETO GTO GUOTNUA Kal va ETTITEUXOOUV
peyaAuTepeg ouykevipwoelg HCI atmd tnv kauon WP+KCI, €éAaBe xwpa n diadikacia yia tnv
¢npavon Apodpag TTou Tepiypd@etal oto 8.2.2. H amémeipa ATav emtuxns. Omwe @aiveral
oTnv €ikéva Figure 8.16, ye 1o TToU ENPavBnke N Apdpa eixe PEYAAO QVTIKTUTTO 0TO cUCTNUA.
To véo mpdoBeTo TTETUXE UWNAGTEOUG pPuUBPOUG TPOPOdOTNONG Kal  €ixe TaxuTePN
avTatmokpion, icwg Adyw TnG TTOAU AETTTAG Kal &NPAG TOU @UONG, TO OTToi0 0dnyei o€
MEYOAUTEPN €IBIKA ETTIPAVEIQ Kl AlYOTEPOUG TTEPIOPIOUOUG OTN PETAPOPA Tou. O1 yeEYOAUTEPES
TIEG HCI Tmou Trapartnpendnkav fAtav yupw ota 149 ppm (~90% Ttou Cl wg HCI) yia tTnv
TPo®oddTNON TTPdcBeTou oTa 131.4 g/h. AuTEG o1 TINEG €ival KOVTA OTn PEYIOTN BEWwPNTIKN
1IN HCI yia 1o WP+0.25%KCI (166 ppm) kai £TTiong €ival n geyaAutepeg ouykevtpwaoeig HCI

TTOU TTOPATNPEABNKAY JETALU OAWV TWV CUVEDPIWV.

EmmAéov, n TeipapaTik ouvedpia yia kauon MeAAéTwv ZUAou (WP xwpig KCI) pe tnv
TTPocOAKN BevToviTn €Aafe xwpa Kal Ta attoTeAéopaTa gaivovtal oTny eikéva Figure 7.26.
O1mwg avapevoTav, Ta kauoaépia Twv WP @aivovtal va €Xouv XAPNASTEPEG CUYKEVTPWOEIG

HCI ouykpitiké pe 10 TS, Adyw Tng XapNASGTEPNG TTEPIEKTIKOTATAG Toug o€ Cl.

2€ OPIOPEVEG OTTO TIG TTAPATIAVW TTEPITITWOEIG Ogv ATAv duvaTd va auénBei n Tpo@odATNON
Tou TTPOCOETOU YETA aTTO KATTOIO anEio, £Tal dev aTToKAgieTal n MOavATATA va ETTITEUXBOUV
peyoAuTepeg TIHEG HCI pe autd Ta KaUolha Kal TTPOCOETA. 2& KATTOIEG GAAEG TTEPITITWOEIG, N

peTpnOeioeg ouykevtpwaoelg HCI dgv augnbnkav, akopa kal étav o pubudg Tpo@oddTnoNnG Tou
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TTP6oBeTOU QaIvoTav va aufdvel. AuTO PTTopei va onuaivel OTi n emidpacn Tou TTPOCHETOU
TTeplopiCeTal PTG atTd £va puBuO €I0aywyrg Tou oTo CUCTNWPA, 1] OTI O XPOVOG TTAPAUOVAG
TWV cwHaTIdiwv Yéoa oto BAlapo (5-6 s) dev gival ApKeTOG yia va cuuBei N avTidpaon yia
OAho 10 TT006 KCI(g), | OT KATTOI01 PUBWOI TPOPODATNONG TTOU WETPRBNKAV 0t uWnAég

TaXUTNTEG TNG CUCKEUNG BEV NTAV OKPIBAG.

A@oU TrapouciaoBnkav OAEG Ol TTEPITITWOEIG, WTTOPEl va &mTwlel Tw¢ n TTopeia Twv
ouvedpIwV TIMye OTTWG avauevwTav. Agv TTapatnenénkav onuavTikéG SIAKUPAVEIG Kal Ol
QTTOKPICEIC TOU CUCTAMATOS TOGO oTnv Apdpa 600 Kal oTov Bevrovitn Atav ypryopeg,
OuAhoyiouevol pakpdg diapkelag ouvedpieg kauong. EmimTAéov, ATav duvaTto va deixBei TTwg
n Xprnon Twv TTPoaBeTwy Katd TNG kauan Biopdlag £xel avTikTutro OTIG ouykevTpwoelig HCI H
emidpacn Twv TTPOcBeTWV ATAV PEYAAn, agou yia 1o TS kai To WP+KCI o1 uynAdtepeg
ouykevipwoelg HCl pou petpABnkav TAnciacav Tn PEyIoTn BewpnTiKn TIMA yIa TO KABE

Kauoido. AuTo GuvéBel KaTa Kavova yia To JEYIOTO puBuod Tpo@oddTNoNG TTOU ETTITEUXONKE.

O1 uynAég ouykevrpwoelg HCI peTa@pdadovTal 0€ QVTIMETWTTION TOU KOAIOU OTO peuoTd diyua
KAl akOpa atmoTpoTi) TNG KAtdAngng Tou Cl otnv Téppa. AuTd Ta TTEIPAPATIKG dedopéva
OUPQWVOUV JE TA ATTOTEAEOPOTA TNG TTPOCOMOIWONG TTOU TTAPOUCIACBNKav TTpiv, agou n
€I00YWYN Tou TTPOCHBETOU OTO CUCTNHA augdvel TIg ouykevTpwoelg HCI. Etriong, Ta eupruata
auTtd €pxovtal va €TaAnBsUoouv TIG UTTOBECEIGC TTOU £yIvav OE TTPONYOUUEVEG €PEUVEG, Ol
oTToieG Aéve TTWG TO XAWpIo TMOavoTata atreAeuBepwBnke oav aépio UBPOXAWPIKO 0gU,
emeId YETA TNG TTPOCONKN TTUPITIKWV apyIAiwv To xAwpIlo TTou Bpébnke otnv TEPPA NG

Biopddag ATav TTOAU XapNAGTEPO ATTO TNV TTEPITITWON PN TTPOCHBNKNG.

Méoeg Tipég HCI yia Toug avrioToixoug puboug T1po@odoTnong mpdobeTou

Z1nv eikéva Figure 8.17 Ttrapoucidfovral Ta aTmmoTeAéoaTa aTTO TEOOEPEIG OIAPOPETIKEG
ouvedpies. Xpnaigotroiménkav TS kai WP+0.25%KCIl wg kauoiya pe tnv mpoodrkn Aurora
kal Bentonite yia 10 kaBéva. Auth n eikéva gival pia guvoywn Twv TTANPWY TTEIPAUATIKWV
ouvedpiwy. O1 EexwploTEG TINEG ouykevTpwoews HCI (ppm) padevovTal edw O€ PEOEG TIMEG
ouykevipwoewg HCI (ppm). O1 péoeg Tipég HCI (ppm) cival évag péoog 6pog yia éva eUpog
oedopévwy. AuTO TO €Upog emAEXBNke yia TiPEG HCI (ppm) TTou @aivoviav va €xouv
oTaBepoTroinNdei PETG aTTd TOV OPICUO VO puBuoU Tpo@oddTnong TTpdcobeTou (g/h) Kai TTpIv
aAMaxBei oe ved pubBud TPOoYOdOTNONG. KdBe upéon T ouykevipwoewv HCI (ppm)
QVTIOTOIXEI OTO TTPONYOUUEVO PUBUG Tpo@oddTnong (g/h) tTou eikovidetal. O TINEG puBuoU
TPo®odOTNONG TTapouacidlovytal 0w a@oU uttoAoyioTnkav cav &¢npég. 'ETol n olykpion

METAEU TWV TTPOCOETWY YiveTal XWpPic uypacia kal AauyBdvetal utrownv Pévo TO TTPAYHOATIKA
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0paoTikG Toug PEPOG. O1 péoeg TiuéEg HCI TrapoucidlovTal pévo ewg Tn PHEYAAUTEPN TIKN TTOU
utroAoyioTnke. AkOua, n héyioTn BewpnTikr TIPA HCI eikovieTal wg TO avwTaTo OpIo YIa KABE

KAUOIWO.

e TS_A m TS B & WP+KCI_A
A WP+KCI_B O WP+KCI_Ad ==¢==Theor. HCImax_TS
Theor. HClmax_Wp+KCl
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Figure 8.17: Méoeg Tipég HCI yia Toug avTioToixoug puBuoug Tpo@podoTnong rpooheTou —
NepimrTwoeig TS kait WP+KCI

AuTh N eikéva KAVEI TTIO EPPAVES TTWG N dIaKUPavon TTPOCOETWY £TTNPEACE! TIG CUYKEVTPWOEIG
HCIl. KaBwg o1 puBuoi 1po@oddTtnoceic augdvouv diadoxikd, To idlo cupPBaivel pe TIG
ouykevipwoelg HCI og OAeg Tig TrepimmTwoelg. 'ETol ytropolv va emiteuxBouv dIa@opeTiKG
atmmoTeAéTpATa PE BIAPOPETIKA Elo0aywyr TTpdabeTou GTO GUATNUA.

Emiong eivalr pavepd, TTwg o1 epioxEg pe TIHEG HCI yia kGBe kauoiyo (Kal TIG TTEPITITWOEIG
Toug A Kai B) dev auvavtiouvtal. Or apxikég TinéG HCI yia kaBapd kauoipo (Trpéobeto 0 g/h)
Kal ol upnAoTepeg TINEG HCI, petagl Twv U0 Kauoipwv €xouv PeyAAeg dla@opEs. AuTo
oupBaivel QUOIKA AOYw Tou BIAPOPETIKOU TTEPIEXOPEVOU XAwpiou Twv dUO Kausiywv (To
xAwpio oto WP+0.25%KCI civar uttepdImmAdaio atréd tou TS).

H emidpaon kai Twv dUo TTPOCOeTWY QaiveTal va ival dpola yia Ta dUo Kauoiua 60wy apopd
10 HCI. MopoAa autd uttdpXouv PEPIKEG MIKPEG DIOPOPES. ApxIKG deixveTal TTwg n Aurora
MTTOPECE va TPoPodoTNnOEi péExPl peyaAUuTEpOUg puBuolg atd 1o Bentonite (to Ad onuaivel
dried Aurora — &npaupévn Apdpa kai €ival n eméktaon Tng mepimrwong WP+KCI_A). H
TPOPOdOTNON UWNASTEPWY TTOCOTATWY TTPOCOETOU £DWOE TTAEOVEKTNUA Kal 0dynoe o€

MeyaAUTepn €TTidpacon Kal uwnAoTepeg TIHEG HCI. ZTnv TTepitTrTwon Tou TS, o1 dUo ocIpég aTrd
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TinEG HCI @aAivovTal va akoAouBouv tnyv idia ypauun. Opwg otnv mrepimtwon WP+KCI, yia
TOUug idloug pubpoug TPoPodOTNONG, N augnon HCI @aivetal va cupPaivel o atrdéToua PE TO
Bentonite TTapd pe TRV Aurora. AuTéG Ol dIAQOPEG PETALU TNG ETTIOPAONG TWV TTPOCOETWY
MTTOPEI va OUVOEETAI E TA QUOIKA TOUG XAPOKTNPIOTIKA KAl TV KIVATIKA TWV ETTIPAVEIAKWYV

avTIOPACEWV.

MapdAa auTtd, @aiveTal TTwg UTTApPYEl dlakupaon oTig MeTproelg Tou FTIR. O1 yeTpAoEIg yia Ta
KaBapd kKauoiua, JETagUu Twv cuvedpiwy yia Ta dUo TTpOoBeTa, &¢ divouv TIG iBIEG PETEG TIMEG
HCI. A6 Tnv pia TTAeupd, otnv Trepitrtwaon tou TS, ol Tinég HCI yia 1o kaBapd kauoipo givai
MeEYaAUTEPEG OTnV ouvedpia yia Tnv Aurora. ATO Tnv AAAN TTAupd, OTIC TTEPITITWOEIG
WP+KCI, oI TTpwTeG METPROEIS YIa KaBapd Kauoluo divouv €TTioNG OIOQOPETIKEG HECEG TIMEG
HCI, aAAG auTh TN @opd, eival uPnASTEPES yia TNV TTEPITITWON TNG Enpapévng Apdpag (TTou
Oev TTapouaialetal TTapamdvw oAAG oTto Annex). Autd To €UPOG OIAKUPAVOEWY Twv
METPAOEWV TTou Trapatnpeeital yia 1o FTIR mapoucidltar otnv €ikéva Figure 8.18. H
mpoavauign WP pe KCl utropei va eival utrelBuvn yia TIG PeyaAUTEPEG OlIOPOpPEG OTNV
TrepiTTwon Tou WP+KCI, a@ou n opoloyévola Tou dev gival yvwaoTh. Ocwpeital Toavd Twg
auTd 1O €UPOog dlagopdcs o TINEG HCI yia To kKaBapd Kauoiyo va gival To idI0 yId TIG ETTOUEVES
TINEG HCI, PETAEU TwV TTEPITITWOEWY Twv U0 TIPOOBeTWY, yia Toug idloug pubuoug
TPoodOTNONG TTPOoBeTOU. To yeyovdg OTI autd Ta €Upn METPAOEWV UTTApXouV Eival

onuavTikd Kai 8a XpnaiuoTtroinBouv oTn GUVEXEIQ.

mTS p.f. WTS_max WP+KCl_p.f.
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Figure 8.18: EOpog Slakupdvoewy yia TiG peTprioeig FTIR.
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XAwpio wg HCI og oxéon pe 1o K/(Si+Al)

Ta cuoTaTIKG TTOU AvTIOPOUV UE TO KAAIO TOU KAUGiUOU Kal odnyouv oTnv atreAeuBEépwaon Tou
HCI €ival To TTupiTIO Kal TO apyiAlo, Ta OTToia UTTAPYXOUV OTO €I0EPXOMEVO TTPOCOETO, aAAG Kal
WG £€va opIoPEVO onueio Péoa oTo Kauolyo. M'autd 10 Adyo, 0 HOPIAKOS AOYOG TOU KaAiou
pMéoa OTO KQUOIYO TTPOG TO OPYIAO KAl TO TTUPITIO YECA OTO KAUCIYO Kal To TTPOCOETO €ival
MeyAAng onuaciag. O poplakoi Adyol K/(Si+Al) yia ta ¢npd cuoTaTikd TTou avaeépbnkav
TTapatrdvw, UTToAoyioTnkav yia puBuoug Tpo@oddtnong Enpauévou TTpdobeTou (Enpauévou
otoug 105°C) kai TrapouacialovTal otnv €ikova Figure 8.19 ( To oupupoAo * oto WP+KCI_A*
onuaivel Twg Ta dedopéva yia Tnv Aurora kai Tnv dried Aurora cuyXwveluTnkav yia Ta
atmroteAéopaTa TTou TTapouaiadovtal). AUTA n €IKOva degixvel TTwG 0 AOYOG CUUTTEPIPEPETAI VIO
OIaQOPETIKA TT00G TTPOCOeTWY, OUwWG €TTiong Ocixvel Kal Tn oUykpion METagu Twv OUo
TTPOCOETWV.

Qaivetal TTwg KABWG auéaveTal 0 puBPOG TPOPOdOTNONG TOU TTPOCHETOU, O POPIAKOG AGYOG
K/(Si+Al) peiwvetal. EmmmpocBeTa, ival @avepd TTwg yia KABe Kauolyo, Ol TTEPITITWOEIS YIa
Aurora kal Bentonite éxouv Toug idloug popiakoug Adyoug K/(Si+Al) yia Toug idloug puBuoug

TPoPodATNONG TTPOCBETOU, TO OTTOIO OPEIAETAI OTNV TTAPOUOIa ENPr TOug oUCTAON.

®TS A ETS B AWP+KCl_A* @ WP+KCl B
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Figure 8.19: Adyol K/(Si+Al) yia dipopeTIKoUg puBuolg Tpo@odoTnong. NMepimtwoelg TS Kal
WP+KCI

Eival evdiagépov va €EeTacBei T u€POG TOU GUVOAIKOU TTEPIEXOUEVOU OTO KAUOIPO XAwpiou
TTNyaivel Tpog 10 oxnuaTiopyd HCI étav eiocdywvtal TpocBeTa. AuTO UTTOPED va PETOQPACTET
o€, Aoyo Tou TTpayuatikou HCI Tou oxnuatioTnke, TTpog TN péyioTn BewpntikA TR HCI TTou

MTTOPEI va eTTITEUXOEI.
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Figure 8.20: MoocooTé XAwpiou Tou Kauaipou Trou petatpémreral o HCl og oxéon pe 1o Adyo

K/(Si+Al), yia T0 TS.
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Figure 8.21: NMpoocapuoouéVO TTOGOOTO XAWpPiou Tou Kaucoiuou Trou petarpémeral og HCl o€

oxéon pe 1o Adyo K/(Si+Al), yia 1o TS.

MNa 1ig Tepimtwoelg TS o1 Adyol HCI/HCImax (Cl wg HCI) uttoAoyioTnka yia Toug avTioToIXoug

HoplakoUg Adyoug K/(Si+Al) Tou Trapouaciadovral

otnv eikéva Figure 8.19 «kai

Ta

atroteAéopata gikovifovtal otnv eikéva Figure 8.20. ®aivetal TTwg yia Toug idloug Adyoug

K/(Si+Al) n umrap¢n tou Cl oto HCI €ival 6poio kal yia 1a 800 mpocBeta. Ouwg auth n



126

ouykpion &g uTTopEi va eival TeEAEiwG akpIBg agou Ta apxika emimeda HCl yia kabapd
KauoIho, 6TTwg @aivovtal oTnv eikdva Figure 8.18, cival dIapopeTIKA.

I’ autd 10 AOGyo dnpioupyndnke emmiong n eikéva Figure 8.21, Tou arreikovidel Ta idia
dlaypdupara O6TTwg n TTponyoupevn, oAAd auTh Tn @opd oTnv TTEPITTTWON Tou Bentonite
(avagépetal wg fixed) OAeg o1 utroloyiopéveg TINEG HCI €xouv augnBei ica pe 10 €Upog
dlapopdg yia KaBapd Kauoiyo OTTwg gaivetal oTnv elkéva Figure 8.18. Me autd Tov TpOTIO, N

oUyKpIon PETAEU Twv dUOo TTPOCBeTWYV EeKIva aTTd Tnyv idia Baon.

lMeAéregc =UAou + KCI

100% WP+KCI_B fixed & WP+KCI_A+Ad
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Figure 8.22: MNpoocapuoopévo TTooooTé XAWpPiou Tou Kauoiyou 1rou petarpérreral o€ HCl o€
oxéon Mg 1o Adyo K/(Si+Al), yia To WP+KCI.

MNa nig epimrwoelg WP+KCI o1 Adyor HCI/HCImax utroAoyioTnkav yia TOug avtAIOTOIXOUG
Aoyoug K/(Si+Al) tmou trapoucidovral Figure 8.19 kal Ta atroTeAéoATA TTAPOUCIGovTal
oTnv eikéva Figure 7.29. H ouykpion ammd autr Tnv €Ikéva dev PTTopEl va gival atroAUTwg
akpIBnG agou Ta apyikd etmimeda HCI kabapou kauaiyou yia TiIg dUO TTEPITITWOEIG Eival
OIaPOPETIKA, OTTWG PaiveTal oTnv lkova Figure 8.18.

‘ETO1, dnuioupynBnkav etmiong Ttpotrotroinuéva diaypauuara (fixed) yia TG TTEPITITWOEIG
WP+KCI kar mapoucidlovral otnv €ikova Figure 8.22. Auti Tn @opd aAAdxbnkav Ta
oedopéva Twv ouvedpiwv Bentonite kai dried Aurora (avagépetal wg fixed). OAeg
uttoAoyIouEVEG TIHEG HCI peiwBnkav cUP@wva PE TO EUPOG dIaPopdg KabBapoU Kauaiyou TTou
gIkoviCeTal oTnv £iIkOva Figure 8.18. Akopa Ta dedopéva Kal Twv dUO TTEPITITWOEWY ApOPag
ouyxwveuTtnkav yadi, apou n TTapouaciacn atroTeEAEOPATWY £0W gival yia Enpd kauaolua.

A@ou AneBnkav uttéyiv o1 diakupdvong petTprioswy Tou FTIR kal TTapartnpibnkav o1 eIKOVEG
Figure 8.21 kai Figure 8.22, n ouykpion peTatu tng Apdpag kal Tou Bevrovitn yivetal

EUKOAOTEPN. ATTO QUTEG TIG EIKOVEG TTaPATNEEITAI OTI KAl yia Ta dUO KAUCIYA, N €TTidpacn Twv



127

OUo TPOCBeTWV Kal o1 dlaQopEéS Toug eival TTapouoles. H xprion Tou Bevrovitn, odnyei
TTEPICOOTEPO TTEPIEXOPEVO XAWpPIO TTPpoG Tn dnuioupyia HCI tTapd pe Tnv Apodpa, yia To
HEYOAUTEPO PEPOG TOU egUpoug K/(Si+Al) TTou Ta duo TTPooBeTa £xouv KoIvo. Mapdia autd,
emeIdf N Apopa TeAIKA TPoYOdOTABNKE O PEYOAUTEPOUG PUBUOUG, VIO TOUG MIKPOTEPOUG
AOYyouUG KaAiou TTpog TTUPITIKOU apyIAiou Katdgepe va 0dnNyAOoEl TTEPICOOTEPO XAWPIO TTPOG TN
onuioupyia HCI. Autd cival €meidf Ta onueia Twv TTEPITTTWOEWY Bevrtovitn poiddouv va
akoAouBouv pia Tmio eubeia ypapun, étav ol TePITTWOoEIS ApOPag akoAouBoUv HIa KAPTTUAN

ypauun (eaivovtal kaAutepa oTig ikoveg Figure 7.30, Figure 7.31).
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Figure 8.23: NMooooTd XAwpiou Tou Kaucidou Trou pertarpérmretal o HCl og oxéon pe To Adyo
K/(Si+Al), yia Ta TS kait WP+KClI.

Z1nv eikéva Figure 8.23 mmrapouaciadovtal Ta amoteAéopata Tou Cl wg HCI og oxéon pe Toug
Mopiakoug Adyoug K/(Si+Al), yia Tigrrepimrtwoelg TS kalt WP+KCI. Eival {ekdBapo TTwg Kabwg
0 Aoyog K/(Si+Al) peiwvetal, 1o Cl wg HCI auéaveral. Auté onuaivel 611 600 TTEPIOCTOTEPO
TTPOOBETO EI0EPXETAI OTO OUOTNUA, TOOO TTEPIcOOTEPO Cl atreAeuBepwveral wg agpio HCI.

EmmAéov, av TrapaBAeuBolv o1 PIKPEG DIaPOPEG, Ta TTIPOCOETA QaivovTal va €Xouv Mid
TTapouola dpdan n omoia akoAouBei pia yevik Tédon. Auth n Tdon eikovifeTal €dw HE pia
YPOUMN TTou Trepvdel avdaueoa amd Ta onueia. Ao TN BiBAloypageia, n avridpacn TTou
AapBavel xwpa PETAgU Twv TTUPITIKWY apylAiwv kail Tou KCl woTe va atreAeuBepwBei HCI
eivar: 2KCI(g) + Al,Si, 0, + H,0 = 2KAISiO,4(s) + 2HCL. Autd onuaivel TTwG yia av CupBei n
avtidpaon TPETTEl 0 poplakdg Adyog K/(Si+Al) va gival pikpoTtepog Tou 0.5. BAETTOVTOG TNV
eikOva Figure 8.23, yia 1o K/(Si+Al) akpifwg pikpoTepo tou 0.5, n aug¢non og HCI/HCImax (CI

wg HCIl) eivar oAU pikpr). Autd oupBaivel mBavwg emmeidn, OTTWG @QAVNKE OTOUG
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UTTOAOYIOUOUG TWV TTPOCOMOICEWY IooppoTriag otnv 8.3.1 (diakupavon KaoAwvitn), 10
TTPO0BeTO dev eival dlaBEaiyo yia av avTidopdoel ye To KCI, aAAd apxIkd @aiveTal va avTidopd
ME TO AOITTO KAAIO OTO QépIO KAl TO KAAIO OTO peucTo piyua. H avridpaon pe 10 KCI
XapnAoTepa ammdé 1o Adyo 0.5 cival TTOAU pIKPR Kal a@oU QVTINETWTTIONEI OA0 TO KAAIO
OTOPEUOTO Miypa, TOTE N avtidpaon pe 1o KCI yivetal kupiapxn. H augnon tou Cl w¢ HCI
yiveral o paydaia otav o Adyog K/(Si+Al) cival Trepi To 0.3 kai yivetal kupiapxn trepi 10 0.2.
‘ETol, pmmopei va eimwBei TTwg yia popiakoug Adyoug K/(Si+Al) peyaAuTtepoug Tou 0.5, TO
TTPOcOeTo avTidpd TePIOTOTEPO ME TO AoiImmé KdAio ato aépio (KOH, KzSO,), yia Adyoug
petagu Tou 0.5 kai 0.3 avmidpd Kupiwg HE TO KAAIO OTO PeUCTO Miypa Kal yia AGyoug

XaunAoTepoug Tou 0.3 avtidpd TepioodTepo ue 1o KCI(Q).
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Figure 8.24: MoocooTdé XAwpiou Tou Kauaipou Trou perartpémeral o HCl og oxéon pe 10 Adyo
K/(Si+Al), ouykpion TTEIPAPATIKWY ATTOTEAECUATWY Kal atroTeAecUdTWY FactSage yia 1o TS.

H ekéva Figure 8.24 tmrapouaidlel n ouykpion Tou Cl wg HCI [%] yia Ta TTEIpapaTika
atmmoTeAéoPaTa TOU TS KAl TA ATTOTEAECUATA TNG TTPOCOUOIWONG O CUVBNKESG I00PPOTTIOG TOU
TS. Mpétrel va onueiwBei 611 o1 peTprocig EAaBav xwpa otoug 200 °C, étav Ta amoTeAéopaTa
Tou FactSage cival TTpoidvta Kauong o€ ouvlrkeg 10coppoTriag otoug 1200 °C. MNa uywnAolg
HoplakoUug Adyoug K/(Si+Al) Ta ypagAuaTa gival cuykpioiua, aAAd ol diag@opég egakoAouBouv
va gival JeyAAEG PETAEU TwV TTEIPOUATIKWY KOl TNG TTPOCOPO0IWONG ATTOTEAECUATWY. AUTO
oupBaivel TBavwg TTEId N BEpUOKPacia aTnv TOTTOBETIa TWV PETPROEWV gival aTtoug 200°C
Kal €701 ouvuTtoAoyideTal o pnxaviopog Beiotroinong yia Tn dnuioupyia HCI ( 2-12). Ao Tnv
GAAN pePIG, o1 uttoAoyiopoi TNG TTpocouoiwong atoug 1200 °C dev Aaufdvouv uttOWIv auTo

TO PNXaviopd, ool oupPaivel ot xaunAotepeg Bepuokpaacieg (2.6). MNapdAa autd, n
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aAANAETTiIOpaon METAU Twv OAKOAIKWYV EI0WV Kal TwV TTUPITIKWY apyIAiwv avapéveral va
AAdBel xwpa oe Bepuokpacieg oTmwg Péoa oTto BdAapo kauong. 'ETol xpnoigoTtrolouvTal ol
1200 °C oToug UTTOAOYIOUOUG O CUVBNKEG 100pPOTTIaG. € poplakoug Adyoug K/(Si+Al)
MIKpOTEPOUG Tou 0.3, €I0€pXETAI OTO CUCTNHA TTOAU TTEPICOOTEPO TTPOCBETO Kal EeEKIVE va
avTidpd etmiong mepiocdTepo Pe 10 KCI. 'ETol To Cl wg HCI [%] augdvetal. e auth Tnv
TTEPIOXN, TA OTTOTEAECHATA TWV TTEIPAPATWY KAl TNG TTPOCOUOIWONG £PXOVTAl TTI0 KOVTA,

mBavwg e1TeIdn N avénon o HCI etTnpeddeTal Kupiwg atro Tnv augnaon Tou TTpdaBeTOU.

8.4 Zupumrepdopara

O oT16x0¢ auTng TNG épeuvag ATav va afloAoynoel TNV €TTIOPAOT Twv TTPOCOETWY YE BAon ToO
TTUPITIKO QpPYIAIO OTO OXNUATIOPO TNYMEVWY QTTOBE0EWY KOl CUPTTUKVWOEWY OAKOAIKWV
aAdTWV o€ Wuxpég emi@aveieg Tou AéBnta. H cuumepipopd TG TéPPag SUO KAuTidwv
Bioudlag (=npauévo Axupo kai [MeAAéTeg =UAou) TTpooopoldBnke pe Tn PBorBeia Tou
BepuoxnuIkoU Aoyiouikou kal Baong dedouévwy ‘FactSage 6.3, pe kal xwpic Tn dlakuuavaon
TTpoaOeTou. lMeipduara kauong diegnxdbnoav oTov atyoo@aipikd KAiBavo KABeTnG QAdyag
(BTS), O¢epuikAg 10x00¢ 20kW, Twv gykataoctdoewv Tou IFK, pe tnv kKauon =npapévou
Axupou, MeAAeTwv Z0Aou Kal Evioxupévwy TeAAeTWV ZUAOU pe XAWpPIo (e TTPOAVANEIEN
KCI) kai Tn diakuuavon Apdpag kai Bevtovitn wg mpoéoBeta. Ta teipdparta eoTidfoviav oTnv
agloAdynon TnG CUUTTEPIPOPAG TOU XAwpiou.

Ta ammoTeAéouaTa atrd TOUG UTTOAQYICHOUG O€ TTPOCOUOIWGOT CUVBNKWY I00ppOoTTiIas deixvouv
OTl Kal ylo 1o dU0 Kauoiya O Adyog peucToUu uiyuatog au&dvel pe Tnv augnon Tng
Bepuokpaciag. H avénon ceival oAU paydaia yia Beppokpacieg WeEYAAUTEPEG TNG
Bepuokpaciag uypoTroinong TNG TEPPAG, BEpUOKPATics TTou TTAPBNKav atrd doKIPES TAENG TNS
TEQPPag. EmTpdoBeTa, o pubBuog emKABIoNg eTTNPeddeTal atrd To0 AGyo aépa Kauaipou. IMevikd
KaBwg 10 A au&dvel ol Adyol emmikaBiong peiwvovTtal. EmmmAéov, Ta amoteAéopara €dsigav OTI N
onuioupyia emkabicewyv TG Piopdalag odnyeital TTPWTIOTWS aTTd TO UYPNAS TNG TTEPIEXOUEVO
o€ KAAIo. To kKGAIo uttapxel o€ aépia €idn o€ TTOAU UWnAEG BEpUOKPATiES KAl KIVEITAI TTPOG
oTePEd €idn oe XapnAéG Beppokpaaieg, aAAG TO PEYOAUTEPO TOU PEPOG UTTAPXEl TTAVTA OTO
PEUOTO piypa. AkOun, Trapatnendnke ot Ta mood Tou KCl mmou oxnuaTtioTnkav e€aptouvTail
atroKAEIoTIKA aTTd TO TrepiexOuevo Cl Tou kauaipyou. Ogo peyaAUTepn €ival n TTEPIEKTIKOTNTA
TOU Kauaidou o€ K TTpwTioTwg, Kal €TTioNG o€ Si, TO00 PEYAAUTEPES TTOCOTNTEG ETTIKOBIOEWV
onioupyouvTal. MNautd 10 Adyo o1 TTOOOTNTEG ETTIKOBITEWYV yia TO TS ATav UWPnASTEPES ATTO OTI
yia 1o WP Kai €tiong yrauté 1o TS €xel yeyaAutepo duvapiké dnuioupyiag emmkabiocwyv atrd
o1 T0 WP. TeAikd o KaoAivAITnG Bp€Bnke va peiwvel TIG TTIKABIoEIS Kal €TTiong va odnyei 1o Cl

€Ew ammd 1o KCI.
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Ta meipapaTik@ atroteAéopaTa £€0€1IEav OTI N el0aywyn Twv TTPOcOeTwv dev dlATAPATE! TIG
oT1a0epéc OouvBnAkeg TNG kKauong. Hrav &ekdBapo OTI To TIPOCOETO QOKEi ETIPPON OTN
oupTtrepIPopd Tou Cl, KATI TTOU UTTOPEI va Qavei oTIG aAAayEG Twv ouykevTipwoewy HCI. H
ammokpion Twv ouykevipwoewv HCI ATav ypriyopn 6tav Kuuaivotav 1o TTPOcOeTo 1 otav
dlakoBéTav n TTapoxr Tou. Kabwg augave n eicaywyr Tou TTpdoBeTou 010 oUCTNUA, TO id10
ouvéBaive kal pe 1o HCI, 6oTTou £pTave £va opiopévo ETTITTEOO KOVTA OTN YEYIOTN BEWPNTIKN
TIMA. ZupTTepacpatikd autd onuaive Oml To avrtioToixo mood Cl épuye ammd 10 KCI.
EmmpdoBerta, deixbnke 611 0 popiakdg Adyog K/(AI+Si) etrnpeddlel TO TTOCOCTO TOU CUVOAIKOU
Trepiexépevou Cl 1Tou oxnuaTifétav wg HCIL. Autdg o popiakdg Adyog TpETTEl va gival
MIKpOTEPOG Tou 0.5 woTe va uttdpEouv BOeTikG atmoteAéoparta. Akoua, n emidpaon Twv dUo
TTPOCOETWY QaiveTal TTwG Teivel va akoAouBei pia Trapdpola Taon. MNapdAa autd, o Bevrovitng
@Avnke va £xel EAaPPWS uWnAOTEPN ETTIOPACN YIa XAUNAOTEPOUG puBUOoUG TPOPOdOTNONG.
TeAkd, Ta TéOT deiyuaTtoAnwiag Téppag empefaiwoav OTI ye TNV TTapoucia TTPOCHETOU TO
xAwplo cuykpareital amméd 1o KCI kar eTmopévwg treplopietal n katadAnén Tou oTnv TEQPA.

Ta amroteAéopaTa ammd TNV TTPOCOUOIWOT CE CUVBNKES I00PPOTTIAC Kal Ta TrEIpduaTa €ival
OuyKkpiolya o€ OA0 TOo €Upo¢ TNG Odlokupavong Twv TPOoBeTwy, aANG ouykAivouv
TTEPICCOTEPO YIA auénuévn elIoaywyn TTPOCOETOU, GTTOU O UNXAVIOUAOS avTiOPAONG HETAEU TwV
TTUPITIKWYV apylAiwv kal Tou KCI gival Kupiopxog. Kal ol dU0 TTAEUpEG KATAARyouv, TTwG N

xpnon pbéoBeTou deopéuel To Cl atd 1o KCI kal To 0dnyeAl TTpog aépio HCI.
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