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Abstract

Today, mercury is regarded as one of the most harmful substances for the environment. Therefore, legislation is setting increasingly strict
flue gas emission limits. Since not in all existing incineration plants special concepts of mercury removal have been foreseen, problems to
meet new low emission limit values may rise. Adsorbent injection is one way to reduce the mercury concentration of the flue gas which
can in existing plants be installed upstream of the particle removal device. This paper presents a model for the mercury removal in the
dust laden flue gas upstream of an electrostatic precipitator. After the investigation of different adsorbents in a laboratory test facility, the
adsorption parameters are calculated and the model is used to show the influence of the governing parameters on the adsorption process
and to simulate the efficiency of mercury capture in an existing sewage sludge incineration plant. The mercury removal with the fly ash as
an adsorbent is simulated and compared with measurements obtained in an industrial plant.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Mono-combustion of sewage sludge is practiced predom-
inantly in fluidized bed combustors. The 17th BImSchV
(i.e. the 17th regulation for the federal emission law) is ap-
plicable for waste incineration in Germany. It is setting an
average daily emission limit of 30�g mercury/m3 flue gas
(under standard conditions, dry basis, referred to 11 vol.%
oxygen in the flue gas). The observance of this very re-
strictive mercury emission limit in flue gas is not possible
without special abatement facilities. In modern sewage
sludge incineration plants the meeting of this threshold limit
is safely achieved by special mercury removal concepts in
scrubbers or entrained flow adsorbers (e.g.[5,8]).

Problems may rise in older plants without highly sophisti-
cated mercury removal facilities. In these cases peaks of mer-
cury in the fuel or an increase in the mercury input may lead
to mercury concentrations in the clean gas above the limit
and with that cause problems in the continuous operation of
the plant. In these plants either the mercury removal has to
be generally enhanced or mercury peaks have to be caught
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by discontinuously operating mercury removal devices. The
adsorption of mercury is one way to enhance the overall
mercury removal in existing plants. In practice different ad-
sorbers are operated to remove the mercury: namely fixed
beds, moving beds, circulating fluidized beds or entrained
flow adsorbers. The adsorption is influenced by different pa-
rameters, e.g. flue gas temperature, Hg concentration and
adsorbent properties. The adsorption principle could be ap-
plied to existing plants if the adsorbent could be injected
upstream of the existing dust removal unit.

The present work is part of efforts to improve the mercury
capture at the sewage sludge incineration plant operated by
InfraServ GmbH & Co. Höchst KG at its site in Frankfurt,
Germany. A flow sheet of this incineration plant is shown in
Fig. 1. Industrial and municipal sewage sludge is incinerated
here with an annual throughput of 130,000 t dry matter in
two parallel lines. The incineration takes place in stationary
fluidized beds. The flue gas is after heat recovery cleaned
in an electrostatic precipitator (ESP) followed by a venturi
scrubber and a radial flow scrubber. The main mercury sink
is the venturi scrubber which, however, extracts only mer-
cury in its ionic form. In order to capture also elemental
mercury and increase the overall efficiency of the mercury
capture a work program for the investigation of possibilities
of adsorption with sorbent injection upstream of the ESP
was initiated. In the following a model of adsorption in the
entrained flow will be described.

1385-8947/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
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Nomenclature

a mass specific surface area (m2/kg)
At cross-sectional area of duct (m2)
c concentration (kg/m3)
k constant defined byEq. (12)(–)
kads adsorption constant inEq. (15)(kg/(m2 s))
K constant defined byEq. (13)(–)
M mass (kg)
Ṁ mass flow (kg/s)
n parameter, defined byEq. (12)(–)
R adsorption rate based on unit adsorber

volume (kg/(s m3))
R̂ adsorption rate (kg/s)
S2 parameter defined byEq. (14)(–)
S2

x variance ofx (–)
S2

y variance ofy (–)
S2

xy covariance ofx andy (–)
t time (s)
u superficial gas velocity (m/s)
X Hg concentration on the solid phase (kg/kg)
Xeq equilibrium concentration defined by

Eq. (15)(–)
Xmax concentration defined byEq. (13)(–)
Y Hg concentration in the gas phase (kg/kg)
Y′ Hg concentration in the gas phase (kg/m3)
z coordinate along the flue gas path (m)

Greek symbols
µ solids loading of the gas flow (kg/kg)
ρ density (kg/m3)

2. Model development

The injection of an adsorbent upstream of the dust removal
device is one option to reduce the mercury content in the
flue gas of existing sewage sludge incineration plants. In
order to assess the feasibility of such a concept it would be

Fig. 1. Flow sheet of the sewage sludge incineration plant operated by InfraServ GmbH & Co. Höchst KG at its site in Frankfurt, Germany.

helpful to forecast the mercury removal efficiency by model
calculations.

Based on the assumption that Hg is adsorbed in a very
dilute suspension of adsorbent particles in the flue gas and
that the velocity of the adsorbent particles is roughly equal to
the flue gas velocity the mass balance of mercury in the gas
phase and on the solid phase can be derived.Fig. 2shows a
volume element�z At of the flue gas duct. The mass balance
of mercury in the flue gas is then

dMHg,gas

dt
= ṀHg,gas,in − ṀHg,gas,out − R̂ (1)

R̂ describes the mass that is removed per unit time from the
gas phase by adsorption on the adsorbent particle surface.
The input mass flow of mercury is

ṀHg,gas,in = ṀgasYHg = ρgasuAtYHg (2)

For the mass flow of mercury in the flue gas that leaves the
volume element it holds

ṀHg,gas,out = ṀHg,in + ∂ṀHg,in

∂z
dz

= ṀgasYHg + Ṁgas
∂YHg

∂z
dz,

ṀHg,gas,out = ρgasuAtYHg + ρgasuAt
∂YHg

∂z
dz (3)

Assuming a stationary case, it follows:

ρgasu
dYHg

dz
= −R (4)

whereRdenotes the Hg adsorption rate based on unit volume
of the flue gas duct,

R = R̂

V
(5)

and the Hg concentration in the flue gas is given by

YHg = MHg

MGas
(6)

With the same assumptions similar equations for the
Hg loading on the adsorbent can be developed. The
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Fig. 2. Schematic picture of a volume element of the flue gas channel
upstream of the particle removal device.

time-dependent change of the Hg mass, the Hg input and
output are described as follows:

dMHg,solid

dt
= ṀHg,in − ṀHg,out + R̂ (7)

ṀHg,in = ṀsolidXHg = µρgasuAtXHg (8)

ṀHg,out = ṀsolidXHg + Ṁsolid
∂XHg

∂z
dz

= µρgasuAtXHg + µρgasuAt
∂XHg

∂z
dz (9)

whereµ is the solids loading of the flue gas in kg adsor-
bent/kg flue gas.

Under stationary conditions it holds

µρgasu
dXHg

dz
= R (10)

with the Hg loading on the sorbent

XHg = MHg

Msolid
= 1

µ

MHg

Mgas
ρgas (11)

Assuming that the process is not limited by mass transfer and
if the adsorption parameters are known the balance equations
can be solved with the following start conditions:

1. the mercury content on the solid is zero atz = 0 (i.e. at
the point of injection);

2. the mercury concentration of the flue gas atz = 0 is
equal to the Hg concentration at the output of the boiler.

The differential equations are solved using Mathcad Profes-
sional 7 (Mathsoft) with a Runge–Kutta process (function
rkadapt()).

3. Determination of the adsorption parameters

In a laboratory-scale test rig the adsorption parameters
were evaluated by measuring breakthrough curves in the fol-
lowing way: nitrogen was loaded with a certain concentra-
tion of mercury. The gas flowed then through a fixed bed
of the investigated adsorbent. The mercury concentration
downstream of the fixed bed was measured continuously
until 95% of the input concentration was reached (break-
through).

Fig. 3 shows a schematic drawing of the experimen-
tal set-up. The mercury concentration was adjusted by
the controlled addition of a mercury standard solution
(mercury-spectroscopy standard (Hg(NO3)2·H2O, 1 g/l))
into a reducing solution of tin chloride (c = 50 g/l). By
variation of the dosage the Hg concentration in the gas was
adjusted. The gas was heated up to the adsorption tempera-
ture using a temperature controlled heating hose and passes
the thermostatic fixed bed. The adsorbent mass was varied
between 0.5 and 3 g depending on the different adsorbent
capacities. The adsorbent was mixed with 5 g of inert ma-
terial (quartz sand) to achieve a longer adsorption zone.
Downstream of the adsorption system the mercury concen-
tration was measured using a continuous mercury analyzer
(Seefelder Hg-Monitor 2000 with chemical pretreatment,
Seefelder Meßtechnik, Germany). The measured break-
through curve was used to calculate the equilibrium data.

Breakthrough curves were measured for different Hg con-
centrations between 50�g/m3 (d.b., s.c.) and 1200�g/m3

(d.b., s.c.) and different gas temperatures (60, 120 and
180◦C). Adsorbents based on activated carbon were used
only up to 120◦C to avoid the risk of hot-spot formation.
The calculated equilibrium concentrations were verified by
analysis of the adsorbent samples in the central chemical
laboratory of the university.Table 1shows the adsorbents
investigated and their characteristics.

It should be noted that due to the production of mercury
by reduction in a gas wash bottle a water content of 5 vol.%
was found in the gas. This water content can influence the

Fig. 3. Laboratory set-up for adsorption tests.
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Table 1
Characterization of the adsorbentsa

Adsorbent Bulk density (kg/m3) Specific surface area (m2/g) S content (mass%) d50.3 (�m)

Activated carbon 590 800b – 25
S-impregnated activated carbon 530 1000b 10 25
S-impregnated zeolite 750 79b n.d. 25
Fly ash (TUHH) 1650 0.17c n.d. 130
Fly ash (Höchst) 2060 0.356c n.d. 32
Fly ash (VERA) 1890 0.26c n.d. 70

a d50.3 is the 50% value of the cumulative mass distribution of particle sizes measured by laser diffraction analysis, fly ash (TUHH) the ash generated
in the university’s pilot-scale incineration facility, fly ash (Höchst) is from the InfraServ incinerator and fly ash (VERA) is from the city of Hamburg’s
sewage sludge incineration plant; n.d.: not determined.

b BET surface area
c Specific surface area calculated using particle size distribution.

Table 2
Adsorption equilibrium data (Langmuir type)

60◦C 120/180◦C

K (–) Xmax (kg/kg) S2 (–) K (–) Xmax (kg/kg) S2 (–)

Activated carbon 2.99E6 1.41E−3 0.89 2.49E6 8.09E−4 0.92
Ash (TUHH) 8.7E6 1.91E−5 0.9 8.7E6 2.11E−5 0.89
Ash (Höchst) – – – 7.23E6 1.75E−5 0.9
Ash (VERA, Hamburg) – – – 6.48E6 5.49E−6 0.88

adsorption process. In real flue gases of sewage sludge com-
bustions the water content of the flue gas can be up to
30 vol.%.

In this work two adsorption theories, that were also ap-
plied by Meserole et al.[6] and Serre and Silcox[7] are
used to describe the data obtained during the laboratory-scale
tests, i.e., the adsorption theory according to Freundlich:

X = kYn (12)

where the adsorption parametersk andn are calculated with
the use of the equilibrium data of the breakthrough curves
and in addition the adsorption theory according to Langmuir.
The Langmuir relationship

X = KXmaxY

1 + KY
(13)

is valid for mono-molecular connection of the adsorptive on
the adsorbent surface. The parametersK and Xmax, in the
above equation have to be determined from the experiments.

The parameters inEqs. (12) and (13)were calculated by
non-linear regression of the equilibrium data. The quality of

Table 3
Adsorption equilibrium data (Freundlich type)

60◦C 120/180◦C

K (–) n (–) S2 (–) K (–) n (–) S2 (–)

S-activated carbon 5.58E7 1.687 0.89 5.08E7 1.703 0.94
S-zeolite 1.01E7 1.793 0.91 1.2E7 (180◦C) 1.819 (180◦C) 0.9 (180◦C)

1.35E7 (120◦C) 1.801 (120◦C) 0.98 (120◦C)

the regression was judged by calculating the parameterS2,

S2 = S2
xy

S2
xS2

y

(14)

which is calculated as the covariance divided by the vari-
ances of the data. AtS2 = 1 the regression curve is fitting
all data points[1].

During the calculations it was found that the equilibrium
data of the ashes and activated carbon (Table 2) were best
fitted with the Langmuir relationship, whereas the data of
S-impregnated zeolite and S-impregnated activated carbon
(Table 3) are better fitted by the Freundlich theory.Fig. 4
gives four examples. Since the value ofS2 is in most cases
around 0.9, the data are fitted sufficiently well.

The kinetic parameters of the adsorption process were
also calculated from the experimentally determined break-
through curves. It is assumed that the adsorption process is
not limited by mass transfer[7]. The following modified ad-
sorption kinetics are used for the correlation of the data[3]:

R = kadsYµa(Xeq − X) (15)
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Fig. 4. Examples of measured adsorption isotherms. The Langmuir-type isotherm was used to fit ash TUHH (K = 8.7E6, Xmax = 19 mg/kg,S2 = 0.9)
and the activated Carbon (K = 2.49E6, Xmax = 809 mg/kg,S2 = 0.9). The S-zeolite (K = 1.35E7, n = 1.80, S2 = 0.98) and the S-activated Carbon
(K = 5.08E7, n = 1.703, S2 = 0.94) were fitted with a Freundlich-type isotherm.

whereXeq denotes the equilibrium Hg concentration on the
adsorbent anda the mass specific surface area of the adsor-
bent. For the determination of the kinetic parameterkadsthe
breakthrough curves were fitted basically with the model de-
scribed above. The model was used to calculate the concen-
tration downstream of the fixed bed, which was then used
as the new input concentration. The curve was fitted by ad-
justing the kinetic parameter.Table 4shows the values of
kads for the investigated adsorbents.

Table 4
Kinetic parameters at 120◦C for adsorbents based on activated carbon
and at 180◦C for zeolite and ash

Adsorbent Kinetic parameter,kads (kg/(m2 s))

Activated carbon 8.5× 10−3

S-impregnated activated carbon 5.5× 10−2

S-zeolite 32.5
Ash (TUHH) 10450
Ash (Höchst) 8350
Ash (VERA, Hamburg) 6750

4. Results and discussion

4.1. Influence of different parameters on the
adsorption process

Based on the models described above the influence of
the various parameters on the adsorption process can be in-
vestigated. The most significant parameters are the mercury
concentration in the flue gas, the flue gas residence time,
the adsorbent capacity, the adsorbent mass and the specific
surface area of the adsorbent.

The operation data and the flue gas duct dimensions of
the sewage sludge combustion operated by InfraServ Höchst
are the basis for the parameter variation. An overview of
the data is given inTable 5. The adsorbent is assumed to
be added immediately after the boiler. The influence of the
residence time is shown in all the following figures, because
the Hg concentration in the flue gas and on the adsorbent are
always shown depending on the length of the flue gas duct.
With a flue gas velocity of 7.9 m/s the residence time in the
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Table 5
Parameters of the Höchst incineration plant

Volumetric flue gas flow ((m3 d.b., s.c.)/h) 25300
T (flue gas after heat recovery boiler) (◦C) 220
Ash concentration in the flue gas (g/m3) 24
Cross-sectional area of flue gas duct (m2) 1.58
Length of flue gas duct between boiler and ESP (m) 23.6
Residence time of flue gas between heat recovery

boiler and ESP (s)
3

Residence time of the flue gas in the ESP (s) 12

flue gas duct between the boiler and the ESP is roughly 3 s.
Note that the residence time of the flue gas in the ESP is
very high due to its huge volume.

Figs. 5–8show that in all cases with increasing residence
time the adsorption process advances which results in lower
flue gas and higher adsorbent Hg concentrations with in-
creasing length of the flue gas duct. At firstFig. 5 shows
the influence of the input Hg flue gas concentration on the
adsorption of Hg on the adsorbent particles. The upper di-
agram presents the changes in the flue gas concentration
and the lower diagram in the Hg concentration on the ad-
sorbent. With increasing mercury concentration in the input
flue gas the Hg concentration on the adsorbent at the end of
the flue gas duct increases. At a flue gas concentration of
1000�g Hg/m3 (d.b., s.c.) the adsorbent leaving the flue gas
duct is loaded with 240 mg Hg/kg d.m. at a total capacity
of 250 mg/kg d.m. Simultaneouslyc/c0 is decreased to 0.7
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Fig. 5. Influence of the input concentration of Hg in the flue gas on the
adsorption of Hg on the adsorbent:kads= 1 kg/(m2 s), Xeq = 250 mg/kg,
specific surface areaa = 500 m2/g, mass concentration of the adsorbent
in the flue gas is 0.5 g/m3 (d.b., s.c.).
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which means that the adsorption is able to take 30% of the
mercury out of the flue gas under these conditions.

Fig. 6 shows the influence of the adsorbent capacity on
the mercury capture with the adsorbent and on the mercury
concentration in the flue gas. The lower diagram gives the
changes in the flue gas concentration and the upper diagram
in the Hg concentration on the adsorbent. The tendencies are
clearly visible: with higher adsorbent capacity the Hg con-
centration on the adsorbent at the end of the flue gas duct
becomes higher. It increases from 48 mg Hg/kg at 50 mg/kg
capacity to approximately 700 mg Hg/kg at 1000 mg/kg ad-
sorbent capacity. At the same time the outlet flue gas concen-
tration of mercury is decreasing from 375 �g/m3 (d.b., s.c.)
at 50 mg/kg capacity to 150 �g/m3 (d.b., s.c.) at 1000 mg/kg
capacity.

Fig. 7 shows the influence of the mass of adsorbent that
is injected into the flue gas on the Hg concentration of the
flue gas and on the adsorbent. The upper diagram gives the
changes in the flue gas concentration and the lower dia-
gram in the Hg concentration on the adsorbent. In this case
the mass concentration was varied between 0.1 and 2 g/m3

(d.b., s.c.), which refers to 2.5 and 50 kg/h, respectively, at
the flue gas volumetric flow of 25,300 m3 (d.b., s.c.). The
Hg concentration of the flue gas decreases from 380 �g/m3

(d.b., s.c.) at 2.5 kg adsorbent/h to 150 �g/m3 (d.b., s.c.) at
50 kg adsorbent/h. The mercury content of the adsorbent
decreases with increasing adsorbent injection mass from
170 mg/kg at 2.5 kg adsorbent/h to 125 mg/kg at 50 kg/h.

Fig. 8 presents the relationship between the Hg concen-
tration in the flue gas and on the adsorbent and the specific
surface area of the adsorbent. The specific surface area rep-
resents both the outer surface area of the particles and the
inner surface of the pores. The diagram shows the follow-
ing tendencies: with an increase of the specific surface area
from 50 to 1000 m2/g the flue gas concentration at the end
of the flue gas path decreases from 385 to 290 �g/m3 (d.b.,
s.c.). Simultaneously, the concentration on the adsorbent is
increasing from 27 mg Hg/kg at 50 m2/g to 213 mg/kg at
1000 m2/g.

4.2. Modeling the mercury capture by sorbent
injection for the InfraServ case

As a practical example the injection of an adsorbent into
the flue gas upstream of the ESP is modeled for the con-
ditions of the InfraServ plant. The operating data and the
geometry of the flue gas duct have already been given in
Table 5. Since adsorbents based on activated carbon cannot
be used at the boiler exit temperature of 220 ◦C due to the
risk of hot spots, the S-zeolite with its characteristics given
above is used for the present simulation. The mercury con-
centration was measured in 1999 at the exit of the boiler
to be 230 �g/m3 (d.b., s.c.). This latter value provides the
starting condition for the calculation.

In the calculations it was immediately found that the flue
gas duct between the boiler and the inlet of the ESP does
not provide enough residence time for gas and adsorbent
to yield a satisfactory effect. However, the residence time
inside the ESP is long and certainly provides space and time
for adsorption. As a first approximation the calculation was
made with taking 50% of the gas residence time inside the
ESP into account (i.e. the simulation assumes that the whole
solids capture occurs instantaneously after 50% of the gas
residence time in the ESP. Therefore, the calculations in
Fig. 9 were made until a total gas residence time of 3 +
12/2 = 9 s.

Fig. 9 shows the change in the Hg concentration of the flue
gas depending on the mass of adsorbent injected into the flue
gas stream. As explained above the Hg concentration of the
flue gas decreases with increasing mass concentration of the
S-zeolite. After a residence time of 9 s the mercury concen-
tration in the flue gas has been reduced to 221 �g/m3 (d.b.,
s.c.) at a concentration of 1 g zeolite/m3 (d.b., s.c.), whereas
a concentration of 17.5 �g/m3 (d.b., s.c.) is reached at a con-
centration of 13.5 g/m3 (d.b., s.c.). It should be noted here
that the injection of adsorbent which leads to a mass concen-
tration of 13.5 g/m3 of flue gas (d.b., s.c.) is able to reduce
the Hg concentration in the flue gas to a level which is below
the limit of 30 �g/m3 (d.b., s.c.) set by the current German
regulation. However, this requires the feeding of 340 kg/h of
adsorbent which is unrealistically high. However, since the
goal of this technique is to take just part of the load from
the mercury capture in the already existing scrubber it is ab-
solutely not necessary to meet the emission limit with this
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S-zeolite).

injection alone. The authors’ group is presently investigat-
ing sorbents which are especially suited for this application.

4.3. Mercury adsorption on the fly ash

An interesting question is whether the present model is
able to simulate the mercury capture by adsorption on the fly
ash. It is known that the mercury adsorption on the fly ash
depends on the carbon residue in the ash. With increasing
content of unburned carbon the adsorption of mercury on
the fly ash particle is enhanced [2,4].

A homogeneous distribution of the carbon on fly ash par-
ticle surface area is assumed for the modeling. As an addi-
tional assumption the ash is removed after half of the resi-
dence time in the particle removal device. The calculations
are carried out for the Höchst plant. The concentrations of
mercury in the flue gas and on the fly ash were measured
in 1999. Measurements in the flue gas duct yielded a fly
ash loading µ in the flue gas of 0.02 kg/kg and Hg concen-
tration in the flue gas at the boiler outlet of 1900 �g/m3.
Fly ash samples had a specific surface area a of 356 m2/kg.
The measurement of the adsorption isotherm yielded kads =
8350 kg/(m2 s) and Xeq = 17.5×10−6 kg/kg. Fig. 10 shows
the comparison of the simulation results and the measured
concentrations in the flue gas and on the ash, respectively.

Considering the wide scatter of the measurements (which
is not uncommon with this type of measurements) the agree-
ment between measurements and simulation is quite satis-
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Fig. 10. Comparison of the simulation with measurements of the mercury
removal with the fly ash captured in the ESP of the InfraServ plant.

factory. There are two reasons of this scatter. The first one is
the fluctuation of the Hg concentration in the flue gas with
time which is due to fluctuations of the Hg concentration in
the input sludge and the second is the problem of obtaining
representative solid samples for Hg analysis from an inho-
mogeneous material such as fly ash.

5. Summary and conclusions

In the present work a model has been suggested which is
able to describe the adsorption of mercury by injection of
adsorbents into the flue gas path of a waste incinerator.

The necessary adsorption parameters were determined by
measuring breakthrough curves in a laboratory-scale fixed
bed. The adsorption isotherms for the investigated fly ashes
were of the Langmuir type whereas for the investigated ac-
tivated coals and zeolites they were of the Freundlich type.

The model was applied to simulate the mercury capture in
the flue gas path between boiler and ESP and inside the ESP
for an existing large-scale sewage sludge incineration plant.
Furthermore, the model was used to estimate the mercury
capture with the fly ash in the same plant. The agreement
between the simulation results and the available measure-
ments was quite satisfactory.

The model can be used in the development of technologies
for the adaptation of existing flue gas treatment facilities of
incineration plants to more severe requirements for mercury
capture.
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