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The urban and special waste incinerators plants require constant and continuous
attention to the process parameters, the search for advanced technology solutions
(referred to the Best Available Techniques) for environmental issues and high dosage
of expensive chemical reagents to neutralize the acid pollutants and to comply with
the increasingly restrictive authorized emission limits.

This article, based both on different authors scientific studies at laboratory scale and
continuous experiences on full scale Waste-to-Energy (WtE) plants, reports the results
achieved with this technology, aiming at increasing and divulging the knowledge related to these issues.
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Moreover, the waste incineration process involves the formation of hard and compact
fly ash deposits with a low melting point; this phenomenon, mainly concentrated on
the boiler tube bundles, leads to a progressive loss of efficiency of the heat exchange
capacity and a reduced productivity of the boiler itself. Solid or liquid chemical additives can be used to cope with the operational problems; they are generally based on
magnesium chemical elements and are introduced in the kiln-boiler with the main
function of attenuating the slagging and fouling phenomena.
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1. High temperature neutralization
The process of incineration of municipal and commercial waste originates combustion
gases containing macropollutants such as nitrogen oxides, particulate matter and acid
gases (hydrohalogen compounds, including hydrochloric acid and hydrofluoric acid,
and sulphur oxides) as well as numerous micropollutants, among which the main ones
are trace toxic elements (highly volatile heavy metals, such as cadmium, lead, mercury, etc.) and organic compounds (dioxins and furans, polychlorinated biphenyls and
polycyclic aromatic hydrocarbons) [9, 36, 37].
Regarding the pollutants mentioned above, the acid gases are major components of
waste incineration flue gas [33] that require targeted cleaning treatments, aimed at the
almost complete elimination of their concentration in the flue gas, in order to respect the
ever more restrictive regulatory limits to atmospheric emissions at the stack imposed,
for example, pursuant to Industrial Emissions Directive (IED) [12], by the competent
authorities to grant a new release or when the Integrated Environmental Authorization
(IEA) comes up for renewal or revision.
Recently, due to the reducing waste at the source and the increasing of separate waste
collection [22, 42], several WtE plants have suffered a considerable decrease of available
residual municipal waste. The operators were then forced to substitute urban waste
with commercial wastes, frequently more contaminated by elements such as chlorine
(Cl), sulphur (S), and fluorine (F) [5, 18, 34]. During the combustion process, these
elements originate hydrochloric acid (HCl), sulphur dioxide (SO2) and hydrofluoric
acid (HF). Increasing the ratio between commercial and municipal waste, acid gases
concentrations in the flue gas increase, giving further operational problems in terms
of neutralization at low temperature, generally based on a single-stage absorption not
very flexible in reacting to possible peaks of pollutants, with the risk of exceeding the
emission limits. In this context, flue gas alternative treatments characterized by the
redundancy of acid gases removal steps, able to cope even with the most problematic
wastes, are urgently needed to allow a smoother operation of the plants and to comply
with the new incoming BAT Reference Document on waste incineration [13].
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The addition of a first absorption stage at high temperature, consisting in the injection
of a calcium-magnesium-based sorbent directly into the combustion chamber, can
improve the flexibility and redundancy requirements. Through a minimally invasive
intervention, which does not require significant changes to the system, it allows a
preliminary partial removal of acid gases, reducing their residual concentration in the
flue gas entering the low temperature stage of absorption, as well as their peaks. This
allows to optimize the system operations and to reduce the consumption of lime or
sodium bicarbonate in the flue gas treatment line.

1.1. Innovative dolomitic sorbent for use in neutralizing technology
at high temperature
Normally, in the WtE plants, the neutralizing section is limited to the abatement systems
localized along the flue gas treatment line at low temperature. In the waste incineration sector, the most widely-used sorbents in low-temperature dry abatement systems
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are hydrated lime, mainly composed of calcium hydroxide (Ca(OH)2), and sodium
bicarbonate (NaHCO3) that are dosed in the flue gas treatment line at a temperature
between 140 °C and 180 °C, depending on the type of reactant and on the overall layout
of the treatment section.
The integration of a preliminary high-temperature deacidification stage allows the
neutralization zone to be extended and favour the neutralization of acid gases starting
directly from the plant section consisting of the furnace and the recovery boiler. The
introduction of this pre-abatement stage at high temperature allows to operate a first
removal of acid gases, reducing their concentrations delivered to the low temperature
stage of absorption, as well as to level their peaks: this allows on the one hand to obtain
more steady system operation and on the other to reduce the consumption of lime or
sodium bicarbonate in the downstream flue gas treatment line.
The Italian manufacturer of limestone and lime-based products Unicalce S.p.A. has
developed and engineered a specific dolomitic sorbent, named Depurcal MG, which is
particularly suitable for use in neutralizing technology of acid gases at high temperature. This dolomitic sorbent is a substance comprising calcium hydroxide (Ca(OH)2),
magnesium hydroxide (Mg(OH)2) and magnesium oxide (MgO) characterized by a
high magnesium/calcium mass ratio (Mg/Ca > 0.58): the amount of natural impurities,
due to the presence of inert compounds, mainly consisting of silicon (Si), aluminium
(Al) and iron (Fe) mineral inclusions normally expressed in terms of silica (SiO2),
alumina (Al2O3) and ferric oxide (Fe2O3), is generally less than 0.6 % of the total mass
of the sorbent. The sorbent consists in a ready to use micronized dry powder with an
average particle diameter ranging from 25 μm to 45 μm: the particle size distribution
is typically characterized by d10 = 0.5-2 μm, d50 = 8 – 12 μm and d90 = 60 – 90 μm
(d10, d50 and d90 represent the characteristic diameters that describe the particle size
corresponding respectively to 10 %, 50 % and 90 % of the cumulative curve of the
grain size distribution), makes the sorbent, when injected at high temperature into
the boiler, easily and homogeneously dispersible in the flue gas stream ensuring an
optimal complete contact with the acid pollutants [39]. From a physical point of view,
the dolomitic sorbent is characterized by values of BET specific surface area > 18 m2/g
and BJH pore volume > 0.07 cm3/g.

The effects of the thermal activation on the physical properties of dolomitic sorbent
were evaluated by means of a series of laboratory tests carried out using a fixed-bed
reactor, maintained at a predefined temperature of about 1,000 °C and under an inert
nitrogen atmosphere. The sample of dolomitic sorbent tested was left in the reactor
at the above temperature for 15 seconds (activation time), this duration being considered the maximum operating time of the sorbent under real application conditions.
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Once injected into the combustion chamber, due to the high temperature (T > 800 °C),
the dolomitic sorbent is almost instantaneously (in a very short time in the order of a
few milliseconds) thermally activated, losing chemically bound water and giving rise
to particles of double calcium and magnesium oxide (CaO • MgO) extremely fine and
reactive with immediate creation of additional specific surface area (BET > 30 m2/g)
and total pore volume (BJH > 0.10 cm3/g) with particular increase in the range of meso
and macropores [1, 17].
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The activated sorbent was cooled in a laboratory drier and then subjected to a porosimetric examination by means of a gas sorption analyzer (Quantachrome Instruments
Nova 2000 Series) using nitrogen physisorption and desorption isotherms at - 196 °C
in order to measure the specific surface area according to the multipoint BET method
[11] and the pore volume according to the BJH method [6].
The microstructure and the surface morphology of the dolomitic sorbent in its raw
form and after thermal activation were studied through Scanning Electron Microscopy
(SEM): SEM micrographs (Figure 1) were acquired by means of a Tescan Vega-II XMU
Scanning Electron Microscope coupled with an Oxford Inca Energy Dispersive X-ray
(EDX) spectroscopy detection system.

View field: 9.048 µm
Det: SE Detector
Name: 11-1404-20
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Figure 1:

2 µm

View field: 9.048 µm
Det: SE Detector
Name: 11-1404-2

2 µm

SEM images of dolomitic sorbent before (a) and after (b) thermal activation (T=1,000 °C)

The thermally activated sorbent shows an increase in the specific surface area and pore
volume, which is due to the loss of binding water molecules and reorganization of the
internal structure of the sorbent: incipient sintering conditions at high temperature
intervene, modifying the pore distribution, thus enhancing the sorbent’s neutralization
properties of the pollutants under the conditions of use (small-sized pores coalesce to
form larger-sized pores with a negligible effect on the total pore volume itself which remains practically constant) [15, 38]. A fraction of the magnesium oxide in the dolomitic
sorbent (especially for MgO related to the base composition of the sorbent) does not
react with acid gases to any significant degree but is extremely important to maintain
the peculiar physical modifications following the thermal activation treatment: in fact
the amount of MgO in the sorbent’s particles acts as a structural agent, preventing the
collapse of the pores due to fast sintering phenomena and favoring the diffusion of
the pollutants inside the particles [23, 31]. This increases the CaO utilization, as the
access of acid gases towards unreacted CaO within the particles may be easier [3, 21].
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1.2. Evaluation of the environmental performances of the dolomitic sorbent
in the acid gases abatement at high temperature
In the last few years, the high temperature acid gases abatement technology has increasingly gained popularity in WtE plants in Italy as well as in Europe, where more and
more plants are looking to it with great interest.
Chronologically, the latest large-scale plant in Italy to have tested the aforementioned
technology is the Torino WtE plant (managed by the multi-utility company Iren Group),
where a five-month trial was conducted (from 26 September 2017 to 22 February 2018).
The Torino WtE plant, whose features are shown in Table 1, came into operation in 2013
and consists of three equal and independent incineration lines, each one with its own
combustion, energy recovery and flue gas treatment section, while the storage waste
bunker and the power generation section are common to the three lines.
Table 1:

Main characteristics of the Torino WtE plant

Plant

N° lines

Capacity

Torino

3

22.50 t/h waste per line

Type of waste

Gas treatment line

Energy recovery

MSW + Comm.

ESP + DA (AC and
sodium bicarbonate) +
FF + SCR

220 t/h steam at
60 bar; 420 °C

68.75 MWth per line
~ 500,000 t/year waste

65.50 MWe

Note: MSW: Municipal Solid Waste; Comm.: Commercial Waste; ESP: electrostatic precipitator; DA: dry absorption system; AC: activated carbon;
FF: fabric filter; SCR: selective catalytic reduction

The trial entailed the dosage of dolomitic sorbent in the combustion chamber of one of
the three plant incineration lines (Line 3) with incremental dosage steps respectively
equal to 60 kg/h, 90 kg/h and 120 kg/h; the assessment of the performance related to the
dolomitic sorbent was therefore carried out by comparing the three incineration lines
with regard to the concentrations of acid gases at the boiler outlet and the evaluation
of removal efficiency promoted by the pre-neutralization stage and the consequent
saving of sodium bicarbonate used in the flue gas treatment line at low temperature.
The data has been investigated considering the following two scenarios: the first concerning only the conventional acid gases removal dosing sodium bicarbonate (Reference
scenario) and the second one based on the injection of the dolomitic sorbent for acid
gases pre-neutralization at high temperature (Pre-neutralization scenario), in addition
to the dosage of sodium bicarbonate used, at a lower feeding rate than in the Reference
scenario, in the dry adsorption system at low temperature.

• analysis approach (a): comparative evaluation of different timeframes on the same
line of the plant (i.e. same line/different period) in order to virtually exclude the
effect of possible differences in the operational behaviour of two lines (of the same
plant), although it cannot limit the influence of the possible variation of waste
composition,
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According to a methodology assessment developed in a previous work [7], two different
main approaches were used to analyse the effects of the dolomitic sorbent:
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• analysis approach (b): comparative evaluation of two different lines of the same plant
during the same timeframe (i.e. different lines/same period) in order to minimize
the possible variation in waste composition as the different lines (of the same plant)
are concurrently loaded with the waste taken from the same bunker.
• Since the dolomitic sorbent acts against acid gases predominantly in flight phase
and the attainment of a steady-state neutralizing condition is quite rapid and occurs
already within a few hours of operation (normally 6 – 12 hours), a third analysis
approach has been implemented by interrupting the dosage of dolomitic sorbent
at high temperature (on-off switching) for an interval of time ranging between 48
and 72 hours every two weeks of operation:
• analysis approach (c): comparative evaluation of the same line in the same timeframe in simultaneous presence and absence of dosage of dolomitic sorbent at high
temperature; this approach seeks to detail the effects of the dolomitic sorbent, releasing from possible disturbances related to the variation of the waste composition
and any differences in the operational behaviour of two lines (even if structurally
identical) of the same plant.
Major plant operating parameters, as well as mass quantities of waste burned, dosed
reactants (i.e. sodium bicarbonate, dolomitic sorbent), concentration of pollutants in
the flue gas and output residues (i.e. fly ashes, residual sodium salts), were acquired
from plant monitoring and control systems: specifically, the concentration of acids (HCl
and SO2) in the raw gases was measured through a dedicated FTIR (Fourier Transform
Infrared spectroscopy) inline analysers at the boilers outlet.
The data (concentration of acid gases downstream the boiler, dolomitic sorbent dosage
rate, sodium bicarbonate dosage rate) was processed in order to eliminate outliers (e.g.
acquisition errors) and the averages of the data related to the two scenarios investigated
(Reference scenario and Pre-neutralizing scenario) were statistically compared using the
R software environment for statistical computing. Thus, based on statistically adjusted
datasets, it was possible to evaluate the acid gases abatement efficiency, sodium bicarbonate saving, production and partitioning of process residues (fly ash and residual
sodium salts) arising from the use of the dolomitic sorbent at high temperature.
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The data was reported in terms of specific contributions, i.e. referred to one tonne of
treated waste, with the purpose of disengaging from the inevitable differences in terms
of volumetric flow rate of flue gas and mass flow of the waste treated between the incineration lines in order to make the final results more easily comparable.
The average concentration of the acid gases measured at the boiler outlet during the
investigated periods is reported in Table 2, as well as the average dosage of sodium
bicarbonate.
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HCl and SO2 concentrations in the flue gas at the boiler outlet and sodium bicarbonate
dosage with and without dolomitic sorbent dosage at high temperature

Test

Analysis
approach

#

–

1

2

Dolomitic sorbent dosage rate
YES/
Line
NO

4

HF

g/twaste

Sodium
bicarbonate
dosage
rate
kg/twaste

3

1 January 2017 –
26 September 2017

–

5,213.9±1941.7

342.0±184.1

n.a.

16.8±6.3

YES

3

26 September 2017 –
9 October 2017

3.0±1.2

4,276.3±1627.8

204.1±101.8

n.a.

13.5±5.1

YES

3

9 October 2017 –
6 November 2017

3.8±1.4

3,727.0±1407.2

126.3±82.9

n.a.

11.6±4.4

YES

3

6 November 2017 –
22 February 2018

5.7±2.9

2,983.5±1290.1

26.1±37.6

n.a.

9.0±3.9

NO

1

26 September 2017 –
9 October 2017

–

4,949.4±1697.1

362.2±131.2

n.a.

16.1±5.4

YES

3

26 September 2017 –
9 October 2017

3.0±1.2

4,276.3±1627.8

204.1±101.8

n.a.

13.5±5.1

NO

1

9 October 2017 –
6 November 2017

–

4,548.6±1427.8

298.8±126.5

n.a.

14.6±4.6

3

9 October 2017 –
6 November 2017

3.8±1.4

3,727.0±1407.2

126.3±82.9

n.a.

11.6±4.4

NO

1

6 November 2017 –
22 February 2018

–

4,201.0±1519.8

230.0±135.3

n.a.

13.4±4.9

YES

3

6 November 2017 –
22 February 2018

5.7±2.9

2,983.5±1290.1

26.1±37.6

n.a.

9.0±3.9

NO

2

26 September 2017 –
9 October 2017

–

4,865.0±1627.8

325.0±154.8

n.a.

15.7±6.5

YES

3

26 September 2017 –
9 October 2017

3.0±1.2

4,276.3±1627.8

204.1±101.8

n.a.

13.5±5.1

NO

2

9 October 2017 –
6 November 2017

–

4,508.1±1586.1

351.6±186.6

n.a.

14.7±5.2

YES

3

9 October 2017 –
6 November 2017

3.8±1.4

3,727.0±1407.2

126.3±82.9

n.a.

11.6±4.4

NO

2

6 November 2017 –
22 February 2018

–

4,086.5±1376.7

222.9±159.3

n.a.

13.0±4.5

YES

3

6 November 2017 –
22 February 2018

5.7±2.9

2,983.5±1290.1

26.1±37.6

n.a.

9.0±3.9

NO

3

26 September 2017 –
9 October 2017

–

5,070.2±1775.6

338.7±136.1

n.a.

16.3±5.7

YES

3

26 September 2017 –
9 October 2017

3.0±1.2

4,276.3±1627.8

204.1±101.8

n.a.

13.5±5.1

NO

3

9 October 2017 –
6 November 2017

–

4,821.3±1591.6

259.4±119.5

n.a.

15.3±5.1

YES

3

9 October 2017 –
6 November 2017

3.8±1.4

3,727.0±1407.2

126.3±82.9

n.a.

11.6±4.4

NO

3

6 November 2017 –
22 February 2018

–

4,302.8±1428.2

140.6±113.6

n.a.

13.4±4.5

YES

3

6 November 2017 –
22 February 2018

5.7±2.9

2,983.5±1290.1

26.1±37.6

n.a.

9.0±3.9

4,730.3±1830.9 329.3±197.4

n.a.

15.3±6.0

3,365.2±1462.2

n.a.

10.3±4.6

a

b

b

c

Average

kg/twaste

SO2

NO

YES

3

Period

HCl

NO Dolomitic sorbent dosage

–

YES Dolomitic sorbent dosage

4.8±2.6

78.1±93.6

Note: Analysis approach a: same line/different period; Analysis approach b: different lines/same period; Analysis approach c: same line/same period
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Table 2:
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The acid gas removal efficiency was calculated on the basis of Eq. (1) in which C [g/twaste]
is the concentration of acid gas (HCl or SO2) at the boiler outlet.
Acid Gas removal efficiency [%]=

(CReference scenario - CPre-neutralizing scenario)
CReference scenario

• 100

(1)

The main assumption is that the acid gas concentration in the raw flue gas before the
injection of the dolomitic sorbent in the Pre-neutralizing scenario is the same as the
one at the boiler outlet in the Reference scenario. This is, obviously, a simplification
due to the fact that the actual concentration of the acid gases in the boiler section is
not available, since here no measurement systems are really present being the analyser
positioned at the outlet of the electrostatic precipitator downstream of the boiler.
Similarly, sodium bicarbonate saving was calculated on the basis of Eq. (2) in which M
[kg/twaste] is the dosage rate of NaHCO3 provided by the control electronics in order
to maintain the stack emission levels within the predefined threshold values and avoid
exceeding the limits imposed by environmental standards.
Sodium bicarbonate saving [%]=

(MReference scenario - MPre-neutralizing scenario)
MReference scenario

• 100

(2)

Table 3 summarizes the results achieved in the experiment carried out in the Torino
plant which are completely comparable to those obtained in previous operational
experiences in other Italian WtE plants [7].
The injection of the dolomitic sorbent at high temperature led to an improvement in
the abatement efficiency due to the increase in the dosage rate from 60 kg/h to 90 kg/h
and up to 120 kg/h: HCl and SO2 removal efficiencies were in the range of 12 – 43 %
and 37 – 92 %, respectively, for a dolomitic sorbent feeding rate of 3.0 – 5.7 kg/twaste,
while the saving of sodium bicarbonate was observed between 14 – 46 %.
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The overall consumption of reactants is not affected by the dosage of the dolomitic
sorbent at high temperature and it remains practically unchanged, going from an
average dosage of 15.3 kg/twaste of sodium bicarbonate during the Reference scenario
to an average dosage of the dolomitic sorbent of 4.8 kg/twaste plus 10.3 kg/twaste of
sodium bicarbonate in the Pre-neutralizing scenario.
As regards the variation of the amount of residues, by comparing the production of fly
ashes (sum of the boiler ash plus the electrostatic precipitator ash) and of residual sodium salts collected from the fabric filter, a greater amount of fly ashes, from an average
value of 19 kg/twaste to 23 kg/twaste is compensated by a lower production of residual
sodium salts from an average value of 16 kg/twaste to 12 kg/twaste: this is perfectly in
line with the fact that residues from dolomitic sorbent dosed at high temperature are
removed in the upstream filter, while the lower dosage of sodium bicarbonate affects
the residues from the second one.
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Table 3:

Plant

Environmental performance of the dolomitic sorbent in the Torino WtE plant and
comparison with data obtained in previous experiences
Test Analysis
#
approach

1

a

2

b

3

b

4

c

Torino

Range

MilanoSilla 2

Valmadrera
(Lecco)
Piacenza
Como

1

a

2

b

3

a

4

b

Range
a
a
Range
1
b
1
a
2
b
Range

1
2

Dolomitic sorbent
dosage rate
kg/h

kg/twaste

60
90
120
60
90
120
60
90
120
60
90
120
60-120
60
80
120
60
80
120
70
100
150
70
100
150
60-150
55
51.5±8.0
About 55
33
29.7±15.2
30.7±15.1
About 30

3.0±1.2
3.8±1.4
5.7±2.9
3.0±1.2
3.8±1.4
5.7±2.9
3.0±1.2
3.8±1.4
5.7±2.9
3.0±1.2
3.8±1.4
5.7±2.9
3.0-5.7
2.6±0.1
3.4±0.1
5.4±0.3
2.6±0.1
3.4±0.1
5.4±0.3
2.8±0.1
4.5±0.4
6.4±0.5
2.8±0.1
4.5±0.4
6.4±0.5
2.6-6.4
8.8±4.0
8.0±4.0
About 8.5
4.5±0.4
7.5±6.1
7.7±5.6
About 7.5

HCl
removal
efficiency

SO2
removal
efficiency

18
29
43
14
18
29
12
17
27
16
23
31
12-43
16
18
34
16
14
28
16
7
17
19
22
37
7-37
26
28
26-28
33
35
23
23-35

40
63
92
44
58
89
37
64
88
40
51
81
37-92
69
67
90
90
87
95
34
51
66
48
56
79
34-95
83
88
83-88
66
59
79
59-79

Sodium
HF removal
bicarbonaefficiency
te saving
%
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
80
77
77-80
n.a.
39
56
39-56

20
31
46
16
21
32
14
21
31
17
24
32
14-46
24
23
43
36
28
43
19
13
21
37
45
49
13-49
38
42
38-42
17
21
20
20-21

Note: Analysis approach a: same line/different period. Analysis approach b: different lines/same period. Analysis approach c: same line/same period

Additionally, further process optimization might occur by automatically dosing the
dolomitic sorbent on the basis of the actual load of acid gases leaving the boiler (e.g.
based on the achievement of an exiting set point concentration) rather than according
to a fixed dosage preset as it happened during the five-months trial.
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Source: Biganzoli, L.; Racanella, G.; Rigamonti, L.; Marras, R.; Grosso, M.: High temperature abatement of acid gases from
waste incineration. Part I: experimental tests in full scale plants. Waste Management 36, 98–105, 2015
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2. Slagging/fouling problems reduction
Urban and industrial solid waste is a mixture of inhomogeneous materials containing
high concentrations of sulphur, chlorine, alkaline and alkaline-earth metals and lower
concentrations of heavy metals [16]. All these elements are transported together with
the particulate matter originated by the incineration process in the combustion gases
and may give rise to molten phases which produce sticky ash particles that adhere to
heat transfer surfaces [35]. This can lower the ash melting temperature, enhancing the
adhesion efficiency of fly ash particles (the strength of the deposition layer is increased
due to mutual particle adherence) and form hard and tenacious ash deposits on the
membrane waterwall surfaces of the boiler radiant zone as well as on the evaporator
(EVA), superheater (SH) and economizer (ECO) benches in the boiler convective
section [8, 20, 24]. The progressive accumulation of these deposits restricts the spaces
for the gases passage, negatively affecting the fluid dynamics conditions and reducing
the heat exchange capacity [32]; moreover, the deposits’ chemical characteristics can
lead to corrosion phenomena at high temperature of some parts of the boiler [10].
Occasionally, detachments of material deposited on the highest parts of the radiant
channels may happen, impacting the grate with consequent combustion problems and
mechanical breakage or clogging in ash hoppers. The formation of deposits therefore
involves high costs for their removal and reduces the operating period of the plants.
The slagging and fouling phenomena on the heat exchange surfaces strongly depend
on various factors, such as the type of furnace, the type of waste, the temperatures, the
characteristics of the flux (gas velocity, temperature and gases turbulence), the geometry
of the furnace boiler, the spaces between the tube banks, etc.
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Several scientific studies describe these deposits in WtE boilers as salts having a
mainly acid nature and relatively low melting points. From a chemical point of view,
they are mostly sulphates rich in calcium, potassium and sodium or lead, such as
for example PbSO4, K2Pb(SO4)2/K2Zn(SO4)2, CaSO4, KNaSO4, Na2SO4, K2Ca2(SO4)3,
K3Na(SO4)2, Ca(Na,K)2(SO4)2, Na2Ca(SO4)2; silicates and oxides are present in lower
concentrations and in small amounts of phosphates and chlorides [25, 26]. Other low
melting elements that can contribute to the formation of deposits are lithium (Li),
boron (B), vanadium (V) and phosphorus (P). Their chemical composition varies
within the different parts of the boiler and also depending on the different types of
boiler and waste incinerated [27].
Figure 2 schematically shows the structure and mineralogical composition of a
deposit on a boiler pipe. The first layer in contact with the pipe is quickly formed
due to mineralogical reactions between the ashes and the metal; it has a low melting
point and contains high concentrations of chlorides, representing a binder for the
upper layers, consisting of an anhydrite matrix (CaSO4) which incorporates silicates, oxides and chlorides [27, 29]. Inside the deposits, chemical reactions between
sulphates, chlorides and alkaline metals may originate eutectic, hard and highly
corrosive compounds [2].
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Figure 2:
Boiler deposits structure and
chemical composition
Source: Reichelt, J.; Pfrang-Stotz, G.;
Bergfeldt, B.; Seifert, H.; Knapp, P.:
Formation of deposits on the surfaces of
superheaters and economizers of MSW
incinerator plants. Waste Management
33, 43–51, 2013

These compounds impact continuously the tubes’ surface and originate the deposit,
where reactions occur between chlorides, sulphates and combustion gases. Figure 3
depicts a SEM image of a deposit, clearly showing a spherical granule of quartz (SiO2)
in the centre and calcium sulphate crystals which act as binders.
Practically the calcium sulphate in the
boiler deposits can be formed starting
from minerals of calcium, like CaO or
CaCO3, which act as binder between the
ash particles.

A help in the slagging and fouling problems reduction comes from the introduction of
additives, mainly in liquid form, which raise the boiler ashes melting point. The additives based on magnesium are generally considered the most effective for minimizing
these problems in the boilers, due to the reduced affinity with CO and CO2, with lower
carbonation effects on the ashes and lower tendency to form hard aggregates. Magnesium oxide and hydroxide were identified among these additives (MgO and Mg(OH)2),
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In this sense, a high carbonation of CaO
boosts this phenomenon [40]. The first
phase is the deposition and accumulation
of fly ash on the tubes. Calcium oxide re30.0 um
acts rapidly with the CO2 to form calcite
VTT_D-1568 18.6 mm x 1.90 k SE 2/10/2011
(CaO + CO2 → CaCO3) then the sulphaFigure 3:
SEM image of a boiler deposit
tion process originates tenacious deposits
Source: Reichelt, J.; Pfrang-Stotz, G.; Bergfeldt, B.; Seifert,
mainly constituted by calcite (CaCO3),
H.; Knapp, P.: Formation of deposits on the surfaces of superheaters and economizers of MSW incinerator plants. Waste
anhydrite (CaSO4) and hydroxylellestadite
Management 33, 43–51, 2013
Ca10(SiO4)3(SO4)3(OH)2. Under CaCO3
stability conditions, a sulphation process takes place at temperatures between 650 °C
and 900 °C, with formation of tough deposits [4]. All these gas-solid reactions form
new mineralogical phases, acting as binders between the ash particles [19].
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dolomite (CaCO3 • MgCO3) and dolomitic calcium hydroxide (Ca(OH)2 • Mg(OH)2).
On the contrary, the calcium reagents show high reactivity with carbon dioxide with
a rapid carbonation and sintering of the fly ashes. Due to this behaviour, the injection
of pure calcium chemical sorbents (CaCO3, CaO and Ca(OH)2) may contribute to
significantly increase the deposit formation phenomena.
Evaluation of slagging/fouling mitigation with the dolomitic sorbent Depurcal MG
The injection technology of high magnesium content additives started several years
ago in the power plant sector [28, 41]. For best results, the additive is continuously
injected into the boiler.
In recent years, this technology was improved and validated by the use of an engineered
dolomitic sorbent (Depurcal MG) in the waste incineration field, based on the use of
a product with specific chemical-physical characteristics, injected at high temperature
into the boilers of WtE plants. The main and immediate effect of the injection of a reagent
in the boiler, as already described in the previous paragraph, is a pre-neutralization of
the acid components of the combustion gases (HCl, SOx, HF). Furthermore, the aim of
the dolomitic sorbent is a chemical combination with the ashes so as to be incorporated
in the microcrystals of the deposit, to increase their final melting point, weakening the
bonds between the deposits and the pipes surfaces and between the particles inside
the deposits, making the deposits themselves fragile and facilitating their removal by
the standard equipment (hammers or soot blowers).
This process involves a change in the chemical characteristics of the fly ash. Table 4
shows the concentrations of some chemical elements in fly ash samples as it is and in
fly ash samples with sorbent injection into the boiler. Data are obtained by XRF analysis (Malvern Panalytical Epsilon 4 ED-XRF spectrometer) on samples taken from
full-scale plants.
Table 4:

Element

Main elements contents in fly ash
without and with the dolomitic
sorbent injection
Unit

CaO
MgO

1.83

5.37

Cl

6.08

9.31

13.22

17.02

SO3
Na2O
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Fly ash without Fly ash with
dolomitic
dolomitic
sorbent
sorbent
33.55
33.39

4.51

3.25

Al2O3

6.17

2.95

SiO2

10.28

5.33

K2O

3.89

4.43

P2O5

1.08

0.65
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%

The injection of the dolomitic sorbent
does not involve a change in the calcium
concentration, since the fly ashes are already rich in calcium; the increase in magnesium concentration, due to the addition
of the sorbent, is more important, also in
relation to the variation of the physical
properties which will be illustrated later
on. The significant increases in chlorides
and sulphates are linked to the neutralization effect on the acid pollutants of the
gases generated by the waste combustion.
The reactivity and the high magnesium
concentration in the reagent injected into
the boiler are the key points to change the
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fly ashes appearance and their chemical-physical properties. The chemical reactions
between the ashes and the dolomitic sorbent prevent the formation of eutectics (e.g.
containing alkali chlorides and sulphates such as KCl, K2SO4, NaCl, Na2SO4, etc.),
originating chemical compounds with a higher melting point, which raise the global
melting temperature of the ash mass.
Fly ash samples with and without dolomitic sorbent injection from full-scale plants
(Torino WtE plant and Piacenza WtE plant) were taken and analysed in the laboratory
to determine the melting point. Fusibility analysis is based on detecting changes in
the physical state (i.e. shape) of the test piece subjected to a rising temperature gradient, using an image recognition system; in this sense four main melting phases can
be distinguished in relation to four characteristic temperatures, i.e. shrinkage (ST),
deformation (DT), hemisphere (HT) and flow temperature (FT). Among these, DT
is the most informative parameter to understand the behaviour of ash in the boiler
and the temperature at which agglomeration may arise [30]. Fusibility characteristic
temperatures, in relation to which the specimen undergoes shape variations (Figure 4),
were determined according to the technical specification CEN/TS 15370-1:2006 [14],
using an ash fusion analyser (Sylab IF2000).

Figure 4:
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Specimen shape variations in ash fusibility test according to CEN/TS 15370-1:2006
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Figure 5 shows the melting temperatures of ash samples taken from boilers of the
Torino and the Piacenza WtE plants, with dolomitic sorbent injection case versus the
standard configuration case.
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The diagrams show clearly the dolomitic sorbent’s effectiveness in increasing the melting temperature of the fly ashes samples. In the Torino WtE plant about 6 kg/twaste
of dolomitic sorbent were injected into the boiler of the Line 3. Two fly ashes samples
were collected from each line to make a melting temperature analysis.
The deformation temperatures (DT) of the fly ashes collected in Line 1 and Line 2 are
in the range of 1,230 – 1,260 °C while in Line 3 the melting process starts about 100 °C
higher and the complete fusion (FT) occurs over 1,440 °C.
In the Piacenza WtE plant about 4.5 kg/twaste of reagent were injected into both the
boilers. Fly ashes samples were collected from each line before the injection and during
the injection in two different points of the convective zone of the boiler (first superheater
and economizer). The deformation temperatures of the samples before the injection
are in the 1,270 – 1,330 °C range, while the samples with the dolomitic sorbent have
deformation temperatures between 1,390 °C and 1,410 °C; the average temperatures
at which the complete melting (FT) occurs are respectively 1,325 °C and 1,450 °C.
The melting point variation is reflected in the appearance and characteristics of the
ashes. They appear less sticky and less adhesive; the particles have a lower tendency
to aggregate each other and the ashes remain finer. The hard and compact aggregates
normally found in the ashes are no longer observed and they result more fragile and
more friable, similar to an incoherent fine sand.
Figure 6 shows these changes in the fly ashes morphology and external aspect.

Figure 6:
Superheater fly ash samples with
(a) and without (b) dolomitic
sorbent injection

The granulometric distribution analysis confirms, from a quantitative point of view,
the variation in the dimensions of the ashes, as shown in Figure 7 that reports the
cumulative granulometric curves.
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Fly ashes without the additive injection are coarser, with an average diameter equal
to 335 μm and particle size distribution characterized by d10 = 40 μm, d50 = 347 μm
and d90 = 962 μm, while the ashes with the dolomitic sorbent treatment are finer, as
the average diameter is 83 μm and particle size distribution is characterized by d10 =
25 μm, d50 = 67 μm and d90 = 505 μm.
The external aspect is also reflected in the microstructure. SEM images (Tescan Vega3 LMU Scanning Electron Microscope coupled with a Bruker Q200/30 spectroscopy
detection system) show again the differences in terms of global structure of the ashes
without and with the use of the dolomitic sorbent (Figure 8).
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SEM images of fly ash samples without (a) and with (b) the dolomitic sorbent

The fly ash and deposits different characteristics allow to improve the management and
effectiveness of boiler cleaning activities, in particular the micro-explosion operations.
Figure 9 shows the results of the micro-explosion cleaning operations on boilers superheaters without and with the injection of the dolomitic sorbent.
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In Figure 8-a a compact and slightly porous structure, with some high-sized aggregates, can be observed, while in Figure 8-b the structure is more open, more porous and
jagged without any presence of compact aggregates.
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Figure 9:
Superheater 3 conditions after
micro-explosion cleaning: without (a) and with (b) the dolomitic sorbent use

In Figure 9-a big ashes deposits between the SH pipes can be observed, related to the
hard and thought slagging layer, difficult to be removed even with the explosives. On
the contrary, Figure 9-b shows better cleaning results between the bundle tubes thanks
to the higher friability and fragility of the deposits, linked with the specific dolomitic
sorbent dosage.

3. Conclusions
In the near future, efforts will be needed to simplify air pollution control systems, to
unify and combine various process stages in view of better economy and easier operation
by constant or even improved efficiency and flexibility: it can be expected that the new
revision of the technological standards may not only influence the future legal limits of
atmospheric emissions, but can also give new impetus to the optimization of operating
standards. Consequently, this will require the adoption of engineered and performing
chemical reactants to meet the increasingly high environmental and operational targets
for the WtE plants. The technology presented in this research paper is today a valid
contribution to implement the flue gas treatment and, at the same time, facilitate the
management of the boilers to the benefit of the thermal efficiency.
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